Robustness of graph properties

Benny Sudakov

Abstract

A typical result in graph theory says that a graph G, satisfying
certain conditions, has some property P. Once such a theorem is
established, it is natural to ask how strongly G satisfies P. Can one
strengthen the result by showing that G possesses P in a robust
way? What measures of robustness can one utilize? In this survey,
we discuss various measures that can be used to study robustness
of graph properties, illustrating them with examples.

1 Introduction

Let G be a graph and P a graph property. Many results in graph theory
are of the form “under certain conditions, G has property P”. Once such
a result is established, it is natural to ask how strongly does G possess P?
In other words, we want to determine the robustness of G with respect to
P. Recently, there has been increasing interest in the study of robustness
of graph properties, aiming to strengthen classical results in extremal and
probabilistic combinatorics. The goal of this paper is to discuss several
such results and to use them to illustrate various measures that can be
used to study the robustness of graph properties.

The property which we consider frequently in this survey is Hamiltonic-
ity, which we use as a motivating example. A Hamilton cycle in a graph
is a cycle which passes through every vertex of the graph, and a graph is
Hamiltonian if it contains a Hamilton cycle. Hamiltonicity is one of the
most central notions in graph theory which has been intensively studied
by numerous researchers. The problem of deciding the Hamiltonicity of a
graph is one of the NP-complete problems that Karp listed in his seminal
paper [53], and accordingly, one cannot hope for a simple classification of
such graphs. Nonetheless, there are many results deriving conditions that
are sufficient to establish Hamiltonicity. For example, a classical result
proved by Dirac in 1952 (see, e.g., [27, Theorem 10.1.1]) asserts that every
graph on n > 3 vertices of minimum degree at least 5 is Hamiltonian.
In this context, we say that a graph is a Dirac graph if it has minimum
degree at least 5. Note that the bound 7 is tight, as can be seen by the
following two examples (in both n is odd): the first one is a graph obtained

by taking two complete graphs of order 2+l sharing one vertex, and the

2
n+1

second one is the complete bipartite graph with parts of sizes 3= and
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"771. Both graphs have n vertices and minimum degree "771, but are not

Hamiltonian.

Dirac’s theorem is one of the most influential results in the study of
Hamiltonicity, and by now many related results are known (see, e.g., [17]).
It is therefore very natural to try to strengthen this theorem, by asking
whether Dirac graphs are robustly Hamiltonian. It turns out that there
are several ways to answer this question using different measures of robust-
ness. For example, one could try to show that a Dirac graph has many
Hamilton cycles or that it contains several edge-disjoint Hamilton cycles.
One can also study whether Maker can win a Hamiltonicity game played
on the edges of a Dirac graph. Another natural question concerns the
Hamiltonicity of random subgraphs of Dirac graphs. We can also put some
restrictions on the pairs of edges of a Dirac graph and consider whether
there are Hamilton cycles which do not contain a pair of conflicting edges.
Note that the answer to each of these questions defines in some sense a
measure of robustness of a Dirac graph with respect to Hamiltonicity.

Another measure of how strongly a graph satisfies some property is
the so-called resilience of a property. A graph property is called monotone
increasing if it is closed under the addition of edges. Roughly speaking,
for a monotone increasing graph property, the resilience quantifies the
robustness in terms of the number of edges one must delete from G, locally
or globally, in order to destroy the property P. Resilience was recently
studied extensively in the context of random graphs. The most commonly
used model of random graphs, sometimes even synonymous with the term
“random graph”, is the so called binomial random graph G(n,p).

The random graph G(n,p) denotes the probability space whose ele-
ments are graphs on a vertex set [n] = {1,...,n}, and where each pair of
vertices forms an edge, randomly and independently, with probability p.
Here, p is a positive real not greater than one, which can depend on n.
Abusing notation slightly, we denote a graph drawn from this distribution
by G(n,p). It is well known (and easy to prove) that this distribution
is concentrated on the graphs with roughly (Z) p edges. We say that the
random graph G(n, p) possesses a graph property P asymptotically almost
surely, or a.a.s. for short, if the probability that G(n,p) satisfies P tends
to 1 as the number of vertices n tends to infinity. It is well known (see
[62]) that a monotone property P has a threshold py in a sense that if
p > pg, then the random graph a.a.s. satisfies P, while if p < pg, then
G(n,p) a.a.s. does not satisfy it. The study of random graphs, introduced
in the seminal paper of Erdés and Rényi [31], has experienced spectac-
ular growth in the last fifty years, with hundreds of papers and several
monographs (see, e.g., [14, 52, 42]) devoted to the subject. For almost any
interesting graph property, we now understand quite well when the ran-
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dom graph G(n,p) typically has this property. It is therefore interesting
to obtain robust versions of classical results on random graphs.

In the subsequent sections of this paper, we discuss the robustness
notions we mentioned above in more detail and present several extensions
of well-known theorems using these notions. It is of course impossible
to cover all the known robustness results in one survey, and therefore
the choice of results we present is inevitably subjective. Yet we hope to
describe enough examples from this fascinating area to appeal to many
researchers in extremal and probabilistic combinatorics, and to motivate
further study of the subject.

2 Many copies

Given a graph G, let h(G) denote the number of distinct Hamilton
cycles in G. The above mentioned theorem of Dirac states that A(G) > 0
for every n-vertex graph with minimum degree at least n/2. One obvious
way to strengthen this theorem is to show that every Dirac graph con-
tains several Hamilton cycles. This was achieved by Sarkozy, Selkow and
Szemerédi [88], who proved that every Dirac graph G contains not only
one but at least ¢"n! Hamilton cycles for some small positive constant
c. They also conjectured that ¢ can be improved to 1/2 — o(1). This is
best possible, since there are Dirac graphs with at most (1/2 4 o(1))"n!
Hamilton cycles. To see this, consider the random graph G(n,p) with
1/2 < p = 1/2+4 o(1). Indeed, in this case, with high probability the
minimum degree §(G(n,p)) = pn + o(n) > n/2 and the expected number
of Hamilton cycles is p™(n — 1)

The conjecture of Sarkozy, Selkow and Szemerédi was proved in a re-
markable paper of Cuckler and Kahn [25]. In fact, Cuckler and Kahn
proved the following stronger result.

Theorem 2.1 For every Dirac graph G on n vertices with minimum de-

gree §(G),
ne) = (M) - oy

€

By considering a random graph with edge probability p = §(G)/n, one can
easily check that this estimate is tight up to a multiplicative factor (1 —
0(1))"™. The proof of Cuckler and Kahn uses a self-avoiding random walk
on (G, in which the next vertex is chosen from the yet unvisited neighbors
of the current vertex according to a very cleverly chosen distribution. The
authors show that even after walking for at least n — o(n) steps, one can
use the remaining vertices to close it into a Hamilton cycle. Since the

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

Robustness of graph properties 375

initial part of the cycle was chosen randomly, this process produces many
distinct Hamilton cycles. The details of how to choose the correct edge-
weights and the proof that the above strategy works are quite involved
and will not be discussed here.

A different approach to this problem was proposed in [38]. This ap-
proach is based on the standard estimates for the permanent of a matrix
(the famous Minc conjecture, established by Brégman [19], and Van der
Waerden conjecture, established by Egorychev [29] and Falikman [35]).
Let Sy, be the set of all permutations of the set [n]. The permanent of an
nxn matrix A is defined as per(A) = 3 ¢ [[i; Ais(i)- Note that every
permutation o € S,, has a cycle representation, which is unique up to the
order of cycles. When A is the 0-1 adjacency matrix of a graph, every non-
zero summand in the permanent is 1 and corresponds to a (< 2)-factor
(consisting of cycles and single edges). Thus, the permanent of A counts
the number of such factors. A 0-1 matrix A is called r-regular if it contains
exactly r 1’s in every row and column. Given such a matrix, the two above
mentioned estimates on the permanent show that

n n! n/r
L < per(A) < (r)™7, (2.1)

which is asymptotically (1 — o(1))™(r/e)™.

Let G be a graph on n vertices which contains an r-factor (that is,
an r-regular spanning subgraph) with r linear in n. Using estimates (2.1)
one can show that G contains many 2-factors with few (at most n'=°
for some constant § > 0) cycles. These 2-factors are then converted into
many Hamilton cycles using rotation-extension type techniques. For some
previous applications of the permanent-based approach to Hamiltonicity
problems see, e.g., [3] and [43].

To illustrate this technique we sketch the proof of the following state-
ment, which gives a lower bound on the number of Hamilton cycles in a
dense graph G in terms of reg(G), where reg(G) is the maximal even r for
which G contains an r-factor.

Proposition 2.2 Let G be a Dirac graph on n vertices. Then the number
n
of Hamilton cycles in G is at least (M> (I—o(1))".

e
In particular, for a cn-regular graph G on n vertices and constant ¢ > 1/2
we show that h(G) > (¢ 4+ o(1))™n!, which is asymptotically tight. In
general, the estimate in Proposition 2.2 is weaker than the result of Cuckler
and Kahn. On the other hand, since every Dirac graph contains an r-factor
with even r about n/4 (see [54]), this bound implies immediately the result
of Sérkozy, Selkow and Szemerédi mentioned above.
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Sketch of proof of Proposition 2.2. Let r = reg(G) and let H C G
be an r-factor of G. We have that r = ©(n) and we can use permanent
estimates (see [38]) to show that H has at least (r/e)™(1—o0(1))™ 2-factors
with at most s = n'/2t°(1) cycles. For every such factor F, we can turn
F into a Hamilton cycle of G by adding and removing at most O(s) edges
as follows.

Take a non-Hamilton cycle C' in F. By the connectivity of G we can
find a vertex v € V(C') and a vertex u € V(G)\V(C) for which vu € E(G).
Then by deleting the edge vo™ from C (vT is next vertex after v in the
cycle) we get a path P which can be extended by the edge vu. Connecting
it to a cycle C’ which contains u we obtain a longer path P’. Repeat this
argument as long as we can. If there are no edges between the endpoints
w,w’ of the current path P’ and the other cycles from F, then we can
close P’ into a cycle as in the standard proof of Dirac’s theorem. Indeed,
both w,w’ have at least n/2 neighbors in P’ and therefore there is a pair
of consecutive vertices v, v of P’ such that w is adjacent to v* and w’ is
adjacent to v.

w v gt w’

These edges together with P’ form a cycle, which is connected to some
other cycle in F' as we explained above. Note that in each such step we
invest at most 4 edge replacements in order to decrease the number of
cycles in the factor by 1, and unless the current cycle is a Hamilton cycle,
we can always merge two cycles. Therefore, after O(s) edge replacements
we get a Hamilton cycle.

In order to complete the proof, note that every Hamilton cycle C' we
constructed was counted at most (7)(2s)2* = r°(") times. Indeed, to get a
2-factor F' from C, choose s edges of C' to delete. This gives at most s paths
which need to be turned into a 2-factor by connecting their endpoints. For
each endpoint we have at most 2s choices of other endpoints to connect it
to. Therefore, we obtain at least (r/e)™(1 — o(1))™ Hamilton cycles. O

A tournament is an oriented complete graph. It is easy to prove by
induction that every tournament has a Hamilton path. Moreover, if the
tournament is regular, i.e., if all vertices have the same in/outdegrees,
then it also has a Hamilton cycle. Hence, it is logical to ask whether
it has many such cycles. Counting Hamilton cycles in tournaments is
a very old problem which goes back some seventy years to one of the
first applications of the probabilistic method by Szele [91]. He proved
that there is a tournament on n vertices which has at least (n — 1)!/2"
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Hamilton cycles. Alon [3] showed, using permanent estimates, that this
result is nearly tight and that every n-vertex tournament has at most
O(n*?(n — 1)!/2") Hamilton cycles. Thomassen [93] conjectured that
the randomness is unnecessary in Szele’s result and that in fact every
regular tournament contains at least n(!=°(1)" Hamilton cycles. This
conjecture was solved by Cuckler [24] using the above mentioned random
walk approach. He proved that every regular tournament on n vertices
contains at least W Hamilton cycles.

Tournaments are a special case of oriented graphs, i.e., directed graphs
which are obtained by orienting the edges of a simple graph. That is,
between every unordered pair of vertices {z,y} C V(G) at most one
of the (oriented) edges zy or yx is present. Hamiltonicity problems in
oriented graphs are usually much more challenging. Given an oriented
graph G, let 67 (G) and §~ (@) denote the minimum outdegree and inde-
gree of the vertices in G, respectively. We also use the notation 6% (G) =
min{d*(G),5(G)} and refer to it as the minimum semi-degree of G. In
the late 70’s Thomassen [92] raised the question of determining the min-
imum semi-degree that ensures the existence of a Hamilton cycle in an
oriented graph G. Haggkvist [48] found a construction which gives a lower
bound of 32=% — 1. The problem was only resolved recently by Keevash,
Kithn and Osthus [55], who proved an analogue of Dirac’s theorem for
oriented and large enough graphs.

Theorem 2.3 For all sufficiently large n, every oriented graph G on n
vertices with 6% (G) > 3% contains a Hamilton cycle.

Having obtained such a theorem, it is in the spirit of the above discussion
to ask whether one can actually find many Hamilton cycles when 6%(G) >
3n—4 Tt turns out that the permanent-based approach can be used to
tackle this question in the case the oriented graph is nearly regular, yielding
the following theorem [38].

Theorem 2.4 Let n be sufficiently large and let G be an oriented graph on
n vertices whose in/outdegrees are all cn+o(n) for some constant ¢ > 3/8.

Then h(G) > (M)

The bound on the in/outdegrees in this theorem is tight. This follows from
the above-mentioned construction of Haggkvist [48], which shows that
there are non-Hamiltonian n-vertex oriented graphs with all in/outdegrees
of order (3/8 —o(1))n. Since in a regular tournament all in/outdegrees are
n—1

%5=, this theorem substantially extends the result of Cuckler [24] men-

tioned above.
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The Hamiltonicity problem was extensively studied for random graphs
as well. Early results on the Hamiltonicity of random graphs were proved
by Pésa [84] and Korshunov [60]. Improving on these results, Bollobas
[12] and Komlés and Szemerédi [59] proved that if p > (logn + loglogn +
w(n))/n for any function w(n) that goes to infinity together with n, then
G(n,p) is a.a.s. Hamiltonian (here and later in the paper all logarithms
are natural). The range of p cannot be improved, since if p < (logn +
loglogn —w(n))/n, then G(n,p) a.a.s. has a vertex of degree at most one.

Once the Hamiltonicity threshold is established, it is natural to try
to estimate the number of Hamilton cycles in the random graph. Using
linearity of expectation, one can immediately see that the expected number
of such cycles in G(n,p) is wl)". Therefore it is logical to suspect that
the actual number of Hamilton cycles in the random graph is typically
close to this value, at least when the edge probability is not too small.
This was indeed confirmed by Glebov and Krivelevich [45] (also see their
paper for the history of the problem and many related results). They
proved that for all edge probabilities for which G(n,p) is Hamiltonian,
ie., for p > (logn + loglogn 4+ w(n))/n, it has a.as. nlp™(1 — o(1))™
Hamilton cycles.

3 Edge disjoint copies

In the previous section we showed that any Dirac graph contains not
only one but exponentially many Hamilton cycles. Another interesting
way to extend Dirac’s theorem is to show that a minimum degree of at
least n/2 implies the existence of many edge-disjoint Hamilton cycles. Note
that there is no obvious way to deduce such a statement from the results in
Section 2. Indeed, a graph might have many Hamilton cycles, all sharing
the same small set of edges. The problem of how many edge-disjoint
Hamilton cycles one can find in a Dirac graph was first posed by Nash-
Williams [81] in 1970. In [82] he proved that any such graph has at least
%n edge-disjoint Hamilton cycles. He also asked [81, 82] to improve this
estimate. Clearly, |(n+ 1)/4] is a general upper bound on the number of
edge-disjoint Hamilton cycles in a Dirac graph obtained by considering an
n/2-regular graph, and originally Nash-Williams [81] believed this to be
tight.

Babai (see also [81]) found a counterexample to this conjecture. Ex-
tending his ideas further, Nash-Williams gave an example of a graph on
n = 8k+2 vertices with minimum degree 4k+1 and with at most (n—2)/8
edge-disjoint Hamilton cycles. He conjectured that this example is tight,
that is, any Dirac graph contains at least (n — 2)/8 edge-disjoint Hamilton
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cycles. Recall that reg(G) is the maximal even r for which G contains an
r-factor. Since a Hamilton cycle is a 2-regular subgraph of G, the maxi-
mum number of edge-disjoint Hamilton cycles in G is at most reg(G)/2.
In order to study the maximum number of edge-disjoint Hamilton cycles
in Dirac graphs, it is therefore natural to ask for the largest even integer
r such that every n-vertex graph with minimum degree § must contain an
r-regular spanning subgraph. We denote this function by reg(n,d). Note
that the complete bipartite graph whose parts differ by one vertex shows
that reg(n,d) = 0 for § < n/2. The case 6 = n/2 was solved by Katerinis
[54], who showed that the above mentioned example of Nash-Williams is
tight and reg(n,n/2) = (n —2)/8. For § > n/2 it is known (see, e.g., [23])

that
5+ \/n(26 — 5+ \/n(26 =
#_1§reg(n’5)§#+l.

After many partial results, the question of Nash-Williams was answered
asymptotically by Csaba, Kiithn, Lo, Osthus and Treglown [23]. They
proved that for large n, every m-vertex Dirac graph G contains at least
reg(n, (G))/2 edge-disjoint Hamilton cycles. Although this determines
the worst-case behavior, for a specific Dirac graph G, reg(G) can be much
larger than reg(n,d). Therefore, it is logical to try and bound the max-
imum number of edge-disjoint Hamilton cycles in terms of reg(G). This
question was raised by Kiihn, Lapinskas and Osthus [73], who conjectured
the following tight result.

Conjecture 3.1 Suppose G is a Dirac graph. Then G contains at least
reg(G) /2 edge-disjoint Hamilton cycles.

The following theorem of Ferber, Krivelevich and the author [38] gives
an approximate asymptotic version of this conjecture.

Theorem 3.2 For every € > 0 and a sufficiently large integer n, the
following holds: every graph G on n vertices and with 6(G) > (1/2 +¢)n
contains at least (1 —e)reg(G)/2 edge-disjoint Hamilton cycles.

Sketch of proof. The approach based on the permanent estimates and
rotations, described in the previous section, is rather oblivious to the value
of reg(G). This makes it well-suited for the proof of the above theorem.
We first construct an auxiliary graph H C G with relatively small
degree and good expansion properties which we use to perform rotations.
More precisely, we claim that for every constant & and a < €2 there exist
some 8 < ea and a subgraph H C G satisfying all of the following:
0(H) > en/8 and G — H still has an r-factor G’ for an even r with r >
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(1 —e/2)reg(G). Moreover, for every subset of edges E’ such that |E'| <
pn? and 6(H — E') > an we have that H — E’ is connected and every
subset S, |S| > an in H — E’ has at least (1/2 + ¢/4)n neighbors outside
S. This graph can be obtained by randomly choosing en /16 2-factors in G.
To prove that it has all the listed above properties we use the permanent
estimates from Section 2. Let S,T C V(G) be two disjoint subsets of sizes
|S| = anand |T| = @ It is enough to show that with high probability
|Eg(S,T)| > pn?. Since §(G) > (1/2+¢)n, it follows that dg (v, T) > en/2
for every v € S. Therefore, |Eq(S,T)| > |Slen/2 = £2n? > fn?. Using
this fact one can bound the probability that |Ex (S, T)| > 8n? as a ratio
of per(A’)/per(A), where A is the adjacency matrix G and A’ is obtained
from A by deleting at least ‘E'Tarﬁ — pn? > E'To‘nz ones. The permanent
estimates can be used to show that this ratio is exponentially small so
that the union bound over all pairs S, T can be applied (see [38] for more
details).

Now the proof can be completed similarly to that of Proposition 2.2.
We repeatedly find and delete m = (1 — £/2)r/2 edge-disjoint 2-factors of
@', each containing at most s* = n'/2t°(1) cycles. Note that by removing
such a factor from an 7’/-regular graph, the resulting graph is (' — 2)-
regular, and therefore one can apply the permanent estimates over and over
again. Finally we perform rotations using the edges of H to turn every such
factor into a Hamilton cycle by replacing at most O(s*) edges. Moreover,
every edge of H which we use is permanently deleted from H. Since the
total number of deleted edges in all steps is at most O(ns*) = o(n?), the
properties of H are not affected. a

The example of a Dirac graph with at most (n — 2)/8 edge-disjoint
Hamilton cycles is not regular. Accordingly, Nash-Williams conjectured
that every d-regular Dirac graph contains |d/2]| edge-disjoint Hamilton
cycles. Recently, in a remarkable tour de force, Csaba, Kiihn, Lo, Osthus
and Treglown [23] proved this conjecture for all sufficiently large Dirac
graphs.

Recall that a tournament is an orientation of the complete graph. In
the previous section we mentioned that every regular tournament has a
Hamilton cycle. Does it have many edge-disjoint Hamilton cycles? In
principle, since all in/outdegrees are equal it is possible that it contains
(n—1)/2 edge-disjoint Hamilton cycles. This question was raised by Kelly
in 1968, who posed the following striking conjecture.

Conjecture 3.3 The edges of every regular tournament can be decom-
posed into Hamilton cycles.

Recently, this was proved for large tournaments by Kithn and Osthus
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[74]. In order to solve the conjecture they developed a very powerful
decomposition theorem for the so called robust outexpanders. Given an
n-vertex directed graph G a v-robust outneighborhood of a vertex-set S is
the set of all vertices in G with at least vn inneighbors in S. The graph
is called a robust (v, T)-outexpander if the v-robust outneighborhood of
every set S of size Tn < |S| < (1 — 7)n has size at least |S| + vn. We
call an oriented graph r-regular if all its in/outdegrees are equal to 7.
Using the celebrated Szemerédi’s Regularity Lemma (see, e.g., [58] for
many other applications of this important tool), Kithn and Osthus [74]
proved that a large regular robust outexpander with linear degree has a
Hamilton decomposition. One consequence of their result is the following
decomposition theorem for regular oriented graphs of high degree, see [75].

Theorem 3.4 For all sufficiently large n and constant ¢ > 3/8, every
cn-regular oriented n-vertex graph G has a Hamilton decomposition.

To prove this theorem, it is enough to simply verify that such oriented
graphs are robust outexpanders. The constant 3/8 is tight, since as we
mentioned in Section 2, there are cn-regular oriented n-vertex graphs with
¢ < 3/8 which are not Hamiltonian. Since a regular tournament is an
(n — 1)/2-regular oriented graph, this theorem implies Kelly’s conjecture
for large tournaments.

An oriented n-vertex graph with minimum semi-degree at least 3n/8 is
Hamiltonian by Theorem 2.3. Can one strengthen this result by showing
that such a graph has many edge-disjoint Hamilton cycles? Similarly to
the undirected case, for an oriented graph G let reg(G) be the maximum
integer r such that G has a spanning r-regular subgraph. If G has t edge-
disjoint Hamilton cycles then clearly their union is ¢-regular and therefore
t < reg(G). Together with Ferber and Long [40], we believe that this
bound is tight.

Conjecture 3.5 Letn be sufficiently large, and let G be an oriented graph
on n wvertices with §*(G) > 3n/8. Then G contains reg(G) edge-disjoint
Hamilton cycles.

In [40] we prove the following approximate version of this conjecture. If G
is an n-vertex oriented graph with §(G) > cn for some constant ¢ > 3/8
and n is sufficiently large, then G contains (1 — o(1))reg(G) edge-disjoint
Hamilton cycles. The proof is based on various probabilistic arguments
and gives a rather short alternative proof of an approximate version of
Kelly’s conjecture, first established in [76].

Given a regular graph G, denote by H(G) the number of Hamilto-
nian decompositions of G. We already know that such a G of high degree
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has a Hamiltonian decomposition, so it is interesting to count the num-
ber of decompositions. To estimate the number of Hamilton cycles in G,
observe that per(Ag) is an upper bound. Combining this with the per-
manent estimates explained in (2.1), we see that an r-regular graph has
at most (r!)"/ " Hamilton cycles. By choosing any Hamilton cycle and
deleting it, we obtain an (r — 2)-regular graph. The number of Hamilton
cycles in the new graph can again be bounded from above using (2.1).
Continuing this process and multiplying all the estimates for regularities
r,r — 2,7 —4,... we can use Stirling’s formula to deduce that H(G) is at

most ((1+ 0(1))6%)nr/2. In the case of an oriented r-regular graphs the
same arguments gives that the number of Hamilton decompositions is at
most ((1+ 0(1))5%)7”. It turns out that some of the tools developed to
prove the existence of many edge-disjoint Hamilton cycles can be pushed
further to count the decompositions. In particular, for sufficiently dense
graphs, both of these estimates have the right order of magnitude. This
was established for r-regular n-vertex graphs with r > (1/2 4 ¢)n in [46]
and for oriented graphs with r > (3/8 4 €)n in [40].

As we explained above, the problem of determining the number of
edge-disjoint Hamilton cycles that can be packed into a given graph has a
long history and was extensively studied for various classes of graphs. We
conclude this section by discussing this question in the context of random
graphs. In order to contain s edge-disjoint Hamilton cycles the graph must
clearly have minimum degree of at least 2s. For G(n,p), this happens
typically when p > (logn + (2s — 1) loglogn +w(n))/n. Generalizing such
Hamiltonicity result for random graphs, Bollobds and Frieze [16] proved
that a minimum degree of 2s is indeed a.a.s. sufficient for G(n, p) to contain
s edge-disjoint Hamilton cycles. This motivated Frieze and Krivelevich [44]
to conjecture that a random graph G = G(n,p) a.a.s. has [6(G)/2] edge-
disjoint Hamilton cycles for all edge probabilities. This striking conjecture
was confirmed in a series of papers by several researches, with two main
ranges of edge probabilities covered in [57, 68]. The problems of packing
and counting Hamilton cycles in random directed graphs were studied in
[39].

4 Random subgraphs and Maker-Breaker games

In this section we discuss two additional, closely related, robust exten-
sions of Dirac’s theorem. In both cases, instead of having access to all the
edges of a Dirac graph G, we have to find a Hamilton cycle in some very
sparse subgraph of G. Moreover, this subgraph is given to us by some
random process or by an adversary.
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4.1 Random subgraphs

An equivalent way of describing the random graph G(n,p) is to say
that it is the probability space of graphs obtained by taking every edge
of the complete graph K, independently with probability p. A variety of
questions can be asked when we start with a host graph G other than K,
and consider the probability space of graphs obtained by taking each one
of its edge independently with probability p. We denote this probability
space as Gj. If the original graph G has property P, then a natural way
to strengthen such a statement is to show that for some p < 1 the random
subgraph G, with high probability also has this property. By doing so,
one frequently obtains interesting and challenging questions.

For example, it is an easy exercise to prove that a graph G with mini-
mum degree k contains a path and even a cycle with at least k+ 1 vertices.
On the other hand, it is more difficult to show that this remains true for
a random subgraph G, of such G when p < 1. An even more challenging
question is to determine all values of p such that G, with high probability
has a cycle of length at least k + 1. This and the related questions were
recently studied by several researchers in [65, 86, 47]. In [47] it was proved
that for large k and p > 10gk+10g}€°gk+w(k) the random graph G, a.a.s.
contains a cycle of length at least k + 1. Since one can take G to be a
complete graph on k+ 1 vertices, this result generalizes the classical result
on Hamiltonicity of the random graph G(k,p).

In this context, to get a better understanding of the robustness of
Dirac’s theorem we consider the following question. Let G be an n-vertex
graph with minimum degree at least 7. Since Hamiltonicity is a monotone
graph property, we know (see [52]) that there exists a threshold py such
that if p > po, then G) is a.a.s. Hamiltonian, and if p < pg, then
it is a.a.s. not Hamiltonian. What is the Hamiltonicity threshold for
G, in particular, does G, stay Hamiltonian for p <« 1? Note that a
positive answer to the latter question shows that typically one cannot
destroy Hamiltonicity even by randomly removing most of the edges of a
Dirac graph. The following theorem, which was proved in [64], answers
these questions.

Theorem 4.1 There exists a positive constant C' such that for p > %

and a Dirac graph G on n vertices, the random subgraph G, is a.a.s.
Hamiltonian.

This theorem establishes the correct order of magnitude of the threshold
function for Hamiltonicity of the random subgraph of any Dirac graph.
Indeed, if p < (1+0(1)) 10;51”, then it is easy to see that the graph G, a.a.s.
has isolated vertices.
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It is worth comparing this theorem with the robustness results from
the two previous sections. Given a Dirac graph G, recall that h(G) is the
number of Hamilton cycles in G. Since the expected number of Hamilton
cycles in the random subgraph G, is p"h(G), Theorem 4.1 implies that

n
p"h(G) > 1 for p > %. This shows that h(G) > (C#gn) . We can

also partition the edges of a Dirac graph G into t = C~'n/logn disjoint
parts, by putting every edge randomly and independently into one of these
parts with probability p = 1/¢. Every part than behaves like a random
subgraph G}, and a.a.s. contains a Hamilton cycle. We have therefore
obtained a partition such that most of its parts contain a Hamilton cycle,
showing that a Dirac graph has at least Q(n/logn) edge-disjoint Hamilton
cycles. The above theorem can thus be used to recover somewhat weaker
versions of the results mentioned in Sections 2 and 3.

Sketch of proof of Theorem 4.1. The proof is rather involved, so we
only give a very brief overview. Our main tool is Pdsa’s rotation-extension
technique (see [84]), which exploits the expansion property of the graph.
Let G be a connected graph and let P = (vp,---,v¢) be a path in G
which we want to extend. Suppose that we cannot do this directly, i.e., all
neighbors of vy, vy lie on P. If G contains an edge of the form (v, v;41) for
some 4, then P’ = (v;, -+ ,v0,Viy1," - ,v¢) forms another path of length £
in G. We say that P’ is obtained from P by a rotation with fized endpoint

vg, piwot point v;11 and broken edge (v;,v;1+1). Note that after performing
this rotation, we can now try to extend the new path using edges incident
to v;. We can also close the cycle using the edge (v;, ve), if it exists. Since
G is connected this will also allow us to extend the path. As we perform
more and more rotations, we will get more and more new endpoints and
such closing pairs. We employ this rotation-extension technique repeatedly
until we can extend the path.

The proof of Theorem 4.1 splits into three different cases, based on
the structure of the Dirac graph G. The first two cases apply when G
is close to one of the two extremal configurations, i.e., if it is close to a
complete bipartite graph or to the union of two disjoint complete graphs.
These cases are easier to handle since one can use techniques developed to
show Hamiltonicity of random graphs. The third case applies when G has
at least cn? edges between any two disjoint subsets of size n/2 for some
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constant ¢ > 0. In this case one can prove that a random subgraph G,
has typically strong expansion properties and in particular still has many
edges between any two disjoint subsets of size n/2. Using this expansion
property of G, one can carefully perform rotations of its longest path to
obtain a set Sp of linear size with the following property: for every v € Sp
there is a set Ty, of size at least (1/2 + 0)n with constant 6 > 0 such that
for every w € T, there is a path of maximal length from v to w. Since
the degree of v in G was at least n/2, there are linearly many edges in G
between v and T;,. If any of these edges is in G}, we can close the longest
path into a cycle, which is a Hamilton cycle by maximality of the initial
path and the connectivity of G}, . Since the set Sp has linear size, one can
easily show that this a.a.s. occurs for at least one vertex in Sp. a

4.2 Maker-Breaker games

Let V be a set of elements and F C 2V be a family of subsets of V.
A Maker-Breaker game involves two players, named Maker and Breaker,
who alternately occupy the elements of V', called the board of the game.
The Breaker makes the first move. The game ends when there are no
unoccupied elements of V. Maker wins the game if, in the end, the vertices
occupied by Maker contain (as a subset) at least one of the sets in F, the
family of winning sets of the game. Otherwise Breaker wins.

Chvétal and Erdés [21] were the first to consider biased Maker-Breaker
games on the edge set of the complete graph. They realized that such
graph games are often “easily” won by Maker when played fairly (that is
when Maker and Breaker each claim one element at a time). Thus, for
many graph games, it is logical to give Breaker some advantage. In a
(1 :b) Maker-Breaker game we follow the same rules as above, except that
Breaker claims b elements each round. It is not too difficult to see that,
if for some fixed game, Maker can win the (1 : b) game, then Maker can
win the (1 : V') game for every b’ < b. Therefore Maker-Breaker games are
bias monotone. It is thus natural to consider the critical bias of a game,
defined as the maximal by such that Maker wins the (1 : by) game.

One of the first biased games that Chvatal and Erd8s considered in
[21] was the Hamiltonicity game played on the edge set of the complete
graph. They proved that Maker wins the (1 : 1) game, and that for any
fixed positive € and b(n) > (1 + )55, Breaker wins the (1 : b) game for
large enough n. Despite many results by various researchers (see [62] for
the history), the problem of determining the critical bias of this game was
open until recently. It was resolved by Krivelevich [62] who proved that
the critical bias is asymptotically @. We refer the reader to [8, 49] for
more information on Maker-Breaker games, as well as general positional
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games.

In the spirit of this survey we would like to strengthen Dirac’s theorem
from the view point of the Maker-Breaker game. Let G be a Dirac graph
and consider the Hamiltonicity Maker-Breaker game played on G. Can
Maker win the (1 : 1) game and if yes, what is critical bias? As the
step answering this question, the following theorem [64] established the
threshold by such that if b < by, then Maker wins, and if b > by, then
Breaker wins.

and a

Theorem 4.2 There exists a constant ¢ > 0 such that for b <

Dirac graph G on n vertices, Maker has a winning strategy for the (1 : b)
Maker-Breaker Hamiltonicity game on G.

lon

The theorem implies that the critical bias of this game has order of
magnitude 2 (since the critical bias is at most (1 + o(1)) g
result of Chvatal and Erdés mentioned above). Note that in this theo-
rem, once all the elements on the board are claimed, the edge density of
Maker’s graph is of order of magnitude log" and that this is the same as in
Theorem 4.1. This suggests that as in many other Maker-Breaker games,
the “probabilistic intuition”, a relation between the critical bias and the
threshold probability of random graphs holds here (see [8]). In fact, this is
not a coincidence, and the proofs of Theorems 4.1 and 4.2 are both done
in one unified framework.

As we already mentioned in Section 2, the random graph G(n,p) is
a.a.s. Hamiltonian for p > legntlos log () . Moreover, the Hamiltonicity
threshold coincides with the threshold of havmg minimum degree 2. Can
one strengthen these facts using the framework of Maker-Breaker games?
Given a graph G with a vertex of degree 3, Breaker can claim at least two
edges incident to this vertex. This will leave Maker with a graph containing
a vertex of degree 1 (or less), which is not Hamiltonian. Note that even
if we allow Maker to move first, it is enough to have two non-adjacent
vertices of degree 3 for Breaker to win. This will a.a.s. happen in G(n,p)
if p< log n+310g7iogn w(n) _ On the other hand for p> log n+310g log n+w(n)
the minimum degree of a random graph is a.a.s. 4 so it is natural to believe
that Maker can now build a Hamilton cycle. Indeed, such a robust version
of the Hamiltonicity of random graphs was proved by Ben-Shimon, Ferber,
Hefetz and Krivelevich [9].

Theorem 4.3 [fp > cents log logntw(m) 4hen g.a.s. Maker has a winning
strategy for the (1:1) Hamzltomczty Maker-Breaker game on G(n,p).
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For larger values of the edge probability p this theorem suggests that
the (1 : 1) game should be an easy win for Maker. The real question
for denser random graphs is therefore to determine the critical bias for the
Hamiltonicity game. Extending the above-mentioned result of Krivelevich,
Ferber, Glebov, Krivelevich and Naor [36] proved that for p > lo% a.a.s.
the threshold bias for the Hamiltonicity game on G(n, p) is asymptotically

P An interesting topic for future research is to study Hamiltonicity

lognp* .
games on random directed graphs.

5 Compatible Hamilton cycles

In this section, we consider the following setting which leads to yet
another type of robustness that can be used to study the Hamiltonicity
of Dirac graphs and similar questions. Suppose that we are given a Dirac
graph G together with a set of restrictions on its edges given to us by
an adversary. The adversary can forbid certain pairs of edges to appear
together on the Hamilton cycle we are trying to build. Finding a Hamilton
cycle satisfying all the imposed restrictions will certainly show some kind
of robustness of a Dirac graph with respect to Hamiltonicity. The type of
restrictions the adversary can impose is described formally by the following
definition.

Definition 5.1 Let G = (V, E) be a graph.

e An incompatibility system F defined over G is a family F = {F, }yecv
such that for every v € V| F,, is a family of unordered pairs F;, C
{{e,e'}re#¢e € E,ene ={v}}.

o If {e,¢'} € F, for some edges e, e’ and a vertex v, then we say that e
and e’ are incompatible in F. Otherwise, they are compatible in F.
A subgraph H C G is compatible with F, if all its pairs of edges e
and e’ are compatible.

e For a positive integer A, an incompatibility system F is A-bounded
if for each vertex v € V and an edge e incident to v, there are at
most A other edges ¢’ incident to v that are incompatible with e.

This definition is motivated by two concepts in graph theory. First, it
generalizes transition systems introduced by Kotzig [61] in 1968. In our
terminology, a transition system is simply a 1-bounded incompatibility
system. Kotzig’s work was motivated by a problem of Nash-Williams on
cycle coverings of Eulerian graphs (see, e.g., Section 8.7 of [17]).
Incompatibility systems and compatible Hamilton cycles also generalize
the concept of properly colored Hamilton cycles in edge-colored graphs. A
cycle is properly colored if its adjacent edges have distinct colors. The
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problem of finding properly colored Hamilton cycles in an edge-colored
graph was first introduced by Daykin [26]. He asked whether there exists
a constant p such that for large enough n, every edge-coloring of the
complete graph K, in which each vertex is incident to at most un edges
of the same color contains a properly colored Hamilton cycle (we refer to
such a coloring as a un-bounded edge coloring). Daykin’s question has been
answered independently by Bollobds and Erdds [15] with p = 6—19, and by
Chen and Daykin [20] with = 7. Bollobds and Erdés further conjectured
that all (| 5| — 1)-bounded edge colorings of K, admit a properly colored
Hamilton cycle. After several subsequent improvements (see, e.g., [4]), Lo
[78] recently settled the conjecture asymptotically, proving that for any
positive g, every (% — ¢)n-bounded edge coloring of K,, admits a properly
colored Hamilton cycle.

Note that a un-bounded edge coloring obviously defines also a un-
bounded incompatibility system, and thus the question mentioned above
can be considered as a special case of the problem of finding compatible
Hamilton cycles. However, in general, the restrictions introduced by in-
compatibility systems need not come from an edge-coloring of graphs, and
therefore results on properly colored Hamilton cycles do not necessarily
generalize easily to incompatibility systems.

The study of compatible Hamilton cycles in Dirac graphs, although
interesting in its own right, is further motivated by the following problem of
Héggkvist (see [17, Conjecture 8.40]). In 1988 he conjectured that for every
1-bounded incompatibility system JF over a Dirac graph G, there exists a
Hamilton cycle compatible with F. This conjecture can be settled using
Theorem 4.2 on the Hamiltonicity Maker-Breaker game played on Dirac
graphs. Recall that this theorem asserts the existence of a positive constant
B such that Maker has a winning strategy in a (1 : n/logn) Hamiltonicity
Maker-Breaker game played on Dirac graphs. To see how this implies the
conjecture, given a graph G and a 1-bounded incompatibility system F,
consider a Breaker’s strategy claiming, at each turn, the edges that are
incompatible with the edge that Maker claimed in the previous turn. This
strategy forces Maker’s graph to be compatible with F at all stages. Since
Maker has a winning strategy for the (1 : 2) game, we see that there exists
a Hamilton cycle compatible with F.

Note that the above analysis gives much more, asserting the existence
of a compatible Hamilton cycle for every % Bn/ log n-bounded incompati-
bility system. Is this the best possible result? Can we find a compatible
Hamilton cycle for every A-bounded system, when A is linear in n? The
following theorem, proved by Krivelevich, Lee and the author [67], answers
these questions.
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Theorem 5.2 There exists a constant p > 0 such that the following holds
for large enough n. For every n-vertex Dirac graph G and a pn-bounded
incompatibility system F defined over G, there exists a Hamilton cycle in
G compatible with F.

This shows that Dirac graphs are very robust against incompatibility sys-
tems, i.e., one can find a Hamilton cycle even after forbidding a quadratic
number of pairs of edges incident to each vertex from being used together
in the cycle. The order of magnitude is best possible since we can forbid
all pairs incident to some vertex from being used together to disallow a
compatible Hamilton cycle. However, it is not clear what the best possible
value of p is and determining it is an interesting open problem.

The proof in [67] provides the existence of a positive constant p of
approximately 10716 (although no serious attempt was made to optimize
it). On the other hand, the following variant of a construction of Bollobds
and Erdds [15] shows that p is at most %. Let n be an integer of the form
4k — 1, and let G be an edge-disjoint union of two "Tﬂ—regular graphs G
and G on the same n-vertex set. Color the edges of G in red and those
of G in blue. Note that G does not contain a properly colored Hamilton
cycle since any Hamilton cycle of G is of odd length. Let F be an incom-
patibility system defined over GG, where incident edges of the same color
are incompatible. Then there exists a Hamilton cycle compatible with F
if and only if there exists a properly colored Hamilton cycle. Since there
is no properly colored Hamilton cycle, we see that there is no Hamilton
cycle compatible with F.

It is also natural to use the notion of compatibility to strengthen clas-
sical results on the Hamiltonicity of random graphs. An obvious question
here is given a A-bounded incompatibility system over G(n, p), when with
high probability we can find a compatible Hamilton cycle? Since G(n,p)
a.a.s. has no Hamilton cycles for p < 10%, we need to consider values of p
above this threshold. Also, since all degrees in our graph are close to np, it
is logical to ask whether we can take A as large as unp for some constant
w > 0. The following theorem from [66] summarizes what we know about
this problem.

Theorem 5.3 There exists a positive real p such that for p > 10%, the
graph G = G(n,p) a.a.s. has the following property: for every unp-bounded
incompatibility system defined over G, there exists a compatible Hamilton

cycle. Moreover if p > @, then we can take p = (1 — % — 0(1))np.

Recalling the above discussion, this result can be seen as an answer to a
generalized version of Daykin’s question. In fact, Theorem 5.3 generalizes
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it in two directions. Firstly, we replace properly colored Hamilton cycles by
compatible Hamilton cycles and secondly, we replace the complete graph
by random graphs G(n,p) for p > 10% (note that for p = 1, the graph
G(n,1) is K,, with probability 1). It is unclear what the best possible
value of y is. The example of Bollobas and Erdés [15] of a [ $n]-bounded
edge-coloring of K, with no properly colored Hamilton cycles implies that
the optimal value of u is at most %, since it provides an upper bound for
the case p = 1.

Sketch of proof of Theorem 5.3. Let F be a unp-bounded incom-
patibility system over G = G(n,p) for some small, but constant, p. First
we construct an expander graph R C G which is compatible with F and
has at most O(n) edges and such that every X C V(R) of size at most
n/4 has at least 2|X| neighbors outside X. This graph can be obtained
by choosing, randomly with replacement, d (a large constant) edges inci-
dent to every vertex in G and showing that the resulting graph has all the
desired properties with positive probability. Once we have R, consider a
path P in G such that P U R is compatible with F and P is a longest
path in P U R. Using the rotation-extension technique (from the previous
section) together with the properties of R, we can rotate both endpoints
of P to obtain Q(n?) pairs (u,v) such that we can extend P by adding
the edge (u,v). Let us call these pairs boosters. Since G = G(n,p) is a
random graph, a.a.s. Q(n?p) of the boosters are actual edges in G. More-
over, since R has only O(n) edges, one can show that one of the boosters
is compatible with P U R. We can therefore repeat this process until we
obtain a compatible Hamilton cycle. O

To complete this section, we mention another closely related way to
get a robust version of the Hamiltonicity result for random graphs. In
an edge-colored graph, we say that a subgraph is rainbow if all its edges
have distinct colors. There is a vast literature on the branch of Ramsey
theory where one seeks rainbow subgraphs in edge-colored graphs. Note
that one can easily avoid rainbow copies by using the same color for all
edges, and hence in order to find a rainbow subgraph one usually imposes
some restrictions on the distribution of colors. Erdds, Simonovits and Sés
[34] and Rado [85] developed anti-Ramsey theory where one attempts to
determine the maximum number of colors that can be used to color the
edges of the complete graph without creating a rainbow copy of a fixed
graph. In a different direction, one can try to find a rainbow copy of a
target graph by imposing global conditions on the coloring of the host
graph. For a real A, we say that an edge-coloring of G is globally A-
bounded if each color appears at most A times on the edges of G. In
1982, Erdds, Nesettil and Rodl [30] initiated the study of the problem of
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finding rainbow subgraphs in a globally A-bounded coloring of graphs.
One very interesting question of this type is to find sufficient conditions
for the existence of a rainbow Hamilton cycle in any globally A-bounded
coloring. Substantially improving earlier results, Albert, Frieze and Reed
[1] proved the existence of a constant p > 0 for which every globally pn-
bounded coloring of K, (for large enough n) admits a rainbow Hamilton
cycle. In fact, they proved a stronger statement, asserting that for all
graphs T" with vertex set E(K,,) (the edge set of the complete graph) and
maximum degree at most un, there exists a Hamilton cycle in K,, which
is also an independent set in T'.

It turns out that the proof technique used in proving Theorem 5.3 can
be easily modified to give the following result (see [66]) that extends the
above to random graphs.

Theorem 5.4 There exists a constant > 0 such that for p > lo%, the
random graph G = G(n,p) a.a.s. has the following property: every globally
unp-bounded coloring of G contains a rainbow Hamilton cycle.

Theorem 5.4 is clearly best possible up to the constant p since one
can forbid all rainbow Hamilton cycles in a globally (1 + o(1))np-bounded
coloring by simply coloring all edges incident to some fixed vertex with
the same color.

6 Resilience of graph properties

In this section we discuss the following question. Given a graph G with
some property P, how much should one change G in order to destroy P?
We call this the resilience of G with respect to P. There are two natural
kinds of resilience: global and local. It is more convenient to first define
these quantities with respect to monotone increasing properties. Recall
that P is monotone increasing if it is preserved under edge addition.

Definition 6.1 Let G be a graph and P be a monotone increasing prop-
erty.

e The global resilience of G with respect to P is the minimum number
r such that one can obtain a graph not having P by deleting r edges
from G.

e The local resilience of a graph G with respect to P is the minimum
number r such that one can obtain a graph not having P by deleting
at most r edges at every vertex of G.
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The notion of global resilience is not new. In fact, problems about global
resilience are popular in extremal graph theory. For example, the cel-
ebrated Turan problem can be rephrased as follows. How many edges
should one delete from the complete graph K, to make it H-free for some
fixed graph H? The notion of local resilience is more recent and its sys-
tematic study was initiated by the author together with Vu [90]. Tt is
motivated by an observation that many interesting properties are easy to
destroy by small local changes. For example, to destroy the Hamiltonicity
it suffices to delete all edges incident to one vertex, which is much less
than the total number of edges in a graph.

If a graph property is not monotone, like containing an induced copy of
a fixed graph or having a trivial automorphism group, then we may have
to both delete and add edges. This leads to the following more general
definition.

Definition 6.2 Given a property P. The global/local resilience of G with
respect to P is the minimum number r such that there is a graph H on
V(G) with the total number of edges/maximum degree at most r for which
the graph GAH does not have P.

One can observe that there is a certain duality between properties and
resilience. If the property is local (such as containing a triangle), then it
makes more sense to talk about the global resilience. On the other hand, if
the property is global (such as being Hamiltonian), then the local resilience
seems to be the right parameter to consider. There are some interesting
exceptions to this rule, like chromatic number, which we discuss later in
this section.

Using the above notions one can easily generate many questions by
choosing some graph with an interesting property and asking for its re-
silience with respect to this property. For example, asking for the local
resilience of the complete graph with respect to Hamiltonicity leads im-
mediately to the celebrated theorem of Dirac, which has been discussed
in depth earlier in this paper. Following this approach, in the rest of this
section we will revisit several classical theorems on random graphs and
discuss the corresponding resilience results.

6.1 Perfect Matching and Hamiltonicity

Let G be a graph on n vertices, where n is even. A perfect matching
in G is a set of disjoint edges that covers all n vertices. The threshold for
the appearance of such a matching in G(n,p) was determined by Erdés
and Rényi already in one of their early papers on random graphs. In
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[33] they proved that if p > M, then a.a.s. G(n,p) has a perfect
logn—w(n)

matching. This determines the threshold since for p <
have isolated vertices.

we a.a.s.

To give a lower bound for the local resilience of having a perfect match-
ing consider the following way to destroy this property. Split the vertex
set of G into two parts X and Y of size n/2 4+ 1 and n/2 — 1 respectively.
Then delete all edges inside the set X. Thus X becomes an independent
set and it is impossible to match all of its vertices with vertices of Y, since
Y| < |X|. In G(n,p) (with p sufficiently large), with high probability all
vertices have degree (1 + o(1))np. Thus, one would expect that a.a.s. a
random graph has an induced subgraph on n/2 + 1 vertices whose max-
imum degree is (1/2 + o(1))np. So, the local resilience of G(n,p) with
respect to having a perfect matching is a.a.s. at most (1/2 + o(1))np.

It was proved in [90] that for p > logn/n this trivial upper bound is
actually the truth. Moreover, in this case one can obtain the following
rather accurate estimates for error terms. If G’ is a subgraph of G =
G(n, p) with maximum degree at most np/2—8y/nplogn then a.a.s. G—G’
has a perfect matching. On the other hand, G(n,p) a.a.s. contains a
subgraph G” with maximum degree at most np/2 + 21/nplogn such that
G — G” has no perfect matching. The proof of the first part is not very
difficult. By randomly splitting the vertices of G — G’ into two sets of
size n/2 we can obtain a bipartite subgraph H C G — G’ with very good
expansion properties. Using these properties one can verify that H satisfies
Hall’s condition (see [27]), i.e., every subset X on one side has at least | X]|
neighbors on the other side. The second part follows by analyzing more
carefully the degree distribution of the subgraph of G(n,p) on n/2 + 1
vertices.

The question of resilience of random graphs with respect to Hamiltonic-
ity is substantially more difficult. Here too one can destroy all Hamilton
cycles of G = G(n,p) by splitting the vertex set of G into two parts whose
sizes differ by at most two and deleting all the edges inside the larger part.
Therefore, similar as above, the local resilience of the random graph with
respect to Hamiltonicity is a.a.s. at most (1/2 4 o(1))np. Note that we
can also destroy Hamiltonicity by simply disconnecting the graph. To do
so, split the vertex set into two parts whose sizes differ by at most one and
delete all edges between them. However in the case of random graphs, this
does not change the asymptotics of our lower bound for resilience, since
bipartite graph we remove has typically maximum degree (1/2 + o(1))np.
This suggests that the local resilience of G(n,p) with respect to Hamil-
tonicity is with high probability (1/2+ o(1))np, at least when the random
graph is reasonably dense. This was indeed proved for p > log* n/n in
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[90], where it was conjectured that the value of edge probability p can be
decreased all the way to p > logn/n. This conjecture was resolved by Lee
and Sudakov [77], who proved the following result.

Theorem 6.3 For every e > 0, there exist a constant C = C(g) such that
if p > Clogn/n, then a.a.s. every subgraph G of G(n,p) with minimum
degree at least (1/2 + €)np is Hamiltonian.

Since a complete graph on n vertices is also a random graph G(n,p) with
p = 1, this theorem can be viewed as a far reaching generalization of
Dirac’s theorem.

The proof of Theorem 6.3 uses the rotation-extension technique, men-
tioned in Section 4.1, with a few additional ideas. One is to split the graph
G into two graphs G, G2, where the first graph has only small fraction
of the edges and will be used to perform rotations and the second graph
G2 will be used to perform extensions. We also partition the longest path
P in GG; into several intervals Iy,...,I; and show that for most indices j
the majority of newly constructed paths have their broken edges outside
the interval I;. Therefore these paths traverse I; either in the original or
the reverse order. This is used to show that, rotating the longest path in
(1, one can obtain a set Sp of (1/2+ ¢)n new endpoints. Furthermore for
every v € Sp, rotating the path again and keeping v fixed we can obtain a
set T, of size at least (1/2 4 ¢)n such that for all w € T,, there is a longest
path in G starting at v and ending in w. Since G5 contains most of the
edges of G and the minimum degree of G is at least (1/2 + £)np one can
show that one of these paths can be closed into cycle by using the edges of
G2. Repeating this procedure several times we obtain a Hamilton cycle.

When the edge probability p is close to the threshold for Hamiltonicity,
ie, p=(l+¢)logn/n, the random graph G(n,p) has some vertices whose
degrees are significantly smaller than np. Therefore in this range of edge
probability, one can easily create isolated vertices by deleting (1/2+o0(1))np
edges incident to such vertices. Hence in this case, we need to revise the
definition of resilience and make the number of edges we allow to delete
at a vertex v depending on the degree of v. For further discussion of this
regime and known results see e.g., [10] and its references.

Many techniques developed for Hamiltonicity of random graphs rely
only on properties of the edge distribution of G(n,p) and therefore can
be used to study pseudo-random graphs as well. There are several closely
related definitions of pseudo-random graphs (see, e.g., [70] for discussion).
Here we use the following one, which is based on spectral properties of such
graphs. Consider a graph G on n vertices. Since its adjacency matrix is
symmetric, it has n real eigenvalues which we denote by A1 (G) > A2(G) >
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. > M(G). The quantity A(G) = max;>2|\;(G)| is called the second
eigenvalue of G and plays an important role. We say that G is an (n,d, \)-
graph if it is d-regular, has n vertices and A(G) is at most A.

It is well known (see, e.g., [70]) that if A is much smaller than the
degree d, then G has strong pseudo-random properties, i.e., the edges
of G are distributed like in the random graph G(n,d/n). Therefore it
is natural to ask whether (similar to G(n,d/n)) pseudo-random graphs
with A < d are Hamiltonian. Such a result was establish by the author
together with Krivelevich in [69], where we proved that (n,d, A)-graphs
with A < d/logn (see [69] for slightly better bound) are Hamiltonian. It
would be very interesting to determine the right order of magnitude of the
ratio d/\ which already implies Hamiltonicity. Together with Krivelevich
[70] we proposed the following conjecture.

Conjecture 6.4 There exists a positive constant C' such that for all suf-
ficiently large n, every (n,d, \)-graph with d/\ > C contains a Hamilton
cycle.

One can further show that when d > A the corresponding graph is robustly
Hamiltonian. Indeed, together with Vu [90] we proved that if d/A >
log?n (actually log'™ n is enough) then the local resilience of such an
(n,d, \)-graph with respect to Hamiltonicity is (1/2 + o(1))d. By the
above discussion the constant 1/2 is best possible.

Another interesting open problem is the resilience of random regu-
lar graphs with respect to Hamiltonicity. The n-vertex random d-regular
graph, which is denoted by G,, 4 (where dn is even), is the uniform prob-
ability space of all d-regular graphs on n vertices labeled by the set [n].
In this model, one cannot apply the techniques used to study G(n,p) as
these two models do not share the same probabilistic properties. Whereas
the appearances of edges in G(n,p) are independent, the appearances of
edges in G, 4 are not. Nevertheless, many results obtained thus far for
the random regular graph model G,, 4 are very similar to the results ob-
tained in G(n,p) with suitable expected degrees, namely, d = np. For a
detailed discussion of random regular graphs and their properties we refer
the interested reader to the excellent survey of Wormald [94].

It was proved by Robinson and Wormald [87] that the random regular
graph G, 4 is a.a.s. Hamiltonian already for d > 3. Therefore the question
of local resilience of G,, 4 with respect to this property already makes sense
for constant degrees. By the above discussion, it is logical to guess that
this resilience should be typically of order d/2, at least for large d. More
precisely, together with Ben-Shimon and Krivelevich [11] we made the
following conjecture.
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Conjecture 6.5 For every e > 0 there exists an integer dy = do(e) such
that, for every fixed integer d > dy, asymptotically almost surely the local
resilience of G,,q with respect to Hamiltonicity is at least (1/2 — e)d and
at most (1/2+ €)d.

The upper bound of this conjecture follows easily from the known proper-
ties of the edge distribution of G, 4 together with constructions mentioned
above. So the main task is to prove the lower bound. When d >> log®n
one can prove this conjecture using the above mentioned result from [90]
on (n,d,\)-graphs and the known properties of the second eigenvalue of
Gn.a (see, e.g., [94, 71]). For smaller values of d this conjecture is still
open, although one can show (see [11]) that a.a.s. the local resilience is
linear in d.

6.2 Chromatic number

One of the most important parameters of the random graph G, ,, is its
chromatic number, which we denote by x(G,, ). Trivially for every graph
X(G) > |V(G)|/a(G), where o(G) denotes the size of a largest indepen-
dent set in G. It can be easily shown, using first moment computations,
that a.a.s. a(G,p) < 2log,(np), where b = 1/(1 —p) (all other logarithms
in this paper are in the natural base ¢). This provides a lower bound on the
chromatic number of the random graph, showing that with high probability
X(Grp) > m. The problem of determining the asymptotic behavior

of x(Gp,p), posed by Erdés and Rényi in the early 60s, stayed for many
years as one of the major open questions in the theory of random graphs
until its solution by Bollobds [13], using a novel approach based on martin-

gales that enabled him to prove that a.a.s. x(Gp,p) = (1 + 0(1))%

for dense random graphs. Later Luczak [80] showed that this estimate also
holds for all values of p > ¢/n.

Given two arbitrary graphs G and H it is a folklore result which is easy
to prove (see, e.g., [7T9] Chapter 9) that

x(GUH) < x(G)x(H).

Moreover there are pairs of graphs for which the equality holds. Therefore
adding a few edges or low degree graph to a graph GG sometimes can have a
substantial impact on its chromatic number. The question, whether this is
the case for random graphs was first posed in [90], where the authors study
the resilience of the chromatic number of G(n, p). Unlike for Hamiltonicity,
changing the adjacency of few vertices in a graph usually has only a minor
effect on its chromatic number. Therefore it is interesting to study both
global and local resilience of the chromatic number.
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Note that for an arbitrary graph G one can double its chromatic num-
ber by choosing an arbitrary subset of 2x(G) vertices and adding all the
missing edges to make this subset a clique. This gives an upper bound
O(x*(G)) on the global resilience and a bound O(x(G)) on a local re-
silience of the chromatic number. Together with Vu [90] we conjectured
that this is with high probability tight for relatively dense random graphs
(say p > n~'*0 for any fixed § > 0). Improving the earlier results from
[90], Alon and Sudakov [5] proved the following theorem, which makes a
substantial progress on this conjecture.

Theorem 6.6 Let ¢ > 0 be a fized constant and let n= /31 < p < 1/2
for some § > 0. Then a.a.s.

TL2
logj (np)
of Gnp UE is still at most (1 + s)m,

1. for every collection E of 27 12¢2 edges the chromatic number

2. and for every graph H on n vertices with mazimum degree A(H) <
Q*SSW the chromatic number of Gy, , UH is still at most

(1+¢)

_n_
2log, (np)

This determines the global resilience of dense random graphs up to a con-
stant factor and leaves only a small multiplicative gap of loglogn for the
local resilience. Both these results show that adding quite large and dense
graphs to Gy, , with p > n~1/3 typically has very little impact on its chro-
matic number. For p below n~!/3 much less is known. It was proved in
[90] that for every positive integer d and for every ¢ > 0 there is a con-
stant ¢ = ¢(d, ¢) such that the following holds. For all p > ¢/n, adding
to G(n,p) any graph with maximum degree d a.a.s. cannot increase its
chromatic number by a factor of larger than (1 + ¢).

Sketch of proof of Theorem 6.6 (1). Choose ko = (2 — o(1)) log} (np)
such that the expected number of independent sets of this size in G(n,p)

A
is p = (,Z))(l - p)< ?) > n*. The expected number of such independent
sets containing a given pair of vertices is

n—2 k k2
o= (10 25)0=n® = @+ o),
Let Z be a largest collection of independent sets of size ko in G(n,p)
such that no pair of vertices belongs to more than 4 of these sets. This
condition shows that by changing one edge of the random graph we cannot
affect the size of Z by more than 44. Therefore using a standard estimate
for the tails of martingales we can show that |Z| equals (1 — o(1))E[|Z]]
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with probability at least 1 — 272", Moreover one can also show (see [72])
that E[|Z]] = (1 — o(1))p.
Let E be the collection of 27122 2’2
log; (np)

G(n,p). Consider an auxiliary bipartite graph H with parts Z and F in
which an independent set I € T is adjacent to an edge (u,v) € E iff both
vertices u,v belong to I. By the definition of Z, every edge (u,v) € FE
is contained in at most 4 sets from Z. Therefore the number of edges
e(H) is bounded by 4pom. Thus there is an independent set I € Z, whose
degree in H is at most e(H)/|Z|. Such I contains at most

edges which was added to

e(H) < dpio| E| < Spo|E| < Gk(z)@ <972
o= %
edges from E.

This argument shows that we can find an independent set in G(n,p)
which contains no edges from E. Color it by color one, remove it from the
graph and continue this process. One can further prove that, as long as
the number of remaining vertices is larger than en/log,(np), we can still
find an independent set I in G(n,p) which has very few edges from F.
Then (by a standard lower bound on the independence number in a graph
with a given number of edges) there is a large independent set in I not
containing any edges of E' which we can color by a new color. Using some
simple computations, see [5], we can then show that the total number of

colors used in this process is at most (1 + O(e))m. Coloring the
remaining en/ logg (np) vertices by additional colors we obtain a coloring
of G(n,p) U E into (1 + O(g))x(G(n,p)) colors. 0

6.3 Symmetry

An automorphism of a graph G is a permutation 7 : V(G) — V(G)
of the vertices of G such that (w(u),7(v)) is an edge of G if and only if
(u,v) is an edge of G. The collection of all automorphisms of G forms a
group which is denoted by Aut(G). It is clear that for any graph G the
identity belongs to Aut(G). We say that Aut(G) is trivial or equivalently
G is asymmetric if Aut(G) does not contain any permutation other than
the identity, otherwise we call G symmetric. The automorphism group
was one of the first objects studied by P. Erdds and A. Rényi in their se-
quence of papers which started the theory of random graphs. In 1963 they
proved that for p > (1+¢)logn/n, G(n,p) is asymptotically almost surely
asymmetric. In fact, Erdés and Rényi studied a more general question
of how much should one change the random graph to have a non-trivial
automorphism. In [32] they proved that if both 1 — p,p > logn/n, then
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a.a.s. we need to add and delete at least (2 + o(1))np(1 — p) edges from
G(n,p) to obtain a symmetric graph. This determines the global resilience
of G(n,p) with respect to having a trivial automorphism group.

To explain the quantity (2+0(1))np(1—p), notice that next to the iden-
tity, the simplest permutation is the transposition of two vertices, say v and
v. This permutation is an automorphism if u and v have exactly the same
neighbors. To achieve this one needs to delete d(u) + d(v) — 2codeg(u,v)
edges of G, where codeg(u,v) is the number of common neighbors of these
vertices. It shows that in the case of G(n,p), with high probability it is
enough to delete 2(1 + o(1))np(1 — p) edges to have a symmetric graph.
Together with Kim and Vu, the author extended the above theorem of
Erdés and Rényi showing that small local changes are not enough to make
a random graph symmetric. In [56] they proved the following result.

Theorem 6.7 If both 1 — p,p > logn/n, then the local resilience of
G(n,p) with respect to being asymmetric is a.a.s. (1+ o(1))np(1 — p).

It is worth mentioning that the local resilience was not the main object
of study in [56], but it was used as a tool to prove a new result. As a corol-
lary of the above theorem (more precisely of its proof), it was shown there
that a random regular graph of relatively large degree is asymptotically al-
most surely non-symmetric, confirming a conjecture of Wormald [94]. The
main idea in [56] was as follows. Consider the indicator graph function
I(G), where I(G) = 1 if G is non-symmetric and 0 otherwise. We want
to show that with high probability I(G) = 1 where G is a random regular
graph. One may want to view this statement as a sharp concentration
result, namely, I(G) is a.a.s. close to its mean. However, it is impossible
to prove a sharp concentration result for a random variable having only
two values close to each other. The idea here is to “blow up” I(G) using
the notion of local resilience. Instead of I(G) we used a function D(QG)
which (roughly speaking) equals the local resilience of G with respect to
being non-symmetric. This function is zero if G is symmetric and rather
large otherwise. This gives us room to show that D(G) is strongly concen-
trated around a large positive value, and from this we can conclude that
asymptotically almost surely the random regular graph is non-symmetric.

6.4 Further results

There are some additional results on resilience of random graphs whose
details we will not discuss in this survey. For convenience of the reader we
conclude this section with a short list of such results together with relevant
references.
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e In the past few years, there has been some considerable success in ex-
tending classical results in extremal combinatorics to sparse random
settings due to the breakthroughs made independently by Conlon
and Gowers [22] and Schacht [89]. In particular, they proved Turdn-
type theorems for random graphs, establishing the global resilience
with respect to containing a fixed non-bipartite graph H.

e Resilience of G(n,p) with respect to pancyclicity, which is a property
of containing cycles of all lengths from 3 to n, was established in [63].

e In [6] the authors studied the resilience of the property of containing
given almost spanning tree of bounded degree.

e Resilience of a random directed graph with respect to Hamiltonicity
was studied in [50, 41].

e In [28] the authors studied the resilience of G(n,p) with respect to
containing cycle of a given linear length.

e An H-factor in a graph G is a collection of vertex disjoint copies of a
fixed graph H covering all vertices of G. The resilience with respect
to containing such a factor was studied in [51, 7]. More generally, the
resilience with respect to containing almost spanning and spanning
bounded degree graphs was studied in [18, 83, 2].

e In [37] the authors made a very interesting connection between the
local resilience in random graphs and winning strategies in biased
Maker-Breaker games.

7 Conclusion

Although we have made an effort to provide a systematic coverage of
recent robust extensions of various classical results in graph theory and
random graphs, there are certainly quite a few of them that were left
out of this survey, due to the limitations of space and time (and of the
author’s energy). Still, we would like to believe that we have presented
enough examples demonstrating how one can revisit known results and
use various measures of robustness to ask new and interesting questions.
Therefore we hope that this survey will motivate future research on the
subject.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

Robustness of graph properties 401

Acknowledgements

Research supported by SNSF grant 200021-149111. We would like to
thank F. Dréxler, A. Ferber, N. Kamcev, M. Krivelevich, M. Kwan, J.
Noel, A. Pokrovskiy and the referee for helpful comments.

References

[1] M. Albert, A. Frieze, and B. Reed, Multicoloured Hamilton cycles.
Electron. J. Combin. 2, R10.

[2] P. Allen, J. Bottcher, J. Ehrenmiiller and A. Taraz, The bandwidth
theorem in sparse graphs, preprint.

[3] N. Alon, The maximum number of Hamiltonian paths in tournaments,
Combinatorica 10 (1990), 319-324.

[4] N. Alon and G. Gutin, Properly colored Hamilton cycles in edge-
colored complete graphs, Random Struct. Algor. 11 (1997), 179-186.

[5] N. Alon and B. Sudakov, Increasing the chromatic number of a ran-
dom graph, Journal of Combinatorics 1 (2010), 345-356.

[6] J. Balogh, B. Csaba and W. Samotij, Local resilience of almost span-
ning trees in random graphs, Random Structures and Algorithms 38
(2011), 121-139.

[7] J. Balogh, C. Lee and W. Samotij, Corrddi and Hajnal’s theorem for
sparse random graphs, Combin. Probab. Comput. 21 (2012), 23-55.

[8] J. Beck, Combinatorial Games, Cambridge University Press, Cam-
bridge (2008).

[9] S.Ben-Shimon, A. Ferber, D. Hefetz and M. Krivelevich, Hitting time
results for Maker-Breaker games , Random Structures and Algorithms
41 (2012), 23-46.

[10] S. Ben-Shimon, M. Krivelevich and B. Sudakov, On the resilience
of Hamiltonicity and optimal packing of Hamilton cycles in random
graphs, SIAM J. Discrete Math. 25 (2011), 1176-1193.

[11] S. Ben-Shimon, M. Krivelevich and B. Sudakov, Local resilience and
Hamiltonicity Maker-Breaker games in random regular graphs, Com-
binatorics, Probability and Computing 20 (2011), 173-211.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

402 Benny Sudakov

[12] B. Bollobds, The evolution of sparse graphs, in Graph Theory and
Combinatorics, Academic Press, New York (1984), 35-57.

[13] B. Bollobds, The chromatic number of random graphs, Combinatorica
8 (1988), 49-55.

[14] B. Bollobds, Random Graphs, 2nd ed., Cambridge University Press,
Cambridge (2001).

[15] B. Bollobds and P. Erdés, Alternating hamiltonian cycles, Israel J.
Math. 23 (1976), 126-131.

[16] B. Bollobés and A. Frieze, On matchings and Hamiltonian cycles in
random graphs, in: Random graphs ’83, North-Holland Math. Stud.
118, North-Holland, Amsterdam, 1985, 23-46.

[17] J. Bondy, Basic Graph Theory: Paths and Circuits, in: Handbook
of Combinatorics Vol. 1 (ed. by R. Graham, M. Grotschel and L.
Lovész), North-Holland, Amsterdam, 1995, 3-110.

[18] J. Bottcher, Y. Kohayakawa and A. Taraz, Almost spanning sub-
graphs of random graphs after adversarial edge removal, Combina-
torics, Probability and Computing 22 (2013), 639-683.

[19] L. M. Brégman, Some properties of non-negative matrices and their
permanents, Sov. Mat. Dokl. 14 (1973), 945-949.

[20] C. Chen and D. Daykin, Graphs with Hamiltonian cycles having ad-
jacent lines different colors, J. Combin. Theory Ser. B 21 (1976),
135-139.

[21] V. Chvétal and P. Erdés, Biased positional games, Annals of Discrete
Math. 2 (1978), 221-228.

[22] D. Conlon and T. Gowers, Combinatorial theorems in sparse random
sets, Annals of Math. 184 (2016), 367-454.

[23] B. Csaba, D. Kiihn, A. Lo, D. Osthus and A. Treglown, Proof of the
1-factorization and Hamilton decomposition conjectures, Memoirs of
the American Mathematical Society 244 (2016), monograph 1154, 170

pages.

[24] B. Cuckler, Hamilton cycles in regular tournaments, Combinatorics,
Probability and Computing 16 (2007), 239-249.

[25] B. Cuckler and J. Kahn, Hamiltonian cycles in Dirac graphs, Combi-
natorica 29 (2009), 299-326.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

Robustness of graph properties 403

[26] D. E. Daykin, Graphs with cycles having adjacent lines different col-
ors, J. Combin. Theory Ser. B 20 (1976), 149-152.

[27] R. Diestel, Graph theory, 3rd ed., Springer-Verlag, Berlin, 2005.

[28] D. Dellamonica, Y. Kohayakawa, M. Marciniszyn and A. Steger, On
the resilience of long cycles in random graphs, Electronic J. Combin.
15 (2008), R32.

[29] G. Egorychev, The solution of the Van der Waerden problem for per-
manents, Dokl. Akad. Nauk SSSR 258 (1981), 1041-1044.

[30] P. Erdds, J. Nesetiil and V. Rodl, On some problems related to parti-
tions of edges of a graph, in: Graphs and other combinatorial topics
(Prague, 1982), Teubner-Texte Math. 59, Teubner, Leipzig, 1983, 54—
63.

[31] P. Erdés and A. Rényi, On the evolution of random graphs, Magyar
Tud. Akad. Mat. Kutato Int. Kézl. 5 (1960), 17-61.

[32] P. Erdés and A. Rényi, Asymmetric graphs, Acta Math. Acad. Sci.
Hung. 14 (1963), 295-315.

[33] P. Erdés and A. Rényi, On the existence of a factor of degree one of a
connected random graph, Acta Math. Acad. Sci. Hungar. 17 (1966),
359-368.

[34] P. Erdés, M. Simonovits and V. Sés, Anti-Ramsey theorems, in: In-
finite and finite sets, Vol. 11, edited by A. Hajnal, R Rado and V.
Sds, Colloq. Math. Soc. Janos Bolyai 10, North-Holland, Amsterdam
(1975), 633-643.

[35] D. Falikman, A proof of the Van der Waerden problem for permanents
of a doubly stochastic matrix, Mat. Zametki 29 (1981), 931-938.

[36] A. Ferber, R. Glebov, M. Krivelevich and A. Naor, Biased games on
random boards, Random Structures and Algorithms 46 (2015), 651—
676.

[37] A. Ferber, M. Krivelevich and H. Naves, Generating random graphs
in biased maker-breaker games Random Structures Algorithms 47
(2015), 615-634.

[38] A. Ferber, M. Krivelevich and B. Sudakov, Counting and packing
Hamilton cycles in dense graphs and oriented graphs, J. Combinato-
rial Theory Ser. B, to appear.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

404 Benny Sudakov

[39] A. Ferber, G. Kronenberg and E. Long, Packing, Counting and Cover-
ing Hamilton cycles in random directed graphs, Israel J. Mathematics,
to appear.

[40] A. Ferber, E. Long and B. Sudakov, Counting Hamiltonian decompo-
sitions of oriented graphs, arXiv:1609.09550.

[41] A. Ferber, R. Nenadov, A. Noever, U. Peter and N. Skori¢, Robust
hamiltonicity of random directed graphs, Proceedings of 261" ACM-
SIAM SODA, ACM Press (2015), 1752-1758.

[42] A. Frieze and M. Karonski, Introduction to Random Graphs, Cam-
bridge University Press, 2016.

. Frieze and M. Krivelevich, On packing Hamilton cycles in e-regular
43] A. Fri d M. Krivelevich, O king Hamil les i 1
graphs, J. Combinatorial Theory Ser. B 94 (2005), 159-172.

[44] A. Frieze and M. Krivelevich, On two Hamilton cycle problems in
random graphs, Israel J. of Mathematics 166 (2008), 221-234.

[45] R. Glebov and M. Krivelevich, On the number of Hamilton cycles in
sparse random graphs, SIAM Journal on Discrete Math. 27 (2013),
27-42.

[46] R. Glebov, Z. Luria and B. Sudakov, The number of Hamiltonian
decompositions of regular graphs, Israel J. of Mathematics, to appear.

[47] R. Glebov, H. Naves and B. Sudakov, The threshold probability for
long cycles, Combinatorics, Probability and Computing, to appear.

[48] R. Haggkvist, Hamilton cycles in oriented graphs, Combinatorics,
Probability and Computing 2 (1993), 25-32.

[49] D. Hefetz, M. Krivelevich, M. Stojakovic and T. Szabd, Positional
Games, Birkhéuser Basel, 2014.

[50] D. Hefetz, A. Steger and B. Sudakov, Random directed graphs are
robustly Hamiltonian, Random Structures and Algorithms 49 (2016),
345-362.

[61] H. Huang, C. Lee and B. Sudakov, Bandwidth theorem for random
graphs, J. Combin. Theory Ser. B 102 (2012), 14-37.

[52] S. Janson, T. Luczak and A. Rucinski, Random graphs, Wiley, New
York, 2000.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

Robustness of graph properties 405

[53] R. Karp, Reducibility among combinatorial problems, in: Complexity
of Computer Computations, New York: Plenum (1972), 85-103.

[54] P. Katerinis, Minimum degree of a graph and the existence of k-
factors, Proc. Indian Acad. Sci. Math. Sci. 94 (1985), 123-127.

[65] P. Keevash, D. Kiithn and D. Osthus, An exact minimum degree con-
dition for Hamilton cycles in oriented graphs, J. London Math. Soc.
79 (2009), 144-166.

[56] J.H. Kim, B. Sudakov and V. Vu, On asymmetry of random graphs
and random regular graphs, Random Structures and Algorithms 21
(2002), 216-224.

[57] F. Knox, D. Kithn and D. Osthus, Edge-disjoint Hamilton cycles in
random graphs, Random Structures and Algorithms 46 (2015), 397—
445.

[58] J. Komlés and M. Simonovits, Szemerédi’s regularity lemma and its
applications in graph theory, in Combinatorics, Paul Erdds is eighty,
Vol. 2, Bolyai Soc. Math. Stud. 2, Budapest, 1996, 295-352.

[59] J. Komlés and E. Szemerédi, Limit distribution for the existence
of Hamiltonian cycles in a random graph, Discrete Mathematics 43
(1983), 55-63.

[60] A. Korshunov, Solution of a problem of Erdés and Rényi on Hamilton
cycles in non-oriented graphs, Soviet Math. Dokl, 17 (1976), 760-764.

[61] A. Kotzig, Moves without forbidden transitions in a graph, Matem-
aticky casopis 18 (1968), 76-80.

[62] M. Krivelevich, The critical bias for the Hamiltonicity game is (1 +
o(1))n/Inn, Journal of the American Mathematical Society 24 (2011),
125-131.

[63] M. Krivelevich, C. Lee and B. Sudakov, Resilient pancyclicity of ran-
dom and pseudorandom graphs, SIAM J. Discrete Math. 24 (2010),
1-16.

[64] M. Krivelevich, C. Lee and B. Sudakov, Robust Hamiltonicity of Dirac
graphs, Transactions of the Amer. Math. Soc. 366 (2014), 3095-3130.

[65] M. Krivelevich, C. Lee and B. Sudakov, Long paths and cycles in
random subgraphs of graphs with large minimum degree, Random
Structures and Algorithms 46 (2015), 320-345.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

406 Benny Sudakov

[66] M. Krivelevich, C. Lee and B. Sudakov, Compatible Hamilton cycles
in random graphs, Random Structures and Algorithms 49 (2016), 533~
557.

[67] M. Krivelevich, C. Lee and B. Sudakov, Compatible Hamilton cycles
in Dirac graphs, Combinatorica, to appear.

[68] M. Krivelevich and W. Samotij, Optimal packings of Hamilton cycles
in sparse random graphs, SIAM J. Discrete Mathematics 26 (2012),
964-982.

[69] M. Krivelevich and B. Sudakov, Sparse pseudo-random graphs are
Hamiltonian, J. Graph Theory 42 (2003), 17-33.

[70] M. Krivelevich and B. Sudakov, Pseudo-random graphs, in: More
Sets, Graphs and Numbers, Bolyai Society Mathematical Studies 15,
Springer, 2006, 199-262.

[71] M. Krivelevich, B. Sudakov, V. Vu and N. Wormald, Random regular
graphs of high degree, Random Structures and Algorithms 18 (2001),
346-363.

[72] M. Krivelevich, B. Sudakov, V. Vu and N. Wormald, On the proba-
bility of independent sets in random graphs, Random Structures and
Algorithms 22 (2003), 1-14.

[73] D. Kiihn, J. Lapinskas and D. Osthus, Optimal packings of Hamilton
cycles in graphs of high minimum degree, Combinatorics, Probability,
Computing 22 (2013), 394-416.

[74] D. Kithn and D. Osthus, Hamilton decompositions of regular ex-
panders: a proof of Kelly’s conjecture for large tournaments, Advances
in Mathematics 237 (2013), 62-146.

[75] D. Kithn and D. Osthus, Hamilton decompositions of regular ex-
panders: applications, J. Combinatorial Theory Series B 104 (2014),
1-27.

[76] D. Kiithn, D. Osthus and A. Treglown, Hamilton decompositions of
regular tournaments, Proceedings of the London Mathematical Society
101 (2010), 303-335.

[77] C. Lee and B. Sudakov, Dirac’s theorem for random graphs, Random
Structures and Algorithms 41 (2012), 293-305.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

Robustness of graph properties 407

[78] A. Lo, Properly coloured Hamiltonian cycles in edge-coloured com-
plete graphs, Combinatorica, to appear.

[79] L. Lovéasz, Combinatorial problems and exercises, 2nd edition, AMS
Chelsea Publishing, 2007.

[80] T. Luczak, The chromatic number of random graphs, Combinatorica
11 (1991), 45-54.

[81] C. Nash-Williams, Hamiltonian lines in graphs whose vertices have
sufficiently large valencies, in: Combinatorial Theory and Its Appli-
cations, 111, North-Holland, 1970, 813-819.

[82] C. Nash-Williams, Edge-disjoint Hamiltonian circuits in graphs with
vertices of large valency, in: Studies in Pure Mathematics, Academic
Press, London, 1971, 157-183.

[83] A. Noever and A. Steger, Local resilience for squares of almost span-
ning cycles in sparse random graphs, preprint.

[84] L. Pésa, Hamiltonian circuits in random graphs, Discrete Mathemat-
ics, 14 (1976), 359-364.

[85] R. Rado, Anti-Ramsey theorems, in: Infinite and finite sets, Vol. 11,
edited by A. Hajnal, R. Rado and V. Sds, Colloq. Math. Soc. Janos
Bolyai 10, North-Holland, Amsterdam (1975), 1159-1168.

[86] O. Riordan, Long cycles in random subgraphs of graphs with large
minimum degree Random Structures and Algorithms 45 (2014), 764—
767.

[87] R. Robinson, and N. Wormald, Almost all regular graphs are Hamil-
tonian Random Structures and Algorithms 5 (1994), 363-374.

[88] G. Sarkozy, S. Selkow and E. Szemerédi, On the number of Hamilto-
nian cycles in Dirac graphs, Discrete Math. 265 (2003), 237-250.

[89] M. Schacht, Extremal results for random discrete structures, Annals
of Math. 184 (2016), 333-365.

[90] B. Sudakov and V. Vu, Local resilience of graphs, Random Structures
and Algorithms 33 (2008), 409-433.

[91] T. Szele, Kombinatorikai vizsgalatok az iranyitott teljes graffal, Mt.
Fiz. Lapok 50 (1943), 223-256.

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

408 Benny Sudakov

[92] C. Thomassen, Long cycles in digraphs with constraints on the de-
grees, in: Surveys in Combinatorics (B. Bollobds ed.), London Math.
Soc. Lecture Notes 38, Cambridge University Press, 1979, 211-228.

[93] C. Thomassen, Hamilton circuits in regular tournaments, Annals of
Discrete Math. 27 (1985), 159-162.

[94] N.C. Wormald, Models of random regular graphs, in: Surveys in Com-
binatorics, Cambridge University Press, 1999, 239-298.

Department of Mathematics
ETH

8092 Zurich

Switzerland
benjamin.sudakov@math.ethz.ch

Downloaded from https://www.cambridge.org/core. ETH-Bibliothek, on 30 Jan 2018 at 20:48:10, subject to the Cambridge Core terms of use
, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781108332699.009


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781108332699.009
https://www.cambridge.org/core

