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Abstrakt:

Jednim ze zakladnich problému moderni statistické fyziky je snaha porozumét
frustraci a chaosu. Zakladnim modelem je koneé¢né dimenzionalni Edwards-Anderson
Ising model. V této praci zavadime zobecnéni tohoto modelu. Studujeme mnozinové
systémy uzaviené na symetrické rozdily. Ukazeme, ze vyznamnou otazku, zda ground-
state v Ising modelu je jednoznaény, 1ze studovat v téchto mnozinovych systémech.

Krewerasova hypotéza tika, ze kazdé perfektni parovani v hyperkrychli @, lze
rozsitit na Hamiltonovskou kruznici. Tuto hypotézu jsme dokazali.

Matching graf M(G) grafu G ma za vrcholy perfektni parovéani v G a hranami
jsou spojeny ty dvojice perfektnich parovani, jejichZ sjednoceni tvori Hamiltonovskou
kruznici v G. Dokdzeme, ze matching graf M(Q),,) je bipartitni a souvisly pro n > 4.
Toto dokazuje Krewerasovu hypotézu, ze graf M, je souvisly, kde M,, vznikne z grafu
M(Q,,) kontrakei vrcholu M(Q,,), které odpovidaji izomorfnim perfektnim parovanim.

Cesta v (),, vyhybajici se zadanym f chybnym vrcholim se nazyva dlouha, jestlize
jeji délka je alespon 2" — 2f — 2. Analogicky kruznice je dlouhd, pokud jeji délka je
alespon 2" —2f. Pokud jsou vSechny chybné vrcholy ze stejné bipartitni ttidy @,,, pak
jsou tyto délky nejlepsi mozné.

Dokazeme, ze pro kazdou mnozinu nejvyse 2n —4 chybnych vrcholu @), a kazdé dva
bezchybné vrcholy u a v spliujici jednoduchou nutnou podminku na okoli v a v existuje
dlouha cesta mezi u a v. Pocet chyb je nejlepsi mozny a zlepsuje predchozi zndmé
vysledky. Také uvazujeme podstatné slabsi podminky na okoli u a v. Dokazeme, ze
pro kazdou mnozinu nejvyse (n?+mn —4)/4 chybnych vrcholu @, existuje dlouhd cesta
mezi libovolnymi dvéma bezchybnymi vrcholy, které maji nejvyse 3 chybné sousedy.

Ozna¢me f(n) maximélni ¢islo takové, ze pro kazdou mnozinu nejvyse f(n) chyb
Q). existuje dlouhd kruznice. Castaneda and Gotchev polozili hypotézu, zda f(n) =
(%) — 2. Nejprve jsme nasli elegantnf dikaz, ze f(n) >n?/10+n/2+1 pro n > 15,
coz byl prvni znamy kvadraticky dolni odhad. Pozdéji jsme tuto hypotézu dokazali
pomoci nové techniky potencialu, kterou jsme zavedli.
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Abstract:

One of the basic streams of modern statistical physics is an effort to understand
the frustration and chaos. The basic model to study these phenomena is the finite
dimensional Edwards-Anderson Ising model. We present a generalization of this model.
We study set systems which are closed under symmetric differences. We show that the
important question whether a groundstate in Ising model is unique can be studied in
these set systems.

Kreweras’ conjecture asserts that any perfect matching of the n-dimensional hy-
percube (), can be extended to a Hamiltonian cycle. We prove this conjecture.

The matching graph M(G) of a graph G has a vertex set of all perfect matchings of
G, with two vertices being adjacent whenever the union of the corresponding perfect
matchings forms a Hamiltonian cycle. We prove that the matching graph M(Q),,) is
bipartite and connected for n > 4. This proves Kreweras’ conjecture that the graph
M, is connected, where M,, is obtained from M(Q,) by contracting all vertices of
M(Q,,) which correspond to isomorphic perfect matchings.

A fault-free path in @),, with f faulty vertices is said to be long if it has length at
least 2" — 2f — 2. Similarly, a fault-free cycle in @, is long if it has length at least
2" — 2f. If all faulty vertices are from the same bipartite class of @),,, such length is
the best possible.

We show that for every set of at most 2n — 4 faulty vertices in @),, and every two
fault-free vertices v and v satisfying a simple necessary condition on neighbors of u
and v, there exists a long fault-free path between v and v. This number of faulty
vertices is tight and improves the previously known results. We also consider much
weaker condition of neighbors of v and v. We prove that for every set of at most
(n? +n — 4)/4 faulty vertices of @, there exists a long fault-free path between any
two vertices such that each of them has at most 3 faulty neighbors.

Let f(n) be the maximum integer such that for every set of at most f(n) faulty
vertices of (),,, there exists a long fault-free cycle. Castaneda and Gotchev conjectured
that f(n) = (}) — 2. First, we fount an elegant proof that f(n) > n*/10 4+ n/2 + 1
for n > 15 which was the first known quadratic lower bound. Later, we proved this
conjecture using new technique of potentials which we introduced.
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Introduction






Binary linear codes

Discrete mathematics is a branch of mathematics which studies structures that are
fundamentally discrete rather than continuous. It consists of logic, combinatorics,
set theory, graph theory, probability, number theory, information theory, geometry,
game theory, algebra and other various branches. Applied mathematics usually con-
tains operations research, theoretical computer science, numerical methods, statistical
mechanics, economics and many other topics.

In this thesis, we combine several of those fields to obtain results in different dis-
ciplines. A common topic is the information theory which answers fundamental ques-
tions in communication theory. It has important contributions to statistical physics,
computer science, probability and statistics.

One of studied objects of the information theory is a linear code which is an impor-
tant type of block code used in error correction and detection schemes. A linear code
of length n and rank k is a linear subspace with dimension £ of the vector space Fy
where F, is the finite (Galois) field with g elements. As the first class of linear codes
developed for error correction purpose, famous Hamming codes have been widely used
in digital communication systems.

A binary linear code is a linear code over the binary field Fy. A vector of a binary
linear code can be seen as an n-tuple of elements of the set {0,1}, or a vertex of
the n-dimensional hypercube, or as a subset of a ground set of size n. The bijection
between vectors and subsets is provided by a characteristic vector of a subset. We
combine those points of view depending on what is more convenient for us in particular
contents.

A linear subspace of F corresponds to a subset of the potential set of an n element
set that is closed under symmetric differences. We [38] study such set systems in Part I1
in connection with the Ising model which is a mathematical model of ferromagnetism
in statistical mechanics.

The Ising model studies the physics of phase transitions, which arise when a small
change in a parameter such as temperature or pressure causes a large and qualitative
change in the state of a system. Phase transitions are common in everyday life.
We can see them when water is freezing, boiling or sublimating. Another examples
of phase transitions are the emergence of superconductivity in certain metals when
cooled below a critical temperature, the transition between the ferromagnetic and
paramagnetic phases of magnetic materials at the Curie point, and many others.

The historical interest of Ising model originally arises in study of the phenomenon
of ferromagnetism which was the subject of Ising’s doctoral dissertation [54] but it was
invented by the physicist Wilhelm Lenz. One purpose of the Ising model is to explain
how short-range interaction between molecules in a crystal give rise to long-range
interaction and to predict in some sense the potential for phase transition. We study
Ising model as a pure mathematical problem using combinatorics and the theory of

11
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probability.

In the model of ferromagnetism, magnetic materials are represented as lattices
where vertices are atoms and edges are nearest-neighborhood interactions. Each atom
has a magnetic moment which is allowed to point either “up” or “down”. Magnetic
moment of an atom i is called a spin, it is denoted by o; and its orientation is repre-
sented by +1 or —1. Nearest-neighborhood interactions are called coupling constants.
The interaction between atoms ¢ and j is denoted by J;;. The energy of the system is
called the Hamiltonian and it is defined by

H(O’) = — Z Jz’jO'iO'j.
(:3)

We study a state of the minimal energy which is called a groundstate.

Note that a change of a spin has influence on energy of adjacent interactions.
Similarly, a change of a set of spins has influence on energy of interactions between
such pairs of atoms that change a spin of exactly one atom of each pair. Furthermore,
the family of all sets of interactions that can be changed by flipping some set of spins
is closed under symmetric differences. In another words, this family forms a binary
linear code when we consider characteristic vectors of its sets. This leads us back to
our original motivation of studying the theory of information.

A binary linear code is also used in error correction which is a technique that
enables reliable delivery of digital data over unreliable communication channels. In
digital communication it is hard to transfer a sequence of numbers if adjacent numbers
differ in more than one bit because it is very unlikely that switches will change states
exactly in synchrony. In the brief period while channels are changing, the receiver will
read some spurious position. In 1947, Bell Labs researcher Frank Gray [48] invented
the reflected binary code which is a permutation code of numbers from 0 to 2" —1 such
that every two adjacent numbers differ in exactly one bit. Nowadays, generalizations of
the reflected binary code are called Gray codes and it is used in digital communications
such as digital terrestrial television and some cable TV systems.

Gray codes have found applications in such diverse areas as circuit testing [78], sig-
nal encoding [67], ordering of documents on shelves [66], data compression [77], statis-
tics [19], graphics and image processing [2], processor allocation in the hypercube [15],
hashing [31], computing the permanent [75], information storage and retrieval [14],
and puzzles, a such as the Chinese Rings and Towers of Hanoi [47].

The reflected binary code has very elegant recursive construction but often more
general Gray code is needed. Therefore, Gray codes having special properties are
studied. An interested reader can find more details about this topic in the survey of
Savage [80]. For example, is there a Gray code such that prescribed pairs of vectors
that differ in a single bit are adjacent? In this point it is more convenient to switch
the terminology from a Gray code to a Hamiltonian cycle in a hypercube.

Dvotdk [23] showed that any set of at most 2n — 3 edges of the n-dimensional hy-
percube that induces vertex-disjoint paths is contained in a Hamiltonian cycle. Every
Hamiltonian cycle of a hypercube can be split into 2 perfect matchings. Therefore, it
is natural to ask the opposite question whether every perfect matching of the hyper-
cube can be extended into a Hamiltonian cycle. As far as we know, the first mention
of this question was published by Kreweras [59] who conjectured that answer to this
question is positive. Independently, this problem was stated by Donald E. Knuth [57,
problem 7.2.1.1-55]. We [35] proved this conjecture and similar results are presented
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in Part III.

Choosing an appropriate interconnection network is an important part of designing
parallel processing or distributed systems. A large number of network topologies have
been proposed [6, 89]. Among those interconnecting networks, the hypercube [7] has
several excellent properties, such as a recursive structure, regularity, symmetry, small
diameter, relatively short mean vertex distance, low degree, and low edge complexity
which are very important when designing massively parallel or distributed systems
[61].

Hamiltonian cycles and paths are used as control/data flow structures for dis-
tributed computation in arbitrary networks. An application of longest paths to a
practical problem was encountered in the on-line optimization of a complex Flexible
Manufacturing System [4]. These applications motivate the embedding of paths and
cycles in networks. Since processor or link faults may develop in real world networks,
it is important to consider faulty networks. The problems of diameter [18], routing
[29], multicasting [64], broadcasting [88], gossiping [20], and embedding [32, 63] have
been solved in various faulty networks.

Let f(n) be the maximum integer such that @),, — F' has a cycle of length at least
2" — 2|F| for every set I’ of at most f(n) vertices in n-dimensional hypercube Q.
Firstly, Chan and Lee [13] showed that f(n) > (n — 1)/2. This lower bound was
improved in several papers up to f(n) > 3n — 7 by Castaneda and Gotchev [12] who
conjectured that f(n) = (3) — 2. The upper bound was noticed by Koubek [58] and
independently Castaneda and Gotchev [12]. We [41] obtained the first quadratic lower
bound f(n) > n?/10 + n/2 + 1, and later, we [39] proved this conjecture. These and
similar results about paths in faulty hypercube are presented in Part IV.
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Chapter 1

Groundstates in Ising model

1.1 Introduction

A fundamental and extensively studied problem in spin glass physics is the multiplicity
of infinite-volume groundstate in finite dimensinal short-ranged systems [74]. In the
mean-field Sherrington-Kirkpatrick model [56], it is conjectured that finite dimensional
short-ranged systems with frustration have infinitely many groundstate pairs [70, 8]. A
different conjecture based on droplet-scaling theories predicts that there is only a single
groundstate pair in all finite dimensions [69, 9, 42]. The later scenario has received
support from recent simulations, some [1, 76] based on “chaotic size dependence” [72]
and some [51] using other techniques.

Mathematically the problem remains open. Newman and Stein [73] ruled out
the appearance of multiple domain walls between groundstates. Arguin et al. [3]
considered the Edwards-Anderson Ising spin glass model on the half-plane Z x Z*.
They took finite-volume measures corresponding to joint distributions of the couplings
and groundstates and proved that these converge to a unique limit and the conditional
distribution of the limiting measure is supported on a single groundstate pair. On
the other hand, there are also papers supporting existence of different groundstate
pairs [65].

We focus our attention on the nearest-neighbor Edwards-Anderson Ising model [27]
on a graph G = (V, F) with Hamiltonian

Hy(o) ==Y Juwouo, (1.1)

wek

where J is the set of couplings J,,, uv € E. We take the spins o, u € V', to be Ising,
ie. o, = x1. The couplings J,, are independent, identically distributed random
variables and their common distribution is symmetric around zero. The most common
examples are the Gaussian and +.J distribution. The Hamiltonian (1.1) has clear sense
if the graph G is finite. If G is infinite, then we consider expression (1.1) as formal
power series in variables .J,,,.

In this paper, we study groundstates in an arbitrary graph and in a special class
of set systems.

17



18 CHAPTER 1. GROUNDSTATES IN ISING MODEL

1.2 Definition of a cut system

For simplicity, we translate some terms of statistical physics to terms of graph theory.
Instead of a state o we consider the set of vertices T := {v € V | o(v) = —1} which
gives us a natural one-to-one correspondence between states and subsets of vertices.
A T-cut is the set of edges Cr of G which have exactly one end-vertex in 7" C V. Note
that uwv € Cr if and only if 0,0, = —1 where uv € E. We consider a weight function
on edges w : F — R instead of coupling constants J.

Definition 1.1. Let G = (V| E) be a graph on countable many vertices V' such that
every vertex has finite degree and F # (). The family of all cuts of G is denoted by
Ce. The pair (F,Cg) is called a cut system.

In this paper we use the following notation.

Definition 1.2. Let B C A be two sets and w : A — R be a function. By wg we
denote the function obtained from w by switching the sign on elements that belong to

B, that is
—w(x) ifxeB
wB(ﬁ)_{ ()

w(z)  otherwise

for all z € A. By w(B) we denote the sum ) _,w(x).

Note that wg(B) = —w(B). The sum w(B) is well-defined if B is finite. We use
the sum w(B) for an infinite set B only for physical motivation of the Hamiltonian
but we avoid it in mathematical proofs.

Let A,BC E and S,T C V. Let w’ denotes we,. Observe that (wa)p = wansp
where AA B = (A\ B)U(B\ A) is called the symmetric difference of A and B. From
Cs ACr = Csar it follows that (w®)7 = w27, This simplifies the notation of the
Hamiltonian:

Hj(o)=— Z JupOu0y = — ZwT(e) = —wi(E).

wel ecE

We are interested in a state o (or 7" in the new notation) with minimal Hamiltonian.
If the graph is finite we can enumerate the Hamiltonian for every state and choose the
minimal one. But for a graph on infinitely many vertices, the sum w” (E) is not well
defined. Therefore, we restrict the condition of minimality of the Hamiltonian only
for finite changes: we say that T is an w-groundstate if —w” 27 (E) > —wT(E) for
every finite set 7" C V. For a finite graph this condition already says that there is no
state T AT’ of smaller Hamiltonian. Since w” 27" (e) = w”(e) for every e € £\ Crv,
we change the last inequality to w” 27 (Crv) < w?(Cqv) which is well-defined even for
infinite graph. Observation that w”#7 (e) = —w”(e) for every e € Cp simplifies our
condition: A state 7" C V is an w-groundstate if wT(CT/) > 0 for every finite set
T C V. For further simplification we use a definition which is a little bit stronger on
some graphs.

Definition 1.3. Let (F,Cq) be the cut system of a graph G = (V,E) and w : £ — R
be a weight function. A state T'C V is an w-groundstate if w? (C) > 0 for every finite
cut C' € Cg.
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Observe that Cr is finite for every finite set T C V since every vertex of G has
finite degree. On the other hand, it does not generally hold that T" C V is finite if
Cr is finite. For example, let us consider the omnidirectional infinite path P.,. Every
finite set of edges F' of P, forms a cut Cr but the set of vertices T" has to be infinite
if |F| is odd.

Later, we show that there always exists an w-groundstate in more general con-
cept. We are interested whether w-groundstate is unique. From the observation that
w(e) = wY(e) for every e € E, it follows that T is an w-groundstate if and only if
V' \ T is an w-groundstate. Such two groundstates are called groundstate pairs and
we do not consider them as different groundstates. Note that a state 7" C V can be
also represented by a cut Cy which is more convenient for us because it avoids the
ambiguity of groundstate pairs.

An edge e € E is frustrated in a state T C V if wT(e) < 0. Another prob-
lem in Edwards-Anderson Ising model is determining how large the symmetric dif-
ference of the sets of frustrated edges of two groundstates can be. Let F(w,T) =
{e el } wl(e) < O} be the set of frustrated edges. We show that symmetric differ-
ence of frustrated edges in two states forms a cut.

Lemma 1.4. If 71,7, CV and w : E — R\ {0}, then F(w,Th) A F(w,Ts) =Cr, AT, -

Proof. An edge e belongs to Cr, a1, if and only if e belongs to exactly one cut of Crp,
and Cr, which means that w’(e) and w’(e) have different signs. O

If w is chosen randomly from the Gaussian distribution, then an edge of weight 0
occurs with probability 0.

1.3 Definition of a 0-XOR-system

We generalize our definition of a groundstate of graphs into a special type of set
systems. Let us note that every cut system is closed under symmetric difference; and
this property is crucial for us.

Definition 1.5. Let M be a countable set and S be a family of subsets of M such that
both M and S are nonempty and (J,.q A = M. We say that (M, S) is a XOR-system,
it AAB € S for every A, B € S. Let S;. be the family of finite sets of S.

The set systems (M, S), where M or S is the empty set, are not interesting for us.
If some element m € M does not occur in any set of S, then we can remove m from
M, so we require that |J,.4 A = M. Note that the cut system of every graph with at
least one edge forms a XOR-system.

Let us observe that Sy is countable. Indeed, Sj is countable for the complete
XOR-system (N, S) where S = 2V, That is because Sy is countable union of countable
sets R, where R, the set all subsets of N of size n; and R,, is countable because there
exists an injection from R, to the Cartesian product N which is countable.

One may ask why we require only the symmetric difference of finitely many sets in
the definition of a XOR-system. That is because it is not obvious what the symmetric
difference of countably many subsets of M is. First, we need to define the limit of a
sequence of sets.
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Definition 1.6. Let (A,),eny be a sequence of subsets of a set M. The sequence
(A;)nen converges to A C M if for every m € M the number of n € N satisfying
m € AN A, is finite. This is denoted by lim,_,. A, = A or 4, — A.

Note that a sequence (A, ),en of subsets of a set M converges to A C M if and
only if for every finite set B C M there exists ng € N such that for every n > ng
it holds that (A, AA)N B = 0. We say that © € M is an alternating item for the
sequence (A, )nen if both sets {n |z € A,,} and {n |z ¢ A, } are infinite. Clearly, the
sequence (A, )nen converges if and only if it has no alternating item.

Now, we define the symmetric difference of an infinite sequence (A, ),en as limit of
partial symmetric differences A? | A;.

Definition 1.7. Let (A, )nen be a sequence of subsets of a set M and B,, = A" | A; for
n € N. The symmetric difference of the sequence (A, ),en converges to A if B,, — A.
This is denoted by A, enA, = A.

As usual, every sequence has at most one limit and at most one symmetric differ-
ence. Our main tool is compactness on a XOR-system (M, S), which states that every
sequence (A, )nen of S has a subsequence (Ag, )nen converging to A C M. We need
to know whether the limit of a sequence of S remains in S which is provided by the
following definition.

Definition 1.8. We say that a XOR-system (M, S) is closed under limits if the family
S contains the limit of every converging sequence of S. We say that a XOR-system
(M, S) is closed under symmetric differences if for every sequence (A, )nen of S such
that ApenA, = A, the family S contains A.

Now, we show that it suffices to consider only the closure under limits.

Proposition 1.9. A XOR-system (M, S) is closed under limits if and only if it is
closed under symmetric differences.

Proof. If the XOR-system (M, S) is closed under limits, then it contains limits of
convergent partial symmetric differences of sequences. On the other hand, let (A, ),en
be a sequence of S converging to A. Let By = A; and B, = A, A A, for n > 2.
From A ,B; = A, it follows that A,enB, = A € S. O

We use limits of sequences instead of their symmetric differences because it is more
convenient for us.

Definition 1.10. If a XOR-system (M, .S) is closed under limits, then we define S,
be the set of all limits of converging sequences of Si. A XOR-system (M, S) is called
0-XOR-system if it is closed under limits and S = S,.

In another words, a XOR-system (M, S) is a 0-XOR-system if S contains a limit
of every converging sequence of S and for every set A € S there exists a sequence of
Sk converging to A.

For example, a complete system (M, 2M) is 0-XOR-system. On the other hand,
(N , ( N )) is not 0-XOR-system where (6 in) is the family of all subset of even size

because the limit of the sequence ({1,n + 1}),en is {1} ¢ (eﬁn). Later, we present
examples of XOR-systems which are closed under limits but does not satisfy S = S,.
Let us show properties and relations between Sj and S, .
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Lemma 1.11. Let (M, S) be a XOR-system which is closed under limits. It holds that
Sk g SJ and Sk = (Sg)k.

Proof. It A € Sy, then the constant sequence (A),en converges to A which implies
that A € S, and the first part of the statement holds.

If A€ Sy, then A € S, which also implies that A € (S, ). It remains to prove
that Sk 2 (Sg)k.

Let A € (S,)x which means that A € S, and A is finite. Since S, C S, we have
A€ S, O]

We say that a XOR~system (M, S) is finite if M is finite; otherwise, it is infinite.
Now, we prove that every finite XOR-system is 0-XOR-system. In Section 1.4 we
present more details about the boundary between finite and infinite XOR-systems.

Proposition 1.12. Let (M, S) be a finite XOR-system. Then, (M,S) is a 0-XOR-
system and S = Sy = S, and they are finite.

Proof. Since all sets of S are finite, we know that S = Si. Moreover, S is finite because
|S| < 2!MI,

Let (A )nen be a converging sequence of S. If (A, ),en contains two different sets
A, B € S infinitely many times, then every element of A/ B is alternating, which
contracts convergency of (A, )nen. S0, (An)nen has only one set A infinitely many
times which implies that A, — A. This proves that (M, .S) is closed under limits.

Finally, S, € S, C S by definition and Lemma 1.11 which concludes the proof
since S = S. ]

Now, we prove that every converging sequence of S, has its limit in S,. It implies
that a XOR-system (M, S) is 0-XOR-system if S contains a limit of every converging
sequence of Sy, and for every set A € S there exists a sequence of Sy converging to A.

Lemma 1.13. Let (M,S) be a XOR-system which is closed under limits. For every
sequence (Ap)nen of S, converging to A € S there exists a sequence (By)nen 0f Sk
converging to A.

Proof. If M is finite, then S = S, = Sy by Proposition 1.12, and the statement holds.
So, we assume that M is infinite and (d,,),en is a sequence of all elements of M. Let
M, be {dy,...,d,} for every n € N.

Let (A,)nen be a sequence of S, such that 4, = A € S.

Since A,, € S,, there exists a sequence (AF)pen of Sy such that A* *, A,.

Since A, — A, there exists 4,, such that (A;,, A A) N M,, = ) for every m € N.

Since Af LR Aj,., there exists j,, such that (4" AA;) N M, = 0 for every
m € N.

We prove that B, = Af: is the requested sequence which satisfies B, — A, that
is for every m € N there exists n’ € N such that for every n > n’ it holds that
(B, A\ A)NM,, = 0. For given m € N we choose n’ = m. Let n > m. From M,, C M,
it follows that

(B, A A) N M, € (B, AA) N M, = (A" AA) N M, =
(Al D AL) A (Aiy AA)) N M, C (Al A AL) 0 M) U (A, AA)NM,)

By definition of the sequence (i, )nen it holds that (A;, A A) N M, = 0.
By definition of the sequence (jy)nen it holds that (A" A A; ) N M, = 0.
Therefore, (B, A A) N M, = 0. O
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Now, we study the condition that o-XOR-system has to be closed under limits.
Later, we define a groundstate in a XOR-system and prove that (M, S) has always a
groundstate and show that it suffices to study groundstates in S,.

If a XOR-system (M, S) is closed under limits and S = S,, then (M, S) = (M, S,)
is a 0-XOR-system. But we prove that (M, S,) is a 0-XOR-system even if S, # S.

Proposition 1.14. If (M,S) is a XOR-system which is closed under limits and
UAes(, = M, then (M, S,) is a 0-XOR-system.

Proof. First, we prove that (M, S,) is a XOR-system. From () € S it follows that
() € S,. For A, B € S, there exist sequences A, and B, of Sj, such that A, — A and
B, = B. It follows from A, A B, — AA B that AA B € S,, and therefore (M, S,)
is a XOR-system.

Let (Ay)nen be a sequence of S, converging to A. By Lemma 1.13 there exists a
sequence (B, )nen of Sy converging to A. Since (M, S) is closed under limits, A belongs
to S,. Therefore, (M, S,) is closed under limits too.

Clearly, (S,), C S, by definition. On the other hand, let (A, ),en be a sequence of
(S, )k converging to A € (S,),. By Lemma 1.11 we know that (A, ),en is a sequence
of Sy and therefore, A € S,. All together, (S,), = 5,. O

Now, we prove that the cut system (F,Cq) of a graph G = (V, E) forms a 0-XOR-
system. Recall that we consider only graphs on countably many vertices with finite
degree of every vertex.

Theorem 1.15. [fG = (V, E) is a connected graph with at least one edge, then (E,Cg)
1s a XOR-system which is close under limits. Moreover, if the maximum degree of G
is finite, then (E,Cgq) is a 0-XOR-system.

Proof. From Cy = () and Cr, ACr, = Cp, a1, it follows that (E,Cg) is a XOR-system.

Now, we prove that Cg is closed under limits. Let (C, = Cr, )nen be a sequence
of cuts of G such that C, — C C E. We prove that C' is a cut of G. Let x be a
vertex of G. We suppose that = ¢ T,; otherwise, we may consider V' \ T,, instead of
T, because Cr, = Cy\1,,.

Does the sequence (T),)nen of a subsets of V' converge? If it does not, then (7},)nen
contains an alternating item u € V. Note that x # u. Let us consider a path from
x to u and let v be the first alternating vertex in (7),)nen on that path and w be the
previous vertex which is not alternating. Hence, vw is an alternating edge on (C,),en
but (C,,)nen is convergent which is a contradiction. Therefore, T), = T'C V \ {z}.

If Cr and C are different, then cut sequences (Cr, )nen and (C,)nen are different
for sufficiently large n which contradicts the assumption that C,, = C,, for all n € N.
Hence, C' = Cr € Cq and Cg is closed under limits.

Finally, we prove that for every Cr = C € Cq there exists a sequence (C),)nen of
finite cuts of G converging to C. If T is finite, then Cr is finite and we consider the
constant sequence (Cr)nen. Otherwise, let (v,,)nen be a sequence of all vertices of T
Clearly, the sequence (C{U1 _____ vn})n oy converges to Cr and Cyy, ... v, is finite for every
n € N. O]

It is obvious that common lattices satisfy all conditions of the last theorem. On
the other hand, the request that the maximum degree of (& is finite, is necessary. Let
Ky be the complete graph with infinitely countably many vertices.
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Proposition 1.16. The only finite cut of Ky is the empty one. Moreover,
(Cri)o = {0}

Proof. For a contradiction, let us suppose that there exists a finite cut Cy containing
edge uv. Assume that u € T and v ¢ T'. For every vertex x € V' \ {u, v}, either zu or
zv belongs into Cr and we denote it by e,. Clearly, edges {e, |z € V \ {u,v}}, are
pairwise different. Hence, we have infinitely many edges in Cr which is a contradiction.
The only sequence of finite cuts of Ky is (0),eny which implies that (Ck, ), = {0}.

O

1.4 Finite XOR-systems

One of the main tools in this article is compactness which guarantees that every
sequence has a convergent subsequence. Recall that a sequence (A,,),en of subsets of
a set M converges to A C M if for every m € M the number of n € N satisfying
m € AAA, is finite. A sequence (Ag, )nen is called a subsequence of a sequence
(Ap)nen if (kn)nen is an increasing sequence of N.

Theorem 1.17 (Compactness). Every sequence of subsets of a set has a converging
subsequence.

The proof of this theorem follows from well know Tychonoff Theorem [84]. It holds
for every set of arbitrary cardinality; nevertheless, we use it only for countable sets in
this article.

A XOR-system (M, S) is finite if M is finite. Proposition 1.12 states that a finite
XOR-system (M, S) satisfies S = Sy = S,. Such property is not expected in infinite
XOR-system. But it does not hold generally that Sy # S, if M is infinite; for example,
Proposition 1.16 shows an example of XOR-system (M,S) where M is infinite but
Sy = Sk = {0}. We need to require that (M, S) is 0-XOR-system.

Proposition 1.18. Let (M,S) be a o-XOR-system. For every m € M there exists
A € Sy, such that m € A.

Proof. The definition of a XOR-system requires that |J,.4 A = M which implies that
there exists A € S such that m € A. The definition of o0-XOR-system requires that
S = S, which implies that A € S,. Hence, there exists a sequence (A, )nen of Sk
converging to A which implies that m € A,, for sufficiently large n. O

Theorem 1.19. Let (M, S) be a 0-XOR-system. The following statements are equiv-
alent.

1. M s infinite.

Sk 1s infinite.

S, is not countable.
Sk # S5

There eists a sequence (Ap)nen of Sk such that |, oy An is infinite.

S v e

There exists a sequence (By)nen of Sk of pair-wise disjoint nonempty sets.
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Proof. First, we prove that the statements (1), (2) and (5) are equivalent. The state-
ment (5) implies (2) because |J, .y A is not infinite if Sy is finite. From Proposi-
tion 1.12 it follows that (2) implies (1). Let (m,)nen be a sequence of all elements of
M. By Proposition 1.18 there exists A, € Sy such that m, € A, for every n € N.
Therefore, M = J,, . An is infinite and (1) imples (5).

Now, we prove that (3), (4), (5) and (6) are equivalent. Since Sy, is always countable,
(3) implies (4).

From (4) it follows that there exists a sequence (A,)nen of Si converging to
A€ S, \ Si. Therefore, A is infinite and | J,, .y An 2 A is also infinite which implies
(5).

Now, we prove that (5) implies (6). Let (A,)n,en be a sequence of Sy such that
U,en An is infinite. Note that the sequence (A, )nen has infinitely many different sets.
Suppose that sets (A, )nen are pair-wise different nonempty sets, since we may consider
only the first occurrence of each set in the sequence. By compactness, the sequence
(An)nen has a subsequence (Ag, )nen converging to a set A € S,.

We define B,, by induction on n. Let By = Ay,. Assume that By,...,B,-1 € Sk
are pair-wise disjoint nonempty sets. Our aim is to find B,, € S}, such that B,NB = (),
where B = |J/' B;. Since Aj, — A, there exists m such that (A, ANA)NB =1
holds for all m’ > m. Therefore,

(A, A Ay, )N B = ((A, AA)A (A, AA)NBC
(A, AA)NB) U ((Ag,,, AA) N B) = 0.

Hence, we define B, = Ay, ., A Ay,,, which is non-empty and disjoint with all sets
By, ..., B,_1. This proves (6).

Let (M,)nen be a sequence of pair-wise disjoint nonempty sets by (6). For a
sequence (a,)nen of {0,1} we define a set Z(a,) to be the symmetric difference of all
B, where a,, = 1. For different sequences (a,)nen wWe obtain different sets Z(a,,) € S,.
The system S, is uncountable because there are uncountably many sequences (a,)nen
which implies (3). O

Proposition 1.18 and Theorem 1.19 give us basic characterization of finite and
infinite 0-XOR-systems. They also say that S, is either finite or uncountable for
every o-XOR-system (M, S).

1.5 Existence of a groundstate

In this section, we define a groundstate for a XOR-system and we prove that every
0-XOR-system has a groundstate. One can check that the following definition only
extends the definition for cut systems into a general XOR-system.

Definition 1.20. Let (M, S) be a XOR-system and w : M — R be a weight function.
Then, A € S is an w-groundstate if ws(B) > 0 for every B € Sj.

Before we study groundstates, we need two simple lemmas. The first one directly
follows from the fact that (wa)p = wan 5.

Lemma 1.21. Let (M,S) be a XOR-system, A,B € S andw : M — R. Then, B is

an w4-groundstate if and only if A/ B is an w-groundstate.
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Lemma 1.22. Let A and B be finite subsets of a set M and w : M — R be a weight
function. Then, wa(BA A) = w(B) —w(A).

Proof.

wa(BAA) =wa((B\ A)U(A\ B))
=wa(B\ A)+wa(A\ B)
=w(B\A) —w(4\ B)
=(w(B\A)+w(BNA))— (wA\ B)+w(BNA))
=w(B) —w(A).

]

We prove that there always exists a groundstate in a 0-XOR-system. But we need
to start with a groundstate in a finite XOR-system.

Lemma 1.23. Fvery finite XOR-system (M,S) has an w-groundstate for every
w: M —R.

Proof. Since S is finite by Proposition 1.12, we choose A € S such that w(A) is
minimal. Then, A is an w-groundstate because ws(B) = w(AA B) —w(A) > 0 for
every B € S by Lemma 1.22. m

A closure of a finite set Z C S in a XOR-system (M, S) is the minimal subset of
S containing Z that is closed under finite symmetric differences. Note that (M, Z) is
a XOR-system where M = J,.; A.

Theorem 1.24. Let (M, S) be a XOR-system that is closed under limits. Then, (M, S)
contains an w-groundstate in S, for every w: M — R.

Proof. Since Sy, is countable there exists a sequence (X, ),en of all sets of Si. Let
Zn=A{X1,...,X,}. Let set A, be an w-groundstate of the finite XOR-system
(Upez, D, Z,). By compactness (Theorem 1.17) there exists a subsequence (Ay, )nen
of (A,)nen converging to A € S,. We show that A is an w-groundstate of (M, .S).
For a contradiction, let X; € Sy such that ws(X;) < 0. Since Ay, — A, there
exists n € N such that k, > [ and (A;, AA) N X; = 0. Hence, X; € Z;, and
wa,, (X1) = wa(X;) < 0 but A, is an w-groundstate in (Upez, D, Zk,) which is a
contradiction. O

The condition that XOR-system (M, .S) is closed under limits is necessary. For
example, let S be the set of all finite subsets of an infinite set M. Then, (M,S) is
a XOR-system which is not closed under limits. If w : M — {—1}, then there is no
w-groundstate because for every A € S we choose a finite and nonempty B C M \ A
to have wy(B) = w(B) = —|B| < 0.

Let (M, S) be a XOR-system which is closed under limits. Let o be the relation
on S such that AcB if AAB € S,, where A, B € S. The relation o is an equivalence
on S. Let us consider classes of equivalence S/o. One of the classes of S/o is S,.

One of the crucial properties of every XOR-system is called invariance, that is
S={BAA|BeS} forevery A € S. From the invariance it follows that it is really
easy to find an w-groundstate in every class S/o.
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Corollary 1.25. Every XOR-system (M, S), that is closed under limits, contains an
w-groundstate in every class of S/o for every w : M — R.

Proof. Let S’ be a class of S/o and X € S’. By Theorem 1.24 there exists an
wyx-groundstate A in S,. By Lemma 1.21, A A X is an w-groundstate. m

For example, let

S={ACN ||[An{2n —1,2n}| is even Vn € N}
U{ACN ||AN{2n—1,2n}|is odd ¥n € N}.

Clearly, (N, S) is a XOR~system which is closed under limits and S/o has two classes.

Let us consider the complete graph Ky on countably many vertices. By Proposition
1.16 we know that S, = {0} which implies that every set of Cg,, forms a class of Cg,, /0.
Since there are uncountably many cuts in Ky, there are also uncountably many classes
in Cg, /0.

Now, we know how groundstates behave between different classes in S/o. By
Corollary 1.25 we can consider only one class of S/o; and by invariance groundstates
have the same behaviour in every class S/o. Moreover, by Theorem 1.15 common
lattices satisfies S = S, so we restrict our attention on o-XOR-systems.

The following proposition proves that the limit of converging sequences of ground-
states is also a groundstate.

Proposition 1.26. Let (M, S) be a XOR-system and w : M — R be a weight function.
Let (A,)nen be a sequence of S such that A, is an w-groundstate for every n € N. If
A, = A, then A is an w-groundstate.

Proof. Let B € Si. Since A,, — A there exists n such that (AA A,)) N B = (). Hence
wa(B) =wa, (B) > 0 which proves that A is an w-groundstate. O

1.6 Distributions of weight functions w

As we mention in the beginning, the most common distributions for coupling constants
J (or, weight function w) are the Gaussian and +.J distributions. It is natural to
consider that distribution of weight function w is symmetric around zero.

The Hadamard product of vectors u,v € RM is the vector u * v of RM where
(u % v); := uzv; for all i € M. Moreover, u* B := {u*x |z € B} where B C RM.

Definition 1.27. Let M be a countable set. The probability space (RM,BM P) is
symmetric if P (B) = P (s % B) for every B € BM and s € {+1}".

In £+J distribution the coupling constants are independently and uniformly chosen
between two numbers +1 and —1. Crucial but physically unnatural property of this
distribution is that it too often happens that a finite change F' of a state A does not
change the weight of the state A, i.e. wa(F) = 0.

For example, let S be a family of all subsets of N that contains 2n if and only if it
contains 2n—1 for every n € N. Note that (N, S) is a 0-XOR-system which is generated
by {{2n — 1,2n} | n € N}. We consider a random weight function w : N — {£1} with
independent and uniform distribution. Let

I, ={neN|w2n—-1)=—-w(2n)}.
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Since the probability that w(2n — 1) and w(2n) have the opposite sign is %, the set I,
is infinite for almost every w. Let A be an w-groundstate. Since I, = I, for every
C € S we know that I, = I,,. Observe that B := AA {2n—1,2n |ne€ Z} is an
w-groundstate too for every Z C I,. Hence, for almost every w we have uncountably
many w-groundstates.

On the other hand, if the distribution of w is the Gaussian, then the proba-
bility that w(2n — 1) = w(2n) is zero. Therefore, w-groundstate is almost sure
unique in this XOR-system. For this reason we require that for almost every w the
probability that w(F') =0 is zero for every finite F' C M. Therefore, we consider
the following property of the distribution of w which is stronger than the condition
P (w(A) # 0 for all A € S;) =0, but it is more handy and Gaussian distribution sat-
isfies it.

Definition 1.28. Let M be a countable set. Let Z be the set of all z € RM for which
there exists k € ZM \ {(0,0,...)} such that k,, # 0 for finitely many m € M and

Z k., = 0.

meM k70
The probability space (RM BM P) is unique if P (Z) = 0.

Note that w € Z if A C M finite and w(A) = 0. Moreover, for every A C M it
holds that w € Z if and only if wy € Z.

Note that if distribution of w is unique and symmetric, then P (w(A4) > 0) = 3 for
every nonempty and finite A C M, since P (w(A) > 0) = P (w(A) < 0) by symmetry
and P (w(A) = 0) = 0 by uniqueness.

Let us prove that the uniqueness is well defined.

Proposition 1.29. The set Z is measurable and P (Z) = 0 for the Gaussian distri-
bution.

Proof. The set Z is measurable because it is a countable union of linear spaces
{z €eRM | kz =0} where k € ZM \ {(0,0,...)} such that k,, # 0 for finitely many
m € M. Furthermore, every linear space {a: eERM | kx = 0} has measure zero which
implies that P (Z) = 0 for the Gaussian distribution. O

Now, we prove that every finite XOR-system has a unique groundstate almost
surely. This can be proven directly but first we prove one stronger property of a
XOR-system. It says that the symmetric difference of two groundstates does not
contain any set of S as a subset almost surely.

Proposition 1.30. Let (M,S) be a XOR-system and a weight function w be chosen
from a unique distribution. There is almost surely no w-groundstates A, B € S such
that A /A B contains a non-empty set of Sy as a subset.

Proof. Let A, B € S be an w-groundstates and K € Sy such that K C AA B. Since
wp(K) = (wa)anp(K) = —wa(K), we have wa(K) = 0. Hence, w € Z and

P (3w-groundstates A, B € S,3C € S, : C CAAB) <P (Z)=0.
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Corollary 1.31. Let (M,S) be a finite XOR-system and distribution of a weight
function w be unique. Then, w-groundstate is almost surely unique.

Proof. The symmetric difference of two groundstates belongs into Sy and last propo-
sition implies the statement. O

The proof of Proposition 1.30 is very simple but it has many other consequences.
For example, the complete infinite 0-XOR-system (N, 2) has unique groundstate al-
most surely, because the symmetric difference of every two difference states of 2V
contains a finite subset of N. Note that the complete 0-XOR-system has a physical
interpretation: It is the cut system of one-dimensional lattice.

Newman and Stein [73] proved that multiple domain walls between groundstates
in 2D lattice does not exist. Their Lemma 1 states that a domain wall in 2D lattice
is infinite and contains no loops or dangling ends. This lemma also follows from
Proposition 1.30.

Now, we prove that every state in an infinite 0-XOR-system is a groundstate with
zero probability.

Proposition 1.32. Let (M, S) be a 0-XOR-system and distribution of w be unique,
symmetric and random variables (w(m))men be mutually independent. Then, M is
infinite if and only if P (A is w-groundstate) = 0 for every A € S.

Proof. Let M be infinite. Then by Theorem 1.19, there exists a sequence (M,)nen
of Sk, of pairwise different nonempty sets. Since random variables (w(m))men are
mutually independent, random variables (w(M,)),en are also mutually independent.
Hence,

P (A is w-groundstate) < P (wa(M,,) > 0Vn € N)
1
P My,) >0) = —=0.
[T o >0~ I3 =0

neN

n

Let M be finite. Then by Proposition 1.12, it holds that S = S and S is finite. If
P (A is w-groundstate) = 0 for all A € S, then

1=P(3A € S, : Ais w-groundstate) < Z P (A is w-groundstate) = 0,
AESy

which is a contradiction. ]

Let us present an example which shows that we cannot avoid the independence in
the last statement. Let (M, S) be an infinite 0-XOR~system. Assume that M = N
to simplify the notation. Let w(1) be a random variable chosen from the Gaussian
distribution and let w(n) = " 'w(1) for all n € N and for almost every w € RY. This
distribution is symmetric; and moreover, it is unique because e is Euler constant which
is transcendental. Therefore, weights of all elements of M have the same sign almost
surely which implies that P (0 is an w-groundstate) = 3.

Now, we present other unnatural properties of +.J distribution. In £.J distribution
the coupling constants are independently and uniformly chosen between two numbers
+1 and —1. Crucial but physically unnatural property of this distribution is that it
too often happen that a finite change of states (or, set of Si) has weight zero. Hence,
one can consider a sharp inequality in the definition of groundstate.
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Definition 1.33. Let (M, S) be a XOR-system and let w : M — R be a weight
function. A state A € S is a sharp w-groundstate if wa(B) > 0 for every non-empty
state B € S},.

In a unique distribution we do not need to distinguish between groundstates and
sharp groundstates because every groundstate is almost surely sharp. But the situation
is more complicated in 4+.J distribution.

Proposition 1.34. Let graph G = (V, E) be a cycle and let (E,Cg) be its cut system. If
weight function w : E — {£1} is chosen from +J distribution, then there is no sharp
w-groundstate in (E,Cg) with probability 1/2 and there are multiple w-groundstates
with probability 1/2.

Proof. Let neg(w) be the set of edges e € E with w(e) = —1. Observe that cuts in the
cycle are exactly sets of edges of even size. Note that |neg(wa)| has the same parity
for every cut A. The probability that |neg(w)| is odd is 1/2.

Therefore, if |neg(w)| is odd, then we find multiple w-groundstates but no sharp
one. Indeed, a cut A is an w-groundstate if and only if A is even and |A A neg(w)| = 1.
On the other hand, if A would be a sharp w-groundstate, then there exists an edge
e € neg(wa) and let f be any other edge but wa({e, f}) = 0.

If |neg(w)| is even, then A = neg(w) is the only w-groundstate which is sharp
because w4 has no edge of negative weight. O

In the last proposition we can notice that there is no sharp w-groundstate if and
only if there are multiple w-groundstates for every w : M — R. This statement holds
generally.

Proposition 1.35. Let (M, S) be a XOR-system and w : M — R. There exists an
w-groundstate which is not sharp if and only if there exvist w-groundstates A, B € S
such that A/ B is finite and non-empty.

Proof. Since A is not a sharp w-groundstate, there exists B € Sy such that wa(B) = 0.
We prove that A A B is also an w-groundstate. We use Lemma 1.22 to obtain

wAAB(C) = wA(BAC’) — wA(B) = wA(BAC) 2 O,

since A is an w-groundstate, where C' € Si. Therefore, wa A g(C) > 0 for every C' € Sy,
which proves that A A B is an w-groundstate.

On the other hand, let A, B € S be w-groundstates such that A /A B is finite and
non-empty. From definition it follows that w(X) = —wx (X)) for every finite set X C M
which implies that

0 <wa(AAB)=—-wp(AAB) <0.

Hence, both A and B are w-groundstates that are not sharp. O

Proposition 1.36. Let (M, S) be a finite XOR-system and w : M — R. There is no
sharp w-groundstate if and only if there exist at least two w-groundstates.

Proof. If there is no sharp w-groundstate, then there are at least two w-groundstates
by Theorem 1.24 and Proposition 1.35.
For a contradiction, let us assume that there exist w-groundstates A, B € S such
that A is sharp. So,
0 <wis(AAB)=—-wp(AAB) <0.

Hence, A is not a sharp w-groundstate. O
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Proposition 1.37. Let graph G = (V, E) be the 2-dimensional square lattice and
let (E,Cq) be its cut system. If weight function w : E — {£1} is chosen from +J
distribution, then there are at least two w-groundstates in (E,Cg) almost surely but
there is no sharp w-groundstate almost surely.

Proof. First, we prove that there is no w-sharp groundstate almost surely. Then, the
existence of at least two w-groundstates follows from Proposition 1.35.

We split whole infinite lattice into infinitely many pair-wise disjoint finite sublat-
tices. We present a particular configuration of weights w on those finite sublattices
which prevents the existence of a sharp w-groundstate. Since we consider +.J distri-
bution, such configuration occurs on each sublattice with positive probability. Hence,
the probability that the configuration does not occur in any sublattice is zero.

So, it remains to present the configuration which prevents the existence of a sharp
w-groundstate. Let neg(w, E') be the set of edges e € E’ with w(e) = —1 where
E' C E. Recall that |neg(wa, C')| and |neg(w, C')| have the same parity for every cut
A where C'is a finite cycle in G. In the configuration of weights w we prescribe parity
of [neg(w, C')| on some squares C. The configuration of parities in squares is described
in Figure 1.1. Those prescribed parities remains in a sharp w-groundstates.

z O E O
__|0/0E|l0 O
 |E|E O EE
|00 ElOO
| O E O

-2 -1 0 1 2 3

Figure 1.1: A configuration in a sublattice for Proposition 1.37. Letters “O” and
“E” mean that the square has odd and even number of edges e with w(e) = —1,
respectively.

In the rest of the proof, we use the following notation. Let [a,b] be the vertex
on coordinates a and b. Let [a : a + 1,b] be the edge between vertices [a,b] and
[a 4+ 1,b], similarly [a,b : b+ 1]. Let [a : a+ 1,b : b+ 1] be the square on edges
[a:a+ 1,0, [a+1,b:b+1],[a:a+1,b+1] and [a,b: b+ 1].

Let A be a sharp w-groundstate. We use two observations. First, every vertex is
incident with at most one edge e with wa(e) = —1 because every vertex has degree 4.
Second, if |neg(wa, C)| is odd for a square C, then |neg(wa,C)| = 1, because the
only other possibility is [neg(wa, C')] = 3 which volatiles the first observation for some
vertex on the square C.

By the second observation we know that |neg(wa,[0: 1,0 : 1])] = 1. Since the con-
figuration is symmetric, we assume without lost of generality that w4 ([1,0:1]) = —1
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and other edges on the square [0 : 1,0 : 1] have positive weight. From the first obser-
vation it follows that all edges incident with vertices [1,0] and [1, 1] except the edge
[1,0 : 1] have positive weight because w,([1,0 : 1]) = —1. Next, wa([2,0 : 1]) = —1
because |neg(wa,[1: 2,0 : 1])| is even and all other edges have known weight. From
the first observation it follows that all edges incident with vertices [2,0] and [2,1]
except the edge [2,0 : 1] have positive weight because w4([2,0 : 1]) = —1. Again,
wa([3,0 : 1]) = —1 because |neg(wa,[2 : 3,0 : 1])| is even and all other edges
have known weight. For the last time, from the first observation it follows that all
edges incident with vertices [3,0] and [3,1] except the edge [3,0 : 1] have positive

weight because wA([?) 0 : ]) —1 Flnally, all edges on squares [1 : 2,1 : 2] and
[2 :3,1: 2] except [1 :2,2] and [2 : 3,2] have positive weight, which implies that
wa([l @ 2,2]) = wa([2 : 3,2]) = -1 Whlch contradicts the first observation on ver-
tex [2,2]. This concludes the proof. O

1.7 Transitive XOR-systems

A graph G = (V| E) is vertex transitive if for every u,v € V there exists a graph
automorphism f : V' — V on G such that f(u) = v. Similarly, G is edge transitive
if for every d,e € E there exists a graph automorphism f : V' — V on G such that
f(d) = e. A lattice is a vertex and edge transitive graph. In this section we describe
this property on XOR-systems.

Definition 1.38. We say that XOR-systems (M7, S;) and (M,, S3) are isomorphic
if there exists a bijection f : M; — My such that A € S if and only if f(A) € S,
for every A C M;. Such function f is called an isomorphism between (M, S;) and
(Ms, S5). An isomorphism between (M, Sy) and (M, S1) is called an automorphism
on (M, S1). A XOR-system (M, Sy) is transitive if for every m,n € M, there exists
an automorphism f,, ,, on (M, Sy) such that f,, ,(m) = n.

Clearly, cut systems of common lattices (i.e. n-dimensional square lattice, hexag-
onal lattice) form transitive 0-XOR-systems. Let

G:={w: M — R | 3A, B w-groundstates: A # B}

and
G ={w: M — R | A, B w-groundstates: m € AA B}

where m € M. So, P (G) is the probability that there exist two different groundstates
and P (G,,) is the probability that there exist two groundstates whose symmetric dif-
ference contains given element. Note that P (G) = P (UpenGm).

Lemma 1.39. Let (M,S) be a transitive XOR-system and the distribution of weight
function w be independently and identically distributed. Then, P (G,) = P (G,,) for
every m,n € M.

Proof. Let f.,, be an automorphism on (M, S) such that f,,,(m) = n. Observe, that
G, is the set of all weight functions w’ : M — R such that w'(x) = w(f,,.(x)) for all
x € M where w € G,,. Therefore, P (G,) =P (G,,). O



32 CHAPTER 1. GROUNDSTATES IN ISING MODEL

Let (M, S) be a transitive 0-XOR-system. Let the weight function w : M — R be
chosen from an independent and identical distribution. Let a = P (G,,) for any n € M.
We prove that if @ = 0 then the probability that there exist two different groundstates
is zero. It implies that there are no incongruent groundstates if o = 0.

Theorem 1.40. Let (M, S) be a transitive XOR-system and let the distribution of
weight function w be independent and identical. Then, a = 0 if and only if P (G) = 0.

Proof. If P (G) =0, then a = 0 because G, C G for every m € M.
Let us assume that @ = 0. Since M is countable we can use the sub-additivity to
obtain

P (JA, B w-grounstates: A # B) = P (dA, B w-grounstates 3m € M : m € AA B)

:p(U gm>§ > P(Gn)=) a=0.

meM meM meM

]

Note that there exist two different groundstates with probability at least .. Now,
we prove that a < 1.

Lemma 1.41. Let (M, S) be a XOR-system, K € Sy, m € K andw : M — R. If

wim) > Y |w(@)l, (1.2)

zeK\{m}

then there do not exist w-groundstates A, B € S such that m € AN B.
Proof. First, observe that (1.2) is equivalent to (1.3).
VO C M : |w(im)| > we(K\ {m}) (1.3)

For a contradiction, let us assume that there exist w-groundstates A, B € S such
that m € A/A B. Without lost of generality, assume that m € A\ B.

If wim) > 0, then 0 < wa(K) = wa(m) +wa(K \ {m}) = —w(m) +wa(K \ {m})
since A is an w-groundstate which contradicts (1.3).

If wim) <0, then 0 < wp(K) = wp(m) +wp(K \ {m}) = wim) + wp(K \ {m})
since B is an w-groundstate which also contradicts (1.3). [

Theorem 1.42. Let (M,S) be a transitive o-XOR-system and let distribution of
w: M — R be the independent and identical Gaussian distribution. Then, o < 1.

Proof. Let m € M. By Proposition 1.18, there exists K € Sy containing m. Since
we consider the Gaussian distribution, we know that P ((1.2) holds) > 0. Therefore,
a=P(G,) <1—-P((1.2) holds) < 1. O



1.8. DOMAIN WALLS 33

1.8 Domain walls

Proposition 1.32 states that every state is a groundstate with probability zero in infinite
0-XOR-systems. In this section we study the probability that a state is a domain wall,
that is, a state is a symmetric difference of two groundstates. By Corollary 1.31, every
finite XOR-system has a unique groundstate almost surely, so we restrict our attention
in infinite 0-XOR-systems.

Let (M, S) be a XOR-system. We say that a sequence (A,,)nen of Sk has bounded
size if max, ey |A,| is finite.

We prove that a state is not a symmetric difference of two groundstates almost
surely only for transitive o-XOR-systems and cut systems (M, S) because our proof
uses a sequence (A;,)men of Sp with bounded size such that m € A, for every
m € M. Such sequence does not exist in general o-XOR-system, for example, the
0-XOR-system on N generated by sets

(1},{2,3),{4,5,6},{7,8,9,10} ,....

Lemma 1.43. Let (M,S) be a transitive o-XOR-system. There exists a sequence
(Am)menr of Sy with bounded size such that m € A, for every m € M.

Proof. Let us choose m’ € M. By Proposition 1.18, there exists A’ € S, containing
m’. Since (M, S) is transitive, there exists an automorphism f,, on (M,S) such that
fm(m') =m for all m € M. Let A,, be f,,(A’). Note that m € A,, for all m € M and
all sets (A,,)men have the same size. O

Lemma 1.44. Let (E,Cq) be a cut system of a graph G = (V, E) with bounded degree.
There exists a sequence (Apm)mer of Ca with bounded size such that m € A,, for every
m e FE.

Proof. For every edge m = uv let A,, be the set of edges incident with the vertex w.
Since the graph G has bounded degree, the sequence (A,,)mcr has sets of bounded
size. O

Lemma 1.45. Let (M, S) be an infinite o-XOR-system which has a sequence (A )menr
of Sy with bounded size such that m € A,, for allm € M. Then, for every infinite set
C' C M there exists a sequence (Cp)nen of Sk of pair-wise disjoint sets with bounded
size such that C,, N C # ) for every n € N.

Proof. First, we construct an infinite subsequence (B,,)nen of the sequence (A, )menr
which moreover has pair-wise different sets. Note that the sequence (A,,;)mec has
infinitely many different sets because C' C |J,,c A is infinite. We consider a sub-
sequence (By,)nen of the sequence (A,,)nmec which has exactly one occurrence of each
set of (A,)mec. Since m € A, for all m € M, let (b,),en be the sequence of corre-
sponding elements of M which satisfies b, € B,, for every n € N. Hence, the sequence
(Bp)nen has similar properties as (A, )nen. It is a sequence of pair-wise different sets
of S}, with bounded size and for all n € N it holds that b,, € B,, N C.

We construct the desired sequence (C,)nen by induction. Let C) be By. Let us
assume that C1,...,Cy € S, are pair-wise disjoint sets such that C,, N C # () for every
ne{l,...,k}. Let Dy be Uﬁzl C,. We find Cy41 € Sy, such that Cj,1 N D = 0 and
Cri1NC #0.
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Let Ej be the set of indexes n € N such that b, ¢ D,. Let us consider the
sequence (B, N Dy)nep,. Since Dy is finite and Ej is infinite, (B, N Dy)nep, is an
infinite sequence of finitely many sets. Therefore, there exists an infinite set Fy C Fj,
such that (B, N Dy)ner, is a constant sequence. Hence, (B; A B;) N Dy, = () for every
1,7 € Fy.

It remains to find i, j € F}, such that (B; A B;) N C # (. But it is easy to prove a
stronger claim: For every ¢ € Fj, there exists j € Fj, such that b; ¢ B;. It holds because
B; is finite and F}, is infinite. Since b; € B; N C' we know that b; € (B; A B;) N C.

Note that max,en |C| < 2max,,enr |Asn| because every set of (C),)nen is defined as
a symmetric difference of (at most) two sets of (A,,)menr- This finishes the proof. [

Proposition 1.46. Let (M, S) be an infinite o-XOR-system and let A be an infinite
set of S. Let (Ap)nen be a sequence of Sy of pair-wise disjoint sets with bounded size
such that A, N A # 0 for every n € N. Let a weight function w : M — R be chosen
from the independent and identical Gaussian distribution. Then,

P (3B € S: B, AA B are w-groundstates) = 0.

Proof. First, observe that

P (3B € S: B, AA B are w-groundstates)
<P (HB €S u)B(An) > 0, wAAB(An) >0 Vn e N)
<P (3B CM:wp(A,) >0, wanp(A,) >0 VneN).

The formula “dB C M” says that we have to change signs of w to satisfy conditions
wp(A,) > 0 and wanap(A,) > 0. Since sets (A, )nen are pair-wise disjoint, we can
choose signs of w independently for every A,. Hence,

P(3BC M :wp(A,) >0, wanp(A,) >0 Vn eN)
=[[PEBC M :ws(A,) >0, wanp(Ay) >0).

neN

Let
P,=P(3BCM:wp(A,) >0, wanp(A,) >0).

If we prove that P, < ¢ for some constant ¢ < 1 which does not depend on n, then
P (3B € S: B, AA B are w-groundstates) = 0.
In the probability P, we have two conditions

wB(An) = wB(An \ A) + wB(An N A) Z 0

and
wBAA(An) = wB(An \ A) - wB(An N A) Z 0

which we simplify into one condition
wp(A, \ A) > |lwp(A4, N A)|.

Let t, = |[A, N A| and r, = |A, \ A|]. Let X;,...,X;, and Y7,....Y, be random
variables (w(m))mea,na and (w(m))mea,\a, respectively. Since A, N A is non-empty,
t, > 1. If r, =0, then P, = 0 by Proposition 1.30. We assume that r,, > 1.
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In order to prove that the probability that |wg(A, NA)] > 1 for all B C M is
positive, we consider the event that | X;| is close to 2' for every i € {1,...,t,}. Observe
that if [X;[ and 2° differ less than ;- for all i € {1,...,t,}, then |wp(A, N A)] > 1.
Because the distribution of w is Gaussian, we know that

1
P(VBQM:\wB(AnmA)|>1)2P(|XZ-—2Z\<t— w:1,...,tn> > 0.

n

On the other hand, if |Y;] < I for every i € {1,...,7,}, then |wp(4, \ 4)] <1 for
every B C M. Hence,

1
PWBQM:!wB<An\A>|<1>zP(\m<7 Vizl,...,rn) - 0.

n

All together, we have

P,=P(3BC M :wp(A,\ A) > |wp(A, N A)|)
=1-P(VBCM:wp(A,\A) < |ws(A,NA))

<1-PWVBCM:wp(A,\A) <1<|wg(4,NA)|

=1-P(VBCM:|wpg(A,\A)| <1))-P(VBC M :|wp(4,NA)|>1)

1 o1
§1—P<|YZ-|<— Vizl,...,rn)-P(}Xi—21‘<t— Vizl,...,tn)
T

n n

< 1.

Hence, P, < 1 and moreover, the probability P, depends only on r, and t,.
Since the sequence (A,,),en has sets of bounded size, there are finitely many different
combination of values r,, and t¢,,, and we define ¢ to be the maximal value of P,. Hence,
we have ¢ < 1 such that P, < ¢ for every n € N which concludes the proof. ]

Theorem 1.47. Let (M,S) be an infinite transitive o-XOR-system or a cut system
of a graph with bounded degree. Let distribution of w : M — R be the independent and
identical Gaussian distribution. Let A € S. Then,

0 ifAd —empt
P (3B € S: B, AA B are w-groundstates) = { if A is non-empty,

1  otherwise.

Proof. If A is the empty set, then the statement only says that there (almost surely)
exists a groundstate which follows from Theorem 1.24. If A non-empty and finite,
then the statement follows from Proposition 1.30. Let us assume that A is infinite.

By Lemmas 1.43 and 1.44 there exists a sequence (Ap,)menr of S with bounded
size such that m € A,, for every m € M. By Lemma 1.45 there exists a sequence
(Ap)nen of Sk of pair-wise disjoint sets with bounded size such that A, N A # () for
every n € N. Finally, from Proposition 1.46 we conclude that

P (3B € S: B, AA B are w-groundstates) = 0.
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1.9 Conclusions

We study groundstates in a generalization of Edwards-Anderson Ising model. The
original motivation of Ising model is ferromagnetism in critical structures which form
lattices or grids but the concept of Hamiltonian

H(O') = — Z Jijaigj
(i.4)

and groundstates makes mathematical sense in an arbitrary graph.

A groundstate is a state o of locally minimal Hamiltonian. The Hamiltonian
is essentially a sum over all edges of their weights multiplied by 1 or —1. But we
cannot choose arbitrary set of edges whose weight we want to multiply by —1 in the
Hamiltonian. We can choose only those sets of edges which form cuts in the graph. A
groundstate is also a cut which leads us to study cut systems (E, Cs) where G = (V, E)
is a graph on countably many vertices with bounded degree and C¢ is the family of
all cuts of G.

For our convenience, we denote the coupling constants J by a weight function
w:E — R Asum ) _,w(e) is denoted by w(A), and wy is the weight function
obtained from w by flipping the sings on all edges of A, where A C E (Definition 1.2).
In this terminology and notation, a cut A is an w-groundstate if wa(B) > 0 for every
finite cut B (Definition 1.1).

The essential property of a cut system is the closure on symmetric differences; i.e.
the symmetric difference of every pair of cuts is a cut also. We focus our attention
on this property and say that (M, S) is a XOR-system if M is a countable ground set
and S is a family of subsets of M which is closed under finite symmetric differences
(Definition 1.5). It is clear that every cut system forms a XOR-system.

It is quite unnatural to consider only finite symmetric differences. Therefore, we
define a limit and a symmetric difference of a sequence of S by the classical way
in Definitions 1.6 and 1.7. We restrict our attention on limits instead of symmetric
differences of sequences because it is more convenient and Proposition 1.9 proves that
a XOR-system contains limits of all converging sequences of S if and only if it contains
symmetric differences of sequences of S.

We consider XOR-systems (M, S) that contain limits of converging sequences of S
(Definition 1.8). This gives us a very useful tool called compactness (Theorem 1.17).
Let Sk be the set of all finite sets of S. Let S, be the sets of all limits of converg-
ing sequences of Si. We say that a XOR-system is a 0-XOR-system if it is closed
under limits and S = S5, (Definition 1.10). Theorem 1.15 shows that every cut sys-
tem is a 0-XOR-system which is one of the reasons why we are mainly interested in
o-XOR-systems.

Another interesting property of S, is that S, does not contain only all limits of con-
verging sequences of S but also limits of converging sequences of S, by Lemma 1.13.
Moreover, Proposition 1.14 states that for a XOR-system (M, S) which is closed under
limits it holds that (M, S,) is a 0-XOR-system.

We can use S, for factorization of a 0-XOR-system (M, S). Let A,B € S be in
a relation o if AA B € S,. The relation o is an equivalence which factorizes S into
classes S/o. The translation invariance of a 0-XOR-system (M, S) also shows that
classes S and S, of S/o are the same because there is the bijection between B € S
and BAA ANAy, € Sy, where A; € S; and Ay, € S,. These classes are crucial for
groundstates.
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We say that A € S is an w-groundstate in a XOR-system (M, S) where w : M — R
if wa(B) > 0 for all B € Si (Definition 1.20). Note that this definition only extends
the definition of groundstates in cut systems into more general set systems. The-
orem 1.24 proves that an w-groundstate exists in every o-XOR-system (M,S) and
every w: M — R. Moreover, Corollary 1.25 shows that the translation invariance
gives us an w-groundstate in every class S/o of a XOR-system (M, S) which is closed
under limits. This leads us to study groundstates in 0-XOR-systems and ask whether
groundstates are unique in 0-XOR-systems.

A XOR-system (M, S) is finite if M is finite; otherwise, (M, S) is infinite. We
present dichotomy between finite and infinite o-XOR-systems. Proposition 1.12 proves
that a finite XOR-system (M, S) is a 0-XOR-system and S = S, = S5, and they are
finite. On the other hand, if (M, S) is an infinite 0-XOR-system, then S} is infinite
and S, is uncountable by Theorem 1.19.

We know that an w-groundstate always exists in a 0-XOR-system (M, S) and we are
interested whether the w-groundstate is unique almost surely. This question depends
on the distribution function of w : M — R. The most common distributions are
independent and identical Gaussian and +.J distributions. Generally, the distribution
of w is symmetric around zero (Definition 1.27).

The unnatural property of +.J distribution is that P (w(B) = 0) is positive for
every B € S;. Moreover, Proposition 1.37 shows that an w-groundstate is not unique
in 2D lattice if w is chosen from =4J distribution. On the other hand, there is almost
surely no cut A such that wa(B) > 0 for every finite and non-empty cut B. But for
Gaussian distribution, every w-groundstate A € S almost surely satisfies the stronger
condition wy (B) > 0 for every non-empty B € S in every 0-XOR-system (M, S). This
leads us to Definition 1.28 of unique distribution which ensures that w(B) # 0 for all
B € Sk almost surely.

Proposition 1.30 claims that if a weight function w is chosen from a unique distri-
bution, there are almost surely no pair of w-groundstates A, B € S such that AA B
contains a non-empty set of Sy as a subset.

We say that a XOR-system (M, S) is transitive if for every m,n € M there exists
a bijection f : M — M such that f(m) = n and for every A C M it holds that
A € S if and only if f(A) € S (Definition 1.38). A typical example of a transitive
0-XOR-system is the cut system of a lattice. Let P (G,,) be the probability that
there exist two w-groundstates whose symmetric difference contains m € M. It is not
surprising that P (G,,) = P (G,) for every m,n € M in a transitive XOR~system and
w chosen from an independent and identical distribution (Lemma 1.39). It may be
more interesting that P (G,,) = 0 if and only if w-groundstate is almost surely unique
under the assumptions that w chosen from an independent and identical distribution
(Theorem 1.40). Furthermore, P (G,,) < 1 if the weight function is chosen from the
independent and identical Gaussian distribution (Theorem 1.42).

We study the probabilities that a given state is a groundstate and also a symmetric
difference of two groundstates. Both probabilities are zero in infinite o-XOR-systems
under the following assumptions. By Proposition 1.32, a state of S is not almost
surely an w-groundstate if the distribution of w is unique, symmetric and indepen-
dent. By Theorem 1.47, for every state of A € S the probability that there exist
two w-groundstates B,C' € S such that A = BAC is zero, if (M,S) is an infinite
transitive 0-XOR-system or a cut system of a graph with bounded degrees and the
distribution of w is the independent and identical Gaussian distribution.
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Our study of XOR-systems convince us to believe in uniqueness of groundstate.

Conjecture 1.48. Let (M, S) be a transitive o-XOR-system and weight function w be
chosen from the independent and identical Gaussian distribution. Then, w-groundstate
1s almost surely unique.

Furthermore, we do not know any example of a 0-XOR-system having multiple
w-groundstates with positive probability if the distribution of w is independent, unique
and symmetric.



Part 111

Perfect matchings

39






Chapter 2

Introduction

A set of edges P C E of a graph G = (V, E) is a matching if every vertex of G is
incident with at most one edge of P. If a vertex v of GG is incident with an edge of P,
we say that v is covered by P. A matching P is perfect if every vertex of G is covered
by P.

The d-dimensional hypercube (), is a graph whose vertex set consists of all bi-
nary vectors of length d, with two vertices being adjacent whenever the corresponding
vectors differ at exactly one coordinate. The binary vectors are labelled by the set
[d] .={1,2,...,d}.

It is well known that ()4 is Hamiltonian for every d > 2. This statement can be
traced back to 1872 [50]. Since then the research on Hamiltonian cycles in hypercubes
satisfying certain additional properties has received considerable attention. An inter-
ested reader can find more details about this topic in the survey of Savage [80], e.g.
Dvordk [23] showed that any set of at most 2d — 3 edges of Qg (d > 2) that induces
vertex-disjoint paths is contained in a Hamiltonian cycle. Dimitrov et al. [21] proved
that for every perfect matching P of Q4 (d > 3) there exists a Hamiltonian cycle that
faults P, if and only if P is not a layer of Q).

Every Hamiltonian cycle of ()4 can be split into 2 perfect matchings. Therefore,
it is natural to ask the opposite question whether every perfect matching of ()4 can
be extended into a Hamiltonian cycle. As far as we know, the first mention of this
question was published by Kreweras [59] who conjectured that answer to this question
is positive. Independently, this problem was stated by Donald E. Knuth [57, problem
7.2.1.1-55].

Conjecture 2.1 (Kreweras [59]). Every perfect matching in the d-dimensional hyper-
cube with d > 2 extends to a Hamiltonian cycle.

We proved Conjecture 2.1 in paper [35]. We present the original proof [35] in Chap-
ter 3. An interested reader may notice that the proof gives at least 22" Hamiltonian
cycles that extend given perfect matching of ();. This is one example of usefulness of
our proof. Other applications of the proof are presented in next chapters.

Let K(Qq) be the complete graph on the vertices of the hypercube Q4. If G is
bipartite and connected, then let B(G) be the complete bipartite graph with the same
color classes as GG. The main trick of our proof is that we proved a stronger statement:
Every perfect matching of K(Q4) can be extended into a Hamiltonian cycle of K (@)
using only edges of ()y. This allows us to use an induction by dimension in a very
simple way.

41
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Ruskey and Savage [79, page 19, question 3| asked the following more general
question which is still open.

Question 2.2. Does every (not necessarily perfect) matching of Qq for d > 2 extend
to a Hamiltonian cycle of Q47

The statement can be shown to be true for d = 2, 3,4. However, our approach does
not seem to lead to proving this stronger statement.

Figure 2.1: The matching graph M(Q3). The circles and bold lines are vertices and
edges of M(Q3).

The matching graph M(G) of a graph G on an even number of vertices has a
vertex set of all perfect matchings of GG, with two vertices being adjacent whenever
the union of the corresponding perfect matchings forms a Hamiltonian cycle of G;
e.g. Figure 2.1 shows the matching graph M(Q3). There is a natural one-to-one
correspondence between Hamiltonian cycles of G and edges of M(G). The problems
of determining the number h(d) of Hamiltonian cycles of )4 and the number of perfect
matchings of @4, are well-known open problems. Douglas [22] presented upper and
lower bounds

- it iz d(d—1)
(H@ )d(1344) 2 < h(d) < (T)

=5

9d—1_gd—1—logy(d)

Feder and Subi [34] presented the following bounds

0 (2% y .
((eilg—lgé)zd) (1 — O(D)) < h(d) < %(d')i’d((d _ 1)|)W

Independently, Fisher [43] and Kasteleyn [55] proved that the number of perfect
matchings of G is the permanent of A(G) when G is a balanced bipartite graph with
adjacency matrix A(G). Bregman [10] proved the conjecture of Minc [71] that for
any n X n 0, l-matrix A with row sums ry,...,7,, the permanent of A is at most
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H?Zl(ri!)l/”. In particular, a d-regular bipartite graph on n vertices has at most
(d)/ @D = (4(1+ 0(1)))n/2 perfect matchings.

Independently, Egorycev [28] and Falikman [30] proved the conjecture of van der
Waerden [85] that for any doubly stochastic n x m matrix A the permanent of A
is at least 2. This was used by Clark, George and Porter [17] to show that the
number of perfect matchings of a d-regular bipartite graph on n vertices is at least
(%d)n/2 () =(4(1+ 0(1)))n/2 perfect matchings.

Knowledge of structural properties of M(Q,;) may help to improve those bounds
and give us other informations about Hamiltonian cycles of hypercubes.

Type 4400, number 12 Type 6200, number 48 Type 4400, number 24

P Al RS

S N

Type 2222,' number 48 Type 4220,' number 96 Type 2222,' number 32

= HI S IHE

NN — N

Type 4220,' number 48

DI

SN

Type SOOO,I number 4

i

Figure 2.2: The graph M,. For every equivalence class [P] of isomorphism there is
a frame which contains P. Four type digits above each frame are numbers of edges
crossing each dimension. Above each frame there is also a number of perfect matchings
which are contracted to the equivalence class.

We say that two perfect matchings P and R of ()4 are isomorphic if there exists
an isomorphism f : V(Qq) — V(Qq) such that f(u)f(v) € R for every edge uv € P.
This relation of isomorphism is an equivalence and it partitions the set of all perfect
matchings. Kreweras [59] considered a graph My which is obtained from M(Q,) by
contracting all vertices of each class of this equivalence. For example, ()3 has two
non-isomorphic perfect matchings, so M3 has two vertices connected by an edge. The
graph M, is presented on Figure 2.2. Kreweras [59] proved by inspection of all perfect
matchings that the graphs M3 and M, are connected and he conjectured that M is
connected for d > 3.

Conjecture 2.3 (Kreweras [59]). Graphs My are connected for every d > 3.

It is more general to also ask whether the graph M(Q,) is connected since the
connectivity of M(Q,) implies the connectivity of M,. The answer is negative for



44 CHAPTER 2. INTRODUCTION

d = 3 (see Figure 2.1). However, we [36] prove that this is the only counter-example
in Chapter 4.

A partitioning of the edges of a graph G into perfect matchings is a 1-factorisation.
A 1-factorisation is perfect if the union of every pair of its perfect matchings forms a
Hamiltonian cycle of GG. Observe that k-regular G on even number of vertices has a
perfect 1-factorisation if and only if M(G) contains a complete graph on k vertices as
a subgraph. Wanless [86] proved that K, and Ky, 19, 1 have perfect 1-factorisation
it p is a prime and proved that K, , has no perfect 1-factorisation if n is even and
n > 2. Wanless [86] conjectured that K, , has a perfect 1-factorisation if n is odd and
n > 3.

We proved [37] that if n is even or n = 1, then M(K,,,,) is connected and bipartite,
otherwise M (K, ,) is not bipartite and it has two components. We [37] also proved
that the distance between every pair of perfect matchings in M(K,,,) is at most 3.
Moreover, we [37] computed exact distance between every pair of perfect matching in

M(K,.)



Chapter 3

Perfect matchings extend to
Hamiltonian cycles

In this chapter we present the proof of Kreweras’ [59] conjecture 2.1 which was pub-
lished in the paper [35].

Let us consider a perfect matching P of the hypercube Q)4 which is contained in a
Hamiltonian cycle C' of Q4. Let R denote the set of edges contained in the cycle C' but
not in P. Obviously, R is also a perfect matching of ();. Hence, Kreweras’ conjecture
can be restated in the following way:

For every perfect matching P of the hypercube Qq, d > 2, there exists a perfect
matching R such that P U R is a Hamiltonian cycle of Qq.

In fact, we prove the following theorem which is clearly stronger than the above
and so implies Kreweras’ conjecture.

Theorem 3.1. For every perfect matching P of K(Qq) there exists a perfect matching
R of Qq, d > 2, such that P U R is a Hamiltonian cycle of K(Qy).

The crucial step of our proof lies in the following lemma. A forest is linear, if each
component of it is a path.

Lemma 3.2. Let P be a matching of K(Qq) that is not perfect. Then, there exists a
perfect matching R of Qq, d > 2, such that PN R =0 and P U R is a linear forest.

Before proof the lemma, let us first prove the theorem.

Proof of Theorem 3.1. Let e = xy be an arbitrary edge of P. For the matching
P" = P\ {e}, by Lemma, there exists a perfect matching R of Q4 such that PPN R = ()
and P’ U R is a linear forest. If e € R then every vertex of the graph with edge set
(P"UR) \ {e} has even degree, but P’ U R is a forest. Hence, e ¢ R. Now, it easily
follows that P’ U R is a Hamiltonian path of K(Q4) from x to y. Hence, PU R is a
Hamiltonian cycle of K(Q,). O

Now, we prove the lemma:

Proof of Lemma 3.2. The proof proceeds by induction on d. The statement holds
for d = 2. Let us suppose that the statement is true for every hypercube @, with
2 <k <d-—1 and let us prove it for d.

45
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We know that P is a matching which is not perfect. Hence, there must exist at least
two vertices uy, us € V(Qq) uncovered by P. We can divide the d-dimensional hyper-
cube Qg into two (d — 1)-dimensional sub-hypercubes Q' and Q? such that u; € V(Q")
for i € {1,2}. Let K' = (V(Q"), (V'¢")) and P! = PN B(K') for i € {1,2}.

The set of edges P! is a matching of K which is not perfect since u; is not covered.
Hence, there exists a perfect matching R! of Q! such that R* N P! = () and R' U P!
is a linear forest.

We would like to find a similar perfect matching R? of (), that would join the
perfect matching R = R' U R? of Q,. However, we forbid some edges to be contained
in R? which will preserve that P U R is acyclic. The forbidden set of edges is

S = {xy € B(K?)

J2’,y" € V(Q') such that za',yy’ € P
and there exists a path from 2’ to v/ of PLUR! [~

Every vertex v of the graph (V(K'), P! U R') has degree one, if and only if v is
not covered by P!. If there exists a path from 2’ to 3y of P! U R' and xa’,yy € P
and zy € E(K?), then 2/ and ' are not covered by P! and 2’ and 3’ are vertices
of both ends of a path of P! U R!. Thus, the set of edges S is a matching of K2
Moreover, the set of edges P? U S is a matching of K? which is not perfect because S
covers (not necessary all) vertices covered by P but not by P? and us is not covered
by P. Hence, there must exist a perfect matching R? of Q? by the induction such that
R*N(P?*US)=0and R?UP?U S is a linear forest.

We show that the perfect matching R = R' U R? of ) satisfies the requirements of
the lemma. For sake of contradiction, suppose that C'is a cycle of RU P. Notice that
C cannot belong to K' or to K?. So C has edges in both K! and K?. Now, we can
shorten every path za’---y'y, such that z,y € V(Q?), o',y € V(Q'), x2',yy € P
and 2/ ---y is a path of P! U R!, by the edge zy € S. Hence, we obtain a cycle of
R?U P?U S, which is a contradiction. Thus, P U R is a forest. Since every vertex in
the graph P U R has degree one or two, it is a linear forest. O

An interested reader may notice that this proof also works if we exchange K(Qg)
by B(Qg), where B(Q,) is the complete bipartite graph with the same color classes as
G.



Chapter 4

Connectivity of matching graph

In this chapter we present the proof of Kreweras’ [59] conjecture 2.3 which was pub-
lished in the paper [36].

4.1 Extending with an edge

Let P be a perfect matching of K(Qg). Let I'(P) be the set of all perfect matchings
R of Q4 such that P U R is a Hamiltonian cycle of K(Q,). Note that if P is a perfect
matching of @y and R € I'(P), then P U R is a Hamiltonian cycle of 4, so PR is an
edge of M(Qq).

We say that an edge uv of K(Qq4) crosses a dimension « € [d] if vertices u and v
differ in dimension «, otherwise uv avoids . A perfect matching P of K(Q4) crosses «
it P contains an edge crossing o, otherwise P avoids a. Let I be the perfect matching
of @4 that contains all edges in dimension a € [d]. Observe that a perfect matching
P of Qg crosses « if and only if PN I$ # .

Proposition 4.1. Let P be a perfect matching of K(Qq) avoiding 5 € [d] and e € 15.
There exists R € I'(P) containing e.

Proof. The proof proceeds by induction on d. The statement holds for d = 2. Let us
assume that the statement is true for every k-dimensional cube @) with 2 < k < d—1
and let us prove it for d.

Clearly, P crosses some « € [d] \ {#}. We divide Qg by dimension « into two
(d — 1)-subcubes Q' and Q? so that e € E(Q'). Let K’ := K(Q") and P := PNE(K?)
for i € {1,2}.

The set of edges P! is a matching of K which is not perfect since P crosses a. Let
M be the set of vertices of K! that are uncovered by P!. The size of M is even. If we
divide Q' by dimension (3, then numbers of vertices of M on both subcubes of Q! are
even because P! avoids 3. We choose an arbitrary perfect matching S* on vertices of
M such that S' avoids 3. The perfect matching P U St of K avoids 5. By induction
there exists a perfect matching R' € T'(P' U S) of Q! containing e. Let

5 9 2’y € V(Q') such that za’,yy € P and
5= {xy € E(K) there exists a (pat%l between 2’ and 3’ of P! U Rl} - (@)

Observe that P'UR! is a partition of Q! into vertex-disjoint paths between vertices
uncovered by P!. For every path between 2’ and ¢’ of this partition there exist vertices
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x and y of Q? such that xa',yy’ € P. Thus, the set of edges S? is a matching of K2.
Moreover, the set of edges P? U S? is a perfect matching of K? because S? covers
each vertex covered by P but not by P?. Hence, there exists a perfect matching
R? € T(P?U S?) of Q* by Theorem 3.1. Clearly, R := R' U R? is a perfect matching
of Qg containing e. Finally, R € T'(P) by Lemma 4.2. O

Lemma 4.2. Let P be a perfect matching of K(Qg) crossing some dimension « € [d].
Let Qg be divided into two (d—1)-subcubes Q' and Q* by dimension «.. Let K := K(Q")
and P':= PNE(K") fori € {1,2}. Let S* be a perfect matching on vertices of K(Q')
uncovered by P*. Let R* € T(P*US"Y). Let S* be given by (4.1). Let R* € T'(P?U S?)
and R:= R* UR?. Then R €T'(P).

Proof. We prove that PUR is a Hamiltonian cycle of K(Q)4). Suppose on the contrary
that ' is a cycle of PUR which is not Hamiltonian. Since P crosses o, both S* and S?
are non-empty sets. Because P*US*U R’ is a Hamiltonian cycle of K, whole cycle C
cannot belong to K* for i € {1,2}. So C has edges in both K! and K?. Now, we
shorten every path za’---y'y such that x,y € V(Q?); o',y € V(Q'); zx',yy € P
and 2’ -- -y is a path of P! U R! by the edge xy € S?. Hence, we obtain a cycle C’
of (P?U S?) U R?. We prove that C" does not contain a vertex of K? which is a
contradiction because (P? U S?) U R? is a Hamiltonian cycle of K?.

If C' does not contain a vertex v of K2, then C’ also does not contain u. Suppose
that C' does not contain a vertex v of K'. Let 2/ and 3 be the end vertices of the
longest path of P1 U R! that contains v. Let za’,yy’ € P. Observe that z,y € V(K?)
and zy € S%. Hence, C" does not contain x and v. m

Observe that the perfect matching R obtained in Lemma 4.2 avoids dimension .
The interested reader may ask whether there exists a perfect matching R in Theo-
rem 3.1 that avoids given set of dimension A C [d|. Clearly, the graph on edges of
P and allowed edges of Q; (i.e. edges of Q4 that avoid every dimension of A) must
be connected. Gregor [49] proved that this is also a sufficient condition which implies
following lemma.

Lemma 4.3. For every perfect matching P of K(Qq) and « € [d] there exists R € T'(P)
avoiding « if and only if P crosses o where d > 2.

4.2 Bipartiteness of M(K, )

There is a natural one-to-one correspondence between perfect matchings of the com-
plete bipartite graph [, , and permutations on a set of size n. A permutation 7 is
even if n — k is even where k is a number of cycles of 7, otherwise 7 is odd. It is
well-known that m; o w5 is even if and only if permutations m; and 75 have the same
parity. Hence, the inverse permutation 75 ! has the same parity as .

Let ¢(P) be the number of components of the graph on a set of edges P. Recall
that B(G) is the complete bipartite graph with the same color classes as a bipartite
and connected graph G.

Let P, and P be perfect matchings of K,,,, and m; and 7 be their corresponding
permutations. Observe that c(P, U P) is equal to the number of cycles of myom, !, If n
is even and PUP, is a Hamiltonian cycle of K, ,,, then 7; and 7y have different parities.
Hence, M(K,,,) is bipartite for n even. The matching graph M(Qy) is also bipartite
because M(Qq) is a subgraph of M(B(Q4)) which is isomorphic to M(Kqi-1 ga-1).
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The above discussion proves the following theorem.

Theorem 4.4. The matching graphs M(Qq) and M(B(Qq)) are bipartite.

We did not define which perfect matchings of B(Q),) are even and odd. But we
know that perfect matchings P, and P, of B(Q4) belong to the same color class of
M(B(Qu)) if and only if ¢(P, U P,) is even. Hence, we fix one perfect matching of
B(Qq) to be even.

Let us recall that I$ is the perfect matching of ()4 that contains all edges in
dimension a € [d]. We simply count that ¢(I$ U I7) = 292 for every two different
dimensions «, 3 € [d] because the graph on edges I$ U I 5 consists of 2972 independent
cycles of size 4. Hence, perfect matchings /3 and [ 5 belong to the same color class of
M(B(Qq)) for d > 3. We call a perfect matching P of B(Qq) even if c(PUI}) is even
and otherwise odd where d > 3.

4.3 Walks in M(Q,)

We will prove that M(Qq) is connected by induction on d. Therefore, we need to
know how we can make a walk in M(Q,) from a walk in M(Qg—1). In this section we
present two lemmas which help us.

Let PY and P! be perfect matchings of Q4 ;. We denote by (P°|P!) the per-
fect matching of Q4 containing P in the (d — 1)-subcube of vertices having ¢ in the
coordinate d for i € {0, 1}.

Lemma 4.5. Let Py, P», P3, Ry, Ry, and R3 be perfect matchings of QQq_1 such that
PiUP,, P,UP;, RiUR,, and Ry U R3 are Hamiltonian cycles of Qq—1. If PN Ry # 0,
then there exists a perfect matching S of Qq such that (Py|R1)US and SU (Ps|R3) are
Hamiltonian cycles of Qq. Moreover, S crosses the dimension d and every dimension
that 1s crossed by Py or Rs.

Proof. Let uv € P, N Ry. Let u; be the vertex of (); obtained from u by appending ¢
into dimension d, where i € {0,1}. Vertices vy and v; are defined similarly.

Let S := (<P2|R2> \ {Uo’ljo,ul’lll}) U {Uoul,Uovl}. The graph on edges <P1|R1> U
(P5|Rs) consists of two cycles covering all vertices of ()y. These cycles are joined
together in (P;|Ry) US. Hence, (Pi|Ry) U S is a Hamiltonian cycle of Q4. Similarly,
S U (P3| R3) is a Hamiltonian cycle of Q.

The edge uguy crosses dimension d, so S also crosses d. Let us consider a dimension
[ € [d — 1] which is crossed by P, or Ry. Without loss of generality we suppose that
P crosses 3. There exist at least 2 edges crossing (§ in P,. It can happen that the
edge ugvg is one of them, so at least one edge crossing J remains in S. O]

Let P be a perfect matching of K(Qy) and A C [d]. We say that P crosses A if P
crosses every dimension of A.

Lemma 4.6. Let Py, Py, P3, and Ry be perfect matchings of Qq_1 such that Py U P,
and Py U Py are Hamiltonian cycles of Qq—1. Let o, 5 € [d — 1], a # . If Py crosses
[d — 1]\ {a} and Ry avoids 3, then there ezists a perfect matching S of Q4 such that
(P1|Ry) US and S U (Ps|Ry) are Hamiltonian cycles of Qq and S crosses [d] \ {a}.

Proof. Let e € P,NI7 . There exists Ry € I'(Ry) containing e by Proposition 4.1. If
we apply Lemma 4.5 on Py, P», P3, Ry, Ro, and Ry, then we obtain a perfect matching
S which satisfies the requirements of this lemma. O
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4.4 Base of induction

Let us recall that M, is obtained from M (Q4) by contracting all vertices of M(Qq)
whose corresponding perfect matchings are isomorphic. Let P and R be perfect match-
ings of Q4. If there exists a walk between vertices representing P and R in M(Qy),
then the length of the shortest one is d(P, R), otherwise d(P, R) is infinity. Hence,
d(P, R) < oo means that P and R belong to the same component of M(Qy).

The proof, that M(Q,) is connected, proceeds by induction on d. We present a
base of this induction in this section. We showed that M (Q3) has 3 components (see
Figure 2.1), so the induction starts from d = 4. Kreweras [59] proved that M, is
connected (see Figure 2.2). We prove that if My is connected and d > 4, then M(Qq)
is connected. Hence, M(Q4) is connected.

First, we present a simple lemma.

N N R e B \.I N
SN SN . /
V/

Perfect matching S§ = I Perfect matching S} Perfect matching S7

e e e

Y ] =

*——o *r——0
Perfect matching S Perfect matching S§ Perfect matching S3
*—0 r—0
*—o *—o
*—o *—o
——O o ——O

Perfect matching S$ = I7

Figure 4.1: The walk between perfect matchings 19 and I7 in M(Q,).

Lemma 4.7. If d > 4, then d([;,]g) < 6 for every o, 5 € [d], a # 3.

Proof. The proof proceeds by induction on d. The walk between I and I, f is drawn
in Figure 4.1.
Let
Ig 1 = 53717 55717 Sd2717 53717 53717 52717 ngl = Ig—l

be a walk in M(Qq-1). Let S} := (S} _,|S;_,) for even i. For odd i let S}, be given by
Lemma 4.5 where P, = R; := S;:ll, P, =Ry = Sfl_l, and P; = R3 := Sfifll. Then

I8 =59,88 82 53 54 .85 88 =17

is a walk in M(Q,). O
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Let us recall that perfect matchings P and R are isomorphic if there exists an
isomorphism f : V(Qg) — V(Qq) such that f(u)f(v) € R for edge uv € P. This
relation of isomorphism is an equivalence on the set of all perfect matching. Let
[P] be the equivalence class containing P. Observe that [/4] := {I |« € [d]} is an
equivalence class. If there exists a walk between [P] and [R] of My, then the length of
the shortest one is d([P], [R]), otherwise d([P], [R]) is infinity.

Let us consider perfect matchings P and R of Q4 such that d([P], [R]) = 1. There
exist isomorphisms f and ¢ such that f(P) U g(R) forms a Hamiltonian cycle. More-
over, PU f~(g(R)) forms a Hamiltonian cycle. Hence, we have a perfect matching
f~Y(g(R)) € T(P) such that f~'(g(R)) is isomorphic to R.

Proposition 4.8. If d > 4 and My is connected, then M(Qy) is connected.

Proof. We prove that vertices {P € V(M(Qq4)) | [P][Ls) < k} belong into one compo-
nent of M(Qy) by induction on k. This claim holds for £ = 0 by Lemma 4.7.

Let P be a perfect matching of @, such that d([P], [14]) = k. There exists a perfect
matching R of Qg such that d([R][/4]) = k — 1 and d([P][R]) = 1. Hence, there exists
R' € T'(P) isomorphic to R. By induction d(I, R') < co. Therefore, d(P, ;) < co. O

4.5 Induction step

We define a set of perfect matchings Z(d, k, ) of Q4 by following induction on d,
where d > k > 3 and « € [d].

Definition 4.9. Let Z(d,d, «) contain only I§. The set Z(d, k, ), where d > k > 3
and o € [d], is the set of all perfect matchings of @)y in the form (P;|P,), where
Py € Z(d—1,k,«) and P, is an even perfect matching of Q41 avoiding some dimension

g eld\ {a}.

Observe that every perfect matching of Z(d, k, «) is even and it contains I} in some
k-subcube Q. We want to prove that the graph M(Q,) is connected, so we need to
show that there exists a perfect matching I of Q)4 such that for every perfect matching
P of Q4 there exists a walk between P and [ in M(Q,). Lemma 4.7 says that perfect
matchings [I;] belong to a common component of M(Q,), so it is sufficient to find a
walk from P to an arbitrary one of [I;]. Without loss of generality we assume that P
is odd by Theorems 3.1 and 4.4. We find this walk in two steps: First, we find a walk
from P to some perfect matching of Z(d, k,a) for some o € [d] and k, d > k > 3.
Next, for every perfect matching of Z(d, k, «) we find a walk to some perfect matching
of Z(d,k + 1,a), so by induction on k we obtain a walk from P to Z(d,d, «) which
contains only I3 by definition.

Since (), is bipartite, we call vertices of one color class black and the other white.

Lemma 4.10. For every odd perfect matching P of B(Qg) there exists Y € Z(d, k, «)
for some dimension o € [d] and k, d > k > 3, such that d(P,Y") < 3.

Proof. We prove by induction on d that for every perfect matching P of B(Q)4) there
exist perfect matchings R, X and Y of () such that PUR, RU X and X UY are
Hamiltonian cycles and X crosses [d] \ {a} and Y € Z(d, k, ).

First, we prove the statement for d = 3. Let P be an odd perfect matching of
B(Q3). Therefore, c(PUIJ) is 1 or 3 for every § € [3]. If there exists § € [3] such that
c(PUIJ) =1, then we choose R :=Y := I and X € I'(R).
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We prove that there exists § € [3] such that ¢(PUIJ) = 1. Suppose on the contrary
that ¢(PUIS) = 3 for every § € [3]. The graph on edges PUIY consists of two common
edges and one cycle of size 4. Perfect matchings of [/3] are pairwise disjoint and P
has two common edges with each of them. This is a contradiction because P has only
4 edges.

In the induction step we need to have a dimension v € [d] that is crossed by at
least 4 edges of P. If d > 5, such a dimension exists for every perfect matching P of
B(Qq) by the pigeonhole principle. Every perfect matching P of B(Q4) has 8 edges.
If P contains an edge crossing at least two dimensions, then we use the pigeonhole
principle again.

A perfect matching P of ()4 is balanced if it has 2 edges in every dimension. Luckily,
Kreweras [59] proved that there are 8 perfect matchings of ()4 up to isomorphism and
only two of them are balanced; see Figure 2.2. Check that the balanced perfect
matchings S? drawn in Figure 4.1 and R! drawn of Figure 4.2 satisfy the requirements
of this lemma.

Now, we present the induction step. Let v € [d] such that P has at least 4 edges
crossing v. Without loss of generality we assume that v = d. We divide (), into two
(d — 1)-subcubes Q' and Q? by dimension 7. Let B’ := B(Q') and P’ := PN E(BY)
for i € {1,2}. Let M be the set of vertices of B! that are uncovered by P'. We know
that | M| > 4. Moreover, M has the same number of black vertices as white ones.

Let b; and b, be two different black vertices of M and w; and ws be two different
white vertices of M. Let S” be a matching of B covering M \ {b1, by, w1, w>}. We have
two ways of extending S’ to obtain a matching S of B! covering M: We can insert
edges {bywy,bows} or {bywq,bow;}. Those two ways give us two perfect matchings
P'U St of B! having different parity. Of course, we choose the way that gives us odd
perfect matching Pt U S*.

Let R', X' and Y'! be perfect matchings of Q! given by induction — (P U S*) U R,
R'U X! and X' U Y! are Hamiltonian cycles of B!, X' crosses [d] \ {a} and
Y' € Z(d —1,k,a). Hence, R' is even by Theorem 4.4. Let S? be given by (4.1).

We prove that P? U S? is odd. Let R? € T'(P? U S?) by Theorem 3.1. Let
R:= R*U R?. By Lemma 4.2 it holds that R € T'(P), so R is even by Theorem 4.4.
Also R? is even because R! and R are even. Hence, P? U S? is odd by Theorem 4.4.
Moreover, P* U S* # I9 ;.

Hence, the perfect matching P? U S? crosses some 3 € [d] \ {a} and there exists
R?* € T(P?U S?) avoiding 3 by Lemma 4.3. Let R := R' U R% Therefore, R € T'(P)
by Lemma 4.2 and R is even by Theorem 4.4. Because R! is even, R? is even. We
apply Lemma 4.6 on R!, X', Y! and R? to obtain a perfect matching X such that
(R'|R?*) U X and X U (Y'|R?) are Hamiltonian cycles of Q4 and X crosses [d] \ {a}.
Finally, Y := (Y| R?) € Z(d, k, ) by definition. O

Lemma 4.11. Let P € Z(d,k,«), where 3 < k < d and a € [d]. If M(Qy) is
connected or k = 3, then there exists S € Z(d, k+ 1, a) such that d(P,S) < co.

Proof. We prove by induction on d that for every P € Z(d, k, «) there exists a walk
P =Ry, Ry,...,R, =S in M(Qq) of even length such that R; crosses [d] \ {«a} for
every odd | and S € Z(d, k + 1,«). The base of this induction is for d = k + 1.

By definition of Z(d, k, o) we divide P into perfect matchings P! and P? such that
P = (P'|P?), P! € Z(d—1,k,a) and P? is an even perfect matching of Q4_; avoiding
some [ € [d] \ {a}.
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— o — o — o o e
— o o & &
Perfect matching Ry = P = [I§|17]] Perfect matching Ry Perfect matching Ro
o o
Perfect matching Rs3 Perfect matching Ry = I{ = S

Figure 4.2: A walk between P € Z(4,3,a) and I3

First, we present the base of induction for d = 4, so k = 3. By definition, P! = ¢
and P? is even. There are two perfect matchings of Q5 up to isomorphism with different
parities; see Figure 2.1. Hence, P? = IJ for some v € [3]. If P? = I§, then P = I§,
which belongs to Z(4,4,«) by definition. Otherwise, the walk in Figure 4.2 satisfies
requirements of this lemma.

Now, we present the base of the induction for £ > 4 and k + 1 = d. In that case
P! = [?. There exists a walk P? = Ry, Ry,..., R, = I? on M(Q}) of even length
because M(Qy) is connected and bipartite and P? is even. Let R] := (P'|R;) for even
I. Clearly, R, € Z(d,k+ 1,a) because R;, = I} ;.

Let [ be odd. Since R; is odd, it holds that R; # I*. We choose an edge ¢; € R;\ I7.
By Proposition 4.1 there exists Z; € I'(I¥) containing e;. The perfect matching Z
crosses [k] \ {a} by Lemma 4.3. We apply Lemma 4.5 on R,_1, Ry, Rj11, 1, Z;, and
I} to obtain a perfect matching Rj. The walk P = R), R},..., R, = I, satisfies the
requirements.

Finally, we present the induction step for £ > 3 and k£ + 1 < d. By induction
there exists a walk P! = Ry, Ry,..., R, = S' in M(Qg_1) of even length such that
Ste Z(d—1,k+1,a) and R; crosses [d — 1]\ {a} for every odd I. Let R} := (R;|P?)
for even [. For odd [ we apply Lemma 4.6 on R;_,, R;, Ri;1 and P? to obtain a perfect
matching R] of @, crossing [d] \ {a}. Now, the walk P = R), R}, ..., R|, = S satisfies
the requirements and S € Z(d, k + 1, a). ]

Corollary 4.12. Let P € Z(d,k,«a), where 3 < k < d and o € [d]. If M(Q)) is
connected for every l € {4,5,...,d — 1}, then d(P, 1) < oo.

Proof. The proof proceeds by induction on d — k. If d = k, then P = I by definition
of Z(d, k,«). Let 3 <k < d. By Lemma 4.11 there exists S € Z(d, k+ 1, ) such that
d(P,S) < co. By induction d(S,I3) < oco. Hence, d(P,I$) < . O

Theorem 4.13. The matching graph M(Qq) is connected for d > 4.

Proof. The proof proceeds by induction on d. Kreweras [59] proved that the graph M,
is connected; see Figure 2.2. Hence, the graph M(@Q),) is connected by Proposition 4.8
and the statement holds for d = 4. Let us assume that the graph M(Q),) is connected
for every [ with 4 <[ < d—1. Let us prove that for some 3 € [d] and for every perfect
matching P of Qg it holds that d(P, I}) < oc.
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If P is even, then we choose R € I'(P) by Theorem 3.1 which is odd by Theorem 4.4.
Otherwise, we simply consider R := P. By Lemma 4.10 there exists S € Z(d, k, a)
such that d(R,S) < 3. By Corollary 4.12 it holds that d(S, I$) < oo and d(I§,17) < 6
by Lemma 4.7. O

Corollary 4.14. The graph My is connected for d > 3.



Chapter 5

Conclusion

In this chapter we briefly present theorems which are built on results of this part of
the thesis.

For the study of properties of the matching graph M(Q,), one might ask which
additional requirements can we pose on the extending perfect matching R in The-
orem 3.1. For example, can we find R that satisfies Theorem 3.1 and contains only
edges from a given list of dimensions of hypercube? A natural necessary condition says
that the set D of allowed edges for R together with the prescribed matching P form
a connected subgraph. The following result due to Gregor [49] shows that this condi-
tion is also sufficient in the case when D is formed by disjoint subcubes of (possibly
different) dimensions. Let K (A) be the complete graph on a set of vertices A.

Theorem 5.1 (Gregor [49]). Let Ay,..., An C V(Qq), d > 2, be pairwise disjoint
subcubes of nonzero dimension. Let A = Uie[m] Ay, D = Uie[m] E(A;) and let P be a
perfect matching of K(A). There exists R C D such that P U R forms a Hamiltonian
cycle of K(A) if and only if P U D 1is connected.

Feder and Subi [33] consider another generalisation of Theorem 3.1. They ask
whether given perfect matching can be extended into a given number of disjoint cycles
that span all vertices. A weak cycle in a graph is either a cycle or two parallel copies
of a single edge, considered as a cycle of length two. A weak r-cycle decomposition of
a graph is a collection of disjoint r weak cycles that span all the vertices of the graph.

Theorem 5.2 (Feder and Subi [33]). Let P be a perfect matching of K(Qu) that has
at least s edges of Qq. Letr < [gJ Then Qg has a perfect matching R such that PUR
is a weak r-cycle decomposition of K(Qg).

Chen [16] consider any bipartite graph W,, obtained by adding some edges into @,,.
Note that W), is a spanning subgraph of B(Q),,) containing all edges of @,,. Let S and
T be two sets of k vertices in different color classes of @),,. A set of vertex-disjoint
paths Py, ..., Py of W, covering all vertices of @,, are called (P, T)-paths if every path
P; has one end-vertex in P and the other one in 7.

Theorem 5.3 (Chen [16]). Let W,, be any bipartite graph obtained by adding some
edges into @, and let S and T be two sets of k vertices in different color classes of Q.
The graph W,, has (P, T)-paths if and only if k = 2"~ or the graph W, — (SUT) has
a perfect matching. Moreover, if the graph W,, — (S UT') has a perfect matching M,
then W, has (S, T)-paths containing M.

25
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The proof is straightforward. Given (5, T')-paths can be decomposed into a perfect
matching of W,, — (SUT') and a perfect matching of W,,. Given perfect matching M of
W,, — (SUT) can be extended into a perfect matching M’ of K(Q,). By Theorem 3.1
there exists a perfect matching R of @),, such that M’ U R forms a Hamiltonian cycle
of K(Q,). We observe that M U R forms required (S, T")-paths of W,,.

Azarija, Gregor and Skrekovski [5] asked whether a perfect matching P of Q,, can
be extended into a Hamiltonian path between given vertices x and y. Let weight
w(u) of a vertex u of @, be the number of 1’s in u and weight w(uv) of edge uv be
min {w(u),w(v)}. A parity of vertex u is parity of w(u) and parity of edge is parity
of w(uv). A layer is a set of edges between two (n — 1)-dimensional subcubes of @,,.
An odd (even) half-layer is a set of all odd (even) edges of a layer. Note that edges
of @), are partitioned into n layers and every layer is partitioned into odd and even
half-layer.

Theorem 5.4 (Azarija, Gregor and Skrekovski [5]). Let z,y be vertices of opposite
parity, n > 5, and let P be a perfect matching of K(Q,—{x,y}). There exists a perfect
matching R of Q,—{x,y} such that PUR forms a Hamiltonian cycle of K(Q,—{x,y})
if and only if P does not contain a half-layer of Q..

The condition that P does not contain a half-layer is natural because if a Hamilto-
nian cycle contains 2772 edges of a half-layer, then it has to contain the same number
of edges of half-layer of the opposite parity of same layer, but @,, — {z,y} has at most
271 — 1 edges of every layer.

Theorem 5.4 gives us a condition for our original question when a perfect matching
P of K(Q,) can be extended into a Hamiltonian path between given vertices = and y of
opposite parity. One condition is that zy is not an edge of P. Let ¥ and y* be vertices
of @, such that za” and yy” are edges of P. Let P’ = P\ {za” yy"} U {a"y"}.
Note that P can be extended into a Hamiltonian path between x and y by edges of
Q,, if and only if P’ can be extended into a Hamiltonian cycle of K(Q, — {x,y}) by
edges of @),,. Therefore, the following theorem is equivalent to Theorem 5.4.

Theorem 5.5 (Azarija, Gregor and Skrekovski [5]). Let x,y be vertices of opposite
parity, n > 5, and let P be a perfect matching of K(Q,) such that xy ¢ P. There
exists a perfect matching R of Q,, — {x,y} such that P U R forms a Hamiltonian path
between x and y if and only if P\ {zz® yy"} U {zFy"} does not contain a half-layer

of Qn-

We say that a graph G’ on even number of vertices is extendable if for every perfect
matching P of K(G) there exists a perfect matching R of G such that P U R forms a
Hamiltonian cycle of K(G) where K(G) is the complete graph of vertices of G. It is
easy to observe that the complete graph Ky, and the complete bipartite graph K, ,
are extendable. Theorem 3.1 say that (), is extendable for d > 2.

Fon-Der-Flaass [44] studied minimal extendable graphs on given number of vertices.
Let E(n) be the minimal number of edges in an extendable graph on 2n vertices.

Theorem 5.6 (Fon-Der-Flaass [44]). E(1) =1, E(2) =4, E(3) =8, E(4) = 12. For
n >4 it holds that 3n < E(n) < 4n — 4.

Fon-Der-Flaass [44] conjectured that the true value of E(n) is 4n — 4. He also
study which edges can be removed from @),, to remain extendable.
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Theorem 5.7 (Fon-Der-Flaass [44]). If F is a set of edges of Q, such that every
4-dimensional subcube of Q),, has at most one edge in F', then ), — F is extendable,
where n > 4.
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Chapter 6

Introduction

The n-dimensional hypercube @, is the (bipartite) graph with all binary vectors of
length n as vertices and edges joining every two vertices that differ in exactly one
coordinate. The bipartite classes of (),, consist of vertices with even, respectively odd,
weight, where the weight |u| of a vertex u € V(Q,,) = {0, 1}" is defined as the number
of I'sin w. A set ' C V(Q,) in which all vertices are from the same bipartite class,
is called a monopartite set.

Applications of the hypercube in the theory of interconnection networks inspired
many questions related to its robustness. In particular, if some faulty (or busy) vertices
F CV(Q,) and all incident edges are removed from @), is there a path or a cycle in
the remaining graph, denoted by @),, — F', which covers ‘almost’ all vertices? And how
many vertices in the worst-case can be removed?

Clearly, if F' is monopartite, the length of any cycle in ), — F' cannot exceed
2" — 2|F|. This leads to the following definition. A cycle of length at least 2" — 2|F|
in Q, — F is called a long F-free cycle in Q,, or long fault-free cycle. Let f(n) be the
maximum integer such that @),, — F' has a long F-free cycle for every set I’ of at most
f(n) vertices in @,.

The study of this parameter has a numerous literature. Firstly, Chan and Lee [13]
showed that f(n) > (n—1)/2. Then, Yang et al. [91] improved it to f(n) > n—2, and
Tseng et al. [83] to f(n) > n—1. Next, Fu [45] significantly increased it to f(n) > 2n—4
for n > 3, and Castaneda and Gotchev [12] strengthened it further to f(n) > 3n —7
for n > 5. We [41] obtained the first quadratic lower bound f(n) > n?/10 +n/2 + 1
for n > 15 which is presented in Chapter 8.

Theorem 6.1 ([41]). Let F be a set of at most ’11—; + 5 + 1 faulty vertices of Q,, where
n > 15. Then @), contains a long fault-free cycle.

On the other hand, Koubek [58] and independently Castaneda and Gotchev [12]
noticed that for every n > 4 there is a set I’ of (72‘) — 1 vertices such that ), — F
contains no cycle of length at least 2" — 2| F|, so f(n) < (}) —2. An example of a such
set [’ consists of all but one vertex of weight 2. Indeed, since all vertices of F' have
even weight, any long F-free cycle in (),, must visit all the remaining vertices of even
weight. Namely, it has to visit the vertex 0 = (0,...,0) and some vertex of weight 4,
which is clearly impossible as they are in different 2-connected components of @),, — F'.

From the previous results it follows that the above upper bound is sharp for
n =4 [45] and for n = 5 [12]. It was conjectured [12] that it is sharp for all n > 4, i.e.
f(n) = (") — 2 for n > 4. We [39] proved this conjecture and its proof is presented in

2
Chapter 12.
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Theorem 6.2 ([39]). For every set I of at most (%) — 2 vertices in Q, and n > 4,
the graph Q, — F' contains a cycle of length at least 2" — 2| F|.

To prove Theorem 6.2, we need to consider a modification of this problem for long
paths with prescribed endvertices. Similarly as above, a path in @), — F' between
vertices u and v, and of length at least 2" — 2|F| — 2 is called a long F'-free uv-path
in @, or shortly (F,u,v)-path. Note that in case v and v are from different bipartite
classes, the length of any long F-free uv-path is at least 2" — 2|F| — 1. Also note that
in the case when F'U{u, v} is monopartite, the length of any wv-path in @Q,, — F' cannot
exceed 2" — 2|F| — 2, and hence a long F-free uv-path has optimal length.

Fu [46] showed that @, — F' contains a long path between any two vertices if
|F| <n—2andn > 3. To improve this result for larger sets F', one needs to introduce
additional conditions on the neighbors of prescribed endvertices. Kueng et al. [60]
strengthened the number of tolerable faults to |F| < 2n — 5 under the condition that
the minimal degree of @),, — F' is at least 2. We consider much weaker condition. A
vertex u is surrounded by F'if F' contains all neighbors of u. Clearly, there is no F-free
path of lenght at least 2 if

u is surrounded by F'U {v} in @, or v is surrounded by F'U{u} in Q,; (6.1)

and such triple (F, u,v) is called blocked in @),,; otherwise (F,u,v) is free in Q,,. Thus,
the triple (F,u,v) must be free for the existence of an (F, u, v)-path if 2" —2|F|—2 > 1.
We [41] proved that this necessary condition is also sufficient, up to one exception
in Q4, and this proof is presented in Chapter 7.

Theorem 6.3 ([41]). Let I be a set of at most 2n — 4 faulty vertices of Q,, where
n > 2. For every two fault-free vertices u and v, there exists a long fault-free path
between u and v in Q if and only if both (6.1) and (6.2) does not hold.

Let d(u,v) be (Hamming) distance of vertices u and v. On Figure 6.1 we have the
following configuration for n = 4 and |F| = 2n — 4:

there are two vertices a and b with d(a,b) = 4 in Q4 such that

(6.2)

FU{u,v,a,b} are the all 8 vertices of one bipartite class of Q.

Observe in this configuration that every fault-free path between u and v has length
at most 4 because the graph Q4 \ (F U {u,v}) has two components and no fault-free
path between u and v can visit both components. Hence, there is no (F,u,v)-path
although |F| < 2n — 4 and (F,u,v) is free. Note that there are two non-isomorphic
exceptional configurations since d(u, v) can be 2 or 4.

Moreover, observe that the inequality |F| < 2n — 4 in Theorem 6.3 is tight for
every n > 4. On Figure 6.2 we can see three configurations of 2n — 3 faulty vertices
and two fault-free vertices u and v in @), such that (F, u,v) is free. Clearly, in all these
configurations there is only one fault-free path between u and v of length 1 or 2, which
is not long.

Note that for |F'| < n—2, the right side of the equivalence in Theorem 6.3 is always
satisfied. Hence, we obtain the following direct corollary.

Corollary 6.4 (Fu [46]). For every set F' of at most n — 2 vertices of Q,, and n > 2,
there is a long F-free uv-path in @), between every two vertices u and v of Q, — F.
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Figure 6.1: The exceptional configuration (6.2) in Q4. The crossed points represent the
faulty vertices and u, v are the prescribed endvertices for a requested long fault-free
path.

We also consider a stronger condition on neighbors of endvertices to increase the
number of faulty vertices. We [39] proved that F' can be as large as f(n+ 1)/2 if both
prescribed endvertices have only few neighbors in F' which is presented in Chapter 11.

Theorem 6.5. For every set F' of at most (n*> +n — 4)/4 vertices in Q, and n > 5,
the graph Q, — F' contains a path of length at least 2" — 2|F| — 2 between every two
vertices such that each of them has at most 3 neighbors in F'.

The general difficulty with quadratic bounds on |F| in Theorems 6.2 and 6.5 is
that the hypercube cannot be always split into subcubes so that the bounds hold in
each subcube. Thus, the standard induction technique fails. We introduce up to our
knowledge a new technique of so called potentials which allows us to effectively deal
with such situations.

Furthermore, in the proof of Theorem 6.5 we need to consider the following exten-
sion of the studied problem for two paths. Assume that we have two different (but
not necessarily disjoint) sets A = {u,v} and B = {x,y} of vertices of @, — F'. A path
P between a vertex of A and a vertex of B is called an AB-path. Its length |P| is the
number of edges in P. A pair P;, P, of vertex-disjoint AB-paths in @),, — F' is called an
F-free AB-routing in Q,. Moreover, it is said to be long if |P|+ |Py| > 2" —2|F| — 3.
Note that if A and B are not disjoint, say AN B = {u = z}, then any long F-free
AB-routing consists of the uu-path of length 0 and an vy-path of length at least
on — 2|F| — 3.

Although the problem of long F-free AB-routings is perhaps interesting itself, we
need only the following result, whose proof is presented in Chapter 9

Theorem 6.6 ([40]). For every set F' of at most n — 3 vertices in Q,, there exists a
long F-free AB-routing in Q,, between every two different sets A, B C V(Q,) \ F such
that |A| = |B| = 2 and AU B is not monopartite, where n > 4.

Note that by a simple parity argument it follows that the condition on A U B not
being monopartite is necessary in Theorem 6.6. Furthermore, the bound |F| < n — 3
is tight. Indeed, let F' U {b,c} be the set of neighbors of some vertex a € V(Q,)
and |F| = n — 2. Clearly, for A = {a,b} and B = {b,c}, the only possible two
vertex-disjoint AB-paths in @), — F' are P, = (a,c) and P, = (b) of length 1 and 0,
respectively, but 2" — 2|F| — 3 > 11 for n > 4.
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Figure 6.2: |F| =2n — 3, n > 4, and (F,u,v) is free, but there is no (F, u,v)-path.

As a consequence, if F'U{u,v} is not monopartite, we obtain an uv-path in @Q,, — F’
of length at least 2" — 2|F'| — 1, which is more than is guaranteed by long paths.

Corollary 6.7 ([40]). For every set F' of at most n — 2 vertices of Q,, and n > 4, the
graph Q,, — F has an uv-path of length at least 2" — 2|F| — 1 for every two vertices
u,v € V(Q,) \ F such that F'U {u,v} is not monopartite.

From Theorem 6.2 it follows that the decision problem whether the hypercube @,
for the given set F' of faulty vertices contains an F-free cycle has a trivial answer if
|F| < (4) —2. On the other hand, Dvordk and Koubek [26] showed that this problem is
NP-hard if |F| is unbounded. Moreover, they [26] presented a function ¢(n) = ©(nS)
such that the problem remains NP-hard even if |F'| < ¢(n). Furthermore, Dvordk and
Koubek [25] described a polynomial algorithm for the similar decision problem of long
F-free paths between given vertices in @, if |[F| < n?/10+n/2 + 1.

Those problems of long fault-free paths and cycles are sometimes considered in a
more general setting also with faulty edges, not only vertices. Assume that we have f,
faulty vertices and f, faulty edges in ),,. A path or a cycle in @), is said to be fault-free
if it contains no faulty vertex and no faulty edge. In this view, the problem of long
fault-free cycles and paths is a relaxation of a substantially more difficult problem of
Hamiltonian cycles and paths in hypercubes with balanced faulty vertices in the sense
that in the former problem we are allowed to choose another up to f, vertices that
will be avoided (see e.g. [24] for some references on the latter problem).

As far as we know, the problem of long fault-free cycles in hypercubes was first
studied by Tseng [83] who showed that such cycle in @, exists if f, + fo < n —1,
fo <n—1,and f. < n —4. This bound was slightly improved by Sengupta [81] to
fot+t fe<n—1 and f, > 0or f. <n — 2. Then it was substantially strengthened by
Fu [45] to f, < 2n —4 (and f. = 0), and further naturally generalized by Hsieh [52]
to fo+ fe<2n—4and f. <n—2.

Let us also mention related results on bipancyclicity and bipanconnectivity.
Tsai [82] showed that every fault-free edge and every fault-free vertex of @, lies on a
fault-free cycle of every even length from 4 to 2" — 2f, if f, <n—2 (and f. = 0). Ma,
Liu, and Pan [68] showed that if f, + fo < n —2, then @,, contains a fault-free path of
length [ between every two fault-free vertices u and v for every [ from d(u,v) + 2 to
2" —2f, — 1 such that [ — d(u,v) is even. There are also many results on long fault-free
cycles and paths in various modifications of hypercubes, which we do not list here; see
a survey of Xu and Ma [90] for further references.



Chapter 7

Long path in faulty hypercube

In this section we proof Theorem 6.3 which states that for every set F' of at most 2n—4
faulty vertices of ), and n > 2, there exists a path between prescribed endvertices u
and v in @, — F of length at least 2" — 2|F| — 2 (called (F,u,v)-path) if and only if
and only if N(u) & FU{v} and N(v) & F U{u} (i.e. condition (6.1) does not hold)
and the triple (F,u,v) does not form one forbiden configuration (6.2).

We prove Theorem 6.3 by induction on the dimension n. In section 7.1 we analyze
surrounded vertices. In Section 7.2 we prove the base of induction by a tedious case
analysis for n < 4. In Section 7.3 we prove the induction step.

7.1 Preliminaries

The main obstacle in the proof of Theorem 6.3 are vertices surrounded by faulty
vertices. In the following auxiliary propositions we mainly show that there are only
few such obstacles.

Proposition 7.1. Let F' be a set of at most 2n — 3 faulty vertices in Q),, where n > 2.
Then, at most one vertex of (), is surrounded by F'.

Proof. Suppose on the contrary that two vertices u and v of @),, are surrounded by F'.
Since each of them has n faulty neighbors, and they have at most 2 faulty neighbors
in common, it follows that |F| > 2n — 2, a contradiction. O

In the following proposition we show that at most one triple (F,u,v) is blocked
when |F| < 2n — 4 and the vertex u is fixed and not surrounded by F itself.

Proposition 7.2. Let F' be a set of at most 2n — 4 faulty vertices in ), where n > 2,
and let uw € V(Q,) be not surrounded by F. Then, (F,u,v) is blocked for at most one
verter v € V(Qy,).

Proof. First, assume that u has exactly one fault-free neighbor v. Thus, u is sur-
rounded by F' U {v} and not surrounded by F U {w} for any other vertex w. By
Proposition 7.1, no other vertex than w is surrounded by F' U {v}. It follows that no
vertex is surrounded by F'U {u}, so v is the only vertex such that (F,u,v) is blocked.

Now assume that u has at least 2 fault-free neighbors. Thus, u is not surrounded
by F'U{w} for any vertex w. By Proposition 7.1, at most one vertex v is surrounded
by F'U{u}. Therefore, (F,u,v) is blocked for at most one vertex v. ]
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Next, we show that at most one triple (F,u,v) is blocked when |F| < 2n — 5 and
uv is required to be a fault-free edge. We say that an edge uv is fault-free if neither u
nor v is faulty.

Proposition 7.3. Let F' be a set of at most 2n — 5 faulty vertices in QQ,, where n > 3.
Then, (F,u,v) is blocked for at most one fault-free edge uv € E(Q,,).

Proof. Suppose on the contrary that triples (F, u,v) and (F,u/,v") are blocked for two
fault-free edges uv,u'v’ € E(Q,). Assume that u is surrounded by F' U {v}, and v’ is
surrounded by F U {v'}. Observe that u # u since v and v’ are fault-free. But then,
both u and " are surrounded by F' U {v,v'}, which contradicts Proposition 7.1. [

The following proposition is useful in situations when we have a long fault-free path
P in @)1, and we need to find an edge a;b;, on P such that there is a long fault-free
path between a and b in Q)p.

Proposition 7.4. Let F' be a set of at most 2n — 4 faulty vertices in (Q,, where n > 2.
For every path P in Q,, if P contains at least three fault-free edges uv such that
(F,u,v) is blocked, then it contains a fault-free edge ab such that (F,a,b) is free.

Proof. Let uv be a fault-free edge of P such that (F,u,v) is blocked, and both u and
v are inner vertices of P. Such edge exists since only two edges of P can contain an
endvertex. Assume that u is surrounded by F'U{v}, and let w be the other neighbor
of v on P. Furthermore, assume that ' is surrounded by F U {v'} for some other
fault-free edge u'v" of P. We show that the edge vw of P is fault-free and (F,v,w) is
free.

Since both w and v’ have exactly n — 1 faulty neighbors and |F| < 2n — 4, they
must have two faulty neighbors in common. Thus d(u,u’) = 2 and all faulty vertices
together with v (and v’) belong to the same bipartite class of @,,. Hence w is fault-free
and moreover, v is not surrounded by F'U{w}. Since u is surrounded by F'U {v}, it
follows from Proposition 7.1 that w is not surrounded by F'U{v}. Therefore, (F, v, w)
is free for a fault-free edge vw of P. O

In order to apply induction, we need to split the hypercube @),, with up to 2n — 4
faulty vertices into two (n — 1)-dimensional subcubes @)1, and Q)i so that both @), and
(Qr contain at most 2n — 6 faulty vertices. This is obtained by fixing some coordinate
i € [n] where [n] = {1,...,n}. Formally, we define the subcube Q% as the subgraph
of @, induced by vertices that have 0 on the i-th coordinate. Similarly, the subcube

', is the subgraph of @,, induced by vertices that have 1 on the i-th coordinate. The
index 7 in @} and Q% is omitted when it is clear or irrelevant. For x € V(Q), let
xr be the (only) neighbor of z in Qg. Similarly for z € V(Qg), let x1 be the (only)
neighbor of x in Q.

Proposition 7.5. Let F' be a set of at most 2n — 4 vertices in QQ,, where n > 5. Then
@, can be split into Qr, and Qg such that both subcubes contain at most 2n — 6 faulty
vertices, unless n =5, |F| =6, and F' consists of some verter w € V(Q,) and all his
neighbors.

Proof. If |F| < 1, we may split @,, arbitrarily. If 2 < |F| < 2n — 5, we choose two
faulty vertices and split @), so that they are in different subcubes. Clearly, in both
these cases both Q7 and Qg contain at most 2n — 6 faulty vertices. Now we assume
that |F| = 2n — 4.
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Let A be the binary |F'| x n matrix with faulty vertices in its rows. Assume that @,
cannot be split into (0, and Qg such that both subcubes contain at most 2n — 6 faulty
vertices. That is, each column of A contains at most one 1, or at most one 0. Without
loss of generality we may assume that each column contains at most one 1. Thus A
contains at most n 1’s. Hence A has at most n+ 1 rows as all rows are different. Since
n+1 < 2n—4 for n > 6, it follows that n = 5 and F' consists of the vertex (0,0,...,0)

and all his neighbors. O]

Let us recall that a path between u and v is long if it has length at least 2" —2|F|—2.
We represent paths by sequences of vertices, i.e. (uj,us,...,u) is a path P between
uy and wuy of length |E(P)| = k — 1 if all vertices uy, ..., u; are distinct and w;u;yq

is an edge for every i € [k — 1]. This allows us to define concatenation of paths as
concatenation of their sequences. For example, if P; is a path between u; and v; and
P; is a path between us, and vy such that P, and P, are vertex-disjoint and vyus is an
edge, then (P;, P;) is a path between u; and vy of length |E(Py)| + |E(FP)| + 1.

7.2 Small dimension

In this section we present the base of induction for Theorem 6.3. The case n = 2 is
obvious since |F| < 2n —4 = 0. For n = 3 we even prove a stronger statement with
one additional faulty vertex than in Theorem 6.3. Namely, for |F| < 2n —3 = 3 and
every two fault-vertices u and v there exists an (F,u,v)-path if (F,u,v) is free. Note

that the opposite implication does not hold since the edge wv itself (if it exists) is an
(F,u,v)-path when |F| = 3.

Lemma 7.6. Let F' be a set of at most 3 wvertices of 3, and let v and v be two
fault-free vertices. If (F,u,v) is free, then there exists an (F,u,v)-path.

Proof. Case 1: |F| = 3.

Figure 7.1: All configurations (up to isomorphism) of 3 faulty vertices in Q3.

We want to find a path of length at least 23 — 3 -2 — 2 = 0, so it suffices to show
that u and v belong to the same component of Q3 \ F if (F,u,v) is free. There are
tree configurations (up to isomorphism) of F' with |F| = 3; see Figure 7.1. Observe
that @3 \ I on Figure 7.1(a,b) is connected. Also Qs \ (F'U{w}) on Figure 7.1(c) is
connected and w is surrounded by F'. Hence the statement holds.

Case 2: |F| = 2.

The graph @3 \ F' is connected because @3 is 3-connected, so there exists a path
P between u and v in Q3 \ F. We want to find a fault-free path between u and v of
length at least 23 —2-2 — 2 = 2. If d(u,v) > 2, then P has this length.
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Now assume that d(u, v) = 1. There exist two disjoint edges x;y; such that ux; and
y;v are edges of Q3 for i € {1,2}. If x;,y; ¢ F for some i € {1,2}, then (u,z;,y;,v) is
a requested path. If 21,29 € F or y;,y2 € F, then (F,u,v) is blocked. It remains to
find an (F, u, v)-path for the case where F' = {x1, 3o} (or isomorphically F' = {xq,y1}).
See Figure 7.2 for such path.

X1 Y1

()

Figure 7.2: The (F,u,v)-path in Case 2 of Lemma 7.6.

Case 3: |F| < 1.
This case follows from the previous result by Fu [46] for at most n — 2 faulty
vertices. O

Assume that @, is split into @, and (Qr. The sets of faulty vertices in (0, and Qg
are denoted by F, and Fg, respectively.

In Q4 we are often in a situation when @4 is split into @1, and Qg so that u € V(Qy)
and v € v(Qr). We would like to find a vertex z in @ such that there exist an
(Fp,u,x)-path P, and an (Fg, zg,v)-path Pg and their concatenation P = (Pp, Pr) is
an (F,u,v)-path. Now, we present sufficient conditions on the vertex x to apply such
construction.

Lemma 7.7. Let Q4 be split into Qr, and Qg so thatu € V(Qr), v € V(QRg), |FL| < 3,
|Fr| < 3 and there exists a fault-free vertex x in Qp such that xr ¢ Fr, (Fr,v,zR) is
free in Qr and at least one of the following conditions holds.

1. (Fp,u,x) is free in Qr, and d(u,x) or d(v,xg) is odd.

2. There exists a fault-free path Pp between w and x in Qr of length at least
23 — 2|Fy| — 1.

3. d(u,v) is even, |Fr| =3, and x = u.
Then there exists an (F,u,v)-path in Q4.

Proof. There exists an (Fg,zg,v)-path Pg in Qg by Lemma 7.6. In the first case,
there exists an (F,u,z)-path Py, by Lemma 7.6. In the third case, let P, be the
trivial path between u and x. We show that the path P = (Pp, Pr) has sufficient
length in all three cases.

1. Without lost of generality we assume that d(u, z) is odd. Then the length of P is
|E(P)| = |E(PL)|+1+|E(Pr)| > 2°—=2|F1|—1+1+42%—2|Fg|—2 = 2*—2|F|-2.

2. |E(P)| = |E(Pp)|+1+|E(Pg)| > 22 —2|FL|—1+1+23—2|Fp| -2 = 2*—2|F|-2.

3. Since d(zg,v) is odd we have |[E(P)| > 1+ 2% — 2|Fg| — 1 > 2* = 2|F| — 2.
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O

Note that if d(u,v) is even, then one of d(u, x) and d(v, xg) is odd for every vertex
z in Q. Let N(u), Np(u) and Ng(u) be the sets of neighbors of u in @,, @ and
Qr, respectively. We conclude this section with the following lemma that serves as
the basis for induction in the proof of Theorem 6.3 for n = 4.

Lemma 7.8. Let F be a set of at most 4 faulty vertices in Q4. For every two fault-free
vertices w and v, there is an (F,u,v)-path if and only if (F,u,v) is free and (6.2) does
not hold.

Proof. The necessity was discussed in Section 2.

Case 1: We can split Q4 so that |Fr| =4 or |Fg| = 4.

Assume that |Fp| = 4. Let v/ = u if u € V(QRg), otherwise v’ = ug. Similarly, let
v/ =wv if v € V(QR), otherwise v' = vg. Clearly, there is an (Fg,u/,v")-path in Qg
which is a long path in Q4. We prolong this path by the edge uug if u € V(Qp) and
vug if v € V(Qr) and we obtain an (F, u,v)-path in Q.

For the rest of the proof, we assume that |Fy| < 3 and |Fg| < 3 for every splitting
of Q4 into @ and g, which is one of the conditions of Lemma 7.7. Furthermore, we
assume that u € V(Qp) for every splitting of @4, otherwise we exchange the roles of
@ and Qr. We distinguish the following cases.

Case 2: We can split Q4 so that v € V(Qg), |FL| =3 or |Fg| = 3, and moreover,
if d(u,v) is odd, then u is not surrounded by Fy, in Qp and v is not surrounded by Fg
m QR-

Without lost of generality we assume that |Fy| = 3. Since |Fg| < 1, (Fg,z,v) is
free in Qg for every vertex z in Qg. If w is surrounded by Fj, in @, then d(u,v) is
even and ugr ¢ Fr. This configuration satisfies conditions of Lemma 7.7(c) for x = w.
So we assume that u is not surrounded by F7, in Q.

Observe on Figure 7.1 that there are at least 3 vertices different from w in the
component of @ \ F, containing u. Since |Fr U {v}| < 2, there is a vertex z € V(Qp)
satisfying the requirements of Lemma 7.7(b).

Case 3: We can split Q4 so that u,v € V(Qpr), |Fr| =0 and |Fgr| < 3.

Observe that for every edge ab in @ such that {a,b} # {u,v} there exists an
(FL,u,v)-path containing ab. Assume that |Fr| = 3. There exists fault-free edge ab in
Qr such that {a,b} # {ug,vr} because Q3 has 12 edges and one faulty vertex makes
only 3 edges faulty. Let P be an (F,u,v)-path in Q)1 containing the edge apb,. We
obtain an (F,u, v)-path from Py, by replacing the edge arb;, with the path (ar,a,b,byr).

Now assume that |Fg| < 2. There exist at least 5 fault-free edges in Qg different
from urvr because (Y3 has 12 edges and one faulty vertex makes only 3 edges faulty.
If (Fgr,x,y) is blocked in Qg for some fault-free edge xy in Qg, then there are 2 faulty
vertices in Qg in distance 2 and there is only another one fault-free edge 'y’ such that
(Fgr,2',y) is blocked in Qg. Hence, there exists a fault-free edge ab in Qg different from
urvg such that (Fr,a,b) is free in Qg. Let Pg be an (Fg, a, b)-path in Qg and Pp, be an
(Fp,u,v)-path in @, containing arby,. Let P be obtained from P, by replacing the edge
arby, with the path Pg. Since the length of Pis |E(Pp)|—1+2+|E(Pg)| > 2*—2|F|-1,
it follows that P is an (F,u,v)-path.

Case 4: d(u,v) is even.

We split Q4 so that uw € V(Qr) and v € V(QRg). If there exists splitting such that
moreover ug € I or v, € I, then we apply it. If |Fgr| = 3 or |Fi| = 3, then this
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configuration satisfies the requirements of Case 2. So, we assume that |Fr| < 2 and
|Fp| < 2.

By Proposition 7.2, there exists at most one vertex [ in @)y, such that (Fp,[,u) is
blocked in Q7 and at most one vertex r of Q)i such that (Fg,r,v) is blocked in Qg. If
there exists a vertex € V(@) such that x,xp ¢ F U {u,v,l,r}, then there exists an
(F,u,v)-path by Lemma 7.7(a). When there is no such vertex =7

Note that |F' U {u,v,r, [} <8 and @ has 8 vertices. There is no requested vertex
x if and only if

for every vertex y of @, exactly one of y and yg belongs to F'U {u,v,l,r}. (7.1)

Our aim is to show that we have the exceptional configuration (6.2) if (7.1) holds.
So we assume for the rest of this case that (7.1) holds. Hence |FL| = |Fg| = 2 and
vertices [ and r exist.

We know that u is surrounded by Fr, U{l} in @, or [ is surrounded by F U {u} in
Q1. Now, we show that u is not surrounded by F;pU{l} in Q1. Suppose on the contrary
that u is surrounded by Fp U {l} in Q. If d(u,v) = 2, then v, € Ny(u) = F, U{l}
which contradicts (7.1). Now, d(u,v) = 4. Let f be some faulty neighbor of u. It
follows from (7.1) that up ¢ F' and v, ¢ F which contradicts our requirements on
splitting because it is possible to split )4 by the dimension in which f and u differ.
Similarly, 7 is not surrounded by Fr U {v}.

Since [ is surrounded by Fr,U{u}, vertices of F, U{u} belong to the same bipartite
class A of Q4 and [ belongs to the other bipartite class B of ()4. Let a be the only
vertex of @)y, in A that does not belong to Fy, U {u}. Similarly, the three vertices of
Fr U {v} belong to the same bipartite class and let b be the fourth vertex of that
bipartite class in Q. Since u and v are in the same bipartite class A, the vertices of
FU{u,v,a,b} form the bipartite class A. It follows from (7.1) that ag = r and by, = .
See Figure 7.3 for an illustration.

Figure 7.3: Case 4 in Lemma 7.8: the exceptional configuration (6.2).

We have d(a,b) > 3 because a € V(Qr), b € V(Qr), agr = 1, Nr(r) = Fr U {v}
and b ¢ Fr U {v}. Since a and b belong to the same bipartite class, it follows that
d(a,b) = 4. Hence, we conclude that if (7.1) holds, then we have the exceptional
configuration (6.2).

Case 5: d(u,v) is odd.

First, we show that we can split Q4 so that u € V(Qr), v € V(Qr), u is not
surrounded by Fp in @, v is not surrounded by Fr in Qg and ug € Fr U {v}.
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If d(u,v) = 1 then we split @4 by the dimension in which v and v differs. Then,
ur = v and the vertex wu is not surrounded by F7, in (), and v is not surrounded by
Fr in Qg, otherwise (F,u,v) would be blocked.

Now, we assume that d(u,v) = 3. Let Q4 be the smallest subcube of )4 containing
w and v. Since d(u,v) = 3, the dimension of @4 is 3 and let @ be the complementary
subcube. If there is no faulty vertex in @) 4, then we have the configuration of Case 3.
If there exists a faulty vertex f in )4, then f is a neighbor of u or v, say u, so we
split @4 by the dimension in which f and w differs so v € V(Qr) and v € V(Qr).
Furthermore, u is not surrounded by F}, in @, because (F,u,v) is free and ug = f.
If v is surrounded by Fg in Qg, then ugp = f is in Ngr(v) = Fg as |Fr| < 3 which
contradicts the assumption that d(u,v) = 3.

Now, Q4 is split so that u € V(Qr), v € V(QRg), u is not surrounded by Fy, in Qp,
v is not surrounded by Fr in Qg and ug € FrU{v}. If |[Fr| = 3 or |FL| = 3, then we
have Case 2. So we assume that |Fg| < 2 and |FL| < 2.

First, we assume that u has only one fault-free neighbor ' in @;. The triple
(F,u/,v) is free and all neighbors of w are in F'U{u/,v}. Observe on Figure 6.2 that in
the exceptional configuration (6.2) there is no vertex surrounded by faulty vertices and
end-vertices. Hence, the triple (F,u’,v) does not form the exceptional configuration
(6.2). There exists an (F,u/,v)-path by Case 4 which we prolong by the edge uu' to
obtain an (F, u,v)-path.

Next, we assume that v has only one fault-free neighbor in Qz. Observe that
d(u,v) = 1, otherwise ug ¢ Fr U {v}. Thus, v, = u and by exchanging the roles of
@1, and Qg and the roles of v and v, we may proceed as in the previous paragraph.
Now, both u and v have at least two fault-free neighbors in their subcubes.

Note that there is at most one faulty vertex in Ny (u) and at most one faulty vertex
in Ng(ur) because ugr € F'U{v}. By Proposition 7.2, there exists at most one vertex
[ in Qp such that (Fp,u,l) is blocked in Q. If a vertex [ exists, then there is no
faulty vertex in Nz (u). Hence, there is at most one vertex « in Ny (u) such that x € F'
or (Fp,u,z) is blocked. Similarly, there is at most one vertex x in Np(u) such that
xp € F or (Fgr,v,zpR) is blocked. Therefore, there exists a vertex « in Ny (u) satisfying
the condition of Lemma 7.7(a). O

7.3 General dimension

In this section we present the proof of our main result on long fault-free paths: Let F
be a set of at most 2n — 4 faulty vertices of ),, where n > 2. For every two fault-free
vertices u and v, there exists an (F,u,v)-path in @, if and only if (F,u,v) is free and
we do not have the exceptional configuration (6.2).

Proof of Theorem 6.3. The necessity was discussed in Section 2. We proceed by in-
duction on n. The statement holds for n < 4 by the previous section. Now we assume
that n > 5 and we have two fault-free vertices u and v in @), such that (F, u,v) is free.

First, we consider the case when u or v has exactly one neighbor uncovered by
F U {u,v}. Assume that u has the only neighbor «' uncovered by F' U {v}. Clearly,
the vertex v is not surrounded by F'U{u'}. Let v' be the vertex v if v has at least two
neighbors uncovered by F'U{u'}, otherwise let v' be the only neighbor of v uncovered
by FU{u'}. Since |F| < 2n —4, the vertex u’ has at least two neighbors uncovered by
F U{v}. Moreover, if v’ has exactly two such neighbors, then all faulty vertices and
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the vertex v are neighbors of u or v/, so v has at most 3 vertices covered by F U {u'},
and thus v" = v. Hence, v’ and v’ have at least two neighbors uncovered by FU{w’,v'}.
Furthermore, every (F,u,v')-path avoids u (and v if v # v), so it can be prolonged
to an (F, u,v)-path. Therefore, in the following we assume that both v and v have at
least two neighbors uncovered by F'U {u,v}.

Our aim is to split @, into Q1 and Qg such that |Fy| < 2n—6 and |Fg| < 2n—6
where F, = FNV(Qr) and Fr = FNV(Qr). By Proposition 7.5, this can be done
with the only exception when n =5, |F'| = 6, and F consists of some vertex w and all
his neighbors. But when this exception happens, we may remove the vertex w from
F since it cannot be visited by any path that is fault-free with respect to F'\ {w}, so
we may assume that the requested split exists.

In what follows, note that whenever we apply induction for a free triple (F’, a,b) in
Q@ or in Qg, the configuration (6.2) cannot occur since d(a, b) is odd or |F'| < 2n — 6.
We assume that u € V(@) and we distinguish the following cases.

Case 1: v € V(QR).
We may assume that |Fp| > |Fgr|. Thus |Fr| < n — 2. See Figure 7.4 for an
illustration.

(1.1) (1.2)

Figure 7.4: The construction of an (F,u,v)-path in Case 1 of Theorem 6.3.

Subcase 1.1: Both vertices u and v have at least 2 fault-free neighbors in their
subcubes.

It follows for every w € V(Qp) that if (Fp,u,w) is blocked in @, then w is
surrounded by Fp, U {u} in Qp. Similarly for every wg € V(Qgr), if (Fgr,v,wg) is
blocked in Qg, then wg is surrounded by Fr U {v} in Qg.

We claim that there is a vertex w € V(Qp) such that d(u,w) is odd, wg # v,
both w and wg are fault-free, (Fp,u,w) is free in @, and (Fg,v,wg) is free in Qg.
Let A ={w € V(Qr) | d(u,w) is odd}. We say that a vertex z € V(Q,) eliminates
a vertex w € A if w = z, or wg = x, or w is surrounded by Fj U {u} and z is a
neighbor of w, or wg is surrounded by Fr U {v} and x is a neighbor of wg. Thus,
every vertex w € A that is not eliminated by any vertex from F' U {v} satisfies the
claim. By Proposition 7.1, at most one vertex in A is surrounded by F; U {u} in @y,
and at most one vertex w € A has the neighbor wg surrounded by Fg U {v} in Q.
Hence, every vertex from F'U {v} eliminates at most one vertex from A. Therefore
the claim holds as

A = |[F|-1>2"2—-2n+3>1forn>5.



7.3. GENERAL DIMENSION 73

Let w € V(Qr) be a vertex satisfying the claim above. By induction, there is an
(Fp,u,w)-path P in Qp of length at least 2"~* — 2|Fy| — 1, and an (Fg, wg, v)-path
R in Qg. Therefore, by adding the edge wwg we obtain an (F,u,v)-path (P, R) of
length at least 27! — 2|Fp| — 1+ 2" = 2|Fg| —2+1=2" - 2|F| — 2.

Subcase 1.2: Vertex w or v has only 1 fault-free neighbor in its subcube.

Assume that u has the only fault-free neighbor v’ in Q);. Let v’ be the vertex v
if v has at least two fault-free neighbors in QQr, otherwise let v' be the only fault-free
neighbor of v in Q. Clearly, both «' and v" have at least two fault-free neighbors in
their subcubes. By the previous case, there is an (F,u,v")-path P. Then, (u, P) if
v/ =w, or (u, P,v) if v # v, is an (F,u, v)-path.

Case 2: v e V(Qp).
Since both u and v have at least two neighbors uncovered by F' U {u,v}, it follows
that (Fp,u,v) is free in Q1. See Figure 7.5 for an illustration.

QL Qr QL Qr
(2.1) (2.2) (2.3)

Figure 7.5: The construction of an (F,u,v)-path in Case 2 of Theorem 6.3.

Subcase 2.1: We have the exceptional configuration (6.2) in Q.

Assume that a,b € V(@) are the vertices in the exceptional configuration (6.2).
Let w and w’ be some neighbors of @ and b, respectively, such that wg and w}, are
fault-free. Since |Fg| < 2, the triple (Fg, wg,w}) is free in Q. Thus, by induction,
there is (Fgr,wg,wk) path R in Qg. Furthermore, there are disjoint fault-free paths
P; between u and w, and P, between w’ and v, both of length 3. Therefore, by adding
the edges wwg and wihw' we obtain an (F,u,v)-path (P, R, P,) of length at least
2nt _2|FR| —2+2-3+2=2"-2|F| -2,

Subcase 2.2: We do not have the exceptional configuration (6.2) in Q. Moreover,
at least one of ug and vg is faulty, or |[Fr| <2n —17, or d(u,v) is odd.

Applying induction we obtain an (Fp,u,v)-path P in Q). We claim that there is
an edge ab on P so that the edge agbr € FE(Qg) is fault-free and also (Fg,ag,br)
is free. At most 2|Fg| edges arbr € F(Qgr) with ab on P are faulty. However, if
at least one of ug and vg is faulty, it is less than 2|Fg| edges. Furthermore, by
Proposition 7.4, we may assume that (Fg,ag,br) is blocked for at most 2 fault-free
edges agbr € E(Qg) with ab on P, otherwise we are done. However, if |Fg| < 2n —7,
then by Proposition 7.3, (Fg,ag,br) is blocked only for at most 1 fault-free edge
arbr € E(Qgr) with ab € E(P). Thus, some edge ab on P satisfying the claim exists
as

E(P) —2|Fg| — 1 for d(u,v) even

>onl _9|F|—3>2" 1 —4 5>1f > 5
E(P)—2|FR|—2ford(u,v)odd}— [F] =3 = n+5>1forn>
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Hence by induction, there is an (Fg,ag,br)-path R in Qr of length at least
271 — 2|Fp| — 1. Therefore, by removing the edge ab and adding the edges aar,
and brb we obtain an (F,u,v)-path (P;, R, P,) of length at least

2"l _2|F | — 242" —2|Fg| -1 —-1+2=2"—2|F| -2

where P, and P are the subpaths of P\ {ab}.

Subcase 2.3: Both ur and vg are fault-free, |Fr| = 2n — 6, and d(u,v) is even.

By Proposition 7.1, at most one of ur and vg is surrounded by Fg in (Qr. Assume
that ug is not surrounded by Fg in Qr. We put F] = FpU{u}, so |F}]| <3 < 2n—6.
Note that v has at least two neighbors in () that are not in F] since d(u,v) is even.
It follows for every w € V(Qy) that if (F},v,w) is blocked, then w is surrounded by
F u{v}.

We claim that there is a vertex w € V(Qp) such that d(v,w) is odd, both w
and wg are fault-free, (F},v,w) is free in Qp, and (Fg,ug,wg) is free in Qr. Let
A={weV(Qyr) | dlu,w) is odd}. By Proposition 7.2, (Fr,ur,w}) is blocked for at
most one vertex w’ € A. If that happens for some w’' € A, let A’ = A\ {w'}, otherwise
let A" = A.

We say that a vertex x € V(Q,,) eliminates a vertex w € A" if w = x, or wg = «x,
or w is surrounded by F; U{v} and x is a neighbor of w. Thus, every vertex w € A’
that is not eliminated by any vertex from F’ satisfies the claim. By Proposition 7.1, at
most one vertex in A is surrounded by F] U{v}. Hence every vertex from F' eliminates
at most one vertex from A. Therefore the claim holds as

|A'| —|F|>2"%~2n—3>1forn>5.

Hence by induction, there is an (Fg,ur,wr)-path P in Qg of length at least
2"t — 2|Fg| — 1. Furthermore, there is an (F},w,v)-path R in @ that avoids u
and has length at least 2"~' — 2(|Fy| + 1) — 1. Therefore, by adding the edges uug
and wrw, we obtain an (F,u,v)-path (u, P, R) of length at least

2" —2Fg| —14+2" ! —2|F | —1—-2+2=2"—2|F| —2.



Chapter 8

Long cycles in faulty hypercubes

Let D C [n] be a set of d = |D| coordinates of @),,. We can consider every vertex x of
Q. as a pair z = (u,v)p where u € {0,1}"¢ and v € {0, 1} are projections of z on
the coordinates of [n] \ D and D, respectively. For u € {0,1}""¢ we denote by Qp(u)
the d-dimensional subcube of Q,, induced by vertices Vp(u) = {(u,v)p | v € {0,1}7}.
In other words, Qp(u) is the subcube of @,, with coordinates [n] \ D fixed by u. The
index D in (u,v)p is omitted whenever clear from the context.

Let F be a set of faulty vertices of @,. Recall that a cycle in @, is long if
it has length at least 2" — 2|F|. For a set D C [n] and u € {0,1}"? we define
Fp(u) = F N Vp(u). Assume that we want to find a long fault-free cycle in @,,.

Our approach is based on subcube partitioning similar as in the work of Bruck et al.
[11] where the hypercube is partitioned into subcubes so that each subcube contains a
large fault-free component. However, instead of using the same partitioning as in [11],
we apply recent results by Wiener [87] on edge multiplicity of traces in set systems
which gives better bounds. We proceed as follows.

First, we find a set D C [n] such that |Fp(u)| < 2d — 4 for every u € {0,1}"¢
where d = |D|. Then, for some Hamiltonian cycle (u!, w2, ... u®" " u¥" 1 = ul) of
Q,—q we choose in each subcube Qp(u’) two appropriate vertices a’ and b such that
alb'™tt € B(Q,) for every i € [2"7¢]. Next, applying Theorem 6.3 we find long fault-free
paths between a’ and 0" in each subcube Qp(u’). Finally, we glue these paths together
and obtain a desired long fault-free cycle in @),,. See Figure 8.1 for an illustration.

The crucial step is the determination of the set D. Although the following theorem
by Wiener [87] was originally formulated for set systems, here we take the liberty to
formulate it for vertices of the hypercube.

Theorem 8.1 (Wiener [87]). Let F' be a set of at least 2n wvertices of Q,, and let

d= [WQTL_J Then, there exists a set D C [n], |D| = d such that |Fp(u)] < d+ 1

for every u € {0,1}" <.

For the choice of vertices a’ and b* we employ the following separate lemma. Recall
that a triple (F,u,v) is blocked for F' C V(Q,) and u,v € V(Q,) if u is surrounded
by F'U{v} or v is surrounded by F'U{u}, otherwise (F,u,v) is free.

Lemma 8.2. Let F be a set of faulty vertices of Q, where n > 5, and let D C [n] be
such that d = |D| =5 and |Fp(u)| < 6 for every u € {0,1Y"%. Let (u*, u2, ... u®" ",
w2 = 1) be a Hamiltonian cycle of Qn_q. Then, there are fault-free vertices a'

and b in each Qp(u®) such that
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Figure 8.1: The construction of a long fault-free cycle in Theorem 6.1.

o d(a',b) is odd,
o (Fp(u'),a’,b") is free in Qp(u'),
o a'bt € E(Q,) where b*' T = b,

for every i € [2779].

Proof. We determine vertices a’ and b° in this order: a', b2, a2,...,b2n_d, a2n_d,
b = . Since u' and w't! are neighbors in Q,_4, every vertex in Qp(uf) has
one neighbor in Qp(u™!). Let A and B be the bipartite classes of @,,. We will choose
a’ = (u',v") from AN Vp(u') and obtain b = (vt v%) from B N Vp(u*t). Thus
d(a’, b?) is odd and a'b'™ € E(Q,,).

There are 16 vertices in A; = A N Vp(u') since Qp(u’) is isomorphic to Q5. At
most 6 of them are faulty since |Fp(u®)] < 6. Furthermore, at most 6 of them have
faulty neighbor in Qp(u™*) since |Fp(u'™)| < 6.

In each of the cases i = 1, 1 < i < 2" and i = 2%, we show that amongst the
4 remaining vertices of A;, there are at most two vertices, denoted by % and 3, that
are not eligible for the choice of a'.

Case i = 1. By Proposition 7.1, at most one vertex z! € A; is surrounded by

Fp(u') in Qp(u'). Furthermore, at most one vertex y! € A; has the neighbor in
Qp(u?) surrounded by Fp(u?) in Qp(u?).

Case 1 < i < 2" ¢ By Proposition 7.2, (Fp(u®), 2% b%) is blocked in Qp(u') for
at most one vertex 2 € A;. By Proposition 7.1, at most one vertex y* € A; has the
neighbor in Qp(u'™) surrounded by Fp(u') in Qp(u*t).

Case i = 24, By Proposition 7.2, (Fp(u®), 2%, b") is blocked in Qp(u?) for at most
one vertex ' € A;. Furthermore, at most one vertex y* € A; has the neighbor 2 in
Qp(u') such that (Fp(u'),a', 2) is blocked in Qp(u').
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Hence, by choosing vertices a’ and b? for every i € [2"~9] such that

a' = (u',v') € A\ ({2, 9"} U Fp(u') U Fp(u'™)) for some v' € {0, 1}¢,

. . . n*d
b = (u ') and bt = b7 T

where F5(u"™) is the set of vertices of Qp(u') that have a faulty neighbor in Qp(u'),
we obtain that both @’ and b are fault-free, and (Fp(u'),a’, %) is free in Qp(u’) for
every i € [2"79]. O

Now we are ready to prove Theorem 6.1 which states that for every set F' of at
2 . . .
most 75 + § + 1 faulty vertices of Q,, where n > 15, there exists contains a long
fault-free cycle in @,

Proof of Theorem 6.1. Let F’ O F be some set of exactly H—; + 5+ lJ vertices of ),,.

Thus |F'| > 2n as n > 15 and by Theorem 8.1, there is a set D C [n] such that
d=|D| =5 and |Fp(u)| < |Fp(u)| <6 for every u € {0,119 Let (u!, u2,... u" ",
w2 = u1) be some Hamiltonian cycle of Q,_q.

By Lemma 8.2, there are fault-free vertices a' and b' in each Qp(u’) such that
d(a’,b%) is odd, (Fp(u'),a’,b') is free in Qp(u'), and a’b™! € E(Q,,) for every i € [2779]
where p2" +1 = pl.

Hence by Theorem 6.3, in each Qp(u’) there is a fault-free path P; between b*
and a’ of length at least 2¢ — 2|Fp(u’)| — 1. Concatenating these paths with edges
a'b'™ € E(Q,) we obtain a fault-free cycle (Py, Ps, ..., Pyn-a,b') of length at least

2n—d.2d_ Z 2|FD(uz)|_2n—d+2n—d:2n_2|F|

i€[2n—d]
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Chapter 9

Long routing in faulty hypercubes

In this chapter we prove Theorem 6.6 and its Corollary 6.7 about long F-free routings
and paths of length 2" — 2|F| — 1.

It is well known that (),, contains a Hamiltonian path between every two vertices
of the opposite parity. Lewinter and Widulski [62] studied the hypercube with one
faulty vertex.

Proposition 9.1 (Lewinter and Widulski [62]). Let n > 2 and u,v,w be distinct
vertices in @, such that u and v have the same parity opposite to the parity of w.
Then, Q,, — {w} has a Hamiltonian uv-path.

If F is not monopartite, then we obtain F-free path of lenght 2 more than required
for long paths.

Proposition 9.2 (Hung et al. [53]). Let n > 4, F C V(Q,,) such that |F| < n — 2
and F' is not monopartite, and let u,v € V(Q,)\ F be distinct vertices. Then, Q, — F
has an uv-path of length at least 2™ — 2|F|.

In order to apply induction, we need to split the hypercube @, into two
(n — 1)-dimensional subcubes @ and Qg. This is obtained by fixing some coordi-
nate i € [n]. Formally, we define the subcube @ as the subgraph of @, induced by
vertices that have 0 on the i-th coordinate. Similarly, the subcube Qg is the subgraph
of @, induced by vertices that have 1 on the i-th coordinate. For a vertex x of Qy,
let g be the (only) neighbor of  in Qg. Similarly for a vertex x of Qg, let z; be the
(only) neighbor of x in Q.

Assume that F' is a given set of faulty vertices of (),,. The vertices of @),, which
are not in F are called F'-free. For every i € [n] we define F;, and Fg to be the sets of
faulty vertices in )7, and Q)r, respectively.

In the following two lemmas we start with dimensions n = 3 and n = 4. Note
that Lemma 9.3 is needed for Lemma 9.4, whereas Lemma 9.4 serves us as a base of
induction for Theorem 6.6.

Lemma 9.3. For every set F' of at most 1 vertex of QQ3, there exists a long F-free
AB-routing in Q3 between every two disjoint sets A, B C V(Q3) \ F such that
|A| = |B| =2 and AU B is not monopartite.

Proof. Tt is trivial to verify the statement by inspection of all cases. First, consider
all possible sets A, B in case F' = () when we search for AB-routing P;, P, in ()3 such
that |Py|+|P| > 5. Then, consider the case |F'| = 1 when we need |P|+|P;| > 3. O
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Note that the disjointness of the sets A and B is necessary in Lemma 9.3. Indeed,
for A = {001,110}, B = {111,110}, and F' = {000}, observe that there is no path
between 001 and 111 in @3 — {000, 110} of length at least 3, and consequently, no long
F-free AB-routing in Q3.

Lemma 9.4. For every set F' of at most 1 verter of QQ4, there exists a long F'-free
AB-routing in Q4 between every two different sets A, B C V(Q4) \ F such that
|A| = |B| =2 and AU B is not monopartite.

Proof. Case 1: First, we consider the case when A = {u,v} and B = {x, v} intersect
at some vertex v. Then, we can treat v as a new faulty vertex in the set F' = FU{v},
so it suffices to find an uz-path in Q4 — F” of length at least 2* — 2|F'| — 1. If u, x are
of opposite parity, such path exists by Corollary 6.4. Now u and x are of the same
parity.

If F" = {v}, then the requested ux-path exists by Proposition 9.1 since AU B =
{u,z,v} is not monopartite. Now we have F' = {f,v}. If f and v have opposite
parity, then the requested path exists by Proposition 9.2.

Since AU B is not monopartite, it remains to consider the case when f and v have
the same parity opposite to the parity of u and . We split ()4 into @), and Q) so that
f and v are in separate subcubes, say F] = {f} and Fj, = {v}, and we distinguish
two subcases.

Subcase (1): If vertices u,x are in the same subcube, say u,z € V(Qp), then from
Proposition 9.1 we obtain ux-path Pp, in @ — F] of length 6. Let ab be an edge of
Py, such that ag,br # v. From Corollary 6.4 we obtain agbg-path Pgr in Qr — Fj of
length 5. After interconnecting Pr and P;, — ab by edges aag, bbr we get the desired
uz-path in Q4 — F’ of length 12 > 2 — 2|F’| — 1.

Subcase (i1): Now vertices u,z are in different subcubes, say = € V(Q) and
u € V(Qr). We choose a vertex a € V(Qp) with the opposite parity than u, a # f,
and ar # u. Note that a # x and ar # v. From Corollary 6.4 we obtain az-path Pp
in Qp — F] of length 5, and from Proposition 9.1 we obtain uag-path Pgr in Qr — Fj
of length 6. By interconnecting these paths with the edge aar we obtain the desired
uz-path in Q4 — F’ of length 12 > 2% — 2|F"| — 1.

Case 2: Second, we consider the case when A = {u,v} and B = {z,y} are disjoint.
Then, we split 4 into @1, and Qg so that x, y are in different subcubes, say z € V(Q)
and y € V(Qr), and we distinguish two subcases depending on the vertices of A.

Subcase (i): If vertices u, v are in the same subcube, say A C V(Q), we choose a
vertex a € V(Qp) \ Fr with the same parity as y, ag ¢ Fg, and a ¢ {u,v,z}. Note
that such vertex exists, since there are 4 candidate vertices in ), with the same parity
as vy, the set F' blocks at most one of them, and the set {u,v,z} blocks at most two
of them, otherwise A U B would be monopartite. For a set B’ = {x,a} it follows
that A, B’ are disjoint and A U B’ is not monopartite. Hence by Lemma 9.3, there
is an AB'-routing Pj, Py in Qr — Fy, such that |P{| + |Py| > 2% — 2|Fy| — 3. Assume
that a is the endvertex of the path P/. By Corollary 6.4, there is an ary-path in
Qr — Fg of length at least 23 — 2|Fg| — 1 since ag and y have opposite parity. By
interconnecting P| and Pr with the edge aar, we obtain AB-routing Py, Py in Q4 — F
such that |Py| + |Py| = |P{| + |Pr| + 1+ | Py| > 2* — 2|F| — 3.

Subcase (i1): Now vertices u,v are in different subcubes, say v € V(Q) and
v € V(QRr). If uw and z, or v and y are of opposite parity, then from Corollary 6.4 we
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obtain a long F-free uxz-path Pr in )y and a long Fgr-free vy-path Pr in Qg such
that |Pp| + |Pgr| > 2* — 2|F| — 3. Hence Py, Py is a long F-free AB-routing in Q.
Since A U B is not monopartite, it remains to consider the case when u and x
have the same parity opposite to the parity of v and y. We choose two vertices
a,b € V(Qpr) \ Fr with the same parity opposite to the parity of w, and ag,br ¢ Fg.
Note that such vertices exist since there are 4 candidate vertices in (), with the parity
opposite to u and the set F' blocks at most one of them. It follows that A, = {u,z},
Bp = {a,b} are disjoint and Aj, U By, is not monopartite. Hence, by Lemma 9.3 there
is a long Fp-free ApBp-routing P/, Py in Q1. Moreover, since both paths P], P; have
odd length, we have |P{| + |Py| > 23 — 2|F| — 2. Assume that the A; Br-routing joins
the vertex u with b, otherwise we switch the roles of a and b in what follows. By the
definition of a, b, the sets Ap = {bg,v}, Br = {agr,y} are disjoint and Agr U Bp is not
monopartite. Hence, by Lemma 9.3 there is a long Fp-free AgBpg-routing P;, P; in
(QQr. By interconnecting P/, P; and P;, P with edges aag, bbp we obtain AB-routing
Py, Py in Q4 — F such that |P |+ |Pe| = |P{|+ | Py + | P3| + | Py| +2 > 2* = 2|F|—2. O

Now we are ready to prove Theorem 6.6, which says that for every set F' of at most
n — 3 vertices in @),, and n > 4, there exists a long F-free AB-routing in (),, between
every two different sets A, B C V(Q,) \ F such that |A| = |B| =2 and AU B is not

monopartite.

Proof of Theorem 6.6. We proceed by induction on the dimension n. For n = 4 we
apply Lemma 9.4. Now assume n > 5.

First, we split ), into 1 and Q)r such that we separate two arbitrarily chosen
faulty vertices from F' if |F| > 2, otherwise we split @),, arbitrarily. It follows that
|FL|, |Fr| < n —4. Thus, we may apply induction both in Q7 and Qr. We consider
the following cases.

Case 1: If both A, B are in one subcube, say A, B C V(Qp), then by induction,
there is a long Fp-free AB-routing P{, Py in Q1. Let ab be an edge of P| or Pj, such that
ap,br & Fgr. Such edge exists, otherwise 2”1 — 2|Fp| — 3 < |P{| + | P3| < 2|Fg|, which
yields a contradiction 2771 -3 < 2|F| < 2n—6 for n > 5. From Corollary 6.4 we obtain
an apbr-path Pp in Qg — Fg of length 2"~! — 2| Fg| — 1 since ar and bg have different
parity. After interconnecting Pr and P or Pj with the edges aag, bbp we get the
AB-routing Py, P, in ), — F such that |Py|+|P| = |P/|+|Py|+|Pr|+1 > 2" —2|F|-3.

Case 2: If Ais in one subcube and B in the other subcube, say A = {u,v} C V(QyL)
and B = {z,y} C V(Qg), we distinguish two subcases.

Subcase (1): If u and v have different parity, then from Corollary 6.4 we obtain an
uv-path Pp in Qp — Fp, of length at least 27! — 2|Fy| — 1. Let ab be an edge of Py,
such that A" = {ag,br} is disjoint with Fp and A’ # B. Such edge exists, otherwise
|Pr| < 2|Fg| + 1, which yields a contradiction 2"~ — 2 < 2|F| < 2n — 6 for n > 5.
Since A’U B is not monopartite, there is a long Fg-free A’B-routing P;, Pj in Q. By
interconnecting P, —ab and P|, Py with the edges aag, bbr, we get an AB-routing P,
Py in @, — F such that |P| + |Ps| = |PL| + |Pj| + | Py + 1 > 2" — 2| F| — 3.

Subcase (i1): Now u and v are of the same parity. We choose vertices B’ = {a, b} C
V(Qpr) \ F, of the same parity opposite to the parity of u such that A’ = {ag,br} is
disjoint with Fz. Such vertices exists, since there are 2”2 candidates in Q, with parity
opposite to the parity of u, and at most n—3 of them are blocked by F'. Clearly, A # B’
and AU B’ is not monopartite. Thus, there is a long Fj-free AB’-routing P;, P; in Q.
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Moreover, since both P], Py have odd length, we have |P[| + |Py| > 2"~ — 2|Fy| — 2.
In the other subcube Qg, at least one vertex of B = {z,y} has the opposite parity to
the parity of ag, br, u, and v. It follows that A" # B and A’ U B is not monopartite,
and hence, there is a long Fir-free A'B-routing Pj, P; in QQr. By interconnecting P/,
P} and Py, P; with edges aag, bbgr we get an AB-routing P, P5 such that

|Py| + | P| = |Py| + | Py + | Py| + | Py + 2 > 2" — 2|F| — 3.

Case 3: If A is one subcube, and B in both subcubes, say A = {u,v} C V(Qp),
xr € V(Qr), y € V(Qg), then we proceed similarly as in Case 2, Subcase (i) of
Lemma 9.4. We choose a vertex a € V(Qp) \ Fr with the same parity as y, ar ¢ Fg,
and a ¢ {u,v,z}. Note that such vertex exists, since there are 2”2 candidate ver-
tices in ()7, with the same parity as y, the faulty vertices block at most n — 3 of
them, the set {u,v,z} blocks at most 3 of them, and 2"2 — (n — 3) —3 > 1 for
n > 5. For a set B" = {z,a} it follows that A, B’ are disjoint and A U B’ is not
monopartite. Hence by induction, there is an AB’-routing P{, P; in Q)1 — F}, such that
|Pj| + |Py| > 271 — 2|Fp| — 3. Assume that a is the endvertex of the path P/. By
Corollary 6.4, there is an apy-path in Qg — F of length at least 2"~ — 2| Fg| — 1 since
ar and y have opposite parity. By interconnecting P/ and Pp with the edge aar, we
obtain AB-routing Py, P in @),, — F such that

|P1| + | Py| = [Pl + [Pl + 1+ | P3| > 2" = 2|F| = 3.

Case J: If A, B are both subcubes, say u,z € V(Qr) and v,y € V(Qr), then we
proceed similarly as in Case 2, Subcase (i) of Lemma 9.4. If v and z, or v and y are
of opposite parity, then from Corollary 6.4 we obtain a long F-free ux-path Py in @,
and a long Fg-free vy-path Pg in Qg such that |P| + |Pgr| > 2™ — 2|F| — 3. Hence
Pp, Pg is a long F-free AB-routing in @,,.

Since A U B is not monopartite, it remains to consider the case when u and =
have the same parity opposite to the parity of v and y. We choose two vertices
a,b € V(Qp) \ Fp with the same parity opposite to the parity of u, and ag,br ¢ Fk.
Note that such vertices exist since there are 2"~2 candidate vertices in (Q;, with the
parity opposite to the parity of u, the faulty vertices block at most n — 3 of them,
and 2"7% — (n — 3) > 2 for n > 5. It follows that Ay = {u,x}, By = {a,b} are
disjoint and Ay U By is not monopartite. Hence, by induction there is a long F-free
ApBp-routing Pj, P; in ();. Moreover, since both paths P/, Pj have odd length,
we have |P|| + |Py| > 2" ' — 2|F| — 2. Assume that the Ay Br-routing joins the
vertex u with b, otherwise we switch the roles of a and b in what follows. By the
definition of a, b, the sets Ag = {bg,v}, Br = {ar,y} are disjoint and Agr U Bpg is not
monopartite. Hence, by induction there is a long Fg-free ApBg-routing P3, P; in Q.
By interconnecting P/, Pj and P, P; with edges aag, bbr we obtain AB-routing Py, P»
in Q, — F such that |P| + |Pe| = |P{| + |Py| + |P5| + |Py| +2 > 2™ — 2|F| — 2. O

Finally, we prove Corollary 6.7 that says for every set F' of at most n — 2 vertices
of @, and n > 4, the graph @Q),, — F has an uv-path of length at least 2" — 2| F| — 1 for
every two vertices u,v € V(Q,) \ F such that F'U {u, v} is not monopartite.

Proof of Corollary 6.7. If F = (), then u and v have opposite parity, and the statement
follows from a well-known fact that (),, contains a Hamiltonian path between every
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two vertices of opposite parity. Otherwise, there exists f € F such that {u,v, f} is
not monopartite. Applying Theorem 6.6 for A = {u, f}, B = {v, f}, ' = F\ {f} we
obtain vertex-disjoint paths P;, P, such that P; joins u and v, P, contains only f, and
|Pi|+ | Py| > 2" —2|F'| — 3. Hence |Py| > 2" —2|F|—1, and P is the desired path. [
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Chapter 10

Potential — overview

In this chapter we give an overview of proofs of Theorems 6.5 and Theorem 6.2 and
explain the general ideas.

10.1 Preliminaries

The n-dimensional hypercube @, is the (bipartite) graph with all binary vectors
of length n as vertices and edges joining every two vertices that differ in exactly
one coordinate. Let O denote the vertex of (), consisting of all 0’s. For every
i€[n]={1,2,...,n} let e; denote the vertex with 1 exactly in the i-th coordinate.
Furthermore, for every distinct 4,5 € [n] let e; ; denote the vertex with 1 exactly in
the i-th and j-th coordinate.

Let d(u,v) be the (Hamming) distance of vertices u and v in @, i.e. the number of
coordinates where u and v differ. Recall that the weight |u| of a vertex u is the number
of I’s in u, i.e. |u| = d(u,0). The vertices of even and odd weight, respectively, form
bipartite classes of ),,. The parity of a vertex w is the parity of its weight |u|. Hence,
two vertices have the same parity if and only if they are in the same bipartite class.
The k-th level of @, is the set of vertices of weight £ for 0 < k < n.

Clearly, @, has a regular degree n. Let N(u) be the set of neighbors of a vertex u
in Q,, and let N*(u) and N~ (u) be the sets neighbors of u with weight |u| + 1 and
|u| — 1, respectively. It is well-known that every two vertices of @),, have 0 or 2 common
neighbors.

In order to apply induction, we need to split the hypercube @, into two
(n — 1)-dimensional subcubes @;.;, and @Q;.g. This is obtained by fixing some coor-
dinate ¢ € [n|. Formally, we define the subcube Q;.;, as the subgraph of @,, induced by
vertices that have 0 on the i-th coordinate. Similarly, the subcube @);.r is the subgraph
of (), induced by vertices that have 1 on the i-th coordinate. For a vertex x of Q;.p,
let 2 be the (only) neighbor of x in Q.. Similarly for a vertex z of Q;.g, let x;, be
the (only) neighbor of z in Q;.p.

Assume that F is a given set of faulty vertices of @),,. The vertices of ),, which are
not in F are called F'-free. For every i € [n] we define Fj.; and Fj.g to be the sets of
faulty vertices in Q;.; and Q;.g, respectively. Let F* be the set of vertices of F from
level k (i.e. of weight k) for 0 < k < n. Similarly, let F=* be the set of vertices of F'
from level at least k. Furthermore, we define I, = F* N F,p and Ffy = F* N Fp.
For a vertex u of Q,, let F'(u) be the set of faulty neighbors of u, i.e. F(u) = FNN(u).

Let Ar be the |F| x n matrix whose rows are the binary vectors representing the
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vertices of F. Let |Ap| be the number of ones in Ap. Clearly, |Ap| is the sum of
|z| over all z € F. Note that |F;..| and |F;.gr| are the numbers of zeros and ones,
respectively, in the i-th column of Ar. By symmetry of (),,, we assume that

|F...| > | F.r| for every dimension i € [n]. (10.1)

Indeed, by exchanging zeros and ones in those columns ¢ € [n| where |F,..| < |F.g]
we obtain an automorphism of (), that maps the set F' to a new set satisfying the
condition (10.1).

To apply Theorem 6.3 we need to bound the number a(F) of vertices of @, that
have at least 4 neighbors in F'.

Proposition 10.1. For every set F' C V(Q,,) it holds that

a(F) < min {M, (“;') } :

4 3

Proof. Every vertex from F has n neighbors in @, but every vertex x with |F'(z)| > 4
has at least 4 neighbors in F. Hence, a(F) < n|F|/4.

In order to prove the second inequality of this proposition we compute the number
p of pairs of incident edges ux and vz of (),, where u, v € F' are distinct neighbors of x.
Since every two vertices u and v of ), have at most 2 neighbors in common, we have
p < 2('5'). On the other hand, every vertex x with |F(z)| > 4 has at least (g) =6

pairs of vertices from F' in its neighborhood, so 6a(F') < p. Hence, o(F') < ('g')/?). O
Proposition 10.2. For every set F C V(Q,,) with |F| <6 it holds that o(F) < 2.

Proof. Suppose for a contradiction that there exist three vertices a, b and ¢ in @,
such that |F'(a)l,|F(b)|, |F(c)| > 4. Without lost of generality we assume that a = 0.
Hence, there are at least 4 faulty vertices in the first level. Since there remain at most
two vertices in F'\ F'(a), the vertices b and ¢ both share exactly 2 faulty neighbors with
the vertex a, so they are in the second level. Furthermore, it follows that the vertices
b and ¢ share two neighbors z,y € F3, so (b,x,c,y) forms a cycle of length 4. But
this contradicts the structure of @), since every cycle of length 4 in @),, is contained in
exactly 3 consecutive levels. O]

10.2 Overview of the proofs

The proofs of Theorems 6.2 and 6.5 have very similar structure. In both theorems we
are given a set of faulty vertices F'in (),,, but the maximal cardinality of F' differs. For
general purposes, let us denote the maximal cardinality of F' by z(n). In Theorem 6.2

n
2

Both proofs proceed by induction on the dimension n. Fortunately, the base of
induction for n = 5 is already known in both cases. For Theorem 6.2 it directly
follows from the following result.

we have z(n) = ( ) — 2, and in Theorem 6.5 we have z(n) = L—”2+4"_4 )

Theorem 10.3 (Castaneda and Gotchev [12]). For every set F' of at most 3n — 7
vertices in Q,, andn > 5, the graph Q, — F' contains a cycle of length at least 2" — 2| F|.
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For Theorem 6.5, the base of induction for n = 5 follows from Theorem 6.3
since 2n — 4 = L%J, and the condition that |[F(u)|,|F(v)] < 3 implies that
N(u) € FU{v} and N(v) € F U {u} for n =5.

Hence, our task remains to prove the induction step for both Theorems 6.2 and
6.5. Although they are applied in the proofs of each other, note that it is done in a
correct way, since the induction steps proceed together. That is, the statements of
Theorem 6.2 and Theorem 6.5 for n requires only that

the statements of Theorem 6.2 and Theorem 6.5 hold for n — 1. (10.2)
In the first part of the induction steps we assume that
there exists a dimension i € [n] such that |F.z|, |Fi.r| < z(n —1). (10.3)

In this case in Theorem 6.5 we proceed directly by applying induction (10.2) on both
Qi.r and Q;.z. In Theorem 6.2 we obtain from (10.1) that!

|Fup| < {@J < {MJ _ {(n—1)2—|—4(n—1)—4J.

2 2

Therefore, we may directly apply induction (10.2): Theorem 6.2 in @;.;, and Theorem
6.5 in Qz R-

10.3 Potentials

In the second part of both proofs we assume that (10.3) does not hold. The assumption
(10.1) implies that

|Fi..| > z(n — 1) for every dimension i € [n]. (10.4)

Now we introduce up to our knowledge a new method of so called potentials which
is used in the both proofs of Theorems 6.2 and 6.5.

Let k(n) = z(n)—z(n—1) —1. Note that if (10.4) holds, then |F,.g| = |F|—|F;.L| <
k(n) for every dimension ¢ € [n]. We define the potentials of the set F' as follows:

0 if0eF
2 if0¢F,

o do(F) =2(1—[F°[) = {
e ¢;(F) is the number of F-free vertices in the first level, i.e. ¢;(F)=mn — |F|,
e ¢>3(F) is the sum of x| — 2 over all faulty vertices x in level at least 3,

® Ogim(F') is the sum of |Fj.z| — z(n — 1) — 1 over all dimensions ¢ € [n],

o O(F) = ¢o(F) + ¢1(F) + ¢>3(F) + Paim(F).

n2+n74
4

!This explains why we consider at most { J faulty vertices in Theorem 6.5.
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Clearly, ¢o(F'), ¢1(F'), ¢>3(F) are non-negative. Furthermore, it follows from (10.4)
that ¢gim (F') is non-negative. Consequently, ¢(F') is non-negative.

Intuitively, the potential ¢o(F') + ¢1(F') + ¢>3(F) determines how much the set F'
differs from a set F’ with a minimal number of ones in the matrix Ap. If 0 ¢ F, we
pay by ¢o(F) = 2; otherwise, ¢o(F) = 0. For every vertex of weight 1 which is not in
F, we pay by 1 in ¢1(F). For every vertex of F' which has weight at least 3, we pay its
distance to the second level in ¢>5(F"). Finally, for every dimension i € [n| we know
that |Fi.z| > z(n — 1) since we assume (10.4), therefore we pay in ¢4, (F') the number
of vertices which could be moved from Fj. to F;.g so that (10.4) remains satisfied.

Observe that the definition of ¢g;,,,(F') and (10.4) implies that if ¢g;,, (F) < n, then
there exists a dimension i € [n] such that |Fj..| = z(n — 1) + 1. Now, we compute the
potential ¢(F) of the set F. Note that the potential ¢(F') depends only on |F|, z(n)
and z(n —1).

Proposition 10.4. If |F| < z(n) and |F.L| > z(n — 1) for every dimension i € [n],
then
¢(F) = nk(n) = 2z(n) +n+2 = (n = 2)(2(n) = [F).

Proof. We prove the requested equality by double-counting the number of 1’s in the
matrix Ap. First, we sum up 1’s by columns. Since

|Ficr| = |F| = [Fir| = k(n) = (2(n) = [F]) = (|Fir| = 2(n = 1) = 1),

we have
[Ap| = |Firl = nk(n) — n(z(n) = |F|) = dam(F).

i€[n]

Now, we sum up 1’s by rows.

[Apl = D |x| = 0|F°| + 1|F'| + 2|F?| + 2| F=*| + ¢53(F)
zeF
= ¢o(F) + ¢1(F) + ¢>3(F) + 2|F| —n - 2.
The requested equality follows. O]

Let us explain informally how potentials are useful for us. Below in Proposition 11.2
we compute the particular value of ¢(F) for paths when z(n) = {%J; and in
Proposition 12.2 we compute it for cycles when z(n) = (g) — 2. We will see that
¢(F) is small in both cases. This allows us to split @, into Q;.; and Q;.z so that
|Fi.| = z2(n — 1) + 1, i.e. there is one faulty vertex more in Fj than is allowed for
applying induction. In such situations we ignore one properly chosen vertex x € Fj.p,
and try to proceed directly. If the vertex x belongs to the obtained path (or cycle),
we attempt to detour it.

However, those detours may also fail because of another vertex y € Fj.g. Never-
theless, if this happens, the vertex y must contribute into ¢>3(F). By combination of
those methods we either find a long F-free path in @), or obtain a contradiction with

a small potential ¢(F).



Chapter 11

Long paths in hypercubes with
quadratic number of faults

In this chapter we prove Theorem 6.5. In what follows assume that F'is a set of at

most z(n) = L%J vertices of (), n > 5, and u, v are distinct vertices of ), — F

with |F(u)|, |F(v)] < 3. Recall that Theorem 6.5 says that @, — F' contains a path
between u and v of length at least 2" — 2|F| — 2. Such path is called a long F-free
uv-path.

The proof proceeds by induction on the dimension n. For n = 5 the statement
follows from Theorem 6.3 since |F| < z(5) = 6. Now, we prove the induction step for
n > 6. We divide the proof into two main parts.

11.1 Induction-friendly split

In the first part, we consider the case when (), can be split into ;. and Q;.zr by a
dimension i € [n] such that |F..|, |Fi.r| < z(n —1); see (10.3). In this case, we apply
induction directly.

Lemma 11.1. Let @, be split into subcubes Q. and Q;.r so that |Fi.pl|,|Fi.r| <
z(n—1). Then there exists a long F-free uv-path P in Q,,. Moreover, if |Fl, | > n—2,
then 0 ¢ P.

Proof. Since the dimension 7 is fixed, in this proof we omit the index 7 to simplify the
notation. We distinguish two cases regarding the position of vertices v and v in QQp
and Qg.

Case 1: If u, v are in different subcubes, say v € V(Qr) and v € V(Qg), then
our aim is to find a vertex x in () of opposite parity to the parity of u such that
v ¢ Fp,xrp ¢ FRU{v} and |Fr(z)|,|Fr(zg)| < 3. If there is a such vertex z, then by
induction (10.2), Q, has a long Fy-free uz-path Pp, of length at least 2"~! — 2| Fy| — 1,
Qr has a long Fr-free xpv-path Pg of length at least 2"~! — 2| Fg| — 2. Hence, their
concatenation by the edge xxg is the requested long F-free uv-path P in @), since

|P| = |P| +|Pg|+1>2""1 —2|F | — 142" —2|Fg| —2+1=2"—2|F| — 2.

Let A be the set of 2"~2 vertices x in @}, with the opposite parity to the parity of
u. We count for how many vertices = from A at least one of the following conditions

89
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fails: x ¢ Fp, xr ¢ FrU{v}, and |FL(2)|,|Fr(zg)| < 3. First, we find an upper bound
on the number of vertices from A such that x € Fj, or |Fp(x)| > 4.

Every vertex of F, \ A has n — 1 neighbors in A, so there are at most “*|Fy, \ A
vertices x of A such that |Fp(z)| > 4. Furthermore, we have |F; N A vertices in A
such that € Fy. Thus, the number of vertices = of A such that z € F or |Fp(x)| > 4
is at most

n—1 n—1
1 [FL\ Al +[FL N Al < 1 | Fr

since n > 6.

Similarly, the number of vertices = of A such that xp € Fr or |Fr(zg)| > 4 is at
most "T_llF r|. Finally, at most one vertex x of A has xxr = v. Altogether, we have at
most 74 F| 41 < "=z(n) + 1 vertices x in A such that « ¢ Fy, 2 ¢ FrU {v}, and
|Fr(z)], |Fr(zgr)| < 3, which is less than |A| = 2”72 for n > 6. Therefore, the desired
vertex x exists.

Case 2: If u, v are in the same subcube, say u,v € V(Qp), then by induction (10.2),
there exists a long Fp-free uv-path Pr in ). Our aim is to find an edge xy of Py,
such that zg,yr ¢ Fr and |Fr(xg)|, |Fr(yr)| < 3. If there is such edge zy, then by
induction, Qg contains a long Fr-free xgyg-path Pg. By replacing the edge zy in P,
with the path (z, Pgr,y), we obtain the requested long F-free uv-path P in @, since

|P| = |Pp| + |Pr| +1>2"1 —2|F | — 242" = 2|Fg| -1+ 1=2"—2|F| — 2.

The path P, has at least 2"~ — 2|Fy| — 2 edges. Every vertex z in Qg such that
z € Fror |Fr(z)| > 4 can block at most two edges zy of P,. We find an upper bound
on the number of such vertices z.

By Proposition 10.1, there are o(Fg) < min {"T_l|FR|, (”;R‘)/S} vertices z in Qg
such that |Fg(z)| > 4. Hence, the number of edges xy of P, such that zr,yr ¢ Fr
and |Fr(xzg)|, |[Fr(yr)| < 3 is at least

|Pp| — 2(|Fg| + a(Fg)) > 2" — 2|F| — 2a(Fg) — 2 >
{2"—1 —22(n) — 2(*"7V) /3 — 2

2"t —2z(n) — 2z(n—1) — 2,

which is positive for n = 6 in the first case, and for n > 7 in the latter one. Therefore,
the desired edge xy exists.

It remains to prove the second part of the statement. Assume that |F}| > n — 2.
Since the vertex 0 has n — 1 neighbors in ), at most one of them is F-free. Recall
that each endvertex of the path P has at most 3 neighbors in F7, and n > 6. Hence,
the path P, does not contain the vertex 0, and therefore also 0 ¢ P. ]

11.2 Potentials

In the second part of the proof of Theorem 6.5 we assume that (10.3) fails, i.e. (10.4)
holds.

By substituting z(n) = L

n24+n—4
4

J and k(n) = z(n) — z(n — 1) — 1 into Proposi-
tion 10.4 we immediatelly obtain the following table of values of the potential ¢(F')

for n = 4m + (n mod 4) where m = [m/4]. Note that k(n) < |25*| in the all four
cases.
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o [ =) | K(n) | ¢(F) |
Am | 4mZ+m—1 | 2m—14—2m— (n—2)(z(n) — |F|)
dm+11{ 4m*+3m—1|2m—1 |4 —4m — (n—2)(z(n) — |F|)
Am + 2 4m? + 5m 2m | 4—2m — (n —2)(z(n) — |F|)
Am+3 | 4m* +Tm+2 | 2m + 1 4—(n—2)(z(n)—|F|)

Lemma 11.2. If |F,.;| > z(n — 1) for every dimension i € [n], then |F| = z(n).
Moreover, ¢(F) =2 forn =06 and ¢(F) <4 forn >T.

Proof. Since ¢(F) > 0 and n > 6, we have (n —2)(z(n) — |F|) = 0 in the above table,
so |F| = z(n). The above table also implies the second part of this statement. O

In the rest of the proof we proceed by contradiction, so let us suppose that F'is a
set of at most z(n) vertices of @, and u, v are distinct vertices with |F'(u)l, |F(v)| < 3
such that

@, does not contain a long F-free uv-path. (11.1)

Recall that Lemma 11.1 implies that the assumption (10.3) fails. In the next lemma
we consider the configurations when faulty vertex 0 has at most two F-free neighbors

in Q,.
Lemma 11.3. 0 ¢ F or |F'| <n — 2.

Proof. For a contradiction, suppose 0 € F and |F'| > n — 1. Since n > 6 and
Gaim(F) < 4 by Lemma 11.2, there exists i € [n| such that |F.p | = z(n — 1) + 1. It
follows that (10.3) holds for the set I = F'\ {0} as 0 € Fj.;,. Thus, there exists a long
F'-free uv-path P in @, by Lemma 11.1. Since |F}!;| > n — 2, Lemma 11.1 implies
that the path P does not contain the vertex 0. Therefore, P is also a long F-free
uv-path contrary to (11.1). O

Corollary 11.4. ¢>3(F) <2 forn > 7, and ¢>3(F) =0 for n = 6.

Proof. Lemma 11.3 implies that ¢o(F)+¢(F) > 2. The rest follows from Lemma 11.2.
]

The following corollary shows that we can use Theorem 6.2 to find a long F;.;-free
cycle in Q. for every dimension ¢ € [n].

Corollary 11.5. |F}.z| < (”;1) — 2 for every i € [n].

Proof. For a contradiction, suppose |Fj.| > (";1) — 2 for some i € [n]. Since |Fj.p| <
|F| = z(n) = L%J and n > 6, the only possible values are n = 6 and |F.;| =

2(6) = 9. Thus |F.gr| = 0, and consequently, ¢gim(F) > 2. But this contradicts
¢(F) =2 from Lemma 11.2 and ¢o(F) + ¢1(F) > 2 from Lemma 11.3. O

Lemma 11.6. If ¢>3(F) > 2 or n =6, then |F'| =n.
Proof. If ¢=3(F) > 2 or n = 6, then by Lemma 11.2,
¢o(F) + ¢1(F) + daim(F) < 2. (11.2)

Thus, if 0 ¢ F, then |F'| = n by the definition of potentials ¢o(F) and ¢;(F).
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Now suppose that 0 € F. Consequently, |F'| =n — 2 by Lemma 11.3 and (11.2).
Let @ € [n] be such that e; ¢ F'. Since ¢gm(F) = 0 by (11.2), we have |F,.z| =
z(n—1)+ 1. It follows that (10.3) holds for the set I’ = F'\ {0}. Hence, there exists
a long F'-free uv-path P in @, by Lemma 11.1. Moreover, since |F};| = n — 2, the
path P does not contain the vertex 0 by the second part of Lemma 11.1. Therefore,
P is also a long F-free uv-path, which is contrary to (11.1). ]

In the next lemma we consider the configurations when u or v is 0 or there exists
a dimension i € [n]| such that u,v € V(Qi.g).

Lemma 11.7. u,v # 0 and for every i € [n] it holds that u; =0 or v; = 0.

Proof. Without lost of generality, suppose for a contradiction that w = 0. Then
¢o(F) + ¢1(F) > n — 1 by the definition of potentials ¢o(F) and ¢, (F) since |F'| =
|F'(u)| < 3, which contradicts Lemma 11.2. Thus, the first part holds.

For the second part, suppose that u; = v; = 1 for some i € [n], so u,v € V(Qi.r).
Since |F.p| < (”;1) — 2 by Corollary 11.5, there is a long Fj.;-free cycle Cp in Q.1
by induction (10.2). Let ab be an edge of Cp, such that ag,br ¢ Fi.r and {ag,br} #
{u,v}, and put A = {agr,br}, B = {u,v}. Note that such edge ab exists since
|Cr| > 271 — 2|F,.1|, every vertex of Fj.z U {u,v} blocks at most 2 edges of Cr, and
271 —2|F| —4 > 1 for n > 6. Since |F;.p| < k(n) < |%5*| < n — 3, by Theorem 6.6
there is a long Fj.g-free AB-routing Py, P, in ();.g. After interconnecting the path
Cp — {ab} and P;, P, with the edges aag, bbr we obtain an wv-path in @, — F of

length
CLl + | P+ |Po| +1 > 2" = 2|Fyp |+ 2" = 2|Fyp| =34+ 1 =2"—2|F| -2,
which contradicts with (11.1). O

Next, we describe a construction based on long Fj.;-free cycles in ;.. Without
loss of generality, we assume that

if |u] =1 or |v| =1, then |u| = 1; (11.3.1)
if |ul,|v] > 2 and, |u| > 3 or |v| > 3, then |u| > 3; (11.3.2)
if |u| = |v| = 2, then |F' N N(u)| > |F' N N(v)|; (11.3.3)

otherwise, we switch the roles of © and v. The last condition says that the vertex u
has at least the same number of faulty neighbors in the first level as the vertex v.

By Lemma 11.7, there exists a dimension i € [n] such that u; = 0 and v; = 1, so
u € V(Qur) and v € V(Q;.g). Since |Fi.p| < (";1) — 2 by Corollary 11.5, there is an
F;.p-free cycle O, in Q. by induction (10.2). For the rest of this section, this splitting
of @, into Q;.;, and Q;.r, and the cycle C}, are fixed. For ease of notation, we omit
the index ¢ in the rest of this section.

For a vertex z € O, let ¢(2),a(z), z,b(z),d(z) be a subpath of C, and let M(z) =
{a(2),b(2),c(z),d(z)}. For example, see the set M (u) on Figure 11.1(a). We say that
a vertex x of @ is blocked if xp € Fr U {v}. Furthermore, we say that M(z) is
blocked if every vertex of M (z) is blocked. The following proposition gives a sufficient
condition which guarantees that the vertex x cannot be blocked by the vertex v.

Proposition 11.8. For every vertex x of Qr, if || > d(z,u), then xr # v.
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Figure 11.1: The construction in Lemma 11.9.

Proof. Recall that ¢ € [n] is the fixed splitting dimension of @, into @ and Qg, so
w; = x; = 0 and v; = 1. If || > d(x,u), then there exists j € [n]\ {i} such that
uj = xj = 1 since u # 0 by Lemma 11.7. Furthermore, v; = 0 by Lemma 11.7. Hence
d(x,v) > 2. O

The next construction gives us many blocked vertices. For a vertex x € V(Qp)\ FL
and the cycle Cf, let S(z) denote the following statement:

S(a) M (z) is blocked  if x € C7,
T) =
x is blocked if v ¢ Cp.

Lemma 11.9. Let Cp be a long Fr-free cycle in Qp, u € V(QL), and v € V(QRr).
Then S(u) holds. Moreover, if u ¢ Cp,, then S(2) holds also for every neighbor z of u

m QL_FL-

Proof. Case 1: v e Cf.

First, suppose that a(u) or b(u) is not blocked, say a(u)gp ¢ FrU{v}. See Fig-
ure 11.1(a) for an illustration. Then ()i contains a long Fr-free a(u)gv-path Pg by
Corollary 6.4 since |Fg| < k(n) < |25%]. By connecting Pg and the path Cf, —{ua(u)}
with the edge a(u)a(u)r we obtain an wv-path in @, — F' of length

|CL| + |Pg| > 2" = 2|Fp| + 2771 — 2|Fg| —2=2" —2|F| — 2,

which is a contradiction with (11.1).

Second, suppose that c(u) or d(u) is not blocked, say c(u)r ¢ Fr U {v}; see
Figure 11.1(b). Since a(u),b(u) are blocked, it follows that Fr U {c(u)g,v} is not
monopartite. Thus, by Corollary 6.7 there is an ¢(u)gv-path Pr in Qg — Fr of length
at least 2"~! — 2| Fg| — 1. By connecting Pr and the path Cr, \ {ua(u), a(u)c(u)} with
the edge c¢(u)c(u)r we obtain an wv-path in @, — F' of length

|CL| + |Pg| —1>2""1 —2|Fp| + 2" —2|Fg| —2 = 2" — 2|F| — 2,

which is a contradiction with (11.1).

Case 2: u ¢ Cp. Next, suppose that the vertex u is not blocked. Then, we
choose an edge zy on Cp, such that xg,yr ¢ Fr. Note that such edge xy exists since
|Cp| > 21 —2|Fy|, every vertex of F blocks at most 2 edges of C, and 2" 12| F| > 1
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for n > 6. See Figure 11.1(c) for an illustration. For sets A = {zg,yr}, B = {ur,v}
we have that A # B and A U B is not monopartite. Hence, by Theorem 6.6 there is
a long Fr-free AB-routing P;, P, in Qg. By connecting u, the path C, — {zy}, and
Py, P, with the edges xxg, yyr, uug, we obtain an uv-path in @), — F' of length

ICL| + | P+ |Po| +2 > 2" = 2|Fp| + 2" — 2|Fg| —1=2" - 2|F| — 1,

which is contradiction with (11.1). Therefore, the statement S(u) is established.
Finally, suppose that S(z) does not hold for some neighbor z € V(Qr) \ Fp, of .
Then, by the same constructions as above, there is a long F-free zv-path P in @Q),.
Note that u ¢ P. By prolonging P with the edge uz we obtain a long F-free uv-path
in @,, contrary to (11.1). O

In the next two lemmas we consider the configurations when the weight of the
vertex u or v is not 2.

Lemma 11.10. |u|, |v| > 2.

Proof. Recall that |u|,|v] > 1 by Lemma 11.7. Suppose that |u| = 1 or |v| = 1,
so |u| =1 by the assumption (11.3.1). It follows that |F'| < n —1, son > 7 by
Lemma 11.6. First, we assume that u € C,. Then M (u) is blocked by Lemma 11.9.
Clearly, at least one of a(u) and b(u) has weight 2, say a(u), and b(u) has weight 0
or 2. If |b(u)| = 2, then a(u)gr,b(u)r € Fr by Proposition 11.8 and consequently,
¢>3(F) > 2 contrary to Lemma 11.6. Otherwise |b(u)| = 0 and consequently, 0 ¢ F
|[F'| < n —2, and ¢>3(F) > 1 since a(u)gp € Fr by Proposition 11.8. Hence
6o(F) + ¢1(F) + ¢>3(F) > 5, which contradicts Lemma 11.2.

Now, we have u ¢ Cp. If u has a neighbor z on Cp with |z| = 2, then M(z) is
blocked by Lemma 11.9. Note that a(z) or b(z) belong to the third level, say |a(z)| = 3,
since z has exactly two neighbors in the first level and one of them is u ¢ C}. Hence, we
have a(z)r € Fg by Proposition 11.8 and consequently, ¢>3(F') > 2, which contradicts
Lemma 11.6.

Otherwise, no neighbor z of w in Q; — Fp, with |z| = 2 belongs to (. Since
|F'(u)| < 3, the vertex u has at least n — 5 neighbors z in @ — Fy, with |z|] = 2. By
Lemma 11.9, they are all blocked, but by Proposition 11.8, they are not blocked by
the vertex v. Hence, ¢>3(F') > n —5 > 2 which contradicts Lemma 11.6. O

Lemma 11.11. |u|, |v| < 2.

Proof. Suppose that |u| > 3 or |v| > 3, so |u| > 3 by the assumption (11.3.2). First,
we consider the case when u € C',. Then M (u) is blocked by Lemma 11.9. Since a(u)
and b(u) belong to level at least 2, we have a(u)g,b(u)gr € Fr by Proposition 11.8,
so we obtain that ¢>3(F) > 2. Thus, |F'| = n by Lemma 11.6. Hence, the vertices
c(u) and d(u) have weight at least 2, and they are not blocked by the vertex v by
Proposition 11.8. Consequently ¢>3(F') > 4, which contradicts Corollary 11.4.

Now, we have u ¢ Cp, so the vertex u is blocked by Lemma 11.9. Since ur € Fg
by Proposition 11.8, we have ¢>3(F) > 2 and consequently, |F''| = n by Lemma 11.6.
Furthermore, for an arbitrary neighbor z € V(Q)\ Fy, of u we obtain from Lemma 11.9
that z is blocked if z ¢ Cp, or a(z) is blocked if z € C. In both cases have another
blocked vertex at distance at most 2 from u and in level at least 2, so ¢>3(F') > 3 by
Proposition 11.8, which contradicts Corollary 11.4. O
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By the previous two lemmas we have |u| = |v| = 2. Let uy, uy and vy, vy be the
neighbors of u and v of weight 1, respectively. Note that from Lemma 11.7 it follows
that these four vertices are distinct.

Lemma 11.12. u; € F oruy € F.

Proof. Suppose that uj,us ¢ F. From the assumption (11.3.3) it follows that also
v1,v9 & F. Thus, ¢1(F) > 4. If u € Cp, then M(u) is blocked by Lemma 11.9, and
c(u) or d(u) is in level at least 2, say |c(u)| > 2, since they have the same parity as
u. By Proposition 11.8 we have c¢(u)r € Fr and consequently, ¢>3(F) > 1. Hence, we
obtain that ¢,(F') + ¢>3(F) > 5, a contradiction with Lemma 11.2.

If w ¢ Cp, the vertex u is blocked by Lemma 11.9. By Proposition 11.8 we
have urp € Fr and consequently, ¢>3(F) > 1. Similarly as above, we obtain that
O1(F) + ¢>3(F) > 5, a contradiction with Lemma 11.2. O

The end of the proof of Theorem 6.5. 1f u € Cp, then M (u) is blocked by Lemma 11.9.
From Lemma 11.12 it follows that a(u) or b(u) is in the third level, say |a(u)| = 3.
Furthermore, |c(u)| > 2. Since a(u)g,c(u)gr € Fgr by Proposition 11.8, we have
¢>3(F) > 3, which contradicts Corollary 11.4.

Finally, if u ¢ Cp, then w is blocked by Lemma 11.9. Let z € V(Q) \ Fy be an
arbitrary neighbor of  with |z| = 3. Then by Lemma 11.9, z is blocked, or the vertices
a(z) and b(z) of weight at least 2 are blocked. By Proposition 11.8, ug,zp € Fg in
the first case, and ug, a(2)g,b(2)r € Fg in the latter case. Altogether, we obtain that
¢>3(F) > 3, which is a final contradiction with Corollary 11.4.

Therefore, we conclude that the contradicted assumption (11.1) is false, i.e. the
statement of Theorem 6.5 holds. O
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Chapter 12

Long cycles in hypercubes with
optimal number of faults

In this chapter we prove the main Theorem 6.2 which says that for every set of faulty
vertices F' of @), of size at most (72‘) — 2 there exists a cycle in @), — F' of length at
least 2" — 2|F'|, where n > 4. Such cycle is called a long F-free cycle.

Fu [45] proved that there exists a long F-free cycle if |F| < 2n — 4, where n > 3,
which implies that Theorem 6.2 holds for n = 4. Theorem 10.3 implies the base of
induction of Theorem 6.2 for n = 5.

In the induction step of the proof of Theorem 6.2 for n, we assume that both
Theorems 6.2 and 6.5 hold for n — 1; see (10.2). Let us consider a fixed set F' of
at most (g) — 2 faulty vertices in (), where n > 6. Furthermore, we assume that
|Fi...| > |Fi.g| for every dimension i € [n]; see (10.1).

12.1 Induction-friendly split

In the first part of the proof of Theorem 6.2 we assume that there exists a dimension ¢ €
[n] such that |Fi.|,|Fir| < (") —2; see (10.3). In this case we apply induction (10.2)
in both Q;.;, and @Q;.g to construct a long F-free cycle ),,. Moreover, the following
lemma also considers other conditions in which we can simply find a long F'-free cycle
in the same way. Those conditions are useful later.

Lemma 12.1. [f there exists a dimension i € [n] such that at least one of the following
conditions holds, then there exists a long F'-free cycle in Q.

1. There exists a long F;.p-free cycle Cr, in Q;.1;
2. |EL| S (n;l) - 27'

3. |F.r| = (”gl) — 1 and there exists x € Fy.;, having at most one F;.p-free neighbor
in Qi:L-

Proof. Our first aim is to find a long Fj.;-free cycle Cp, in Q;.r. If the condition (1) is
satisfied, then the cycle is given. If the condition (2) is satisfied, then the cycle exists
by induction (10.2).

Let us assume that the condition (3) is satisfied. Let I’ = F;.; \ {«}. By induc-
tion (10.2), there exists a long F'-free cycle Cp, in @Q;.r. Since no cycle of Q;.p, — F’
contains z, the cycle C7p, is also Fj.p-free.

97
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Our next aim is to find an edge xy of C such that

Tr,Yr € Fi.p and |Fi.g(zr)|, |Fir(yr)| < 3. (12.1)

If there exists an edge xy satisfying (12.1), then by induction (10.2), there is a long
(n—1)24(n—1)—4
1

the edge zy in Cf, by a path (z, xR, Pg,yr,y) and we obtain an F-free cycle in @,, of
length at least

F,.g-free xryg-path Pr in Qg since |Fj.g| < {@J < { J We replace

(2" = 2|Fig| = 1) + 2+ (2"} — 2| Fop| — 1) = 2" — 2|F].

[t remains to show that there exists an edge zy satisfying (12.1). Recall that
a(F;.r) is the number of vertices z in @z with |Fi.g(2)] > 4. There are at most
|F.r| + a(F;.g) vertices that cannot be used as end-vertices of a long F}.g-free path in
Qi.r- Since the length of C7, is at least 27! — 2| F}. |, the number of edges xy satisfying
(12.1) is at least

2"t —2|Fyp| — 2 (|Fir| + a(Fig)) > 2" = 2|F| — 2a(Fpg) > 1

The last inequality follows from |Fj.gz| < |F|/2 and from
e Proposition 10.2 for n = 6;
e the inequality a(F.g) < (‘F§R|)/3 by Proposition 10.1 for n = 7;

< (n=D)|Fig|

< 1 by Proposition 10.1 for n > 8.

e the inequality a(F}.r)

12.2 Potentials

In the second part of the proof of Theorem 6.2 we assume that (10.3) fails, i.e. (10.4)
holds.

Let us recall that we use the following potentials, where now we have z(n) = (3) —2.

A(F) = ¢po(F) + ¢1(F) + ¢>3(F) + daim(F),

Go(F) =2 —2|F°, $1(F) =n—|F'],
d3(F) = Y (|21 =2),  Gum(F) =Y (|Firl —2(n—1) — 1),
reF23 i€[n]

By substituting z(n) = (}) — 2 and k(n) = z(n) — z(n — 1) = 1 = n — 2 into
Proposition 10.4, the next lemma follows immediately.

Lemma 12.2. Let F' be a set of faulty vertices of QQ,, of size at most (g) — 2. If
|Fir| > (";") — 1 for every dimension i € [n], then |F| > (}) — 3 and

_f6 dIFI=(3) -2
¢(F)_{8—n if|F| = () - 3.
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In the rest of this section we proceed by contradiction. Therefore, we consider a
set of vertices F' of (), of size at most (g) — 2 such that

there is no long F-free cycle in Q,,. (12.2)

From the assumption (2) of Lemma 12.1 it follows that |F.;| > (";') — 1 and
|Fi.r| < n — 2 for every dimension i € [n]; see (10.4).

It follows from Lemma 12.2 that there cannot be too many vertices in =% and
they cannot be too far from 0. Now, we present a construction which gets a faulty
vertex a and gives us another faulty vertex bg in the level |a| or |a| 4 2.

Lemma 12.3. Let i € [n] be a dimenstion and let a be a given vertex of FF,. Let one
of the two following conditions hold.

1. |EL| - (ngl) - 1;

2. |Furl = (""), [Fi \{a}| >n—2,0€ F and a # 0.

Then, there exists b € V(Qy..) N N(a) such that bg € F;.gr. Hence, |bg| € {k,k + 2}.
Moreover, if at least one of the three following conditions holds, then |br| = k + 2.

3. Every vertex x € N~ (a) is faulty,
4. for every x € N~ (a) the vertex xg is F.g-free,
5. |Fh|=n—1andk=1.

Proof. Let

P — Fip\ {a} if (1) holds,
") Ein\ {a, 0} if (2) holds.

By induction (10.2), there exists a long F'-free cycle Cp in @;.p. If (2) holds, then
0 ¢ Cp, because 0 has at most one F’-free neighbor in @);.r. Since there is no long
F;.p-free cycle in Q;.;, by the assumption (1) of Lemma 12.1 and by the contradicted
assumption (12.2), the vertex a is contained in Cf.

Let b and ¢ be two neighbors of a on Cp. If bgr,cr ¢ Fi.r, then by Theorem 6.3
there exists a long Fj.g-free brcg-path Pg in Q;.g since |Fi.r| < n — 2 and bg, cg are
not adjacent. Hence, the length of an F-free cycle obtained from Cp by removing
edges ba, ac and inserting a path (b, bg, Pg, cg,c) is at least

(2" < 2|F|) — 24+ 2+ (2" — 2|Fug| — 2) > 2" — 2| F.

Therefore, at least one of bg and cg belongs into Fj.g, say bg € Fj.r, which implies the
first part of the statement.
Now, we prove the second part. Note that

bl = ¥ if b e N~ (a),
T k42 ifbe Nt(a).

If b € N~ (a), then neither the condition (3) nor (4) is satisfied since b ¢ Fj.; and
br € Fi.g. If (5) holds, then b € NT(a); otherwise, the vertex a is the only F'-free
neighbor of b = 0 in Q;.7,, and there is no cycle in Q);.;, — F”’ containing 0, but b € C. [
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This lemma is useful to find a faulty vertex in F=3 which increases the potential
¢>3(F). We often combine this lemma with other observations to show that the
potential ¢(F') is greater than the value given by Lemma 12.2 which provides us
with a contradiction. One such example follows, compare it with Lemma 11.3 in the
previous section.

For practical purposes, we say that we use Lemma 12.3 with the assumption (1)
on a vertex x € Fj.p to obtain a vertex y € V(Q;.r). This only means that @, is
split by the dimension ¢, and we apply Lemma 12.3 for the given vertex a = x such
that the assumption (1) is satisfied. Then, y is the vertex b obtained by Lemma 12.3.
Similarly, we say that we use Lemma 12.3 with the assumption (2) and (3) on a vertex
x € F;.; to obtain a vertex z € Fj.g. This only means that the dimension ¢ and the
vertex a = x satisfy both conditions (2) and (3) and z is the vertex by € Fi.x in level
la| + 2 obtained by Lemma 12.3. Note that d(z, z) = 2.

Lemma 12.4. 0 ¢ F or |F'| <n —2.

Proof. For a contradiction, let us suppose that 0 € F' and |F'| > n — 1.

If there exists a dimension i such that |F.| = (”51) — 1, then by Lemma 12.1 with
the assumption (3) for z = 0 € F, which has at most one Fj.;-free neighbor in Q;.p,
we obtain a long F-free cycle in @),, which is a contradiction with (12.2).

Now, we assume that there is no dimension i € [n] such that |F,.r| = (",') — 1, so
Gaim(F) > n. This is possible, by Lemma 12.2, only if ¢gi,(F) =n = 6 = ¢(F) and
hence by the definition of ¢(F') we have that |F'| =6, 0 € F and F'=3 = (). Note that
in this case || = (") for every dimension i € [n], so we use Lemma 12.3 with the

1

assumptions (2) and (3) on some vertex a € F}; to obtain a vertex in F>5, which is a

contradiction with F=3 = (. 0

Lemma 12.4 implies that ¢o(F) + ¢1(F) > 2. Hence, ¢p>3(F) + daim(F) < 4 by
Lemma 12.2 which implies that

-1
there exists a dimension i € [n] such that |F}.p| = (n ) ) -1, (12.3)

since n > 6. Moreover, the definition of ¢, (F') implies for a given vertex = of @,
that

-1
if pgim(F) + || < n, then i € [n] such that |F,..| = <n 5 ) —1land z € V(Q;.1),
(12.4)

because at least n — ¢gim (F) dimensions i € [n] satisfy |F,..| = (*,') — 1, and at most
|z| of those dimensions volatile x € V(Q.1.).

Our proof still proceeds by contradiction (12.2). In the following two lemmas we
prove that ¢o(F) + ¢1(F) > 3. In the first one we consider the case when 0 ¢ F' and
|F1| = n; and in the second one, the case when 0 € F and |F!| = n — 2.

Lemma 12.5. [F!| <n—1.

Proof. For a contradiction we suppose that |F''| = n. Hence, 0 ¢ F by Lemma 12.4.
We proceeds in three steps. First, we prove that |F?| > 1. Next, we prove that
|F*| > 1, which we finally improve to || > 2. This is a contradiction to Lemma 12.2.

By (12.3) we split @, by such dimension i € [n] that [F.r| = (";') — 1. We
use Lemma 12.3 with the assumptions (1) and (5) on some vertex of F}l; to obtain
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|F2R| > 1. By Lemma 12.2 we know that |F| = () — 2 since ¢o(F) + ¢>3(F) > 3 and
n > 6.

We observe that F?; # (); otherwise |F;L3 = |Fur|—|F) = (") —1-(n—-1)>4
which implies ¢»5(F) > |F5’| + [F2g| > 5, contrary to Lemma 12.2. Hence, we use
Lemma 12.3 with the assumptions (1) and (3) on some vertex of F?; to obtain a vertex
v € Fiip.

Now, we know that F®, F* £ () and 0 ¢ F' which implies @g;,,,(F) < 1 by Lemma
12.2. Therefore, there exists a dimension j such that [Fjz| = (*,') — 1 and z €

2
F}, by (12.4). We use Lemma 12.3 with the assumption (1) on the vertex z to

obtain a vertex in Fi7. Hence, |[F=4| > 2 and |F?| > 1, so ¢»3(F) > 5. It implies
O(F) > ¢o(F) + ¢>3(F) > 7, which is a contradiction with Lemma 12.2. O

Lemma 12.6. If0 € F, then |F'| <n — 3.

Proof. For a contradiction we suppose that 0 € F' and |F'| = n — 2. First, we prove
that ¢gm(F) > 2. Next, we prove that there exist two vertices z and y in F3, for
some d € [n]. Finally, we show that there exist 4 distinct dimensions dy, dy, d3, dy € [n],
satisfying « € F} p for [ € [4] which implies that |z| > 4, contrary to z € F®.

Let e; and e; be the (only) two F-free vertices in the first level. We observe that
\Frl, |Frrl > (7,'); otherwise we use Lemma 12.1 with the assumption (3) on the
vertex 0 to obtain a contradiction with (12.2). Therefore, ¢1(F) + ¢gim(F) > 4; and
consequently, ¢>3(F) < 2 by Lemma 12.2.

We split @, by a dimension d € [n] so that [Fyr| = (",') — 1 by (12.3). Let
a',a® a® be arbitrary distinct vertices of F,. Note that such vertices exist since
|Fi,;| =n—3and n > 6. We use Lemma 12.3 with the assumptions (1) and (3) for
every vertex a™ to obtain b™ € V(Qgur) such that b} € F3,, where m € [3]. Note
that |{bk, b%,b%} < 2 since ¢>3(F) < 2. On the other hand, if by, = b% = b%, then
bl =% =10%s0b' € NT(a')NNT(a*)NNT(a?), but [N~ (b")| = 2. Hence, b}, b% and b%,
are two different vertices; say z4 and yg. Furthermore, |F3| = ¢>3(F) = ¢gim(F) = 2.

Since ¢gim(F) = 2 and n > 6, there are at least 4 distinct dimensions d; € [n],
[ € [4], such that |Fy.r| = (",') — 1. For every dimension d; we obtain vertices
Zd,,Yq, € F, C:l”l _ in the same way as described in the previous paragraph. Since |F?| = 2,
the pairs of vertices x4, and yg4, are the same for all [ € [4]; say x4, = 24, = Tay, = Zq,.
But x4, € F} 5 for all | € [4] implies |z4,| > 4 which contradicts x4, € F?. O

Note that from Lemmas 12.5 and 12.6 it follows that ¢ (F)+¢o(F) > 3. Therefore,
Lemma 12.2 implies the following statement since n > 6.

Corollary 12.7. ¢>5(F) 4 Gaim(F) < 3 and |F| = (g) - 2.

Consequently, from (12.4) we obtain that for every vertex a € F'
-1
there exists a dimension i € [n] such that a € F;; and |F..| = (n 5 ) —1. (12.5)

Let u V v denote the vertex w = (wy, ws, ..., w,) with w; = u; V v; for all i € [n],
where V is the logical disjunction. Note that w € Q. if and only if u,v € Q;.1, for
every dimension i € [n].

Lemma 12.8. =3 = ().
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Proof. For a contradiction, let us suppose that there exists a vertex a € F=3. We
proceed in 4 steps. First, we prove that F=* = (). Each of next three steps splits
@, and uses Lemma 12.3 to obtain a new vertex in F3, which implies that |F?| > 4,
contrary to Corollary 12.7. Note that those three splits use different dimensions.

If |a| > 4, then we split @, so that a € F;.; and |F;.| = (";1) — 1 by (12.5). Then
we use Lemma 12.3 with the assumption (1) on the vertex a to obtain another faulty
vertex in level at least 4, which is a contradiction with Corollary 12.7. Therefore, we
assume that F=* = () and a € F3.

We split @), so that a € V(Q;.1) and |F.p| = (”;1) — 1 by (12.5). By Lemma 12.3
with the assumption (1), there exists b € F}.g such that |b] = 3 and d(a, b) = 2. Hence,

¢=3(F) =2 2.

Let x = a VvV b. Since d(a,b) = 2 and |a| = |b| = 3, we have |z| = 4. Since
Gaim(F) < 1 by Corollary 12.7, there exists a dimension j such that z € V(Q;.1)
and |Fj.z| = (*,') — 1 by (12.4). Hence a,b € F;.;. We use Lemma 12.3 with the
assumption (1) twice on both a and b to obtain ¢,d € F}  such d(a,c) = d(b,d) = 2.
Since ¢>3(F) < 3 by Corollary 12.7, we have ¢ = d. Hence, |a| = |b] = |¢| = 3 and
d(a,b) = d(a,c) = d(b,c) = 2.

Let y = a VbV c. Similarly, we have |y| < 5 and ¢g;n(F) = 0, so there exists a
dimension d such that y € V(Qar) and |Fyzr| = (") —1 by (12.4). Using Lemma 12.3
with the assumption (1) on the vertex a we obtain a faulty vertex in Fs p; so |F3| > 4,
which is a contradiction with Corollary 12.7. [

Lemma 12.9. 0 ¢ F.

Proof. For a contradiction we suppose that 0 € F. Hence, |F'| < n—3 by Lemma 12.6.

We observe that F!' = (), otherwise we choose z € F', we split Q,, so that x € Fj.J,
and |F.p| = (";1) — 1 by (12.5), and by Lemma 12.3 with the assumptions (1) and
(3) we obtain F=% # (), contrary to Lemma 12.8. Hence, ¢(F') = n which is possible
only if n =6, |F'| =0, |F? =12 and ¢4 (F) = 0.

Since @gim(F) = 0, we have |F;.g| = k(n) =n — 2 = 4 for every dimension i € [n].
Since |F*|, |F=3| = 0, only one vertex of N (e;) is F-free for every vertex e; of the first
level in @),,. Therefore, for every dimension j there exists exactly one other dimension
k such that e;;, ¢ F, so all dimensions are split into three pairs {ji, k1 }, {J2, k2} and
{73, ks} such that ej, x,, €, k,, €js.ks ¢ F. This is satisfied up to isomorphism only by
one set of faulty vertices F': the set of all vertices of level 0 or 2 except the vertices e; o,
esq and e5 6. By Lemma 12.1 with the assumption (1), it suffices to find a long Fg.7-free
cycle in (Qg.;, which is presented on Figure 12.1. Thus, we obtain a contradiction with
(12.2). 0

Finally, we prove the last simple lemma which leads to a contradiction with (12.2).
Lemma 12.10. For every dimension i € [n], if e; ¢ F, then |Fir| > ("}').

Proof. Let us consider a vertex e; ¢ F such that |F,. | = (";1) — 1. There exists
a vertex © € F2,, because ¢1(F) < 4 < n — 2 by Lemmas 12.2 and 12.9. We use
Lemma 12.3 with the assumptions (1) and (4) on the vertex z to obtain |F?| > 1,

which is a contradiction to Lemma 12.8. ]

The end of the proof of Theorem 6.2. Let us recall that ¢o(F) = 2 by Lemma 12.9,
which implies that ¢gim(F) + ¢1(F) < 4 by Lemma 12.2. Lemma 12.10 says that
Gaim(F) > ¢1(F) which implies that |[F!| > n — 2. On the other hand, we know that
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65 eI el

Figure 12.1: Bold points are faulty vertices and bold lines form a long Fg.;-free cycle
in Qg.;, for Lemma 12.9.

|[F'| < n—1 by Lemma 12.5. Moreover, |F| = () — 2 and every faulty vertex is in
the level 1 or 2 by Lemmas 12.8 and 12.9.

If there exists a vertex a € F? such that both vertices in N~ (a) are faulty, then we
split @, so that a € F.; and |F;..| = (”;1) — 1 by (12.5). Then, we use Lemma 12.3
with the assumptions (1) and (3) to obtain |F*| > 1, which is a contradiction to
Lemma 12.8. Hence, every vertex of F? is above some F-free vertex of level 1.

Lemma 12.10 also implies that there are at most n — 3 faulty vertices above every
F-free vertex in level 1. Since there are at most two F-free vertices in level 1, we have
|F2| < 2(n—3). This leads to the final contradiction 3n—7 > |F|+|F?| = |F| = (})—2
since n > 6, which finishes the proof of the main Theorem 6.2. O]
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