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ON THE THRESHOLD PROBLEM FOR LATIN BOXES

ZUR LURIA! AND MICHAEL SIMKIN?

ABSTRACT. Let m < n < k. An m x n x k 0-1 array is a Latin box if it contains
exactly mn ones, and has at most one 1 in each line. As a special case, Latin boxes
in which m = n = k are equivalent to Latin squares.

Let M(m,n, k;p) be the distribution on m x n x k 0-1 arrays where each entry is
1 with probability p, independently of the other entries. The threshold question for
Latin squares asks when M (n,n, n; p) contains a Latin square with high probability.
More generally, when does M(m,n, k;p) support a Latin box with high probability?

Let ¢ > 0. We give an asymptotically tight answer to this question in the special
cases where n = k and m < (1 — ) n, and where n = m and k& > (1 + &) n. In both
cases, the threshold probability is © (log (n) /n). This implies threshold results for
Latin rectangles and proper edge-colorings of K, r,.

1. INTRODUCTION

An order-n Latin square is equivalent to an n xn x n 0-1 array with a single 1 in each
line, where a line is the set of elements obtained by fixing the values of two indices and
letting the third vary over [n] := {1,...,n}. With this in mind, the following definition
is natural.

Definition 1.1. Let m <n < k. An m xn x k 0-1 array is a Latin box if it contains
exactly mn ones, and at most one 1 in each line.

An mxnxk Latin box is equivalent to a 3-uniform tripartite hypergraph on m+n-+k
vertices such that each pair of vertices is contained in at most one edge, and the number
of edges is maximal subject to this constraint. Thus, Latin boxes can be viewed as a
3-uniform version of matchings of size m in unbalanced bipartite graphs on m + n
vertices.

As additional motivation, consider the two following special cases. An n x n X k
Latin box A is equivalent to a proper edge-coloring of the complete bipartite graph
K, using k colors. One obtains such a coloring from A by coloring the edge {i,j}
with the unique index ¢ such that A(i, j,¢) = 1. The Latin box property ensures that
this is a proper coloring. In addition, an m x n x n Latin box A is equivalent to an
m X n Latin rectangle R over the symbol set [n], by setting R(i,j) to be the index of
the unique 1 in A(3, j, ).

ISRAEL INSTITUTE FOR ADVANCED STUDIES. Email address: zluria@gmail.com.

2INSTITUTE OF MATHEMATICS AND FEDERMANN CENTER FOR THE STUDY OF RATIONALITY, THE
HEBREW UNIVERSITY OF JERUSALEM, ISRAEL. Email address: menahem.simkin@mail. huji.ac.il.

Part of this research was conducted at the Institute of Theoretical Studies, ETH, 8092 Zurich,
Switzerland. Partially supported by Dr. Max Réssler, the Walter Haefner Foundation and the ETH
Foundation.

1


http://arxiv.org/abs/1711.09741v3

In this paper, we ask when a random three-dimensional 0-1 array contains a Latin
box with high probability. Formally, let M (m, n, k; p) be the distribution over mxnxk
0-1 arrays where each element is 1 with probability p. A property of such an array is
monotone if changing zeros to ones cannot violate the property.

Definition 1.2. Let m = m(n),k = k(n) satisfy m < n < k for all n € N. pg = p(n)
is a threshold for a monotone property P if

lim Pr[M ~ M (m,n,k;p) satisfies P] =

n—oo

0 ifp/po—0
1 ifp/po — 00

po is a sharp threshold for P if for every n > 0,

li_}rn Pr[M ~ M (m,n, k;p) satisfies P| =

0 ifp<(1I—n)po
1 ifp>(1+n)po

Our first result addresses the motivating case of n = m = k, namely, Latin squares.
Here, and throughout the paper, we abuse notation and refer to n x n x n Latin boxes
as Latin squares.

Theorem 1.3. There is an infinite family F C N and p < 1 such that

lim Pr[M ~ M (n,n,n;p) contains a Latin square] = 1.
neF ,n—oo

This theorem is proved in Section [ It is actually an easy consequence of a stronger
result of Andrén, Casselgren, and Ohman [, who showed that an analogous minimum-
degree result holds. We include it here because the proof is short and elegant. We also
note that Keevash’s method of randomized algebraic constructions [[I{, [[1] can likely
be used to show the existence of some € > 0 for which M (n,n,n;n~¢) contains a Latin
square with high probability. Showing this, however, is beyond the scope of this paper.

A recurring theme in the study of threshold properties is that an obvious obstruction
for a property is essentially the only obstruction for that property. For example, in the
G(n;p) model, a random graph contains a perfect matching w.h.p. whenever it contains
no isolated vertices. In the case of Latin squares, the obvious obstruction is a line with
no 1s, corresponding to a threshold of p = log(n)/n. This leads us to the following
conjecture.

Conjecture 1.4. The threshold for M ~ M (n,n,n;p) to contain a Latin square is
p = log(n)/n.

A similar conjecture was proposed by Casselgren and Higgkvist [}, Conjecture 1.4],
although the underlying probability models are different.

The next theorem deals with the case m < n = k. It can be interpreted as a
result on Latin rectangles. Following a common abuse of notation, here and in the
rest of the paper we round large reals to the nearest integer. By an argument of van-
Lint and Wilson [[[§, Theorem 17.3], the number of Latin squares is ((1+ o(1))n/e2)"”.
Essentially the same argument implies that for fixed € € (0, 1), the number of (1—¢)nxn

_ (1—e)n?
Latin rectangles is asymptotically ((1 +o0(1)) (%)a/(l ©) E"g) . For the sake of
completeness, we prove this assertion in Appendix .
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Theorem 1.5. Let ¢ > 0. The threshold for M ~ M ((1 —¢&)n,n,n;p) to contain a

Latin box is log(n)/n. Furthermore, if p = w (log(n)/n), then with high probability M
( 1\e/(=e) n 7

supports ((1+£0(1)) (1) —2p> Latin bozes.

e

We prove this theorem in Section f]. A recent work by Casselgren and Héggkvist
[ proved a similar result for 1 — o(n~/?) < e < 1. Our theorem can be viewed as a
strengthening of their result to any constant € > 0.

The next theorem can be interpreted as a result on edge-coloring K, ,, with (1 +¢)n
colors. It is proved in Section [

Theorem 1.6. Let ¢ > 0. The threshold for M ~ M (n,n,(1+ ¢e)n;p) to contain a

Latin box is p = (211;’5)2, and this threshold is sharp.

In fact, we prove a stronger result (Theorem @) In the random process where,
starting with the all zeros array, at each step we flip a randomly chosen 0 to 1, then
with high probability the first time at which the array contains a Latin box is equal to
the time at which every line of the form (r,¢,-) contains at least one 1.

1.1. Notation. We use asymptotic notation in the usual way. For example, if f, g :
N — (0,00), then f(n) = O (g(n)) means that limsup,_,.. f(n)/g(n) < co. We also
make use of asymptotic notation in arithmetic expressions. For example, by f(n) =
n + e29(M) we mean that there exists a function h satisfying h(n) = O (g(n)) and
f(n) =n+ e,

2. PROOF OF THEOREM

Proof of Theorem [[.]. For p € (0,1), we define F = {2 : k € N}, and give a recursive
bound on

pr = Pr [M ~ M (2k, 2k, 2k;p) contains a Latin square} .

Consider first the case k = 1. The probability that M ~ M (2,2,2;p) contains a given
order-2 Latin square is p*. As there are exactly two such Latin squares, and they are
disjoint, by the inclusion-exclusion principle the probability that M contains a Latin
square is g(p) = 2p* — pS.

For k > 1, we view M ~ M (2’“, 2k 2k;p) as a 2 x 2 x 2 block array, where each block
is distributed according to M (2k_1, k=1 ok—1. p). If there is an order-2 Latin square
L such that the blocks in M corresponding to the 1s of L all contain order-2¥—1 Latin
squares, then the union of these squares is a Latin square contained in M.

The probability that this happens is ¢(pr_1), and so we have py > q(px—1) and p; =
q(p). We note that the equation ¢(x) = x has a unique solution p* € (0, 1), and that for
x € (p*, 1), g(x) > x. Therefore, if p > p* ~ 0.9206, the sequence {p;}72, is monotone
increasing and bounded and hence convergent. Let p’ = limy,_,o pr. As ¢ is continuous
and increasing on (p*, 1] we have p’ < ¢ (p') = limy 00 ¢(pr) < limg_yo0 1 = p’. The
unique fixed point of ¢ in the interval (p*,1] is 1, and so p’ = 1.

O

In order to obtain a better bound on p, one can in principle repeat the above ar-
gument for any fixed ng. The probability that M ~ M (ng, ng, ng; p) contains a Latin
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square is given by some polynomial g,,(p). One can compute gy,(p) by listing all
order-ng Latin squares and applying the inclusion-exclusion principle to calculate the
probability that M contains one of them.

It is possible to show that there exists some p;, € (0,1), such that for p between
P, and 1, gno(p) > p. Indeed, fix two disjoint order-ng Latin squares, and let G(p) =

2p"<2) — p2"<2) be the probability that M ~ M (ng, ng, ng; p) contains at least one of them.
Clearly, gn,(p) > ¢(p), and when 1 —1/(2nd) < p < 1 one can check that g(p) > p.

Set F' = {nlg : k € N}. Consider an nlg X nlg X nlg 0-1 array A as an ng X ng X ng
block array consisting of ng blocks, each of which is an nlg_l X nlg_l X nlg_l 0-1 array.
We say that A is a block Latin square if there is some order-ny Latin square L such
that each block of A is an order—nlg_1 Latin square if the corresponding element of L
is 1, or the all zero array otherwise.

Now, the probability pr that M ~ M (ng,ng,no;p) contains a Latin square is
bounded below by the probability that it contains a block Latin square, which is
Gno(Pr—1). Therefore, if p > p; . we have limj_ oo pr = 1. For example, perform-
ing this calculation for ny = 3 gives p3 ~ 0.86. As a practical matter, however, this
procedure seems computationally infeasible for much larger values of ng.

3. PROOF OF THEOREM

It is easy to show that for small p, with high probability M ~ M ((1 — €)n,n,n;p)
has an empty line of the form M (7, j,-). Indeed, the number of such lines is distributed
binomially with parameters (1 — ¢)n?, (1 — p)”, and when p < %log(n) /n, a second
moment argument shows that with high probability there is such an empty line. In
this case M does not contain a Latin box.

For the upper bound, we show that for every € > 0, there is a constant C > 0
depending only on ¢ such that if p > C'log(n)/n, then w.h.p. M ~ M ((1 — &)n,n,n;p)
contains a Latin box. We present a randomized algorithm for finding a Latin box, and
show that with high probability it succeeds.

Note that a Latin box in M is a sequence of (1 — €) n disjoint permutation matrices
P;, one in each plane of the form M; := M (i,-,-). Therefore, a natural algorithm to
consider is to deal with these plane one by one, at each step choosing a permutation
matrix supported by M; that does not conflict with previous choices.

To analyze this algorithm, consider the i-th step. At this stage, (¢ — 1) permutation
matrices have already been chosen, ruling out exactly (i — 1) entries in each row and
column of M;. Our task is to find a permutation matrix supported by the remaining
elements of M;.

Any n xn 0-1 matrix is the biadjacency matrix of a bipartite graph on n+n vertices.
In this language, the elements that have not been ruled out correspond to a regular
bipartite graph G;, and we want to find a perfect matching of a random subgraph of
G, in which we keep each edge with probability p.

It is well known that with high probability a random bipartite graph has a perfect
matching when it has no isolated vertices, which happens around p = log(n)/n. The
same holds for a random subgraph of a dense regular bipartite graph: Goel, Kapralov,
and Khanna [[, Theorem 2.1] proved that there exists a constant C' > 0 s.t. if G is a
k-regular bipartite graph on 2n vertices, then a random subgraph of G in which each
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edge is retained independently with probability p = Cnlog(n)/k? contains a perfect
matching with high probability. A careful analysis of their proof shows that if C' is
large enough then the probability of failure is o(1/n). In our context this implies that
if p> Clog(n)/ (¢?n), then w.h.p. M ~ M ((1 —£)n,n,n;p) contains a Latin box.

The arguments above determine the threshold for the appearance of Latin boxes in
M((1—¢e)n,n,n;p). In order to prove that w.h.p. M contains close to the expected
number of Latin boxes, we modify the algorithm by requiring that each permutation
matrix be chosen uniformly at random. As we will show, this ensures that with high
probability the graphs G; are all pseudorandom. We then prove that with high proba-
bility, a random subgraph of a sufficiently dense pseudorandom regular bipartite graph
has many perfect matchings.

Suppose that f(n) = w(1) and p = f(n)% Set § = max(f(n)~1/3,1/n) = o(1).
Wherever necessary we assume that n is sufficiently large for asymptotic inequalities to
hold. Formally, at the i-th step we choose a permutation matrix uniformly at random
from the set of permutation matrices supported by M; that are disjoint from previous
choices. Now, set k = k(i) :=n—i+1, and set L = L(7) := (1 —9)kp. If the number of
choices at step i is less than L"%, the algorithm aborts. We will show that with high
probability, the algorithm does not abort, and therefore it succeeds in finding a Latin
box. This implies the enumeration result.

Indeed, let A be the number of Latin boxes supported by M. The probability of a
specific Latin box being chosen by the algorithm is at most

(1_8)77/ n| —1
Q= H <L(i)”ﬁ> .
i=1
Therefore, the probability that the algorithm succeeds is at most AQ. On the other
hand, the algorithm succeeds w.h.p. and therefore, applying Stirling’s approximation,

e/(1—e) , \ 17
A (1-o(1))/Q = <<1io<1>> 2) e—2p> |

The upper bound on A follows from Markov’s inequality, together with the observa-

tion that
1 6/(1—5) n (1—6)%2
Bl4] = ((1 row) (2 e—2p> .

As described above, let G; be the k-regular bipartite graph corresponding to the
elements that were not ruled out by previous choices. Let H; be the intersection of G;
with the graph corresponding to M;. Thus, H; is distributed as a random subgraph
of GG;, where each edge is kept with probability p. It suffices to show that with high
probability the graphs H; all have sufficiently many perfect matchings.

We say that a k-regular bipartite graph G = (U U V, E) is c-pseudorandom if for
every X C U,Y C V such that | X[, |Y'| > {5n, the number Eg(X,Y) of edges between
X and Y is at least (1 — c)|X||Y|% Our general strategy is to show that with high
probability the graphs G; are all sufficiently pseudorandom, and that this implies the
desired property for the graphs H;.
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The following lemma will enable us to bound the number of perfect matchings in H;
provided that G; is pseudorandom.

Lemma 3.1. Let G be a k-regular 8173 -pseudorandom graph, and let H be a random
subgraph of G, in which each edge of G survives with probability p. With probability
1 — n“W, the graph H contains an L-factor, i.e. an L-reqular spanning subgraph,
where L = (1 — 0)kp.

The next lemma asserts that if the algorithm did not abort before the i-th step, then
with high probability G; is 6'/3-pseudorandom. Its proof is reminiscent of the proof of
(3, Theorem 2].

Lemma 3.2. Let 1 < i < (1 —e)n. Conditioned on the number of perfect matchings
in H; being at least L(j)"% for every j < i, the probability that G; is not 6/3-
pseudorandom is at most exp(—Q(n)).

The Egorychev—Falikman theorem [[], f states that the permanent of an order-n
doubly stochastic matrix is minimized by the matrix whose entries are all 1/n, and is
equal to n"—,'l As the biadjacency matrix of an L-regular bipartite graph on 2n vertices
is L times a doubly stochastic matrix, this theorem implies that such a graph has at
least L”% perfect matchings. In particular, if H contains an L-factor, then H has at
least L”n% perfect matchings.

We now show how Lemmas B.] and B.9 imply that w.h.p. the algorithm does not
abort.

Let A; be the event that G; is not §'/3-pseudorandom, and let B; be the event that
H; has less than L(z)"% perfect matchings. For convenience, for 1 < i < m + 1 we
define C; = U;<;B;. We want to show that Pr[C),11], which is the probability that
the algorithm aborts, is o (1).

We prove this by induction. We assume that Pr[C;] = o (1), and prove that Pr[C;4;] =

o(1).

Pr [Cit1] = Pr{Uj,;<iBj] < Y Pr[Bj| Nee; Byl = > Pr[B;[C].

J<i J<i
Now,
Pr[B)[C;] < Pr[B;|C), 4;] + Pr [44[C5]
and
Pr BT, A < ——— Pr[B,[A;].
Pr [ Gl J]
Applying Bayes’ theorem, this is equal to

Pr [4;]
Pr [C] Pr [4;|Cj]
The inequality follows from the induction hypothesis and Lemma @ Thus,
PriCit1] < (1 + o Z Pr [B;| 4] Z Pr [4,]C]]

J<i J<i
6
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Now, by Lemma B.J, Pr [B;[4;] = n~“®, and by Lemma B3 we have Pr [4;|C;] =
e~ This implies that Pr[Ci,1] = o(1), completing the inductive proof. Thus,
w.h.p. the algorithm does not abort.

We turn to prove the lemmas. In what follows, we will make repeated use of the
following version of Chernoff’s inequality.

Theorem 3.3 (Chernoff’s inequality). Let X1, ..., Xy be i.i.d. Bernoulli random vari-

ables with Pr(X; = 1) = p for all i, and let Z = Zf\il X;. Then for all o > 0 it holds
that

2N
Pr[Z < (1 — a)Np] <exp (_a 5 p> ,

N
Pr[Z > (14 a)Np| < exp (—O‘ . p) .

Proof of Lemma [B.1: We use the following generalization of Hall’s theorem, which can
be found, e.g., in [fl, Theorem 3].

Theorem 3.4. Let G = (UUV, E) be a balanced bipartite graph on 2n vertices. Then
G has an L-factor if and only if for all X C U, Y CV it holds that

EcU\X,V\Y)> (n—|X|—|Y|)L.

Let X C U, Y C V, and assume without loss of generality that |X| > |Y| and
that | X|+ |Y| < n. We say that the pair X,Y is a bad pair if the random variable
Z=Zxy:=FEyg{U\X,V\Y) is smaller than (n — |X|— |Y|)L. Our goal is to show
that the probability that there exists a bad pair in H is n=«().

We consider three cases.

Case 1: n—|X| > nand |Y] > {5n. Now, n—|Y| > {n, because [Y] < | X/,
and so by the pseudorandomness of GG, we have

Bo(U\X.V\Y) = (1 6% (n — |x])(n — 1))~

Hence,
Y3 (n — ke

E[Z]2 (1 =57)(n— |X]))(n— |Y])—= = Q(nlogn).
Now, we want to bound the probability that Z < (1—¢§)kp(n—|X|—|Y]). Note
that
(1= 33— |X[)(n — [¥])2
_ =0 nn-[X|-Y])
ST X))
_ 1= [ XY]
= r=gv (1 e o) B4

< % (1 - (15—0)2> E[Z] < <1 - %) E[Z].
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The last inequality holds for large enough n. Therefore,

Pr(Z < (1—0)kp(n—|X|—|Y])] <Pr [Z < <1 — %) E[Z]} .

By Chernoff’s inequality, this is at most

2\ 2
exp <—% <2€m> E[Z]) =exp (—Q(nlogn)).

As there are less than 4" possible pairs X,Y, we can apply a union bound.

We conclude that the probability that a pair X,Y considered in this case is bad
is at most exp (—Q(nlogn)).
Case 2: Y is the empty set. In this case, Zxy is the total number of edges
with an endpoint in U \ X, and so it suffices to show that with sufficiently high
probability, all degrees are at least L. Indeed, the expected degree of any fixed
vertex v is kp, so by Chernoff’s inequality,

Pr[degy; (v) < (1 — 8)kp] < exp (=0%kp/2) < =),

Therefore, a union bound on all 2n vertices implies that the probability that

there is a vertex whose degree is less than L is n=*(1).

Case 3: Assume now that ¢ := |Y| < {5n and t > 0. Since | X[+ [Y| < n, we
have t < s :==n — |X]|.

If s > en, then as the number of edges from U \ X to Y is at most kt, we
have

EqU\X,V\Y) > sk—kt=Fk(s—1t).
Therefore, E[Z] > k(s — t)p > s%. We want
Z = (1= 08)kp(n — |X| = [Y]) = (1 = )kp(s — 1) < (1 - 9)E[Z].
On the other hand, if s < en then the fact that the number of edges from
U\ X toY is at most st implies that
EqU\X,V\Y) > sk — st =s(k—1).
Therefore, E[Z] > s(k —t)p > s%. We want
Z = (1 =8kp(n—|X|=Y])=(1-0dkp(s —1) <

(1—0)kp(s — 1) B
( s(k—t)p >E[Z] a

(1- 5)%%1@[2] < (1-0)E[2].

In either case, by Chernoff’s inequality, we have

Pr[Z < (1— 8)kp(n — |X| — [Y])] < exp (—5%%’) < (n_‘”(l))s.
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We now apply a union bound over all such pairs X,Y. Note that s >t > 1,
so the probability that one of the pairs considered in the last two cases is bad
is at most

" min(s—1,(¢/10)n) n " s "
2 (n—wl) SH_W1.
() 2 ()
O

To prove Lemma B.9 we will need the following upper bound on the number of regular
bipartite graphs that are not pseudorandom.

Lemma 3.5. Let en < k < n. The number of k-reqular bipartite graphs on 2n vertices
that are not 6/3-pseudorandom is bounded from above by:

(:)"exp (—o (%202))

Proof. Let R ~ G(n,n;k/n) be a balanced, bipartite, binomial random graph with 2n
vertices, vertex partition U UV, and edge probability k/n. Let B be the event that for
some X C U, Y CV satisfying |X|,|Y| > en/10, the number of edges between X and
Y satisfies Fr(X,Y) < (1— 51/3) | X||Y|k/n. As Er(X,Y) is distributed binomially
with parameters | X ||Y], k/n, by Chernoff’s inequality and a union bound over all such

pairs X,Y":
Pr[B] < 4" exp (—52/363 n2> = exp (—Q <52/3n2)> .

200

On the other hand, let C be the event that R is k-regular. By various estimates (e.g.
[[4, Proposition 2.2]), the number of k-regular bipartite graphs on 2n vertices is at

n\ 2n kn n(n—k)
least (3)™" (7)™ (1-3)

() () (-
n—k\ 2n
= <k'(+lk)' <%>k <n ; k) k) = exp (—O (nlogn)),

where the final equality follows from Stirling’s approximation. Recall that § > 1/n,
and so 6%/3n? = w (nlogn). Therefore,

Pr[B] 2/3, 2
< < — .
Pr[B|C] < Pr[C] _exp( Q(& n))
Observe that conditioning on C gives the uniform distribution on k-regular bipartite

graphs with 2n vertices. As the number of k-regular bipartite graphs with 2n vertices
is bounded from above by (Z)", the lemma follows. O

. As k-regular graphs have precisely kn edges:

Proof of Lemma 3. The proof is by induction on i. Recall that for 1 < i < m, A4;
denotes the event that G; is not 6'/3-pseudorandom, B; is the event that H; contains
fewer than L(z)"% perfect matchings, and C; = U;;B;. We want to show that for all
1 <i<m+1, Pr[4;)|C;] = exp (—Q(n)).
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Recall that k(i) = n—i+1, and thus G; is a k(i)-regular graph. For 1 < j < (1—¢)n
define the error function «a(j) = Z] : log(‘f )2 Note that for all j, a(j) <log?(n). We
will show that the following condltlons hold for every 1 <j < (1—¢e)n:

(a) For every graph G it holds that

_alT; n 2n(8j+a(4))
Pr[G; = G|C;] < (k:(])) e .

(b) Pr{A;[T]] = exp (0 (n)).

() PrlCyu1C] = ne0,

Observe that Pr [a] = 1. When j = 1, the first condition holds trivially. The second
condition follows from the fact that G4 = K, ,. The third condition follows from
Lemma B Assume inductively that for 2 < i < (1 — ¢)n, the conditions hold for
j =1—1. We will show that they hold for j = 4. This suffices to prove the lemma.

Let k = k(i). For a bipartite graph G let G denote its complement, i.e., the bipartite
graph on the same vertex set with all bipartite edges not in G. Let M(G) be the set
of perfect matchings in G.

(a) Let G be a k-regular bipartite graph. Let p be the perfect matching chosen
by the algorithm at step (i — 1). We apply the law of total probability to the
choice of p. We have G; = G only if u = v for some v € M(G) and G;_1 is
equal to the union of GG; and v. Thus:

(1)  PrGi=GICi)= > Prlu=v|Gi1=GUv,C]Pr[Gi1=GUv|C]
veM(G)
We bound the probabilities in the sum separately. Once again applying the law

of total probability, while observing that conditioning on v ¢ M (H,_;) implies
that p # v:

Pr[u=v|Gi—1 = GUV,C;] =
Pr [,u =vlve M(H;—1),Gi-1 =GU 1/,@] Pr [V € M(H;i—1)|Gi—1 = GU 1/,@] .

The event C; implies that H;_; contains at least L(i— 1)"% perfect matchings.
As p is chosen uniformly at random from M (H,_1):

nn

- L(z —1)nn!’

In order to bound the probability that v € H(M;_1), we note that every perfect
matching contains n edges, and H;_; is a random subgraph of G;_1 in which
each edge survives with probability p. This would suggest a probability of p”.
However, we must be careful not to condition on properties of H;_q itself. With
this in mind, we replace the conditioning on C; with conditioning on C;_;, and
use the induction hypothesis to obtain:

Pr [V € M(H;—1)|Gi—1 = GU I/,T_l]
P (GG ]
<(14o0(1))p™
10
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Prve M(H;—1)|Gi-1 = GUv,Cj] <




Therefore:

(2) Prju=v|Gi-1 = GUv,C;)] < (1+0(1))

6 — )rat?

Using the induction hypothesis, we bound the second probability in inequality
([ as follows:

3)
Pr [G;—1 = GUV|Ci] ( n >_" (8 (i .
Pr|G;,_1 =GUV|C;| < _ < (1 1 n(6(i—1)+a(i—1))
Together, ([]), (B), and (f) imply:
. ral nnpn n " n(S(i— ai—
Pr{Gy = GIT)) < (1+0(1)) |M ()| m<k i 1> (31l

Finally, we bound !M (@)! by using Brégman’s permanent inequality [[§]. It
implies that the number of perfect matchings in a d-regular bipartite graph on
2n vertices is at most (d!)"/ 4 Since G is an (i —1)-regular bipartite graph on 2n
vertices, we have |M (G)| < ((i — 1)!)"/ (=1 Therefore, using the inequality
V2ml(L)e)t < 0! < e/l(£/e)t, which holds for all natural £:

ah . n/(i— nnpn n " n(d(i— ai—
Pr(G; = G[T] < (1 +o0(1)) (i — 1))/ ”mQH) 20(3(—1)Ha(i-1))

< (o) (evim1)" ()" n,(; (”) (a1 +at-n)

e 1-0)"\k
< (Z) p2n(di+a(i))

as desired.
(b) Let G be the set of k-regular graphs on 2n vertices that are not §'/3-pseudorandom.
Then:
Geg

We have already shown that for any G it holds that Pr [G; = G|C;] < (}) T e2n(dita(d)
Furthermore, by Lemma B3: |G| < ()" exp (—Q (6%/3n2)).
Therefore:

Pr [4;|C;] < exp (25712 -Q (52/3712) + nlogz(n)> =exp (—Q(n)) .
(c) We have:
Pr [Ci+1|C5] < Pr [Ciq1|Ci, 4] Pr [Af]Ci] + Pr [Cia|Ci, Ai] Pr [A4]Ci]
We have already shown that Pr [AZ]UZ] = pw®), Furthermore, Lemma @
implies that Pr [C’i+1|€i,m = n~%(), Therefore:

Pr [Oz+l|m = ’I’L_w(l).

11



4. PROOF OF THEOREM

Let My, i be the set of all n x m x k 0-1 arrays. For M € M, ,,, ;, we denote by |M]|
the number of 1s in M.

2
Definition 4.1. For integers n, m € N, an (n, n, m)-array process is a sequence {M;};" " C

M, n,m, where My is the all Os array, and M;4 is obtained from M; by changing a single
0 to 1.

We denote a generic (n, n, m)-array process by M = {MZ}ZZS”’ and write M (n,n,m)

for the uniform distribution on such processes.

Definition 4.2. Let ) be a non-trivial monotone increasing property of M, ;, ,,, and
let M be an array process. The hitting time of () w.r.t. M is defined as:

T<M,Q) = min {t : My has Q}.

We are interested in the hitting time for the property that M~ M (n,m,m), where
m > n, supports a Latin box.

Let M € My, ym. For 1 < r,c < n we refer to a line of the form (r, c, -) as a shaft. The
shaft is empty if M (r,c,1) = M (r,¢,2) = ... = M (r,e,m) = 0. Clearly, a necessary
condition for M to support a Latin box is that it have no empty shafts. We show that
for m slightly larger than n this is asymptotically almost surely a sufficient condition.

Theorem 4.3. For every ¢ > 0, if M ~ M (n,n, (1 +¢)n) then asymptotically almost
surely:

T (M has no empty shafts) =T (M supports a Latin bom) .

Theorem [[.q follows from a standard coupling between random processes and their
binomial counterparts.

Proof of Theorem [1.4. Let e > 0 and let M ~ M (n,n, (1 + &)n;p). For a fixed pair r
and ¢, the probability that M(r,c,-) is empty is (1 — p)(1+€)”. The different shafts are
independent, and so the probability that there are no empty shafts is

q(p) = (1—(1 —p)(1+€)n)n2.

If, for some 6 > 0, p < (1 — 5)1—_2% loi", then ¢(p) — 0, and therefore w.h.p. M contains
empty shafts. In this case M does not support a Latin box.

On the other hand, if p > (1+5)% loi”, then ¢(p) — 1, and so w.h.p. M contains no
empty shafts. Consider the following random process. For each triple r, ¢, v of indices,
choose a real number ;. ., ~ UJ0, 1] uniformly at random from the interval [0, 1], all
choices independent. Now, M is identically distributed to the array M’ in which all
entries with .., < p are set to 1, and all other entries are 0. Furthermore, let N’ be
the array process obtained by flipping the entries of the all zeros array to 1 in ascending
order of a. Note that N’ is a uniformly random array process.

Let t = |M'|. Observe that M" = N/, and therefore, w.h.p. N/ contains no empty
shafts. Thus, by Theorem [L.3, w.h.p. N/ contains a Latin box, which implies that M’
contains a Latin box. Since M and M’ are identically distributed, w.h.p. M contains
a Latin box. O

12




Henceforth, fix ¢ > 0 and m = (1 + &) n. Wherever necessary we assume that n is
arbitrarily large and ¢ is arbitrarily small.

To prove Theorem [I.3, we introduce a new model for random arrays, denoted
M (n,n,m;p; > 1), whose sample space consists of n x n x m (0, 1)-arrays where each
1 is colored either green or blue. The green values are an array Mg ~ M (n,n,m;p).
Then, from each empty shaft in Mg, a position is chosen uniformly at random (all
choices independent), changed to 1, and colored blue. Denote by Mp the array of blue
values, and set M = Mg + Mp. The next proposition shows that it is enough to prove
that w.h.p. M ~ M (n,n,m;p;> 1) supports a Latin box, for a suitable choice of p.

Proposition 4.4. Let ) be a monotone property of M, ,, m implying that there are no
empty shafts. Let p = %EM. If Q holds w.h.p. for M ~ M (n,n,m;p; > 1),
then for almost every M ~ M (n,n,m):

T (M; Q) =7 (M has no empty shafts) .

Proposition 4 is similar to analogous claims used to prove hitting time results in
random graph and hypergraph processes (for example [, Lemma 7.9] and 13, Lemma

1]).

Proof. As in the proof of Theorem [[.§, for each triple r, ¢, v let a4, € [0,1] be drawn
uniformly at random and independently. Now Mg is identically distributed to the
array M’ in which all entries with arcp < p are set to 1, and all other entries are 0.
Furthermore, Mp is identically distributed to the array M” in which, for each empty
shaft r,c¢ in M’, the element with minimal o, ., is set to 1. As before, let N be the
(uniformly random) array process where elements are set to 1 in ascending order of a.
Let N; be the first array in which there are no empty shafts. Recall that w.h.p. M’ has
empty shafts. Therefore, w.h.p., supp(M’' + M") C supp(N¢). Now, M+ M" ~ M,
w.h.p. M € Q, and @ is a monotone property. Therefore, N; € Q w.h.p. O

Proposition [L.4. Unless stated otherwise all probabilities refer to this distribution. For
1 <rc<n set:

Henceforth, let M = Mg + Mp ~ M (n,n,m;p;> 1), with p as in the statement of

d(r,c) = ZM(T’, 1),
i=1

dm(r7 C) = Z M (T‘, C,’i) .
i=n—+1

In what follows, we think of an n x n x m Latin box as a function L : [n]?> — [m]

such that L (a,b) # L (c,d) whenever (a,b) and (c,d) have exactly one coordinate in
common. A function B : S — [m] is a partial Latin boz if S C [n]* and B (a,b) #
B (¢, d) whenever (a,b) and (c, d) have exactly one coordinate in common. We call the
positions in S covered, and those in [n]2 \ S uncovered. B is supported by M if for
all (r,c) € S, M (r,c, B(r,c)) = 1. We will occasionally use the adjective “proper” to
distinguish a Latin box from a partial one.

13



Assuming Proposition [[.4, it suffices to prove that w.h.p. M supports a Latin box.
We will show that w.h.p. we can construct partial Latin boxes By, By, Bs, B4 supported
by M, and then show that w.h.p. B4 can be completed to a proper Latin box B, also
supported by M. The stages of the construction are roughly as follows:

e Construct B by covering all positions (r,¢) s.t. d(r,c) — dp(r,¢) <loglogn
and dp (1, ¢) < 15z logn.

e Extend Bj to By by covering all positions (r, ¢) for which dp,(r, c) < 15 logn.

e Construct Bs using only symbols from [n], and covering all but o (n) positions
in each row and column.

e Combine By and B3 to construct By, in which all but o (n) positions in each row
and column are covered, and in addition each uncovered position (r, c) satisfies

dp(r,c) > Tz logn.
e Extend B, to a proper Latin box B by covering the remaining positions with
values from {n +1,...,m}.

By, By, and B are found via a simple randomized algorithm. To construct Bs, we
use a random greedy algorithm. B, is constructed by “overwriting” B3 with By, and
erasing any values from Bjs that collide with Bs. We now prove that these steps can,
in fact, be successfully completed w.h.p.

The following lemma constructs Bs. The construction of Bj is an ingredient in the
proof.

Lemma 4.5. W.h.p. M supports a partial Latin box By covering only o (n) positions in
each row and column s.t. if (r,c) € [n]? is not covered by By then dp(r,c) > Tz logn.

Proof. For a position (7‘ c) let X..=>" . Mqg(r,ci), and let Y, . be the indicator
of the event X, . < 1= + logn. Then X, . are i.i.d. binomial random variables with
distribution Bin (en,p), and so by Chernoff’s inequality (Theorem B.3):

Pr [ch - € log n] < n—_4(15+s‘) +o(1)'
£

Thus Y;.. ~ Ber (¢) for some ¢ <n ~ar o),

in each row or column for which Y., = 11is ng < n
Chernoft’s inequality we obtain that w.h.p. there are at most n
each row and column, for some § > 0.

Now, the expected number of positions
I +O(1), and again applying

1-0 guch positions in

Let S = {(7‘, ¢)en?: Y= 1}. By the above, w.h.p. S contains only o (n) posi-
tions in each row and column. We show that w.h.p. we can find a partial Latin box Bs
supported by M whose domain is S.

We do this in two stages: We first cover all (r,c) € S s.t. d(r,¢) — dp (7, ¢) is small
with a partial Latin box B;. We then show that w.h.p. By can be extended to the
desired Bs.

Let T ={(r,c) € S:d(r,c) — dn(r,c) <loglogn}. Observe that

n

d(r,c) —dpy(r,c) = Z M (r,e,i) > ZMG (rye,i) ~ Bin (n,p).
i=1 i=1
14



We have:

P etinaesis 3 (L =a-m 3 (1) ()

k=0 k=0 1- p

_2 log logn k
logn \ 1+= 2elogn
1 E
k=1
eO((log log n)2)

2
1 T+e
< ( Oin> loglog n (6log )& 8" = © =

n l+e

IN

Applying Markov’s inequality we conclude that w.h.p. |T'| < n3¢.

We construct By by covering T'. Note that for every (r,¢) € T, d(r,¢) > 1. For each
(r,c) € T, choose Bj(r, ¢) uniformly at random from {7 : M (r, ¢, i) = 1}N[n] if this set is
non-empty; otherwise choose Bj(r,¢) uniformly at random from {i : M (r,¢,i) =1} C
[m] \ [n]. Note that in the former case Bi(r,c) is distributed uniformly amongst [n]
and in the latter case Bj(r,c) is distributed uniformly amongst [m] \ [n]. Therefore,
{B1(r,¢)}(; cper is a collection of O (n*) = o(y/n) values, each chosen uniformly at
random and independently from a set of size 2 (n). Hence w.h.p. no value appears
more than once. This implies that w.h.p. B; is indeed a partial Latin box covering T

The remaining positions (r,¢) € S\ T all satisfy d(r,c) — d(r,c) > loglogn. For
each (r,c) € S\ T let V'(r,c) :={i € [n]: M (r,¢,i) = 1}. Choose V (r,c) C V'(r,c) of
size loglog n uniformly at random and independently. Note that {V(r,c)}(cjes\r 18

a collection of uniformly random and independent elements of (log[{gg n) We construct
By by extending B; greedily while avoiding collisions: For each (r,¢) € S\ T, we choose
Bs(r, ¢) uniformly at random from the values in V (r, ¢) that have not yet been used in
row 7 or column c¢. W.h.p. this procedure succeeds: Indeed, when choosing the value
of By for any heretofore uncovered (r,c) € S, there are at most 2n'=9 + n3 < 3n!=?
previously covered positions in row r and column ¢. Thus there are at most 3n!~?
forbidden values. Therefore the probability that V' (r, ¢) contains only forbidden values

is at most:
(1 o)
logi?gn — e
(log log n)
Applying a union bound to the O (n2) steps in the greedy algorithm, we see that w.h.p.

the algorithm succeeds in constructing Bs.
O

To construct Bs we need the following lemma.

Lemma 4.6. Let ¢ =w (%) and let M ~ M (n,n,n;q). W.h.p. M supports a partial
Latin box with at most o(n) uncovered positions in each row and column.
We prove Lemma [Lq by showing that w.h.p. a random greedy algorithm succeeds

in finding an appropriate partial Latin box. The proof is deferred to Appendix [.

Proof of Theorem [[.3. Recall that M = Mg + Mg ~ M (n,n,m;p;>1). W.h.p. M
supports a partial Latin box By as per the conclusion of Lemma .5 By Lemma [£.6,
15



w.h.p. Mg ~ M (n,n, m;p) supports a partial Latin box Bs covering all but at most
o (n) positions in each row and column, and using only values from [n].

For i = 2,3 let S; be the set of positions covered by B;. Define the partial Latin box
B4, as follows: For all (r,¢) € Sy set By(r,¢) = Ba(r,c). For all (r,c) € S3\S2 s.t. B3(r,c)
isn’t used by Bz in row r or column ¢, set By(r,c) = Bs(r,c). By is thus a partial Latin
box covering all but at most o (n) positions in each row and column, and in which each
row and column uses at most o (n) values from {n +1,n+ 2,...,m}. Additionally, if
(r,c) isn’t covered by By then (since (r,c) is not covered by Bz) dp(r,c) > 15 logn.
We now show that w.h.p. a random greedy algorithm succeeds in extending By to a
proper Latin box.

In a manner similar to the proof of Lemma [.5, for each uncovered (7, ¢) let W'(r,c) =
{ve[m]\[n]:M(r,c,v) =1}, and let W(r,c) € W(r,c) be uniformly random subsets
of size 13- logn chosen independently.

Iterate over the uncovered elements in an arbitrary order. For every uncovered (r,c)
choose B(r,c) uniformly at random from W(r,c) that have not previously been used
in the same row or column. At each step of the algorithm, there are at most o(n)
forbidden values, so the probability that all available values are forbidden is at most:

(en)

1+¢ — n—w(l)

(hi:ﬁ)g n) '

There are O (nz) steps in the greedy algorithm so, applying a union bound, the
probability of failure is o(1).
0
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APPENDIX A. RANDOM GREEDY PACKING IN RANDOM HYPERGRAPHS

In this section we prove Lemma [L.. Although it is a statement about random arrays,
it is convenient to reformulate it in terms of random hypergraphs. This is because the
random greedy algorithm we are about to introduce is similar to the triangle removal
process analyzed, among others, by Wormald [[[§, Section 7.2] and Bohman, Frieze,
and Lubetzky [{.

A.1. Notation and Terminology. We denote by Hj3(n) the set of tripartite, 3-
uniform hypergraphs whose vertex set is [n]U[n]U[n]. A triangle is a partite vertex set
of size 3 and an edge is a partite vertex set of size 2. To avoid unnecessary delimiters
we sometimes write abe for the triangle {a,b, ¢}, and ab for the edge between a and b.
We denote by Hs (n;p) the distribution on Hj (n) where each triangle is included in
the hypergraph with probability p, independently of the other triangles, and we denote
by Hg (n;m) the distribution on Hj (n) where the triangle set is a uniformly random
element of ([ff)

Let H € H3(n), and let T (H) denote the set of its triangles. A set S C T (H) is a
set of edge-disjoint triangles (SET) in H if for all t1,ty € S, [t1 Nte| > 2 = t1 = to.
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If wv is an edge, we say it is covered by S if there exists some ¢t € S s.t. {u,v} Ct. In
this case we write uv € G (5). We say a triangle t is edge-disjoint from S if none of
its edges are covered by S. For v € V (H), let dg (v) be the number of triangles in S
containing v.

For a,b € R, we write a £b to indicate some quantity in the interval [a — |b] ,a + |b]].
We say that an event occurs with very high probability (w.v.h.p.) if it occurs with
probability 1 — n=<1),

A.2. From Arrays to Hypergraphs. Let M € M, ,,. We define the hypergraph

Hyr € Hs(n) by setting T(Hy) = {(i,4,k) € [n]* : M(i,j,k) = 1}. This induces a

natural correspondence between SETs in Hj; and partial Latin boxes supported by M.
Lemma [.q now follows from:

Lemma A.1. Letp=w (%) and let H ~ Hs (n;p). W.h.p. T (H) contains an SET S

s.t. for every vertex v, dg (v) = (1 —o(1))n.

A.3. Proof of Lemma [Ad. In the random hypergraph process, the triangles of the

complete tripartite 3-uniform hypergraph Kr(;’,)m are considered one by one in a uni-
formly random order t1,to,...,t,s. This process generates a sequence of hypergraphs
Hy,Hy,...,H,s € Hs(n), where T (Hy) = 0 and T (H;41) = T (H;) U {tix1}. We
couple this with the following process: Sy = ), and S;11 = S; U {t; 41} if ;41 is edge
disjoint from .S;, and S;11 = 5; otherwise. Observe that for every i, S; is an SET in
H;. The next proposition says that w.v.h.p. the vertex degrees in \S; are concentrated.

Proposition A.2. There exists some § > 0 s.t. w.v.h.p. for every v € [n] U [n| U [n]
and every 0 < m < n?*+o:

ds, (v) = (1 C(140(1) \/ﬁ) n

Before proving Proposition [A-3, we first describe how Lemma [A] follows from Propo-
sition [A2.

The random greedy packing algorithm in H € Hs(n) is the following probabilistic
procedure: Set S = (). As long as there are triangles in T (H) that are edge disjoint
from S, choose one uniformly at random and add it to S. If there are no such triangles,
halt. Say that a hypergraph in Hs(n) is good if it satisfies the conclusion of Lemma
A.Q. Let H ~ Hs (n;p). We claim that w.h.p. H is good, and this is witnessed by the
result of the random greedy packing algorithm in H.

Clearly, the distribution of H conditioned on |T'(H)| = m is identical to H,,. More-
over, given H,,, Sy, is distributed identically to the result of the random greedy packing
algorithm in H,,. Note also that the probability that H,, is good is increasing in m.
As |T(H)| ~ Bin (ng,p) and p = w (%), there exists some k = w(n2), s.t. w.h.p.
17



|T(H)| > k. Proposition [A.3 implies that Hy, is good w.v.h.p. Therefore,
n3
Pr[H is good] > Z Pr[H is good||T(H)| = m] Pr[|T(H)| = m)]

m=Fk
3

— Z Pr[H,, is good] Pr[|T'(H)| = m)]
m=k

>Pr[|T(H)| > k] Pr[Hj, is good] =1 — o(1).
We turn to prove Proposition [A.3.

Proof. We prove the proposition for § = Wlo'

In the spirit of the differential equation method of Wormald [If] we track a set of
random variables throughout the hypergraph process by modeling their evolution on a
system of differential equations.

We make use of the following version of the Azuma-Hoeffding inequality, which
follows from [[d, Lemma 4.2].

Lemma A.3. Let Ag C A1 C ... C Ay be a filtration of a finite probability space. Let

Xo, X1,..., XN be a sequence of random variables s.t. for every i, X; is A;-measurable.
Assume that for some C > 0, |X;41 — X;| < C for all i. Assume further that for all
i, E[ X1 — X4 <0, de. Xo,Xq,...,XnN is a supermartingale. Finally, assume

Xy <0. Then, for all X > 0:

2
Pr(Xy > A <exp <_%C2> :

We define the following functions on [0, c0), whose relevance will become apparent
presently:

1
y(@) = V1+2z
1
2 (x) = 1422
These satisfy the differential equations:
/
Yy = —Yyz
2 = —22°

We now define the variables we want to track. For every vertex v and 0 < i < n?t9

write:
ey (1) =n—dg, (v).
Next, for 0 < i < n*t9 we define the set of permissible triangles:
Aj={tjri<j<n’VteS,|tnt;| <1}.

In words, A; is the set of triangles not in H; that, if selected at time 7 + 1, will be
included in S;; 1.
18



For every uncovered edge uv, we track the number of permissible triangles containing
it. For convenience, we associate a random variable to covered edges as well:

o (6) = {y{t €A {uv} CH}| w¢G(S)

I nz (#) otherwise

We will show that w.v.h.p. for every 0 < i < n*t9, every vertex v, and every edge
uv:

0 i) = (120 () ()

(4) duy (1) = (1 £ 0(1)) n2 <W> ’

In particular, this will prove the proposition.

We first consider the evolution of the random variables d,,. Note that if uv is
covered by S; then (by definition) dy, (i) = nz (#) and there is nothing to prove. So
assume that uv is not covered by 5;. How might d,,, change during step ¢ + 17 Well,
if uv remains uncovered, then d,, will change if and only if some permissible triangle
t € A; containing wv is no longer in A;11. Now, uv C ¢t € A; will not be in A;4 if
|tiv1 Nt] = 2, and t;41 € A;. In this case, d,, decreases by 1. For every uwvw € A;
there are dy., (i) + dyy (i) — 2 triangles in A; that have this effect. Thus, observing that
at step ¢ there are (1 -0 (n5_1)) n? triangles remaining to be considered that do not
contain uwv:

Pr[duy (i + 1) # duy (4) [Hy, Siyuv & G (Si41)]
(5) - . 5™ (s (0) + o (3) — 2) <

_ o—1 3
(1 0 (’I’L )) " UVWEA;

S

Note that since the underlying graph is tripartite, so long as uv remains uncovered,
dyy can decrease by at most 1 in a single step. Therefore:

E [duy (i + 1) — duy (3) |Hi, Siyuv & G (Siy1)]

©) — Pr{duy (i + 1) # duy (8) | i, St ¢ G (Sig)].

Lemma A3 (the Azuma-Hoeffding inequality) requires control over the maximal
one-step change of the sequence of random variables. Although the maximum change
in dy, is 1, this is too large for Lemma [A.3 to be useful. Therefore, we show that dy,
cannot change too much in any n consecutive steps, which, after rescaling, will enable
an application of Lemma [A.3. First, note that for any 1 < j < n, we have:

2
(7) Pruv € G(Sisn)[Hitj-1, Sivj—1,wv ¢ G(Sit;)] < e
Indeed, the triangles t;4j41,...,t4, are a uniformly random subset of size n — j < n,

that are chosen from a set of size at least n3/2. Furthermore, the number of triangles
containing wv is bounded from above by n. Thus, the probability that one of these was
chosen is at most 2n?/n3 = 2/n.
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Now, let 1 < i < n?* —p and 1 < j < n. By the law of total probability and
Inequalities (f)) and (), for any H;j, Siy; s.t. uv ¢ G(Si+;), it holds that

Pr(dyy(i + j) # duo(i 4+ J — 1)[Hitj—1, Sitj—1,uv ¢ G(Sitn)]
(8) < Pridue(i +7) # duw(i +J = DI Hitj—1, Sitj—1,uv & G(Sitj)]
- Pr[uv & G(Siyn)[Hitj-1, Sivj—1uv ¢ G(Sit;)]

Now, for T € ( "] ) let By denote the event that for every j € T, dy,(i + j) #

logn

dyy(i + 7 —1). Applying a chain of conditional probabilities together with Inequality
@), for any T € ( ] ):

logn

5)
<=
n

logn
Pr [Br|Si, Hi,uv & G(Siin)] < <;> .

We will now use a union bound over all events By to show that w.v.h.p. in any n
consecutive steps of the hypergraph process and for any uncovered edge uv, conditioning
on the event that uv remains uncovered during these steps, d,, changes by at most
log n. Indeed:

Pr [dyy (i + 1) < duy (i) — logn|H;, S;,uwv & G (Sisn)] < < n > <§>10gn

logn/ \ n
logn
§< 5en > :n_w(l),

nlogn

9)

We treat the evolution of the variables ¢, in a similar fashion. At time i + 1, ¢,
decreases iff v € ;11 € A;, in which case ¢, (i + 1) = ¢, (i) — 1. Thus:

1 1 2
Pr [CU (Z + 1) 7£ Co (Z) |H27 SZ] = 5—1 30 Z duvu (Z) < -
Ele, (i +1) — ¢y (1) |H, S;) = —Pre, (i + 1) # ¢, (4) |Hj, Sil -
By reasoning similar to that above, for any vertex v and any 0 < i < n?t9 —n:
(11) Prc, (i 4+ n) < ¢, (i) — logn|H;, S| < n~*W.

At this point it is convenient to rescale our variables. For 0 < T < pito

and an edge uv we define:

, a vertex v,

Cy (T) = ¢y (nT)
Dyy (T) = dyy (nT).

Let ¢ = % We will prove that for all T < n'*9 of the form T = kn® (where
ke {0, 1,... ,n2+5_5}), every vertex v, and every edge uv:

" Cu(r) =y (%) £l

Dy (T) = nz<z> + a (7).

n
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Where:

« (0) = n1+5_% — N300

20n°
T H=a(T) (1 .
a(T+n%)=af )( +n+2T>
T

It is straightforward to verify that for all 7"

a(T) <« <n1+6) —0 <n1+115—§> _0 (n%)

ny <%> > na <%> > na (?) (=) = (ni).
(13) o (T) = o (nz<%>> 0 <ny<%>> .

Together, Equalities ([J) and ([[3) imply the proposition.

We will prove that if ([[J) holds for 7', then w.v.h.p. ([[3) also holds for T'+n. Since
Cy (0) = Dyy (0) = n, an inductive argument completes the proof.

Assume ([[J) holds for some T'. Let uv be an edge. Our first order of business is to
calculate the expected change in D,, in a single time step. Let T < i < T + n®. If
uv is covered at time ¢ + 1 then ([[J) holds by definition. Therefore we condition on
uv ¢ G (S;41). For compactness, we set F; = (Hm,Sm,uv ¢ G (S(i—i-l)n))' Now, by
definition:

j=1

Equality () holds for any choice of tjn11,...,tintj—1. Furthermore, uv ¢ G (S(i—l—l)n)
implies uv ¢ G (Sin+j). Therefore:

E[duy (in+j) —dyy (in + 7 — 1) |F] = —Pr[dyy (in + j) # dup (in+ 5 — 1) |F}] .
Now, for j € [n] let B; be the event that for some edge ab ¢ G (5(i+1)n)3
|dap (in+ j — 1) —dgp (Tn)| > (i +1—T)logn.

By Inequality (f), Pr[B;|Fi] = n~“(). Note that if B; holds, then for all ab ¢
G (S(i+1yn), it holds that dgp, (in + j — 1) = dg, (Tn) £ o (T) = nz(%) +2a (T). There-
fore, applying the law of total probability:
Pr[dyy (in + ) # duy (in + j — 1) | F}]
= Pr [dyy (in + j) # duy (in+j — 1) |F, B;] £n <0

2(nz(L) £ 4a (1)) o 2 (2(E) £ da (1)
- (1-0(no-1Y))n3 :(1j:0(n5 1>> n '
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Therefore:
E [Dyy (i + 1) = Dy (4) |Fi] = — (1 +0 (ué—l)) 2 <z<%> + 4 (T)>2
- —222<Z> + 18Z(%>0¢(T) - z'<z> L8 L.

n n n+2Ta

We cannot apply the Azuma-Hoeffding inequality to D, directly, as the change
in a single time step might be as large as (n), resulting in a meaningless bound.
However, as we have already shown, this is unlikely to happen. We will therefore
apply the Azuma-Hoeffding inequality to the conditional probability space in which
the random variables we are tracking do not change too much in a single time step.
Let B be the event that for some 4, | Dy, (T (i + 1)) — T (i)| > logn. By Inequality ({)
Pr[B|F;] = n=“(). Therefore, applying the law of total expectation:

(14)
) | . PiBIR) P
mﬂg [Duy (i 4+ 1) = Dyy (3) | F3] Pr [F|Fz] E [Dyy (i + 1) — Dy (@) |F}, B

_ (T 18 o) _ (L 19
—z<n>i<n+2Ta(T)+n i in—l—ZTa(T)'

We will prove the upper bound in Equation ([J). The proof of the lower bound is
similar. To do so we transform D,,, into a supermartingale. Define, for T' < i < T +n°:

Dy (i) = Dy (i) — n <%> - <1 i %) o (T).

Observe that, conditioning on B:
|Dlv (Z + 1) - D:w (Z)‘

w

< |Duv (Z“‘ 1) - Duv (Z)| +n

. (Z?) . (%)' +a(T)ni92T — O (logn).

We next show that E [D},, (i + 1) — D}, (i) |Hin, Sin, B] <0, i.e., D}, is a supermartin-
gale. Taking Equation ([[4) into account:

— E [Duo (i + 1) — Dyy (i) |Hin, Sin, B] — 02 <Z : 1) t+nz <i> Y

n _n+2Ta

= ;/(%) * n—|1—92Tla (T)—n <Z<Z;1> o (%)) N nigm'o‘(i)
)5 0)
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By the mean value theorem there exists some s € [i/n, (i+1)/n] s.t.n (2 (F) — 2 (L)) =
2'(s). Since 2’ is increasing it holds that 2/( (( )) Therefore:

E [Dl,, (i + 1) — D', (i) | Hin, Sins B] < (%) _(s) <0,

Finally, we apply the Azuma-Hoeffding inequality (Lemma @) with respect to the

filtration induced by the random variables {H;;,, Sm}TJer‘E, conditioned on B.
()
n¢ — <n+2Ta
Pr | D!, (T + n°) (i T)B| < Q| || =n0,
| Dl (40 () > 2 (D[B < exp S n

Since B holds w.v.h.p. we have, for all edges uv, w.v.h.p.:

T + n® 20n°
> +a(T)+ n+2Ta(T) —nz<
We analyze C),, analogously, while omitting calculations very similar to those above.
We focus on the most important step: calculating the expected difference. Assume
Equality ([[2) holds for T'and let T' <i < T +n°. Let B; be the event where for some
v, |Cy (i +1) — Cy (i)| > logn or for some uv & G (S(11)n), [Duv (i +1) — Dy (i)] >
logn. Let B; = Ur<j<;Bj. By Inequality (1)) Pr[B;|Hin, Sin] = n —«(1) If B; holds,
then C, (i) = C, (T')£(i — T') logn and Dy, (i) = Dy, (T))£(i — T') log n. For j between
in and (i+1)n, each t; is chosen uniformly at random from n* (1 — O (n5_1)) triangles.
Thus, by the inductive hypothesis and Equation ([[0):

T + nt

Duv(T+n€)§nz< >—|—0z(T—|—nE).

E[Cy (i +1) = Cy () |Hin, Sin] = > Eley (in+ ) — ¢y (in + j — 1) |Hi, Sin]
j=1
- ( (%) =+ 2 (T)) (nz (%) =+ 2 (T)) (T 6c (T)z(%)
- n3(1+ 0 (nd-1)) —Y <E> S

_ (L 6
_y<n in+2Ta(T)'

As above, we can apply the Azuma-Hoeffding inequality to an appropriate shifted
variable to obtain the result.

O

APPENDIX B. ASYMPTOTIC ENUMERATION OF LATIN RECTANGLES

In this section we show that for any ¢ > 0 the number of (1—¢)n xn Latin rectangles

is asymptotically
_ (1—e)n?
1 e/(1—e) n
1 1) [ - —
(( o) 4

Note that a (1 — ¢)n x n Latin rectangle can be viewed as a sequence of (1 — &)n
disjoint n X n permutation matrices. We count the number of ways to construct such
a sequence matrix by matrix. Suppose we have chosen disjoint permutation matrices
Py, ..., P_q. Let A; be the (0,1)-matrix of available entries, i.e., A;(s,t) = 1 iff for all
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1 <j<i, Pj(s,t) = 0. Then A; has k(i) = n — i+ 1 ones in each row and column,
and P; can be any permutation matrix supported by A;. By the permanent bounds of
Egorychev—Falikman [[j, § and Brégman [f], the permanent of an n x n (0,1)-matrix
M with k& ones in each row and column satisfies:

(E)" < Per(M) < (kI)"/*.

e

Thus, the number of choices for the whole process is at least:

() =) (@) =) e

k=en
1 6/(1—6) n (1—&‘)77,2
("3

On the other hand, the number of choices is bounded from above by

- /k < EN" 1\/0-9) 5 (A=ejn?
nn/k — S I - -
Twr* =TI (a+om?) = (a+omn () 5]
k=en k=en
as desired.
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