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Abstract. Maximally recoverable codes are codes designed for distributed storage which com-
bine quick recovery from single node failure and optimal recovery from catastrophic failure. Gopalan
et al. [Mazimally recoverable codes for grid-like topologies, in Proceedings of the Twenty-Eighth
Annual ACM-SIAM Symposium on Discrete Algorithms, STAM, Philadelphia, 2017, pp. 2092-2108]
studied the alphabet size needed for such codes in grid topologies and gave a combinatorial charac-
terization for it. Consider a labeling of the edges of the complete bipartite graph K ,, with labels
coming from ]Fg, that satisfies the following condition: for any simple cycle, the sum of the labels
over its edges is nonzero. The minimal d where this is possible controls the alphabet size needed for
maximally recoverable codes in n X n grid topologies. Prior to the current work, it was known that d
is between (logn)? and nlogn. We improve both bounds and show that d is linear in n. The upper
bound is a recursive construction which beats the random construction. The lower bound follows
by first relating the problem to the independence number of the Birkhoff polytope graph, and then
providing tight bounds for it using the representation theory of the symmetric group.
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1. Introduction. The Birkhoff polytope is the convex hull of n x n doubly
stochastic matrices. The Birkhoff polytope graph is the graph associated with its
1-skeleton. This graph is well studied, as it plays an important role in combinatorics
and optimization; see, for example, the book of Barvinok [2]. For us, this graph arose
naturally in the study of certain maximally recoverable codes. Our main technical
results are tight bounds on the independence number of the Birkhoff polytope graph,
which translate to tight bounds on the alphabet size needed for maximally recoverable
codes in grid topologies.

We start by describing the coding theory question that motivated the current
work.

1.1. Maximally recoverable codes. Maximally recoverable codes, first intro-
duced by Gopalan et al. [6], are codes designed for distributed storage which combine
quick recovery from single node failure and optimal recovery from catastrophic fail-
ure. More precisely, they are systematic linear codes which combine two types of
redundancy symbols: local parity symbols, which allow for fast recovery from single
symbol erasure, and global parity symbols, which allow for recovery from the maximal
information theoretic number of erasures. This was further studied in [1, 7, 9, 11, 12].
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The present paper is motivated by a recent work of Gopalan et al. [5], which
studied the effect of the topology of the network on the code design. Concretely, they
studied grid-like topologies. In the simplest setting, a codeword is viewed as an n X n
array, with entries in a finite field Fyq, where there is a single parity constraint for
each row and each column, and an additional global parity constraint. More generally,
a Tyxm(a, b, h) maximally recoverable code has codewords viewed as an n X m matrix
over F¢, with a parity constraints per row, b parity constraints per column, and h
additional global parity constraints. An important problem in this context is: How
small can we choose the alphabet size 2¢ and still achieve information theoretical
optimal resiliency against erasures?

Gopalan et al. [5] gave a combinatorial characterization for this problem, in the
simplest setting of m = n and a = b = h = 1. Their characterization is in terms
of labeling the edges of the complete bipartite graph K, ,, by elements of Fg, which
satisfies the property that in every simple cycle, the sum is nonzero.

Let [n] = {1,...,n}. Let v : [n] x [n] — F¢ be a labeling of the edges of the
complete bipartite graph K, ,, by bit vectors of length d.

DEFINITION 1.1. A labeling v : [n] x [n] — F4 is simple cycle free if for any simple
cycle C in K,, ,, it holds that

> le) #0.

eeC

Gopalan et al. [5] showed that the question on the minimal alphabet size needed
for maximally recoverable codes reduces to a question of how small can we take
d = d(n) so that a simple cycle free labeling exists. Concretely:

e The alphabet size needed for Tyx,(1,1,1) codes is 24",
e The alphabet size mneeded for T,xm(a,b,h) codes is at least
2min(d(n7a+1),d(m7b+1))/h'

Before the current work, there were large gaps between upper and lower bounds
on d(n). For upper bounds, as the number of simple cycles in K, , is nPm  a
random construction with d = O(nlogn) succeeds with high probability. There are
also simple explicit constructions matching the same bounds; see, e.g., [6]. In terms
of lower bounds, it is simple to see that d > logn is necessary. The main technical
lemma of Gopalan et al. [5] in this context is that, in fact, d > Q(log® n) is necessary.
This implies a superpolynomial lower bound on the alphabet size 2¢ in terms of n,
which is one of their main results.

We improve on both upper and lower bounds and show that d is linear in n. We
note that our construction improves upon the random construction, which for us was
somewhat surprising. For convenience we describe it when n is a power of two, but
note that it holds for any n with minimal modifications.

THEOREM 1.2 (explicit construction). Let n be a power of two. There exists
7y : [n] x [n] — F4 for d = 3n which is simple cycle free.
Our main technical result is a nearly matching lower bound.

THEOREM 1.3 (lower bound). Let «y : [n] x [n] — F4 be simple cycle free. Then
d>n/2-2.

1.2. Labeling by general Abelian groups. The definition of simple cycles
free labeling can be extended to labeling by general Abelian groups, not just F4. Let
H be an Abelian group, and let v : [n] X [n] — H. We say that ~ is simple cycle free
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if for any simple cycle C' = (e, ea, ..., ex),
S (“1)r(e) £0.
i€[k]

We note that the analysis of Gopalan et al. [5] can be extended to nonbinary
alphabets F,,, in which case their combinatorial characterization extends to the one
above with H = F,,.

THEOREM 1.4. Let H be an Abelian group. Let v : [n] x [n] = H be simple cycle
free. Then |H| > 2"/272,

As a side remark, we note that the study of graphs with nonzero circulations was
instrumental in the recent construction of a deterministic quasi-polynomial algorithm
for perfect matching in NC [4]. However, beyond some superficial similarities, the
setup seems inherently different than ours. For starters, they study general bipartite
graphs, while we study the complete graphs. Moreover, they need to handle certain
families of cycles that are not not necessarily simple, while in this work we focus on
simple cycles.

The proofs of Theorems 1.3 and 1.4 rely on the study of a certain Cayley graph
of the permutation group, which encodes the property of simple cycle free labeling.
Surprisingly, the corresponding graph is the Birkhoff polytope graph.

1.3. The Birkhoff polytope graph. Let S,, denote the symmetric group of
permutations on [n]. A permutation 7 € S, is said to be a cycle if, with the exception
of its fixed points, it contains a single nontrivial cycle (in particular, the identity is not
a cycle). We denote by C,, C S,, the set of cycles. The Cayley graph B,, = Cay(S,,,Cy)
is a graph with vertex set S,, and edge set {(m,77) : 7 € S,,,7 € C,}. Note that this
graph is undirected, because if 7 € C,, then also 77! € C,,.

The graph B,, turns out to be widely studied. It is also the graph of the Birkhoff
polytope, which is the convex hull of all n x n permutation matrices; see, for exam-
ple, [3] for a proof. Our analysis does not use this connection; we use the description
of the graph as a Cayley graph.

The following claim shows that Theorem 1.4 reduces to bounding the chromatic
number of the Birkhoff polytope graph.

CLAM 1.5. Let H be an Abelian group. Assume that ~ : [n] x [n] — H is simple
cycle free. Then the chromatic number of B,, is at most |H|. In particular, B,, contains
an independent set of size > nl/|H]|.

Proof. Define for h € H the set of vertices

n
Ap = {w €Sy Z’y(i,ﬂ(i)) = h} .
i=1
We will show that each Ay, is an independent set in 5,,. In particular, choosing A = A,
of maximal size shows that B, has an independent set of size |A| > n!/|H|.

Assume that A = Ay, is not an independent set. Then there are two permutations
7,7 € A such that 7 = 7(7/)~"! € C,. Let M, = {(i,7(i)) : i € [n]} denote the
matching in K, ,, associated with 7, and define M, analogously. Let C = M, & M
denote their symmetric difference. The fact that 7 € C,, has exactly one cycle is
equivalent to C' being a simple cycle. Let C' = (e, ea,...,ex); then

S =Y Ae) = Y yle)=h—h=0.

i€ (k] e€M e€M, ./
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This violates the assumption that v is simple cycle free. ]

The construction of a simple cycle free labeling in Theorem 1.2, combined with
Claim 1.5, implies that the Birkhoff polytope graph has a relatively small chromatic
number.

COROLLARY 1.6. Let n be a power of two. Then the chromatic number of B,, is
at most 9".

We can improve the bound on the chromatic number from 9™ to 4™ via a con-
struction which is not based on a simple cycle free labeling.

THEOREM 1.7. Let n be a power of two. Then the chromatic number of B, is at
most 4™.

The best previous bounds we are aware of are by Onn [8], who proved that B,
contains an independent set of size > n(vV™)

Our main technical result is an upper bound on the largest size of an independent
set in the Birkhoff polytope graph.

THEOREM 1.8. The largest independent set in B, has size < nl/2"=9/2 In
particular, the chromatic number of B, is at least 2"=4/2,

As an aside, we note that general bounds on the independence number of graphs,
such as the Hoffman bound, give much weaker bounds. A standard application of the
Hoffman bound gives a much weaker bound for the independence number of B,, of
O(n!), and if we restrict all permutations to have the same sign, the bound improves
to O((n — 1)!). The reason is that the Hoffman bound (at least in its simplest form)
directly relates to the minimal eigenvalues of the graph. However, in our case the
eigenvalues are controlled by the irreducible representations of S,,, and the extreme
eigenvalues are given by low dimensional representations. This prohibits obtaining
strong bounds on the independence number directly.

In order to overcome this barrier, our analysis circumvents the effect of the low
dimensional representations by appealing to a structure versus randomness dichotomy
specialized for our setting. It allows us to either reduce the dimension of the ambient
group, or restrict our attention to pseudo-random assumptions about the actions of
the low dimensional representations.

Organization. We prove Theorem 1.2 in section 2 and Theorem 1.8 in section 3.
Theorem 1.7 is proved in section 4.

2. A construction of a simple cycle free labeling. We prove Theorem 1.2
in this section. We first introduce some notation. For = € [n] denote by e € F5 the
unit vector with 1 in coordinate z and O in all other coordinates. We let 0" € F%
denote the all zero vector.

Let n be a power of two. We define recursively a labeling 7, : [n] x [n] — F3".
For n = 2 set, for example,

72(()’0) 26(137 72(071) :ega 72(150) zega 72(171) :eg'

Assume n > 2. Let 2/ = 2 mod (n/2) and ¥’ =y mod (n/2), where 2/,y’ € [n/2].
Define v, (z,y) € F3" recursively as follows:

(i) The first n bits of v, (z,y) are e if y <n/2, and otherwise they are 0".

(ii) The next n/2 bits of v, (z,y) are eZ/z if © < mn/2, and otherwise they are
0m/2.

(iii) The last 3n/2 bits of v, (z,y) are defined recursively to be v, 2(2',y').
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We claim that ~,, is indeed simple cycle free. For n = 2 it is simple to verify this
directly, so assume n > 2.

Let C' be a simple cycle in K, ,, and assume towards a contradiction that
Y eccTnl(e) = 0. Assume C has 2k nodes for some 2 < k < n, and let these be
C = (z1,Y1,%2, Y2 - - -, Tk, Yk, ¥1). We denote X = {z1,...,zptand Y = {y1,...,yx}.
Define, furthermore, L = {1,...,n/2} and U = {n/2 +1,...,n}.

CraM 2.1. EitherY C L orY CU.

Proof. Assume that both Y N L and Y NU are nonempty. Then there must exist
i € [k] with y; € L and y;41 € U, where if i = k, then we take the subscript modulo
k. Recall that x;1 is the neighbor of y;,y;4+1 in C. Its contribution to the first n bits
of the sum is egi+1, since y; < n/2 and y;11 > n/2. Note that no other edge in C has
a nonzero value in coordinate x;y1. Thus the x;11 coordinate in the sum over C'is 1,
which contradicts the assumption that the sum over C is zero. 0

Thus we can assume from now on that either Y C Lor Y C U.

CraIM 2.2. Either X C L or X C U.

Proof. Assume that Y C L, and the case of Y C U is identical. Assume that
both X N L and X NU are nonempty. Then there must exist ¢ € [k] with z; € L
and x;11 € U. Recall that y; is the neighbor of x;, ;41 in C. Its contribution to the
second batch (of n/2 bits) of the sum is eZ,_/Q, since z; < n/2 and z,41 > n/2. Note
that no other edge in C has a nonzero value in coordinate n + ., whereas here we
need the assumption that Y € L or Y C U. Thus the n + y, coordinate in the sum

over C is 1, which contradicts the assumption that the sum over C' is zero. ]

Thus we have that X C U or X C L, and similarly Y C U or Y C L. Thus, C'is a
simple cycle in K, /5 ,,/2 embedded in K, ;, in one of four disjoint ways: L x L, L x U,
U x L, or U x U. Observe that in each of these copies, the last 3n/2 coordinates of
the sum are precisely 7, /2, so by induction C' cannot have zero sum.

3. The independence number of the Birkhoff polytope graph. We prove
Theorem 1.8 in this section. Let A be an independent set in 5,,. We prove an upper
bound on the size of A. Concretely, we will show that |[A] < Sn! for some absolute
constants a,c > 1. As we will see at the end, the choice of a = 4, ¢ = v/2 works.

The proof relies on representation theory, in particular representation theory of
the symmetric group. We refer readers to the excellent book of Sagan [10], which
provides a thorough introduction to the topic. We will try to adhere to the notation
in that book whenever possible.

Overall strategy. Our basic plan will be to break our analysis into two cases
based on whether or not the action of A on m-tuples is nearly uniform for all m.
This will be in analogy with standard structure versus randomness arguments. If the
action on m-tuples is highly nonuniform, this will allow us to take advantage of this
nonuniformity to reduce to a lower dimensional case. On the other hand, if A acts
nearly uniformly on m-tuples, this suggests that it behaves somewhat randomly. This
intuition can be cashed out usefully by considering the Fourier-analytic considerations
of this condition, which will allow us to prove that some pair of elements of A differ
by a simple cycle using Fourier analysis on .S,.

Nonuniform action on tuples. Let [n], = {(i1,...,%m) : @1,...,0m €
[n] distinct} denote the family of ordered m-tuples of distinct elements of [n]. Its
size is (n)y,, = n(n —1)---(n —m + 1). A permutation # € S,, acts on [n],, by
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sending I = (i1,...,%m) to w(I) = (w(i1),...,7(im)). Below, when we write Prrcal]
we always mean the probability of an event under a uniform choice of 7 € A.

Notice that if Pryea[n(I) = J] > ¢™/(n),, for some pair I,J € [n],, this will
allow us to reduce to a lower dimensional version of the problem. In particular, if we let
A ={r e A:n(I)=J}, we note that |A| < |A’|(n)n/c™. On the other hand, after
multiplying on the left and right by appropriate permutations (an operation which
doesn’t impact our final problem), we can assume that I = J ={n—m+1,...,n}.
Then, if A were an independent set for B,,, A’ would correspond to an independent set
for Cay(Sn—m,Cn—m). Then, if we could prove the bound that |A'| < =47 (n —m)!,
we could inductively prove that |[A| < Snl.

Uniform action on tuples. When the action of A on m-tuples is near uniform
for all m, we will attempt to show that two elements of A differ by a simple cycle
using techniques from the Fourier analysis of S,,. In fact, we will show the stronger
statement that some pair of elements of A differ by a single cycle of length n.

Some slight complications arise here when parity of the permutations is consid-
ered. In particular, all n-cycles have the same parity. This is actually a problem for n
even, as all such cycles will be odd, and thus our statement will fail if A consists only
of permutations with the same parity. Thus, we will have to consider our statement
only in the case of n odd. Even in this case, though, parity will still be relevant. In
particular, note that the difference between two permutations in A can be a cycle of
length n only if the initial permutations had the same parity. Thus, we lose very little
by restricting our attention to only elements of A with the more common parity. Thus
we lose a factor of 2 in the size of A, but will make our analysis somewhat easier. We
are now prepared to state our main technical proposition.

PROPOSITION 3.1. Let n be an odd integer, and let ¢ > 1 be a sufficiently small
constant. Let A C S, be a set of permutations satisfying the following:

(i) All elements of A are of the same sign.

(ii) For any even m <n and any I,J € [n|m, Prrcalr(l) = J] < %
Then there exist two elements of A that differ by a cycle of length n. In particular,
we can take ¢ = /2.

Remark. In the second condition above, we consider only even m. This is be-
cause if this condition fails, we are going to use our other analysis to recursively
consider permutations of [n — m], and would like n — m to also be odd.

We prove Proposition 3.1 and then show that it implies Theorem 1.8.

Proof. First, note that by replacing all # € A by wo for some odd permutation
o if necessary, it suffices to assume that all 7 € A are even. We will assume this
henceforth.

Rephrasing the problem using class functions. Let C!, denote the set of
n-cycles in S,,. Define two class functions ¢, € R[S,] as

1 L 1
o= 7|Sn||A\2 Z on(r") to™ = m Z T.

oc€Sy,,m,mEA T€EC),

It is easy to see that our conclusion is equivalent to showing that (¢, ) > 0.

Let A+ n denote a partition of n, namely A = (A1, ..., \x), where A\ > -+ > A\ >
1and > \; = n. The irreducible representations of S,, are the Specht modules, which
are indexed by partitions {S* : A - n}. Let x* : S, — R denote their corresponding
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characters. Their action extends linearly to R[S,]. Namely, if ¢ € R[S,] is given by

(= Zwesn (e € R[S,,] where ¢; € R, then x*(¢) Znesn Cax ().
As p,1 € R[S,] are class functions, their inner product equals

(1) (0. ) = > XM (@)

AFn

Let (n) € C/, be a fixed cycle of length n. As all elements in ¢ are conjugate to (n),
we have x*(¥) = x*((n)) and we can simplify (1) to

(2) (. 0) =Y _x e (n).

AFn

Thus, we are led to explore the action of the irreducible characters on the full cycle
(n).

Characters’ action on the full cycle. The Murnaghan—Nakayama rule is a
combinatorial method to compute the value of a character x* on a conjugacy class,
which in our case is (n). In this special case it is very simple. It equals zero unless
A is a hook, e.g., its corresponding tableaux has only one row and one column, and
otherwise its either —1 or 1. Concretely, let h,, = (n—m,1,1,...,1)for0 <m <n-—1
denote the partition corresponding to a hook. Then

o) Ay ={ SV

otherwise.
Thus we can simplify (2) to
n—1
(4) () =D (=)"™x"" ().
m=0

Bounding the characters on ¢. The character hy corresponds to the trivial
representation, and by our definition of ¢ it equals x"° (@) = 1. Observe that we can
simplify x* () as

1 1 _
6) @) =rmer Y o) e ) = o 3 ).
[APISA | e, Al
First, we argue that the evaluation of characters on ¢ is always nonnegative.
CrLam 3.2. x ) >0 for all A - n.
Proof. Let ¢ € R[S,] be given by ¢ = \%I Y rca ™ Then
1 _
Xe) = TaE > T (SHmsN(E)™h) = Tr (SMOSMOT) = 1SMO1E

m,m €A

where for a matrix M its Frobenius norm is given by ||[M||% = > |M; ;|>. In particular
it is always nonnegative. O

The following lemma bounds x”™ (). Observe that, in particular, for ¢ = 1 it
gives " (¢) = 0. However, we would use it to obtain effective bounds when ¢ > 1.

LEMMA 3.3. Let m € {1,...,n —1}. For any even k € {m,...,n} it holds that
ckF—1

(m)

X" () <
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Proof. Let M* denote the (not irreducible) Young module associated with a par-
tition p F m. In the case of u = hy it corresponds to the action of S, on [n]g,
that is, for any 7 € S,, we have that M"(r) is a matrix whose rows and columns
are indexed by I,J € [n]y, respectively, where M"*(7); ; = Lr(r)=s. Observe that

MM (r=1) = (Mh* (ﬂ))T. We extend this action to R[S,,] linearly.
Recall that ¢ = 15 > s ™ € R[Sy]. By assumption (i) in Proposition 3.1 we

have

Ck

(th(o)[’] = ﬂfél;;[ﬂ-(l) =J)< m

Thus, we can bound the Frobenius norm of M"*(¢) by
ok
M7 =D (M), , P < () DI (M™(Q), ;| ="
) (n)k )
I1,J I,J
This is useful as

(M () = Tr (M™ () (M™(0)) ") = [M" (O)[[} < .

The Kostka numbers K ,, denote the multiplicity of the Specht module S A in the
Young module M*. We can thus decompose

Tr(M*(9)) = > Kaux(¢)-
A

We saw that x*(¢) > 0 for all \. By Young’s rule, K ,, equals the number of semi-
standard tableaux of shape A and content p. In particular, it is always a nonnegative
integer. In the special case of A = h,;, and p = hy for k > m, Young’s rule is simple

to compute and gives
k
Khm,7hk = ( )
m

Recall that y is the trivial representation, for which K, p, = 1 and x"(¢) = 1.
Thus

1+ (D X' () €D EKamx M (@) = Te(M™ () < .
A

This completes the proof. 0

We next apply Lemma 3.3 to bound x" () for all 1 <m <n —1. If m <n/2,
then we can apply Lemma 3.3 for k¥ = 2m and obtain the bound

cm 1
2
)
For m > n/2 we need the following claim relating x"m to x"n-1-m.

CLAIM 3.4. For any 1 <m <n — 1 it holds that x"™ (p) = x""—1-m(p).

X" () <

Proof. For any partition A, let ' denote the transpose (also known as conjugate)
partition. It satisfies x* (7) = x*(n)sign(r) for all 7 € S,,, where sign : S, — {—1,1}
is the sign representation. As all elements in A are even permutations, it holds by the
definition of ¢ that
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In particular, if A\ = hyy,, then X = h,_1_,. |

Next, we lower bound (gp,v’) as follows. The dominant terms are y"°(p) =
x"=1(¢) = 1. For any 1 <m < (n—1)/2 — 1, the corresponding term in (4) appears
twice, once as (—1)™x"" () and once as (—1)""1=mylin-1-m () = (=1)"x"m (p).
The term for m = (n — 1)/2 appears once.

Furthermore, as x"=(¢) > 0 for all m by Claim 3.2, the only negative terms
correspond to odd 1 < m < (n —1)/2. Thus we can lower bound

(6) %<<p,w’> >1- )

m2>1, m odd (277:)

It is not hard to show that this is positive if ¢ > 1 is small enough. If we take ¢ = /2,
the right-hand side of (6) is slightly negative for large enough m (the limit as m — oo
-1

(3)
06

rather than (77)1, making our lower bound on %((,0, Y’y at least 0.057. This completes
3

is —0.02451...). However, when n > 8, the second term can be replaced by

our proof. ]
We are now prepared to prove Theorem 1.8.

Proof. We first prove that if n is odd and if all permutations in A have the same
sign, then |A| < #

We proceed by induction on n. First, we note that if n = 1, the bound follows
trivially.

For odd n > 1, we note that unless there is some even m < n and some I,J €
[ with Prreal[r(I) = J] > 2™/2/(n),, then our result follows immediately from
Proposition 3.1. Otherwise, we may assume without loss of generality that I = J =
(n—m+1,...,n). It then follows that letting A’ = {m € A: n(I) = J}, we can think
of A’ as a set of permutations on [n —m]. Also, note that A being an independent
set for B,, implies that A’ is an independent set for Cay(S;,,—m,Cn—m). Therefore, by
the inductive hypothesis,

JA| < (n)m2 ™2 A < (n)m2 ™2 (n — m)! /20— 1/2 = p1/2(n=1)/2,

We now need to reduce to the case of n odd and A consisting only of permutations
of the same sign. First, restricting A to only permutations of the most common sign,
we can assume that all permutations in A have the same sign, losing only a factor
of 2 in |A|. Now, if n is odd, we are done. Otherwise, let j be the most likely value
of m(n) for 7 taken from A. We have that Prrca[r(n) = j] > 1/n. Without loss of
generality j = n, and we can let A’ = {m € A: w(n) = n}. Since A’ is an independent
set in Cay(S,—1,Cr—1), and since n — 1 is odd, we have

|A| < n\A/| <n(n-— 1)!/2(71—2)/2 _ n!/2n/2_1, 0

4. Construction of a larger independent set. We prove Theorem 1.7 in this
section. Assume that n = 2™. We construct a coloring of S,, with at most 4™ colors
such that each color class is an independent set in B,,.

Let T;; = {2"7(j — 1) +1,...,2" %} for 0 < i < m,1 < j < 2. Note

that {Tj; : j € [2']} is a partition of [n] for every i, that |T;;| = 2", and that
T 251 UT; 95 is a partition of T;_; ;. For 1 <i <m, let M; = (f,;jl) For any set
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R of size |R| = 2™+ let ind; (R, -) be a bijection between subsets of R of size 2m~*
and Z]VL‘,'

Fix a; € Zpy, for i = 1,...,m. Each tuple (a1, ...,a,,) will define a color class.
Given such a tuple, we define a sequence of subsets of S, as follows. Define Ay = S,

and
2i— 1

Ai =< TE Ai,1 . Z indi(’f((Ti,LjLW(Ti’gjfl)) = a; mod Mz

Jj=1

Since each value mod M; occurs equally often as an ind; (7 (T;_1 ;), 7(T; 2j—1)) for each
j, and since these values are independent of one another, |A;| = |A;—1|/M;. Finally,
set A = A,,. The following claim (applied for ¢ = m) shows that A is an independent
set in B,,.

CrAaM 4.1. Let 1 <i < m. Let m,n’ € A; be such that T = n(7')~t € C,. Then
there exists j; € [2] such that:
L 7(Ti;,) = Tij,-
2. 7(x) = for allx € T; 5,5 # ji-

Proof. We prove the claim by induction on 7. The case of i = 1 follows from the
definition of A;. By assumption 7, 7’ fix both T3 ; and Ty 5. However, as 7 = w(n/)~!
is a cycle, it must be contained in either T7 1 or T 2. This implies that 7(zx) = « for
allz €Ty orall x €Ty ,.

Consider next the case of ¢ > 1. By induction 7(T;_1 ;) = 7'(T;—1 ;) for all
j € [2°71. Moreover, there exists j = j;_1 such that m(z) = 7/(z) for all x €
T;_1,,j # j'. This implies that n(T; ;) = «'(T; ;) for all j & {2j" —1,25'}.

Next, the assumption that 7,7’ € A; guarantees that

21'71 2i—1

Z indi(ﬂ'(Ti_l,j), F(nﬂj—l)) = Z indi(T(/(T%_Lj),7T/(Ti72j_1)) = Qa;, mod Mi.

Jj=1 Jj=1

For anyj # j/ we know that 7'('(’177;_17]') = 71'/(11‘_17]') and ’/T(Tiygj_l) = W/(ﬂ72j_1),
SO il’ldi(’lT(Ti,Lj),W(Ti’zjfl)) = indi(’ﬂ'/(Ti,Lj),7T/(/Ti’2j,1)). Thus we obtain that
also ind; (7(T;—1,5/), m(Ti 25 1)) = indy (7' (Ti—1,57), 7' (Ti 25:—1)). Moreover, as we also
know that 7 (T;_1 ;) = 7' (T;—1,+) and that ind;(7(T;-1 ), ) is a bijection to Zy,, it
must be the case that 7(T; 25—1) = 7' (T},25.—1) and hence also 7(T} ;) = 7' (T;,25).
Thus we conclude that 7(7T; ;) = 7'(T; ;) for all j € [27].

To conclude, as 7 = 77(7r’)’1 is a cycle, it must be contained in either T; 251
or Tjo4. Thus, 7 must fix all points in Tj 25,1 or all points in Tj ;. We set j; €
{25 — 1,24’} accordingly. O

Finally, we compute the size of A. As |A4;| = |4;-1|/M; and M; = (2;,714:1) <

2m7i+1

2 , we obtain that

| | |
2 =~ 1
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