Combinatorics, Probability and Computing (2022), 31, pp. 304-319 CAMBRIDGE
doi:10.1017/S0963548321000298 UNIVERSITY PRESS

PAPER

Lower bound on the size of a quasirandom forcing set of
permutations

Martin Kurecka

Faculty of Informatics, Masaryk University, Botanicka 68A, 602 00 Brno, Czech Republic
Email: 485413@mail.muni.cz

(Received 19 November 2020; revised 7 May 2021; accepted 19 June 2021; first published online 27 July 2021)

Abstract

A set S of permutations is forcing if for any sequence {I1,},cy of permutations where the density d(z, IT;)
converges to ﬁ for every permutation 7 € S, it holds that {IT,},.y is quasirandom. Graham asked whether
there exists an integer k such that the set of all permutations of order k is forcing; this has been shown
to be true for any k > 4. In particular, the set of all 24 permutations of order 4 is forcing. We provide the
first non-trivial lower bound on the size of a forcing set of permutations: every forcing set of permutations

(with arbitrary orders) contains at least four permutations.
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1. Introduction

Random combinatorial structures play an important role in combinatorics and various computer
science applications. If a large combinatorial structure shares key properties with a truly random
structure, then it is said to be quasirandom. The most studied theory of quasirandomness is that of
graphs which originated in the seminal works of Rédl [24], Thomason [25], and Chung, Graham
and Wilson [8] in the 1980s. Graph quasirandomness is captured by several seemingly different
but in fact equivalent conditions: the density of all subgraphs is close to their expected density in
a random graph, all but the largest eigenvalue of the adjacency matrix are small, the density of a
graph is uniformly distributed amongst its (linear size) subsets of vertices, all cuts between linear
size subsets of vertices have the same density, etc. Besides graphs, there are results on quasiran-
domness of many different types of combinatorial structures, in particular, tournaments [2, 6, 13,
18], hypergraphs [4, 15, 16, 19, 22], set systems [5], groups [17], subsets of integers [7], and Latin
squares [10]. In this paper, we are concerned with quasirandomness of permutations as studied in
[3, 11, 23].

One of the equivalent conditions mentioned above says that a large graph is quasirandom if
and only if its edge density is 1/2 4 o(1) and the density of cycles of length four is 1/16 + o(1).
Hence, graph quasirandomness is captured by the density of two specific subgraphs: K; and Cj.
More generally, the Forcing Conjecture posed by Conlon, Fox and Sudakov [9] asserts that C4
can be replaced by any bipartite graph with at least one cycle. Graham (see [11, page 141]) asked
whether an analogous result is true for permutations: Does there exists an integer k such that a
(large) permutation is quasirandom if and only if the densities of all k-permutation are the same?
This question was answered affirmatively by Kral’ and Pikhurko [23] by establishing that any k > 4
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has this property; we remark that the answer is negative for k € {1, 2, 3} [12]. Equivalent results
were established in statistics in relation to non-parametric independence tests by Yanagimoto [26],
building on an older work by Hoeffding [20]. In this context, we refer the reader to the work
by Even-Zohar and Leng [14] on nearly linear time algorithm for counting small permutation
occurrences, which can be used for fast implementation of these tests.

We are interested in determining the minimum size of a set of permutations that captures per-
mutation quasirandomness. To state our results precisely, we need to introduce some definitions.
A permutation of order n, or briefly an n-permutation, is a bijection from {1, ..., n} to {1,...,n};
the order of a permutation IT is denoted by |I1|. If A={a;,...,at} S{L,...,n}, a1 <--- <ag,
then the subpermutation of IT induced by A is the unique permutation 7 of order |A| =k such
that 77 (i) < 7 (j) if and only if I1(a;) < I1(a;j). Subpermutations are often referred to as patterns.
The (pattern) density of a k-permutation 7 in an n-permutation IT is the probability d(r, IT)
that a randomly chosen k-element subset of {1, ..., n} induces a subpermutation equal to 7; if
k > n, we set d(m, IT) = 0. We say that a sequence {I1;};en of permutations satisfying |I1;| — oo
is quasirandom if for every permutation 7 the limit of its densities in the sequence {IT;};en
satisfies

lim d(m,I1;) = L (1)
i—00 |7T |!
Finally, we say that a set S of permutations is forcing if any sequence {I1;};eny with |IT;| — oo
satisfying equality (1) for all & € S is quasirandom. In particular, the results of [23, 26] imply that
the set of all 4-permutations is forcing.

A natural question is to determine the minimum size of a forcing set of permutations.
Inspecting the proof given in [23], Zhang [27] observed that there exists a 16-element forcing set
of 4-permutations. Bergsma and Dassios [1] identified an 8-element forcing set of 4-permutations
and Chan [3] found three additional 8-element forcing sets of 4-permutations. In fact, these
four 8-element forcing sets S of 4-permutations satisfy an even stronger property, which is called
X -forcing, i.e., a sequence of permutations is quasirandom if and only if the limit of the sum of
the pattern densities of permutations in S converges to |S|/24. Our main result asserts that there
is no forcing set containing less than four permutations.

Theorem 1. Every forcing set of permutations (of arbitrary, possibly different, orders) has at least
four elements.

The proof of Theorem 1 is based on analysing perturbations of a truly random large permu-
tation. We present our argument using the language of the theory of combinatorial limits, which
we briefly introduce in Section 2. In Section 3, we establish that the change of the density of a
pattern after small perturbations can be described by a certain polynomial for each pattern (the
values of the polynomial determine the gradient of the density depending on the location of the
perturbation) and state a sufficient condition for being non-forcing in terms of these polynomials.
In Section 4, we show that every set with fewer than four permutations satisfies this condition
with the exception of a few cases. We then analyse these cases separately to conclude the proof of
Theorem 1.

2. Preliminaries

In this section, we define notation used in the rest of the paper and present some basic results
on permutation limits. The set of all positive integers is denoted by N, the set of all non-negative
integers by Ny, and for any n € N the set {1, ..., n} is denoted by [n]. We write f : [k] /' [n] to
mean that f is a non-decreasing function from [k] to [n].

The set of all real matrices of order n x m is denoted by R"*". The ith row of a matrix M is
denoted by M;, and its entry in the ith row and jth column is denoted by M; ;. A stochastic matrix
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is a non-negative square matrix M such that each of its columns sums to one. If the same also
holds for all its rows, we say that M is doubly stochastic. We use J to denote the constant doubly
stochastic matrix. The order of J is always clear from context. For a k-permutation 7, we define
its permutation matrix A, € RF*¥ by setting

1 ifnw(i)=jand
(Ar)ij=

0 otherwise.

Note that any permutation matrix is doubly stochastic. By a formal linear combination of permu-
tations, we mean a formal linear combination over real numbers. For a formal linear combination
tim + . .. + t,7, of permutations of equal orders, we define its cover matrix as

Cvi(ty7y + - . .+ tamty) = Z tiAs,.

ie[n]

A permuton is a limit object describing convergent sequences of permutations. Formally,
a permuton [ is a Borel probability measure on [0, 1]? that has uniform marginals, i.e., the
measure of sets [0, a] x [0,1] and [0, 1] x [0, a] equals to a for any a € [0, 1]. The notion of
induced subpermutations introduced in Section 1 can be generalized to any set of points
P={(x1,y1),...,(x yx)} such that x; < ... < x and all the y-coordinates are pairwise distinct:
for such a set P the unique permutation 7 satisfying

7 (i) <7 () & yi <yj

is called the permutation induced by P. Whenever k points are sampled from p, they have dis-
tinct x and y-coordinates with probability one (since p has uniform marginals) and therefore they
induce a k-permutation almost surely. Such permutations are referred to as p-random permuta-
tions. For any k-permutation m, the probability that a u-random k-permutation is equal to 7 is
called the density of 7 in u and denoted by d(r, t). For example, the uniform Borel measure A
on [0,1]%is a permuton and it holds d(m, A) = % for all k-permutations 7; in fact, X is the only
permuton with this property. '

We say that a sequence of permutations {I1;};en with |IT;| — oo is convergent if the sequence
{d(7, IT;) }iey converges for any permutation . Additionally, we say it converges to a permuton

if the equality

lim d(m, I1;) = d(m, w).
11— 00

holds for all permutations . The following lemma asserts that permutons may serve as limits of
convergent permutation sequences.

Lemma 2. Given a convergent permutation sequence {I1;}icN, there exists a unique permuton
W such that {I1;};en converges to p. Conversely, every permuton w is a limit of a convergent
permutation sequence, i.e., there is a sequence {I1;};eN converging to (.

The lemma was first stated as the main result in [21], using a slightly different definition of
limit objects; however, both definitions are equivalent. The uniqueness of the limit permuton is
then a direct corollary of Theorem 1.7. in [21] (see the discussion after the definition of limit
permutations and after Theorem 1.7.). More details can also be found in Section 2 of [23]. Lemma
2 allows us to cast the proof of Theorem 1 in the language of permutons, which we formalize in
the following direct corollary of Lemma 2.

Lemma 3. A non-empty finite set of permutations S is forcing if and only if the uniform permuton
is the only permuton  satisfying d(r, ) = |n—1l!for anym €8S.
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We associate a doubly stochastic square matrix M of order n with a step permuton u[M] as
follows: for a Borel set X, the measure of X is

1 j—1j
wIM](X) = Z nM;; - A(Xﬂ[ . n]X[T’ZD’

i,je[n]

where X is the uniform measure. A straightforward computation leads to an explicit formula for
the density of a k-permutation 7 in the step permuton p[M].

k! 1
d(m, u[M]) = g Z 1_[ 1(1 e ol X 1_[ Mf(m),g(n(m))> 2)
fg: 1K 7n) ieln) |/ " melk)

Let us provide a brief explanation of (2). Any set of points {(x1, y1), . . ., (xx, ¥x)} € [0, 1]? can be
uniquely identified with a pair f, g: [k] /' [n] by setting f(m) = [x;,, - n] and g(m) = [y;,, - n] for
any m € [k], where x;; <...<x; and y; <...<y;. If we select k random points according to
ic[n] m Subject to
this, the conditional probability that these points also correspond to the function g and form the
pattern 7 is [ ;¢ Ing(l)l' [ Lneix) My (m).g(r (my)- Summing over all pairs f,¢ we obtain formula (2).

w[M], the probability that they correspond to the same function f is % T1

3. Perturbing the uniform permuton

In this section, we develop tools for analysing small perturbations of the uniform permuton. First,
we describe a method for perturbing a step permuton and formulate a sufficient condition for a set
of permutations to be non-forcing. Then, we introduce a so-called gradient polynomial which cap-
tures the behaviour of perturbations of step permutons as the order of underlying matrices tends
to infinity, and reformulate our sufficient condition in terms of gradient polynomials. Finally,
two different presentations of gradient polynomials are given as they are both needed in specific
lemmas.
Fix an integer n > 1 and let k, ] € [n — 1]. We define a matrix B € R"*" by setting

1 ifeitheri=kandj=lori=k+1landj=1+1,
Bi}lz —1 ifeitheri=k+4+landj=1lori=kandj=1I1+1,and
0 otherwise.

(n—1)x(n—1)

See Figure 1(a) for an example. Further, for a matrix x € R , we define

F=I+ ) xBY.
1<ij<n

To simplify the notation, we freely interchange matrices of order (n — 1) x (n — 1) with vectors
of length (n — 1) obtained by concatenating rows of the matrix. Note that the matrix B%/ is non-
Zero only on a 2 x 2 submatrix, and the sum of all its rows and columns is zero. Thus, for any
xe[— 4n 4n](” Dx(=1) the matrix J* is doubly stochastic, and therefore it gives rise to a step
permuton; see Figure l(b) for an example. In particular, if x is the zero vector, the permuton p[J*]
is the uniform permuton.

For a permutation w we define the density function hy , (RO=Dx(n=1) _ R where hy n(x) =
d (7, p [J*]). We wish to analyse permutons p[J*] for x close to the zero vector. In particular, our
goal is to find a non-zero x such that the densities of permutations from § in p[J*] are the same
as in p[J], i.e., in the uniform permuton. In the next lemma, we show that if the gradients of the
density functions of the permutations in § satisfy certain conditions, then we are able to find such
x using the Implicit Function Theorem. We attach the used version of the theorem for the reader’s
convenience.
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(a) (b)

0 0 0 4/18 0 2/18

+1 -1 0 0 3/18 3/18

-1 +1 0 2/18 3/18 1/18
The matrix B>!. Measure of individual tiles

of the permuton p[J(/30:0:-1/6)],

Figure 1. Perturbation of a 3 x 3 step permuton.

Theorem 4. (the Implicit Function Theorem) Let h:R™" — R" be a differentiable function,
x0 € R™, y9 € R" any points, and Vh(xy, yo) the Jacobian matrix of h. Let G denote the square
matrix consisting of last n columns of Vh(xo, yo). If G is regular, then there exists ¢ > 0 and a con-
tinuous function g : R™ — R™" such that g(xo) = (xo, yo) and h(g(xo + Ax)) = h(xo, yo) for any
Axe(—eg,e)"

Lemma 5. Let S be a non-empty finite set of permutations. If there exists n €N such that
(n—1)* > |S| and the gradients Vhy 4,(0,...,0), 7w €8, are linearly independent, then S is not

forcing.
Proof. Note that by the assumption of the lemma, the inequality (n — 1)? > |S| holds, and so the

gradient vectors have at least |S| + 1 coordinates. Choose indices i, . . ., ijsj+1 such that the gra-
dient vectors Vi ,(0,...,0), 7 €S, restricted to these indices are linearly independent. Let i; be

any index different from i, . . ., i|5+1. Define an embedding function e: RISHT 5 R=1)? such
that e(x);, = xi for k € [|S| 4 1] and e(x); = 0 otherwise.

The gradients V(hy ,0e)(0,...,0) are linearly independent as well; hence we can apply
the Implicit Function Theorem for h , o e at the point (0,...,0). The theorem yields a con-
tinuous function g: R — RIS defined on (— ¢, ¢) for some ¢ > 0, such that hy n(e(g(®)) =
hyn(0,...,0)= L forall w €S and t € (—¢,¢e). Moreover, by choosing a small enough ¢, we

7!
1 l]ISI—H

can assume Im(g) € [ — 7, 7, . Thus, given t € (— &, &), we obtain a permuton p [J€)]

which satisfies d(r, 1 [J]e(g(t))] ) =hra(e(g(?) = ﬁ for all & € S. In particular, [Je(g(s/z))] isa
non-uniform permuton that witnesses that S is not forcing. O

As the number of parts of a step permuton increases, the probability that two randomly chosen
points share the same part tends to zero. This simplifies the analysis of gradients significantly and
leads us to defining the gradient polynomial of a permutation 7 —a limit object which captures
the behaviour of the gradients Vhy , as n tends to infinity. First note that the gradient vector
Vhz 4(0,...,0) of any permutation 7 can be calculated by a straightforward differentiation of
(2). In particular the following holds for any positive integer n > 1 and i, € [n]:

0 k! 1 ii
—h;,0,...,0)= —— E X E B . (3)
T 2k—1 T —Tm)e=1(m) f (m),g (s (m))
0% " fg: K /) L Ameln] = m)ltg = (m)lt mel[k]

The gradient polynomial Py (e, B) is defined as the unique polynomial in two variables which
satisfies the equality

3
Py (o, B) = lim »’———h, ,(0,...,0),

n—=>00 " 9X|an|,|Bn]
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for any «, B € (0, 1). In the following lemmas we show that the limit always exists, indeed yields a
polynomial and we provide an explicit formula for its coefficients.

We first show that it is possible to restrict the sum (3) to injective functions when considering
the limit.

Lemma 6. For any k-permutation w and «, B € (0, 1), the following equality holds if any of the two
limits exists:

d k!
. 3 T lan],|Bn]
nlggo " 0X|an), | pn] hrn(0, ..., 0)= nl;ngo n2k—4 Z Z Bf(m),g(n(rn))'

f-g: k1,7 [n] me[k]
f.g injective

Proof. Let i, = |an], j, = | Bn]. Given f, g : [k] / [n], let S,(f, g) denote the summand

1 iy

X Bn)n
—1 —1 Z > >
et VG TGt 20 Piimatrton)

from (3). Note that whenever f and g are injective function, S,(f,g) becomes just
inxjn .
2 melk] By ) g (my)- BY (3), it holds

9 k! k!
Bl 0= o D Sfl=| 5 D Si(he)
o fig: 1k /n] fig: 1k, 7n)
f>g injective f or g non-injective

Hence, it is enough to show that the right-hand side converges to zero as n tends to infinity. We
denote the right-hand side by D,,.

Whenever f is such that neither i, nor i, + 1 belongs to Im(f), then B}'Eir’:) Gr(my) 1S simply zero
regardless of m or g; hence S,(f,g) is zero as well. In case Im(f) contains exactly one of i, or
in + 1, let us define a function f for m € [n] as

in ifmef i, +1)
femy=1di,+1 ifmef )

f(m)  otherwise.

Note that the function]? is increasing. By definition, it holds that B;::]K” = —B;:i’“l’z for any

£ € [n]; therefore, S(f, g) + S(f, g) = 0 regardless of g. Altogether, all the factors S,,(f, g) such that
{i,i+ 1} € Im(f) cancel out from the sum in D. Similarly, all the factors corresponding to ¢ where
{,j+ 1} € Im(g) cancel out.

Note that |S,(f, g)| is at most k for any f and g. Hence, D, can be bounded by the product of
n’;}ck_!ll and the number of pairs of functions f, g : [k] /' [n] satisfying {i, i + 1} S Im(f), {j,j+ 1} S
k—2)
k—3)

Im(g) and f or g is non-injective. Fixing two elements a,a + 1 € [n], there are at most O(n
non-decreasing functions [k] — [#] containing both a and a + 1 in their image. Only O(n
of them are in addition non-injective. Therefore, there are O(n*=5) = 20(n?3) 4+ O(n*-9) of
such pairs (f, g). It follows that D,, = O(1), in particular D,, tends to zero as n goes to infinity. [J

n
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Using Lemma 6, we find an explicit formula for gradient polynomials. Note that the formula
indeed defines a polynomial.

Lemma 7. For any k-permutation 7, the gradient polynomial is well-defined and is equal to the
following formula:

Pl f)=K Y (’;:;” e 1) (k;ir(ﬂm) B n(m/;— 1)

melk]

Olm_l(l _ a)k—mﬂn(m)—l(l _ ﬁ)k—n(m)
(m — Dk — m)!(w(m) — DIk — w(m))!

Proof. Fix «, B € (0, 1). We introduce i, = |on| and j, = [ fn]. We omit the subscript whenever
the index is clear from context. By Lemma 6, the following equality holds whenever the right-hand
side exists

(4)

Py (o, B) = lim

k! ij
n—>o00 p2k—4 Z Z B f(m),g(mw(m))’

fg:[kl /[n] melk]
fg 1n]ect1ve

Let F,,[m > i] denote the number of strictly increasing functions f : [k] ' [n] satistying f(m) =
We can group the summands by m to obtain

2k 4 Z Z ;{m),g(ﬂ(m»

melkl f.g: [kl /[n]
f>g injective

2k 4 Z mHl ”(m)'_)]]+F[H1I—>Z+ ] [j'[(m)|_)]+1]
me (k]
_F[m|—>z+1] [ (m) > j] — Flm > i]F[w(m) — j+ 1]

i > (Flmv> il = Flm— i+ 1]) (Flz (m) > jl — Flw(m) > j+1]) .
melk]

Note that for k <i<n —k the equality F[m > i]:( i—1 )(k - ) holds. Then we can
m—1 m

further simplify the sum using the following:

. . i—1 n—i i n—i—1
F[mHl]—F[m'_)1+1]=(m—1)(k—m)_(m_1>< k—m )
_(i—m+1 n—i—k+m i n—i
_< i - n—i )( _1)(k m)
_(k=m m—1 i n—i
_(n—i i )(m—l)(k—m)' ;

Note that for any « € (0, 1) there exist N such that for any n > N itholds k < |an] <n — kand
thus we can always use (5) in the following limit:
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lim L (Flm+> |an]|] — Flm+> |an| + 1])
nk—

n—oo

et (-2 () ()
n—oo pk=2 \ n— |an]  |an] m—1 k—m

_(k—m m—l)am_l(l—a)k_m
_<1—a_ o (m— DIk —m)!’

Similarly we compute

lim
n—00 nk 2

_ (k—n(m) _w(m) - 1) prim=1(1 _ gyk=m(m)
S\ 1-8 B ) em) = DIk —n(m)!”

By multiplying these two limits, we obtain the equality from the statement of the lemma. O

(Flz(m) — [Bn]] — Flmw(m) — [ fn] +1])

We next provide an analog of Lemma 5 for gradient polynomials.

Lemma 8. Let S be a non-empty finite set of permutations. If the gradient polynomials Py, €,
are linearly independent, then S is not forcing.

Proof. We prove the contrapositive, hence suppose that S is forcing. Denote the elements of S
by m1,...,Tm, and for any n > 1 define g/’ = Vhy, 4,(0,...,0). Lemma 5 yields that the gradi-
ents g, i € [m], are linearly dependent for any n > m 4 1. Therefore, for any such n, there exists
a non-zero tuple of reals t" = (t}, . .., t/}) such that Zle[m =(0,...,0). Moreover, without
loss of generality, we can assume ||t” ||Oo =1.Since [ — 1, 1]™" 1s a compact set, there exists a con-

vergent subsequence {(t’;j s t:l,{ )}jeN converging to a non-zero tuple (¢, . . ., ;). Hence for any

a, B € (0, 1), it holds that
Z tiPr.(a, B) = Z hm l‘] hm (g )Lan]J 1Bni] = hm Z t n WVIJJ [Bn;] =0.
ie[m] ie m] % ie [m]

Therefore the gradient polynomials are linearly dependent since ) ., tiPr; = 0. O

ic[m]

For the analysis of gradient polynomials, we use the following kind of vectors. For an integer
i € [k] we define a vector bi-‘ € Rk as follows:

(bk) (= 1)t 1<l_11> forl<f<i
£) =
£

0 otherwise.
For example,
b2 =(1,—4,6,—4,1)T and b] = (1, —3,3, —1,0)".

We sometimes omit the upper index and write just b; when the dimension is clear from the
context.

Let us denote the linear span of vectors b’;, R b’,ﬁ by Bandletj=(1,...,1)T € RF. Observe
that B is the orthogonal complement of the vector j. Indeed, by the Binomial Theorem,

Z( 1t 1( 11)=o.
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Also observe that for any i € [k — 1], the vectors blz‘, o ,bi-‘H span an i-dimensional space. In

particular, the vectors j, blg, ceo bi form a basis of R,

The next lemma provides an explicit formula for the coefficients of the gradient polynomials.
Let P(, B) be a polynomial in a, 8. For any i, j € Ny, we use ¢;j(P) to denote the coefficient of the
monomial &’f/ in P, i.e., it holds that

P= Z C,',j(P)Oliﬂj.
i,jeNy
Lemma 9. Let 7w be a k-permutation and i, j € No. Then
kI(— 1)
ik —i—=2)1(k—j—2)!

cij(Pr) = (bl12 Ax By22)

if both i and j are at most k — 2, and c; j(Py) = 0 otherwise.

Proof. For this proof, we set 1/a! = 0 whenever a <0, and (Z) = 0 whenever a < b. In order to

determine the coefficient of o’ ﬁj in P, we need to compute the coefficient of each summand from

(4) and sum them up. For any m € [k], the coefficient of o Bl is the product of the coefficient of o’
ﬁn(m)—l (l_ﬂ)k—n(m)

(k= —1) &' a—a)f i in (A=zlm) _ wm)—1
in (ﬁ - mT) W and the coefficient of f/ in ( 1_/37” - W;; ) e (m)—D)(k—7 (m)1*

We first compute the coefficient of o’:

k—m m—1\ o™ 11 —a)m
Q—a_ a )m—nw—mn
B ot"‘*l(l _ a)kfmfl B am72(1 _ Ot)kfm
T m=Dlk=m—=1)  (m—=2)(k—m)!
k—m—1 m—1+£ ¢ k—m m—2+£' 4
_ k—m—1 o (-1 k—m)\« (-1
_'Z;< ¢ Lm—m%—m—m_éj(e’)%—ﬂﬁ—mﬂ

The last equality is just an expansion of (1 — @)*~"~! and (1 — &)<~ The ith power of @ appears
forl=i+1—mand ! =i+ 2 — m. This yields that the coefficient of o is

(k—m—l) (—1)itt-m _( k—m ) (— 1™

i+1—m)(m—1)(k—m—1)! i+2—m) (m—2)(k—m)!
(i Y1 yitem iy L item
_<m—1>w—i—mm( D +<m—2>w—i—mm( b

_ i+1 1 _ 1)itl-m
_<m—1>m—i—mm( D '

Note that if m>i+2, the formula is equal to zero. Similarly, the coefficient of B/ in

k—m (m) (m)—1 w(m)—1(1_ gyk—m(m)
( = >(nOM—4»w—nomylsequﬂio
. ] ‘
] +1 —( _ 1)]+1—71(m).
m(m)—1) (k—j—2)}!
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Hence, the coefficient of «’ 8/ is the following:

o T e A T B
cij(Pr) =k D (m—l)(k—i—Z)!i!(n(m)—l) (k—j—2)!

me(k]
_ k\(— 1)+ Z (_ 1y i+1 (— 1yrm=1 j+1
ik —i—2)/(k—j—2)! el m—1 w(m)—1
k!(— 1) T
ik —i—2)!(k—j—2)! <b"+2 Ax bf+2> '
O
In the following we use
k k!(— 1)

W ik —i—2)l(k—j—2)"
and we omit the upper index when it is clear from the context. Thus, it holds that
¢ij(Px) =Kij (b], Az bjs2).
Finally we define the mirror gradient polynomial PY(a, B) by setting

Pl(a, B) =Pr(1 -, B).
As shown above, the coefficient c;j(P;) depends on the ‘top’ rows of the matrix A, i.e., the first
i + 2 rows. For any matrix M € R"*™ we define its row mirror image M* where M?] =Mp—it1.

In the next lemma, we prove that P} behaves in a similar way as P, but its coefficients depend on
the ‘top’ i + 2 rows of the matrix A, ¥ instead.

Lemma 10. Let 7w be a k-permutation and i, j € No. Then

k!( _ 1)i+j+1

(pYY = T Ty, —_x.. (BT tp.
CI’J(PH’) - l']'(k_ i— 2)'(k _] _ 2)| (bi+2 A]T b]+2) - Kl;] (bH‘Z AT[ b]+2) 5

if both i and j are at most k — 2, and c,»,j(Pi) =0 otherwise.

Proof. We perform similar steps as in the previous proof. By the definition of the mirror
polynomial, we can substitute 1 — « into (4) to obtain

Pi(a, B) = k! Z <k;m . T:;) <k;7_153m) _n(mé—l)

mel[k]
(l _ Ol)m_lolk_mﬂﬂ(m)_l(l _ /S)k—ﬂ(m)
(m — Dk — m)!(w(m) — DIk — w(m)!

Again, we split each summand into a product of two parts, one depending only on « and the
other on B. The part involving B is the same as in the previous proof. A straightforward compu-
tation analogous to the one in the proof of the previous lemma yields that the coefficient of &’ in

k—m m—1Y\ (1—a)" lok—m .

(T—m) m—DiG—m)l
m—1 (_ 1)i+m—k+l m—2 (_ l)i-‘rm—k
<i+m—k+1>(m—1)!(k—m—1)! B (i—l—m—k)(m—Z)!(k—m)!'
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This can be further simplified to

i+1 1 i—k+m+1
— (-1 .
(k—m)(k—i—z)!i!( )

Hence, the coefficient ; ,j(P?,) is equal to

k!(— 1)i+j m—k+1{ i+1 (m)+1 j+ 1
iljltk—i— 2)l(k —j— 2)! m;(](_l) (k—m>(_1) <n(m)—1>’

where we can substitute £ = k — m + 1 and reverse the order of the summation to obtain

k(= 1)t ) i+1 7 (k—£4+1)+1 j+1
ik —i—2)1(k—j— 2)'2( D ( (k—E+1)>(_1) (n(k—€+1)—1>

eelk]
_ kI(— 1)ttt Z (it i) (2 ket j+1
i!j!(k—i—z)!(k—j—z)!eg[k] -1 mtk—¢+1)—1
B k'( _ 1)i+j+1 ‘ T
ik — i = 2)!(k —j—2)! (b"+ b1+2)

4. Sets of linearly dependent polynomials

In this section, we prove our main result. We call the set S of permutations linearly dependent if the
gradient polynomials of the permutations in the set S are linearly dependent. In the previous sec-
tion, we have shown that any forcing set of permutations is linearly dependent. We next establish
three lemmas that describe general properties of cover matrices of dependent sets of permuta-
tions with respect to orders of their permutations. This renders many triples of permutations to
be non-forcing. We then identify all linearly dependent sets of size three and prove none of them
is forcing.

Recall that the cover matrix of a formal linear combination of k-permutations @ = } ;. (,,,; tii
is the matrix Cvr(w) = Zle[m] tiAz,;. For a dependent set of permutations S, the next lemma states
a property of the cover matrix of the permutations with the largest order in S.

Lemma 11. Let 7y, ..., 7w,y be permutations and t1,. .., t, be reals such that ZZE (m] tiPz; =0
and set k=max{|m1|,..., |wml|}. Suppose that w1, ...,m, are all the permutations from S with
order k. Further, let 2 < h < k be any integer such that the order of all the remaining permutations
Tntls- - T isat mosth — 1. Let o = tymy + . . . + t,m,. Then the following holds:

Cvr(w) b, = (0,...,0)" and b} Cvr(w) = (0, ...,0).

Proof. By Lemma 9, the coefficient ¢;j(Pr, ) is equal to zero for any £ > n whenever i or j is at least
h — 2. Therefore, for any 0 <i < k — 2, we have

0= ticip2(Pr,) =Y tKips ( i+2 Am, bh) =Kin— (b,-TJrz Cvr(w) bh) :

Lem] Leln]

Since K;j,_, is non-zero, it also holds that

0=b,, Cvr(w) by, (6)
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implying
vl Cvr(w) b, = 0. (7)

for any v € B. Recall that B is the orthogonal complement of j. Since any vector u that has
one entry —1, one entry +1, and all the other entries equal to zero belongs to B, it holds
u Cvr(w) by =0, i, Cvr(w), by, — Cvr(w)g by, =0 for any two rows Cvr(w), and Cvr(w),; of
matrix Cvr(w). This implies Cvr(w), by, = Cvr(w), by, for any p, g € [k].

Therefore, for any p € [k] the equality Cvr(w), b, = 0 holds since

kCvr(w)pby= Y Cvi(@)yby= Y _ Cvr(w) by =(a,...,a) b, =0,
¢elk] telk]

where a= 3, , t¢ is the common sum of all the columns. The first equality of the lemma
follows. The other can be proven by a symmetric argument. O

If all the permutations in a dependent set have the same order, we can prove the following.

Lemma 12. Let o =ty + ...+t be a formal linear combination of k-permutations. If
Zie[m] tiPr, = 0, then the cover matrix Cvr(w) is constant.

Proof. We first bound the rank of Cvr(w). Recall that the vectors b, . . ., bllz, and j form a basis of

IR¥. Call that basis B. The matrix Cvr(w) is a matrix of a bilinear functional ¢ : Rk x R¥ — R in the
canonical basis. Let us express the matrix of the functional ¢ in the basis B by computing the values
of ¢ on the pairs of basis vectors. By Lemma 11, for 2 < i,j < k, it holds b} Cvr(w) b; = 0 implying
¢ (b;, bj) = 0. By the definition of a cover matrix, the sum of any column or row of Cvr(w) is equal
to a constant a = Zee[m] te. Hence, it holds j Cvr(w) bj =(a,...,a) bj=0 for any 2 < j < k and
thus ¢(j, b;) = 0. Similarly, it also holds ¢(b;, j) =0 for any 2 <i < k.

The rank of the matrix of ¢ in the basis B is at most one since the only non-zero entry it could
have is the one corresponding to the value ¢ (j, j). The change of the basis does not change the rank
of the matrix of a functional; therefore, the rank of Cvr(w) depends only on the value of ¢(j, j). In
particular, it is either zero or one. If it is zero, then the matrix Cvr(w) is the constant zero matrix.
In the latter case, the columns of Cvr(w) are multiple of each other, and since they have constant
non-zero sum, they are all equal. Similarly, all the rows of Cvr(w) are equal. The fact that Cvr(w)
is constant follows. O

In the next lemma, we prove that if there exists a formal linear combination of gradient polyno-
mials equal to zero but having all coefficients non-zero, then it contains at least two permutations
with the maximum order.

Lemma 13. Let my, . . ., 7y, be permutations of order at least two and suppose |71| > ... > || If
there exist non-zero reals ty, . . ., ty satisfying 3 ;) tiPx, = 0, then m > 2 and |71 | = |3|.
Proof. Suppose for a contradiction that m; is the unique permutation amongst ry, . . ., 7y, with

the largest order (in particular this holds if m = 1). Then, the cover matrix Cvr(t;7m;) =t Ay,
contains exactly one non-zero element in each row, and therefore the product of any row with the
vector by is non-zero. This contradicts Lemma 11. Hence, there is at least one permutation with
order |71| other than ;. In particular m > 2. O

The next lemma combines Lemma 12 and Lemma 13 to exclude most of the sets of two or three
permutations of equal orders from being linearly dependent.

Lemma 14. Let S be a linearly dependent set of permutations whose orders are larger than one.
Then:
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(a) Sis not a singleton.
(b) If|S| =2, then both permutations in S have order two.
(c) If|S| = 3 and all permutations in S have the same order, then their common order is three.

Proof. Let y, ..., y, 1 <m < 3, be permutations in S. By Lemma 13, it holds that m = |S| > 2.
Since § is linearly dependent, there exists a non-zero tuple of reals (f1,...,t,) such that
> ic(m] tiPm; = 0. Let @ denote the formal linear combination ), tiwi. We first show that
regardless whether m = 2 or m = 3, we may assume that all permutation in S have the same order
and all the coefficients t;, i € [m], are non-zero. Indeed for m = 2, both statements follows as a
consequence of Lemma 13. For m =3, the equality of orders follows by the assumption of the
lemma. Furthermore, observe that if any of the coefficients ¢; was equal to zero, we would proceed
as in the part (b) and show that two of the permutations in S have order two. By the assump-
tion, the third should have the same order which is impossible since there are only two distinct
permutations of order two.

If the order of permutations in S is larger than m, then there exists a zero entry in the matrix
Cvr(w). Since m is at most three, there exists i € [m] and 7j € S such that ;(i) differs from all the
other permutations from § evaluated at i, i.e., 7r;(i) # nj/(i) for j' # j. Otherwise, all permutations

would be identical. Hence, the matrix Cvr(w) has a non-zero entry, specifically Cvr(w)iz;i) =t
In particular, the matrix Cvr(w) is not constant, which contradicts Lemma 12. Therefore, all the
permutations in the set S have order m regardless of whether m =2 or m = 3. O

In the next lemma, we exclude all the sets of three permutations containing two ‘large’ permu-
tations from being linearly dependent. More precisely, we show that if a linearly dependent set of
three permutations contains a permutation of order greater than three, then it contains a linearly
dependent proper subset. By Lemma 14, this subset consist of 2-point permutations 12 and 21.

Lemma 15. There are no three permutations my, s, w3 and non-zero real coefficients t1, tz, t3 such
that maXie(m){|7il} > 3 and ) _;(3) tiPr, = 0.

Proof. For the contradiction suppose there exist such 71, 72, and 73, and constants #1, £, and #3.
By Lemma 13, at least two of the permutations have the maximum order. At the same time, by
Lemma 14, the order of the third permutation is distinct since the order of the largest permutation
is greater than three. Hence without loss of generality, we can assume |71 | = |72| > |73] and |#;| <
|t2].

Let k denote the order of the permutations 7} and 7, and let w denote the formal linear com-
bination #1771 + tm,. We first show that the absolute values of the coefficients f; and t, are, in

fact, equal. Lemma 11 asserts that Cvr(w) by = (0, . . ., 0)T. In particular, the following holds for
any i € [k]:
OZCVI'(C()),'bkztl k_ 1 (_ 1)H1(i)—1+t2 k— 1 (_ 1)7‘[2(i)—1,
m(i) — 1 M) —1

Choosing i such that 77 (i) = 1 yields

. k—1 k—1 _ ym()-1
omu(F5 ) wn( Ao Yo,

which is possible only if 77, (i) € {1, k} and |t;| = | 2| since we assumed |f;| to be at least as large as
|t1].

We next show that 3| = k — 1. Suppose that this is not the case, i.e., |73| < k — 1. Let i be such
that 7, (i) # (i), i.e., the row Cvr(w); contains exactly two non-zero entries. By Lemma 11, the
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following equalities hold:
Cvr(w); by =0,
Cvr(w);br_; =0.

The first equality implies that 7} (i) = k + 1 — w2 (i) since |1 = |f2], while the second implies that
(i) = k — 7, (i) which is impossible.

We next assume that the order of 73 is k — 1 and find a contradiction. Recall the definition of
mirror gradient polynomials P¥(a, B) = P;(1 — a, B). Note that whenever the equality

Z tipﬂi = O) (8)
i€[3]
holds, it also holds that
> P} =0. ©9)
ie[3]
Moreover, Lemma 11 yields that the cover matrix Cvr(w) is symmetric up to the sign, i.e.,
Cvr(w) = (— 1)*Cvr(w)?, (10)

since Cvr(w) has at most two non-zero entries in each column and |#;| = |£2|. Altogether, given i,j
such that 0 <i,j < k — 3, we obtain

tscij(PL,)
= |tcij(PL) + ticij(PE) (by equality (9))
= |Ki; (b,-TH Cvr(w)* bj+2)‘ (by Lemma 10)
= |Kij (b,-T+2 Cvr(w) bj+2)‘ (by equality (10))
= |ta¢ij(Px,) + t16ij(Pr,)| (by Lemma 9)
= |t3Ci,j(P7r3)| . (by equality (8))

Since t3 is non-zero, it holds that |c; ,j(P,%) , which, together with the fact that 3| > 3,

= )Ci,j(Pm)

implies

T T
s s s s
‘(biﬁ) AL b z'(big) A W,

for any 0 <1i,j < k — 3. We conclude that the equality ‘uT A% v‘ = }uT Ag, v| holds for any vec-
tors u,ve B. Let u=(1,—1,0,...) € B be a vector having two non-zero entries, and let v € I3 be
such a vector that vz, (1) =1, vz, 2) = —1 and vy = 0 otherwise. The product ul Ay, vis equal to

two but the absolute value of the product ul A7¢r3 v is at most one since |73| = k — 1 > 2; which is
a contradiction. O

The next lemma provides the last ingredient to prove Theorem 1. The lemma can be found, for
instance, in [23] but we include a sketch of the proof for completeness.

Lemma 16. There exists a non-uniform permuton p such that for any k-permutation w with k < 4
it holds that d(r, 1) = =

eI

For any « € [0, 1] define M, to be the set of all the points (x, y) € [0, 1] such that x +ye

{1— %, 1+ %, %,2 — %} or y—xe {—%, %, 1— %, % —1}. See the illustration in Figure 2. Let
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Figure 2. The sets My, My 5, and M.

o be a permuton that is obtained by uniformly distributing the mass along M,. Note that
o is invariant under horizontal and vertical reflection, and, therefore, the density of both 12
and 21 in py is equal to 1/2 for any «. A simple calculation yields that d(123, o) =1/4 and
d(123, u1) =1/8. Since d(123, y) is a continuous function there exists o € (0, 1) such that
d(123, pg,) = 1/6. The symmetries of the permuton imply that d(123, uy,) = d(321, (ty,) and
d(132, pgy) = d(312, py,) = d(213, fta,) = d(231, je,)- In addition, the sum of these six densities
is one, hence all six densities are equal to 1/6.
We are finally ready to prove Theorem I:

Proof of Theorem 1. Lemmas 14 and 16 yield that there is no forcing set of size one or two. For the
contradiction, let S = {m}, m,, 73} be a forcing set consisting of three permutations and suppose
|| > |m2| > |m3|. Note that we can, without loss of generality, assume that all the permutations
have order at least two. Moreover, by Lemma 16, the order of 7, is at least four. Further, set S
is linearly dependent by Lemma 8; hence there exist reals t;, t3, and #3 such that Z,-Em tiPr, =0.
Lemma 15 together with Lemma 13 then implies that precisely two of the coefficients are non-zero
and their corresponding permutations have order two.

It follows that set S contains permutation 7 together with permutations 12 and 21. Note that
the density of 12 in a permuton is equal to % if and only if the density of 21 is since the sum
of these two densities is one. Therefore, if the set {r;, 12, 21} were forcing, then {m;, 12} would
also be forcing. However, such a set can not be forcing since we have proven that the size of any
forcing set is at least three. We conclude that there does not exist any forcing set consisting of
three permutations. O
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