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The feasible region for consecutive patterns

of permutations is a cycle polytope

Jacopo Borga & Raul Penaguiao

ABSTRACT We study proportions of consecutive occurrences of permutations of a given size.
Specifically, the limit of such proportions on large permutations forms a region, called feasible
region. We show that this feasible region is a polytope, more precisely the cycle polytope of
a specific graph called overlap graph. This allows us to compute the dimension, vertices and
faces of the polytope, and to determine the equations that define it. Finally we prove that the
limit of classical occurrences and consecutive occurrences are in some sense independent. As a
consequence, the scaling limit of a sequence of permutations induces no constraints on the local
limit and vice versa.
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FIGURE 1. The four-dimensional polytope P3 given by the six pat-
terns of size three (see Eq. (2) for a precise definition). We highlight
in light-blue one of the six three-dimensional facets of Ps. This facet is
a pyramid with square base. The polytope itself is a four-dimensional
pyramid, whose base is the highlighted facet.
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1. INTRODUCTION

1.1. MoOTIVATIONS. Despite this article not containing any probabilistic result, we
introduce here some motivations that come from the study of random permutations.
This is a classical topic at the interface of combinatorics and discrete probability
theory. There are two main approaches to the topic: the first concerns the study of
statistics on permutations, and the second, more recent, looks for limits of sequences of
permutations. The two approaches are not orthogonal and many results relate them,
for instance Theorem 1.1 and Theorem 1.2 below.

In order to study the shape of permutations, two main notions of convergence have
been defined: a global notion of convergence (called permuton convergence) and a local
notion of convergence (called Benjamini—Schramm convergence, or BS-convergence,
for short). The notion of permuton limit for permutations has been introduced in [13].
A permuton is a probability measure on the unit square with uniform marginals,
and represents the scaling limit of a sequence of permutations seen as permutation
matrices, as the size grows to infinity. The study of permuton limits is an active and
exciting research field in combinatorics, see for instance [2, 3, 4, 7, 8, 17, 19, 22, 23].
On the other hand, the notion of BS-limit for permutations is more recent, having
been introduced in [6]. Informally, in order to investigate BS-limits, we study the
permutation in a neighborhood around a randomly marked point. Limiting objects
for this framework are called infinite rooted permutations and are in bijection with
total orders on the set of integer numbers. BS-limits have also been studied in some
other works, see for instance [5, 7, 9].

We denote by S,, the set of permutations of size n, by S the space of all permu-
tations, and by occ(m, o) (resp. c-oce(m, o)) the proportion of classical occurrences
(resp. consecutive occurrences) of a permutation 7 in ¢ (see Section 1.8 for nota-
tion and basic definitions). The following theorems provide relevant combinatorial
characterizations of the two aforementioned notions of convergence.

THEOREM 1.1 ([13]). For any n € N, let ™ € S and assume that |0"| — oo. The
sequence (0™)nen converges to some limiting permuton P if and only if there exists a
vector (A (P))res of non-negative real numbers (that depends on P) such that, for
allme S,

oce(m,o™) = AL (P).

THEOREM 1.2 ([6]). For any n € N, let 0™ € S and assume that |c"| — oo. The
sequence (0™)pen converges in the Benjamini—Schramm topology to some random
infinite rooted permutation o if and only if there exists a vector (I'z(0%°))res of
non-negative real numbers (that depends on ) such that, for all m € S,

c-oce(m, ™) — Ty (™).

A natural question, motivated by the theorems above, is the following: given a
finite family of patterns A C S and a vector (Ay)rea € [0,1]4, or (T'x)xeu € [0,1]4,
does there exist a sequence of permutations (¢™),cy such that |o"| — oo and

occ(m, o) = Ay, forall me A,
or

c-occ(m,0™) = T, forall 7€ A?
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We consider the classical pattern limiting sets, sometimes called the feasible region
for (classical) patterns, defined as

(1)

Py ={v €0, 1]+ ’EI(Um)meN € SV s.t. [o™| = oo and occ(m, 0™) — Uy, V7 € Sk}
= {(AW(P))‘/rESk |P is a permuton} ,

and we introduce the consecutive pattern limiting sets, called here the feasible region
for consecutive patterns,

(2)

Py :={0€[0,1]%|3(6™)men € S" s.t. [0™| = 00 and c-oce(m,o™) — T,V € S}
={(T2(0>))res, |0 is a random infinite rooted shift-invariant permutation} .

We present the definition of shift-invariant permutation in Definition 3.3, and
we prove the equality in Eq. (2) in Proposition 3.4. The equality in Eq. (1) follows
from [13, Theorem 1.6].

The feasible region cl P, was previously studied in several papers (see Section 1.2).
The main goal of this project is to analyze the feasible region Py, that turns out
to be connected to specific graphs called overlap graphs (see Section 1.4) and their
corresponding cycle polytopes (see Section 1.5).

1.2. THE FEASIBLE REGION FOR CLASSICAL PATTERNS. The feasible region cl P was
first studied in [17] for some particular families of patterns instead of the whole S.
More precisely, given a list of finite sets of permutations (Pi,...,Ps), the authors
considered the feasible region for (Pi,...,Pe), that is, the set

{176 [0,1]¢

They first studied the simplest case when P; = {12} and P2 = {123,213} showing
that the corresponding feasible region for (P;,Ps) is the region of the square [0, 1]?
bounded from below by the parameterized curve (2t — t2,3t% — 2t3)t€[0,1] and from
above by the parameterized curve (1 — 12,1 —t%);¢0,1] (see [17, Theorem 13]).

They also proved in [17, Theorem 14] that if each P; = {r;} is a singleton, and
there is some value p such that, for all permutations 7;, the final element 7;(|7;|) is
equal to p , then the corresponding feasible region is convex. They remarked that one
can construct examples where the feasible region is not strictly convex: e.g. in the
case where P; = {231,321} and P, = {123,213}.

They finally studied two additional examples: the feasible regions for ({12}, {123})
(see [17, Theorem 15]) and for the patterns ({123}, {321}) (see [17, Section 10]). In
the first case, they showed that the feasible region is equal to the so-called “scalloped
triangle” of Razborov [20, 21] (this region also describes the space of limit densities
for edges and triangles in graphs). For the second case, they showed that the feasible
region is equal to the limit of densities of triangles versus the density of anti-triangles
in graphs, see [14, 15].

The set ¢l Py, was also studied in [11], even though with a different goal. There, it
was shown that ¢l Py contains an open ball B with dimension |I|, where I} is the set
of @-indecomposable permutations of size at most k. Specifically, for a particular ball
B C RI!* the authors constructed permutons Pz such that A, (Pz) = &, for each
point ¥ € B.

This work opened the problem of finding the maximal dimension of an open ball
contained in ¢l Py, and placed a lower bound on it. In [24] an upper bound for this

(™) men € SV s.t. [0™] = oo and Z occ(r,a™) — Uy, fori € [E]} .
TEP;
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maximal dimension was indirectly given as the number of so-called Lyndon permuta-
tions of size at most k, whose set we denote L. In this article, the author showed that
for any permutation 7 that is not a Lyndon permutation, occ(r, o) can be expressed
as a polynomial on the functions {occ(r,o)|T € Ly} that does not depend on o. It
follows that clPj sits inside an algebraic variety of dimension |Lg|. We expect that
this bound is sharp since, from our computations, this is the case for small values of k.

CONJECTURE 1.3. The feasible region clPy is full-dimensional inside a manifold of
dimension |Ly].

1.3. MAIN RESULT. Unlike with the case of classical patterns, we are able to obtain
here a full description of the feasible region P, as the cycle polytope of a specific
graph, called the overlap graph O, (k).

DEFINITION 1.4. The graph O, (k) is a directed multigraph with labeled edges, where
the vertices are elements of Sg_1 and for every m € Sy, there is an edge labeled by m
from the pattern induced by the first k — 1 indices of m to the pattern induced by the
last k — 1 indices of m.

The overlap graph O, (4) is displayed in Figure 2.

231, . 1342 2341

-
-4

@ 213 3214
@

<

FIGURE 2. The overlap graph O,(4). The six vertices are painted in
red and the edges are drawn as labeled arrows. Note that in order to
obtain a clearer picture we did not draw multiple edges, but we use
multiple labels (for example the edge 231 — 312 is labeled with the
permutations 3412 and 2413 and should be thought of as two distinct
edges labeled with 3412 and 2413 respectively). The role of the green
arrows is clarified in Example 3.7.
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DEFINITION 1.5. Let G = (V, E) be a directed multigraph. For each non-empty cycle
C in G, define éc € RF so that

() = # of occurrTg‘ces of e in C’ forall ccE.

We define P(G) := conv{ec|C is a simple cycle of G}, the cycle polytope of G.
Our main result is the following.

THEOREM 1.6. Py is the cycle polytope of the overlap graph O, (k). Its dimension is
k! — (k — 1)! and its vertices are given by the simple cycles of O, (k).

In addition, we also determine the equations that describe the polytope Py (for a
precise statement see Theorem 3.12).

In order to find the dimension, the vertices and the equations describing Py, we
first recover and prove general results for cycle polytopes of directed multigraphs (see
Section 1.5). Then we apply them to the specific case of our graph of interest.

1.4. THE OVERLAP GRAPH. Overlap graphs were already studied in previous works.
We give here a brief summary of the relevant literature. The overlap graph O, (k) is
the line graph of the de Bruijn graph for permutations of size k — 1. The latter was
introduced in [10], where the authors studied universal cycles (sometime also called
de Bruijn cycles) of several combinatorial structures, including permutations. In this
case, a universal cycle of order n is a cyclic word of size n! on an alphabet of N
letters that contains all the patterns of size n as consecutive patterns. In [10] it was
conjectured (and then proved in [16]) that such universal cycles always exist when
the alphabet is of size N =n + 1.

The de Bruijn graph for permutations was also studied under the name of graph of
overlapping permutations in [18] again in relation with universal cycles and universal
words. Further, in [1] the authors enumerate some families of cycles of these graphs.

We mainly use overlap graphs as a tool to state and prove our results on Pk,
rather than exploiting its properties. We remark that, applying the same ideas used
to show the existence of Eulerian and Hamiltonian cycles in classical de Bruijn graphs
(see [10]), it is easy to prove the existence of both Eulerian and Hamiltonian cycles in
O, (k). In particular, with an Eulerian path in O, (k), we can construct (although not
uniquely) a permutation o of size k! + k — 1 such that c-occ(m, o) = 1 for any 7 € Sy.

1.5. POLYTOPES AND CYCLE POLYTOPES. As said before, we recover and prove some
general results for cycle polytopes of directed multigraphs. A first result is the follow-
ing consequence of [12, Proposition 6] (see Proposition 2.3 below for a proof).

PROPOSITION 1.7. The cycle polytope of a strongly connected directed multigraph G =
(V,E) has dimension |E| — |V]|.

We also recover from [12, Proposition 1] the equations defining the polytope (see
Proposition 2.6) and we show that all its faces can be identified with some subgraphs
of G (see Theorem 2.7). This gives us a description of the face poset of the polytope.
Further, the computation of the dimension is generalized for any cycle polytope, even
those that do not come from strongly connected graphs (see Proposition 2.5).

1.6. MIXING CLASSICAL PATTERNS AND CONSECUTIVE PATTERNS. We saw in Sec-
tion 1.2 that the feasible region cl Py for classical pattern occurrences has been studied
in several papers. In this paper we study the feasible region Pj of limiting points for
consecutive pattern occurrences. A natural question is the following: what is the fea-
sible region if we mix classical and consecutive patterns?
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We answer this question showing that:

THEOREM 1.8. For any two points vy € clPy,Us € Py, there exists a sequence of
permutations (0™)men such that |c™| — oo, satisfying

(oce(m,0™))res, — 1 and  (ccoce(m,0™))res, — Vo

This result shows a sort of independence between classical patterns and consecutive
patterns, in the sense that knowing the proportion of classical patterns of a certain
sequence of permutations imposes no constraints for the proportion of consecutive
patterns on the same sequence and vice versa.

We stress that we provide an explicit construction of the sequence (6™ ),,¢en in the
theorem above (for a more precise and general statement, see Theorem 4.1).

We conclude this section with the following observation on local and scaling limits
of permutations.

OBSERVATION 1.9. In Theorem 1.1 and Theorem 1.2 we saw that the proportion of
occurrences (resp. consecutive occurrences) in a sequence of permutations (6™ )men
characterizes the permuton limit (resp. Benjamini—-Schramm limit) of the sequence.
Theorem 1.8 proves that the permuton limit of a sequence of permutations induces
no constraints for the Benjamini—Schramm limit and vice versa. For instance, we
can construct a sequence of permutations where the permuton limit is the decreasing
diagonal and the Benjamini—Schramm limit is the classical increasing total order on
the integer numbers.

We remark that a particular instance of this “independence phenomenon” for lo-
cal/scaling limits of permutations was recently also observed by Bevan, who pointed
out in the abstract of [5] that “the knowledge of the local structure of uniformly ran-
dom permutations with a specific fixed proportion of inversions reveals nothing about
their global form”. Here, we prove that this is a universal phenomenon which is not
specific to the framework studied by Bevan.

1.7. OUTLINE OF THE PAPER. The paper is organized as follows:

e In Section 2 we analyze directed multigraphs and consider their cycle poly-
topes. There, we prove Proposition 1.7 and the results mentioned immediately
below it.

e Our results regarding P, come in Section 3, where we prove Theorem 1.6.

e Finally, we prove in Section 4 a more precise version of Theorem 1.8.

1.8. NOTATION. We summarize here the notation and some basic definitions used in
the paper.

Permutations and patterns. We let N = {1,2,...} denote the collection of strictly
positive integers. For every n € N, we view permutations of [n] = {1,2,...,n} as
words of size n, and write them using the one-line notation o = o(1)o(2)...0(n). We
denote by S, the set of permutations of size n, by &>, the set of permutations of size
at least n, and by S the set of permutations of finite size.

We often view a permutation o € S,, as a diagram, specifically as an n X n board
with n points at positions (i,0(4)) for all i < n.

If 1,...,2, is a sequence of distinct numbers, let std(z1,...,z,) be the unique
permutation 7 in S,, whose elements are in the same relative order as z1,...,2,,
ie. m(i) < m(j) if and only if z; < z;. Given a permutation o € S,, and a subset
of indices I C [n], let pat;(c) be the permutation induced by (o(i));es, namely,
pat; (o) = std ((o(4))iecr). For example, if o = 87532461 and I = {2,4,7}, then
pat s 4.7y (87532461) = std(736) = 312.
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Given two permutations, o € S,,, m € Sk for some positive integers n > k, we say
that o contains m as a pattern if there exists a subset I C [n] such that pat;(c) =
7, that is, if o has a subsequence of entries order-isomorphic to 7. Denoting by
i1,02,...,0 the elements of I in increasing order, the subsequence o (i1)o(i2) ... o (ix)
is called an occurrence of 7 in 0. In addition, we say that o contains 7 as a consecutive
pattern if there exists an interval I C [n] such that pat;(o) = =, that is, if o has a
subsequence of adjacent entries order-isomorphic to w. Using the same notation as
above, o (i1)o(i2) . ..0(ir) is then called a consecutive occurrence of w in o.

We denote by occ(m, o) the number of occurrences of a pattern 7 in o, more pre-
cisely

oce(m, o) == HI C [n]|pat; (o) = 77}‘ .

We denote by c-occ(rr, o) the number of consecutive occurrences of a pattern 7 in o,
more precisely

c-oce(m, o) = HI C [n]| I is an interval, pat;(c) = ﬂ}‘
Moreover, we denote by occ(m, o) (resp. by ¢-occ(m, o)) the proportion of occurrences
(resp. consecutive occurrences) of a pattern 7 in o, that is,
oce(m, o)
(&)
REMARK 1.10. The natural choice for the denominator of the expression in the right-
hand side of the equation above should be n — k + 1 and not n, but we make this

choice for later convenience. Moreover, for every fixed k, there is no difference in the
asymptotics when n tends to infinity.

c-oce(m, o)

oce(m, o) = € [0,1], c-oce(m, o) = — € [0,1].

For a fixed k € N and a permutation o € Sxy, we let occy (o), c-ocey (o) € [0,1]5*
be the vectors

oceg (o) = (oce(m,0)) e, » c-occg (o) = ((f(?&:(ﬂ,o))ﬂesk .

Finally, we denote with @ the direct sum of two permutations, i.e. for 7 € §,,, and
o eS8,

T@o=71)...7(k)(c(1) +m)...(c(n) +m),

and we denote with @y o the direct sum of £ copies of o (we remark that the operation
@ is associative).

Polytopes. Given a set S C R"™, we define the convex hull (resp. affine span, linear

span) of S as the set of all conver combinations (resp. affine combinations, linear
combinations) of points in S, that is

k
conv(S) = {Z o;U;
2

i=1

k
¥ e S, a; €[0,1] foril,...,k,Zail},
=1

k
5¢€S,ai€Rf0ri1,...,k,Zai1},
=1
k

span(S) = {Z o;U;

i=1

?71'65,051'6Rf01‘i1,...,k}.

DEFINITION 1.11 (Polytope). A polytope p in R™ is a bounded subset of R™ described
by m linear inequalities. That is, there is some m X n real matriz A and a vector
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b e R™ such that
p={Z e R"|AZ > b}.
The dimension of a polytope p in R™ is the dimension of Aff p as an affine space.

For any polytope, there is a unique minimal finite set of points P C R™ such that
p = conv P, see [25]. This family P is called the set of vertices of p.

DEFINITION 1.12 (Faces of a polytope). Let p be a polytope in R™. A linear form in
R"™ is a linear map f : R™ — R. Its minimizing set on p is the subset pr C p where f
takes minimal values. This set always exists because p is compact.

A face of p is a subset f C p for which there exists a linear form f that satisfies
pr =1F. A face is also a polytope, and any vertex of p is a face of p. The faces of a
polytope p form a poset when ordered by inclusion, called the face poset.

We observe that the vertices of a polytope are exactly the singletons that are faces.

REMARK 1.13 (Computing faces and vertices of a polytope). If f is a linear form in
R™ and p = conv A C R", then

3) ps = conv{argmin f(a)} .

In particular, the vertices V' of conv A satisfy V' C A. Also, when computing p¢, it
suffices to evaluate f on A.

Directed graphs. All graphs, their subgraphs and their subtrees are considered to be
directed multigraphs in this paper (and we often refer to them as directed graphs or
simply as graphs). In a directed multigraph G = (V(G), E(G)), the set of edges E(G)
is a multiset, allowing for loops and parallel edges. An edge e € E(G) is an oriented
pair of vertices, (v,u), often denoted by e = v — u. We write s(e) for the starting
vertex v and a(e) for the arrival vertex u. We often consider directed graphs G with
labeled edges, and write 1b(e) for the label of the edge e € E(G). In a graph with
labeled edges we refer to edges by using their labels. Given an edge e = v — u € E(G),
we denote by Cg(e) (for “set of continuations of e”) the set of edges ¢’ € E(G) such
that ¢/ = u — w for some w € V(G), i.e. Cg(e) = {e’ € E(G)|s(e') = ale)}.

A walk of size k on a directed graph G is a sequence of k edges (eq, ..., ex) € E(G)*
such that for all i € [k — 1], a(e;) = s(e;+1)- A walk is a cycle if s(e1) = a(eg). A walk
is a path if all the edges are distinct, as well as its vertices, with a possible exception
that s(e;) = a(er) may happen. A cycle that is a path is called a simple cycle. Given

two walks w = (e1,...,ex) and w’ = (€],...,€},) such that a(ey) = s(e}), we write
wx w’ for the concatenation of the two walks, i.e. wxw' = (e1,...,ex, €, ..., e).
For a walk w, we denote by |w| the number of edges in w.

Given a walk w = (ey,...,ex) and an edge e, we denote by n.(w) the number of
times the edge e is traversed in w, i.e. n.(w) := |{i < k|e; = e}|.

For a vertex v in a directed graph G, we define degi(v) to be the number of
incoming edges to v, i.e. edges e € E(G) such that a(e) = v, and degg:(v) to be the
number of outgoing edges in v, i.e. edges e € F(G) such that s(e) = v. Whenever it
is clear from the context, we drop the subscript G.

The incidence matriz of a directed graph G is the matrix L(G) with rows indexed
by V(G), and columns indexed by E(G), such that for any edge e = v — u with
v # u, the corresponding column in L(G) has (L(G))y,e = —1, (L(G)))y,e = 1 and is
zero everywhere else. Moreover, if e = v — v is a loop, the corresponding column in
L(G) has (L(GQ))y,e = 1 and is zero everywhere else.

For instance, we show in Figure 3 a graph G with its incidence matrix L(G).
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FIGURE 3. A graph G with its incidence matrix L(G).

A directed graph G is said to be strongly connected if for v1,vy € V(G), there is a
path starting in v; and arriving in vy. For instance, the graph in Figure 3 is strongly
connected.

2. THE CYCLE POLYTOPE OF A GRAPH

In this section we establish general results about the cycle polytope of a graph, and
recover some facts already present in the literature. Here, all graphs are considered
to be directed multigraphs that may have loops and parallel edges, unless stated
otherwise. We recall the definition of cycle polytope.

DEFINITION 2.1 (Cycle polytope). Let G be a directed graph. For each mon-empty
cycle C in G, define € € RF(G) so that

ne(C
(€c)e = |€C(’| ), for all e € E(G).

We define P(G) = conv{ec|C is a simple cycle of G} to be the cycle polytope of G.

We additionally consider here the cycle cone K(G) defined as follows

K(G) = {Z a;éc|C is a simple cycle of G, a; > O} .

7

We remark that this cone has already been studied in the literature. Specifically, it
is the “non-negative cone of the cycle space” in [12], according to [12, Proposition 4].

2.1. VERTICES OF THE CYCLE POLYTOPE. We start by giving a full description of
the vertices of this polytope.

PROPOSITION 2.2. The set of vertices of P(G) is precisely {€éc|C a simple cycle of G}.

This result was established in [12, Proposition 4] in the context of cones, that is
by describing the “extreme vectors” of K(G). For the sake of completeness we present
here a short and self contained proof.

Proof. From Remark 1.13 we only need to show that any point of the form e¢ is
indeed a vertex. Consider now a simple cycle C, and recall that vertices of a polytope
are characterized by being the only singletons that are faces. Define:

fe(Z) = — er, for all & = (2¢)eepq) € RE@),
ecC

where we identify C with the set of edges in C. We will show that P(G)s. = {éc}.
That is, that €z is the unique minimizer of f¢ in P(G), concluding the proof.
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It is easy to check that fe(éz) = —1. From Eq. (3) on page 1266, we only need
to establish that any simple cycle C that satisfies fe (€s) < —1 is equal to C. Take a
generic simple cycle C in G such that fe(éz) < —1. Then, 3", .(éz)e > 1. Since &z
satisfies the equation . E(G) (€g), = 1 and has non-negative coordinates, we must
have that (€5). = 0 for all e & C. Thus C C C as sets of edges. However, because both
C,C are simple cycles, we conclude that C = C, as desired. O

2.2. DIMENSION OF THE CYCLE POLYTOPE. We present the proof of the following
result here:

PropPOSITION 2.3 (Dimension of the cycle polytope). If G is a strongly connected
graph, then the cycle polytope of G has dimension |[E(G)| — |V (G)|.

Proof. In [12, Proposition 6], it was established that there exists a “cycle basis” for
K(G), that is a set of linearly independent vectors {f;} in K(G) that span K(G).
By rescaling these vectors appropriately, we consider such a basis { f;}iL:l in the
hyperplane {3z, = 1}. Thus we have that {f;}~, C P(Q).

From [12, Eq. (3)], K(G) spans a space of dimension L = |E(G)| — |[V(G)| + 1.
Because the vectors { ﬁ}iL:l are linearly independent, they are affinely independent,
and so

dim P(G) > (|E(G)| - [V(G)|+1) =1 = [E(G)| - [V(G)].

Conversely, any affinely independent set S of vectors of P(G) forms a linearly
independent set in K(G), so |S| < |E(G)| — [V(G)| + 1.

This concludes that dim P(G) = |E(G)| — |[V(G)|. O

We now generalize Proposition 2.3 to any graph. We start with the following tech-
nical result.

LEMMA 2.4. Let a; € R4, ay C RE be polytopes such that Aff(ar), Aff(az) do not
contain the zero vector, and let d(ay),d(az) be their respective dimensions.
Then the dimension of the polytope ¢ = conv(a; x {0}, {0} x az) € RAYE s

d(c) =d(ay) + d(az) + 1.

This result is typically regarded as a well-known fact in convex geometry. We
present a proof for the sake of completeness.

Proof. In this proof, for the sake of simplicity, we will identify a; C R4 and a, C RE
with a; x {6} and {6} X dg, respectively. In particular, we will refer to points 7 € a;
for i = 1,2 as their suitable extensions (&,0) or (0, Z), respectively, in RA4" without
further notice.

We start with a lower bound for d(c). Consider affinely independent sets

Vi={o, k)t and = {a?, e )
in a; and asg, respectively.

Given an affine space A not containing the origin, and a set of vectors S C A, it
is easily seen that S is linearly independent if and only if it is affinely independent.
Therefore, each of the sets Vi, Vs is linarly independent, because V; C Aff(a;) and
Aff(a;) does not contain 0 for i = 1,2. Since span(a;) L span(ay), the union V; UV,
is also a linearly independent set, and so also affinely independent. Observe that we
found an affinely independent set V; UV, with d(a;1) 4+ d(az) + 2 many vectors in c.
This gives us the lower bound d(c) > d(a1) + d(az) + 1.

For an upper bound, note that Aff(c) C span(c), and that

dim(span(c)) < dim(span(a;)) + dim(span(az)) = d(a1) + d(az) + 2.
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We now prove that 0 ¢ Aff(c) by contradiction. Assume otherwise that we have
> azaerZ B]b =0, where d; € aq, b €azand ), aZJrZ ,8] = 1. But we have
that >, ;@ € R4, and — Zj ijj eRE, s0 Y, aud@; = Zj ijj e RANRE = {0}.
Because }; a; +3°; B; = 1, without loss of generality we can assume that , a; # 0.

Then we have %ajl =0 € Aff(ay), a contradiction.
Since 0 € span(lc), we conclude that Aff(c) # spanc. It follows that
dim (Aff(¢)) < d(a1) +d(az) + 1.

This concludes the proof. O

With the help of Lemma 2.4, we can generalize Proposition 2.3 to the cycle polytope
of any graph: We say that a graph G = (V, E) is full if any edge e € E is part of a
cycle of G. It is easy to see that if G is not full, then P(G) = P(H), where H C G
is the largest full subgraph of G. Equivalently, H is obtained from G by removing all
edges from G that are not part of a cycle.

If G is a full graph, there are no bridges, that is an edge e connecting two distinct
strongly connected components. Hence, we can decompose G as the disjoint union of
strongly connected components and a set of isolated vertices V': G = HiU- - -LUH UV,
It can be seen that P(G) = conv{P(H;)|i = 1,...k}, where we identify ( H;) with
its canonical image in R”(%). Noting that P(H ) C Aff( (H;)) € REMH:) and that
Aff(P(H;)) does not contain the origin for any ¢ = 1,..., k, from Lemma 2.4 we have
that

dim P(G) =k—1+» dimP(H;) =k—1+|E|— |[V\V'| = |E|— |[V[+|[V'|+k—1.
PRrROPOSITION 2.5. If G is a directed multigraph and H C G its largest full subgraph,
then the dimension of the polytope P(G) is

dim P(G) = |E(H)| = |[V(G)| + |{ connected components of H}| — 1.
2.3. FACES OF THE CYCLE POLYTOPE. We now focus on the faces of a cycle poly-
tope P(G). We prove two results: in Proposition 2.6 we describe the equations that

define P(G), then in Theorem 2.7 we find a bijection between faces of P(G) and the
subgraphs of G that are full.

PROPOSITION 2.6. Let G be a directed graph. The polytope P(G) is given by

P@) =420, 3 z.=1, Y 2= ., weV(G)

e€E(G) s(e)=v a(e)=
Proof. Consider L(G) the incidence matrix of the graph G and note that the equa-
tion L(G)Z = 0 is equivalent to D)= Te = Da(e)=uv Te, Vv € V(G). From [12,
Proposition 1], we have that K(G) = {Z > 0} Nker L(G). It is immediate to see that
P(G) =K(G)N{>_,z; = 1}, and so the result follows. O

Recall that a subgraph H = (V, E’) of a graph G is called a full subgraph if any
edge e € F’ is part of a cycle of H.

THEOREM 2.7. The face poset of P(G) is isomorphic to the poset of non-empty full
subgraphs of G according to the following identification:

Hw— P(Q)g ={Z€ P(G)lze=0fore¢ E(H)}.

Further, if we identify P(H) with its image under the inclusion RFH) < RE(G) e
have that P(H) = P(G)n.
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In particular, dim(P(G)g) = |E(H)| — |V| + [{ connected components of H}| — 1.

N
: Q \
| 1
\ I
i

N

£y

N
\

FIGURE 4. The face structure of the cycle polytope of a graph. On
the left-hand side of the picture (inside the dashed black ball) we
have a graph G with two vertices and five edges. On the right-hand
side, we draw the associated cycle polytope P(G) that is a pyramid
with squared base. The blue dashed balls correspond to the simple
cycles corresponding to the five vertices of the polytope. We also
underline the relation between two edges of the polytope (in purple
and orange respectively) and a face (in green) and the corresponding
full subgraphs. Note that, for example, the graph corresponding to
the green face is just the union of the three graphs corresponding to
the vertices of that face.

Proof. From Proposition 2.6, a face of P(G) is given by setting some of the inequalities
of Z > 0 as equalities. In this way, a face is of the form P(G)y for some subgraph
H = (V(G),E(H)), where E(G)~ E(H) corresponds to the inequalities of Z > 0 that
become equalities. It is immediate to observe that the identification RZ(H) — RE(G)
gives us that P(H) = P(G)x.

We show that it suffices to take H a full subgraph: consider an edge eg = v — w in
H that is not contained in any cycle in H. Then (é¢),, = 0 for any simple cycle C in H,
and so z., = 0 for any point ¥ € P(H) = P(G)g. It follows that P(G) g = P(G) ge,-

Conversely, we can see that if H; # H, are two full subgraphs of G, then
P(G)n, # P(G)p,, thatis, Hy, Hy correspond to two different faces of P(G). Indeed,
without loss of generality we can assume that there is an edge e € E(H;) \ E(H3).
This edge is, by hypothesis, contained in a simple cycle C, so ez € P(G) gy, ~ P(G)g,,
SO P(G)Hl 7é P(G)H2

It is clear that if H; C Hs then P(G)pg, € P(G)n,, so we have that the identifica-
tion H — P(G)p preserves the poset structure. Finally, we obtained the dimension
of P(G)y = P(H) in Proposition 2.5. O
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ExAMPLE 2.8 (Face structure of a specific cycle polytope). Consider the graph G
given on the left-hand side of Figure 4, that has two vertices and five edges. It follows
that the corresponding cycle polytope has dimension three, and its face structure is
partially depicted in the right-hand side in Figure 4.

In fact, from Theorem 2.7, to each face of the polytope we can associate a full sub-
graph of GG. Some of these correspondences are highlighted in Figure 4 and described
in its caption.

Given a simple cycle C in a graph G, a path P is a chord of C if it is edge-disjoint
from C and it starts and arrives at vertices of C. In particular, given two simple cycles
sharing a vertex, any one of them forms a chord of the other.

REMARK 2.9 (The skeleton of the polytope P(G)). We want to characterize the pairs
of vertices of P(G) that are connected by an edge. The structure behind this is
usually called the skeleton of the polytope. Suppose that we are given two vertices of
the polytope P(G), éc,, éc, corresponding to the simple cycles Cy1,Cy of the graph G,
according to Proposition 2.2.

With the description of the faces in Theorem 2.7, we have that a face P(G)y is an
edge when it has dimension one, that is

|[E(H)| — |V(G)| + |{connected components of H}| —1=1.

This happens if and only if the undirected version of H is a forest with two edges
added.

Because H is full, each connected component must contain a cycle, so H has
either one or two connected components. Hence, it results either from the union of
two vertex-disjoint simple cycles, or from the union of a simple cycle and one of its
chords. Equivalently, éc, , éc, are connected with an edge when C; \ Cs forms a unique
chord of Cy, or when C;,C;y are vertex-disjoint.

For instance, in Figure 4, there are two pairs of vertices of P(G) that are not
connected, and each pair corresponds to two cycles Cy1,Co such that C; \ C forms two
chords of Cs.

REMARK 2.10 (Computing the volume of P(G)). The problem of finding the volume of
a polytope is a classical one in convex geometry. We propose an algorithmic approach
that uses the face description of P(G) in Theorem 2.7 and the following facts:
e Let A be a polytope and v a point in space. If v € Aff(A), then
1

dimA+1°
e If v is a vertex of the polytope p of dimension d, then we have the following

decomposition of the polytope p:

p= U conv(qU{v}),
vEqCp

where the union runs over all high-dimensional faces q that do not contain

the vertex v. This decomposition is such that the intersection of each pair

of blocks has volume zero, and each block has a non-zero d — 1 dimensional

volume.

vol(conv(A U {v})) = vol(A) dist(v, Aff(A))

If C is a simple cycle of G, the following decomposition holds:

P(G) = cgzLLIJCGCOHV(€C7 P(G)n),

where the union runs over all maximal full proper subgraphs of G that do not con-
tain C.
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Hence, we obtain the volume of P(G) as follows:

vol(P(G) = Y conv(ée, P(G)aue) = Y. VOl(P(H)ﬁiisgfé}iﬁl(P(G)H))»
CZHCG CcgHCG

where the sum runs over all maximal full proper subgraphs of G that do not contain
C. This gives us a recursive way of computing the volume vol(P(G)) by computing
the volume of cycle polytopes of smaller graphs. We have unfortunately not been able
to find a general formula for vol P(G), and leave this as an open problem.

3. THE FEASIBLE REGION P, IS A CYCLE POLYTOPE
Recall that we defined
P, = {7 €0, 1]Sk‘3(am)meN € SN s.t. [o™| = oo and c-occ(m, 0™) — Uy, VY € S}

The goal of this section is to prove that Py is the cycle polytope of the overlap
graph O, (k) (see Theorem 3.12). We first prove that Py is closed and convex (see
Proposition 3.2), then we use a correspondence between permutations and paths in
O, (k) (see Definition 3.5) to prove the desired result.

3.1. THE FEASIBLE REGION Py IS CONVEX. We start with a preliminary result.
LEMMA 3.1. The feasible region Py is closed.

This is a classical consequence of the fact that P is a set of limit points. For
completeness, we include a simple proof of the statement. Recall that we defined
c-occy (o) = (C/-_(\)_C/C(W,O'))ﬂ_esk.
Proof. Tt suffices to show that, for any sequence (¥s)sen in Py such that ¢5 — o
for some @ € [0,1]%%, we have that ¥ € Py. For all s € N, consider a sequence of
permutations (6™ )men such that |07 ™=5° 0o and é-occy(0™) =5 @, and some

index m(s) of the sequence (67"),en such that for all m > m(s),

m

ol > s and ||c-occk(ol) — Tl < 2.

Without loss of generality, assume that m(s) is increasing. For every ¢ € N, define

ol = Uzn(e). It is easy to show that

o] ¥ % and c-ocey (o) gy v,

where we use the fact that s — ¢. Therefore U € Py. O
We can now prove the first important result of this section.
PROPOSITION 3.2. The feasible region Py is convex.

Proof. Since Py is closed (by Lemma 3.1) it is enough to consider rational convex
combinations of points in Py, i.e. it is enough to establish that for all ¥, v € P, and
all s,t € N, we have that

s -
S-I-tvl + S+tv2 € P.
Fix U1,72 € Py and s,t € N. Since 01,0y € Py, there exist two sequences (61")men,
(05" men such that |o| ™=5° oo and é-occg (0]™) =57 G, for i = 1, 2.
Define t,, ==t - |o7*] and s,, == s |05"].
We set 7™ = (D, o7") @ (P, 05*). For a graphical interpretation of this con-

struction we refer to Figure 5. We note that for every m € Si, we have

c-oce(m, ™) = Sy, - c-oce(m, 07") + tp, - c-oce(m, 05") + Er,
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m

m m

S copies t,, copies

FIGURE 5. Schema for the definition of the permutation 7.

where Er < (8;, + i — 1) « |7|. This error term comes from the number of intervals
of size |7| that intersect the boundary of some copies of of* or ¢5*. Hence

Sm - |07 - c-oce(m, o) + tpy, - |0 - c-oce(w, oY) + Er

E I P

t m 1 1
tc—occ(w,az )+ 0O <|7r| (m + W)) .

c-oce(m, ™) =

— s Pyt m
=1 occ(m,o1") + S

As m tends to infinity, we have

—

V2,

s
v
s+t 1+5+t

m) m—o0 —

) — 4, for ¢ = 1,2. Noting also that

C/-B/CCk(Tm) —

. — —~
since |07 "5 0o and c-occ (o
|7 = oo,
we can conclude that s%—tﬁl + s%_tﬁg € Py. This ends the proof. O

3.2. THE FEASIBLE REGION P, AS THE LIMIT OF RANDOM PERMUTATIONS. Using
similar ideas to the ones used in the proof above, we can establish the equality between
sets

Py ={7 €0, 1]Sk|3(am)m€N € SV s.t. [0™] = oo and c-oce(m, 0™) — Uy, VT € S}
={(Tx(0™))res,|c™ is a random infinite rooted shift-invariant permutation} .
We first recall the following.

DEFINITION 3.3. For a total order (Z,<), its shift (Z,<’) is defined by i +1 <" j+1
if and only if i X j. A random infinite rooted permutation, or equivalently a random
total order on 7Z, is said to be shift-invariant if it has the same distribution as its shift.

We refer to [6, Section 2.6] for a full discussion of shift-invariant random permuta-
tions.

PROPOSITION 3.4. The following equality holds

Py = {(T7(0™))res, |0 is a random infinite rooted shift-invariant permutation} .
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Proof. In [6, Proposition 2.44 and Theorem 2.45] it was proved that a random infinite
rooted permutation ¢° is shift-invariant if and only if it is the annealed Benjamini—
Schramm limit of a sequence of random permutations"). Furthermore, we can choose
this sequence of random permutations ¢” in such a way that |c"| = n a.s., for all
n € N.

This result and Theorem 1.2 immediately imply that

P, C{(T(0%))res, ’U‘X’ is a random infinite rooted shift-invariant permutation} .

To show the other inclusion, it is enough to show that for every random infinite rooted
shift-invariant permutation o°°, there exists a sequence of deterministic permutations
that Benjamini—Schramm converges to .

By the above mentioned result of [6], there exists a sequence (0")nen of random
permutations such that |0"| = n a.s., for all n € N, and (¢™),en converges in the
annealed Benjamini-Schramm sense to 0. Using [6, Theorem 2.24] we know that,
for every m € S,

(4) E[¢-oce(m,0™)] = Tr(a™).
Let, for all n € N and p € S,
p, =P(c" =p).

For every n € N, we can find n! integers {q} })es, such that for every p € Sy,

q/) n
(5) = P, <

Let us now consider the deterministic sequence of permutations of size n ), s, 46
defined as

V"= @ (@q;‘p)v
PESH

where we fixed any order on S,. Using the same error estimates as in the proof of
Proposition 3.2, it follows that

ZpESn qy - c-oce(m, p) + Er
n- Y oes, 45

with Er < (=142 ycs qp) - I7|. Therefore

c-oce(m, V™) = , forall 7€,

|c-oce(m, v™) — E[c-oce(m, o™)]|

quJL P n Er
< ——+— - ¢c-oce(m, p) — p}y - c-occ(m, p)| + | —=—""—
el 2oes, U ,,;n ! n-2 ges, 90
1 —~ 0
< n Z C-OCC(T{',p) + uv
e n

where in the second inequality we used the bound in Eq. (5) and the bound for Er.
Since the size of 7 is fixed and the term > g ¢-oce(m, p) is bounded by n!, we can

conclude that |c-oce(m, v™) — E[c-oce(m, 0™)]| — 0. Combining this with Eq. (4) we get

c-oce(m, ") = Tr(c™), forall me€S.

(DThe annealed Benjamini—Schramm convergence is an extension of the Benjamini—Schramm
convergence (BS-limit) to sequences of random permutations. For more details see [6, Section 2.5.1].
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Therefore, using Theorem 1.2 we can finally deduce that the deterministic sequence
{v"}nen converges to o in the Benjamini-Schramm topology, concluding the
proof. O

3.3. THE OVERLAP GRAPH. We now want to study the way in which consecutive
patterns of permutations can overlap.

We start by introducing some more notation. For a permutation 7 € Sg, with
k € N3, let beg(m) € Sg_1 (resp. end(m) € Sk_1) be the patterns generated by its
first £ — 1 indices (resp. last k — 1 indices). More precisely,

beg(m) = paty y_q(7) and end(m) = patp 4 (7).

The following definition, introduced in [10], is key in the description of the feasible
region Py.

DEFINITION 3.5 (Overlap graph). Let k € N>y, We define the overlap graph O, (k) of
size k as a directed multigraph with labeled edges, where the vertices are elements of
Sk—1 and for oll m € Sk, we add the edge beg(n) — end(w) labeled by .

This gives us a directed graph with k! edges, and (k — 1)! vertices. Informally,
the continuations of an edge 7 in the overlap graph O,(k) record the consecutive
patterns of size k that can appear after the consecutive pattern 7. More precisely, for
a permutation o € Ssk4+1 and an interval I C [|o| — 1] of size k, let 7 := pat (o) € Sy,
then we have that

(6) paty1(0) € Co, k) (7),
where I + 1 denotes the interval obtained from I shifting all the indices by +1, and
we recall that Co, (1)(7) is the set of continuations of 7.

EXAMPLE 3.6. We recall that the overlap graph O,(4) was displayed in Figure 2 on
page 1262. The six vertices (in red) correspond to the six permutations of size three
and the twenty-four oriented edges correspond to the twenty-four permutations of
size four.

Given a permutation o € S,,, for some m > k, we can associate to it a walk
Wi(o) = (e1,...,em—k+1) in Oy(k) of size m — k + 1 defined by

(7) Ib(e;) = paty; ;1 p_qy(0), forall i€ [m—Fk+1].

Note that Eq. (6) justifies that this sequence of edges is indeed a walk in the overlap
graph.

EXAMPLE 3.7. Take the graph O,(4) from Figure 2 on page 1262, and consider the
permutation o = 628451793 € Sg. The corresponding walk Wy(o) in O,(4) is

(3142,1423,4231,2314, 2134, 1342)
and it is highlighted in green in Figure 2.

Note that the map Wj, is not injective (see for instance Example 3.9 below) but
the following holds.

LEMMA 3.8. Fiz k € N>o and m > k. The map Wy, from the set Sy, of permutations
of size m to the set of walks in O, (k) of size m — k + 1, is surjective.

Proof. We exhibit a greedy procedure that, given a walk w = (e1,...,es) in O,(k),
constructs a permutation o of size s + k — 1 such that W (o) = w. Specifically, we
construct a sequence of s permutations (0;);<s, with |o;| = ¢ + k — 1, in such a way
that o is equal to o,. For this proof, it is useful to consider permutations as diagrams.
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The first permutation is defined as o1 = lIb(ey). To construct o;1 we add to the
diagram of o; a final additional point on the right of the diagram between two rows, in
such a way that the last & points induce the consecutive pattern 1b(e; 1) (the choice
for this final additional point may not be unique, but exists). Setting o := o5 we have
by construction that Wy (o) = w. O

We illustrate the construction above in a concrete example.

EXAMPLE 3.9. Consider the walk w = (3142, 1423, 4231, 2314, 2134, 1342) obtained in
Example 3.7 and construct, as explained in the previous proof, a permutation o such
that Wi (o) = w. We set o1 = 3142. Then, since ey = 1423, we add a point between
the second and the third row of o1 (see Figure 6 for the diagrams of the considered per-
mutations), obtaining oo = 41523. Note that the pattern induced by the last 4 points
of o9 is exactly es = 1423. We highlight that we could also add the point between
the third and the fourth row of o; obtaining the same induced pattern. However, in
this example, we always chose to add the points in the bottommost possible place.
We iterate this procedure constructing o3 = 516342, 04 = 6173425, 05 = 71834256,
o6 = 819452673. Setting o := 05 = 819452673 we obtain that Wy(o) = w. Note that
this is not the same permutation considered in Example 3.7, indeed the map Wy is
not injective.

o1 = 0,02 =

05 = . , 06 = i

FI1GURE 6. The diagrams of the six permutations considered in Ex-
ample 3.9. Note that every permutation is obtained by adding a new
final point to the previous one.

We conclude this section with two simple results useful for the following sections.

LEMMA 3.10. If o is a permutation and w = Wy (o) = (e1, ..., es) is its corresponding
walk on O, (k), then, for all m € Sy,

c-oce(m, o) = [{i < s|lb(e;) = 7}

Proof. This is a trivial consequence of the definition of the map Wj. See in particular
Eq. (7). O

OBSERVATION 3.11. Let w1 and o be two permutations of size k —1 > 1, and take
T = m @7a. Then the path Wi (1) goes from w1 to my. Consequently, O, (k) is strongly
connected.
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3.4. A DESCRIPTION OF THE FEASIBLE REGION Pjy. The goal of this section is to
prove the following result.

THEOREM 3.12. The feasible region Py, is the cycle polytope of the overlap graph O, (k),
i.e.

(8) P = P(Oy(k)).

As a consequence, the set of vertices of Py is {€c|C is a simple cycle of O,(k)} and
the dimension of Py is k! — (k — 1)!. Moreover, the polytope Py is described by the
equations

P, = ﬁe[O,l]Sk vazl, Z Uy = Z Un ,Vp € Sk_1

TESK beg(m)=p end(m)=p

Before presenting the proof of this theorem, we first give a lemma on directed
graphs.

LEMMA 3.13. Let G be a directed graph and w a walk on it. Then the multiset of edges
of w can be decomposed into ¢ simple cycles (for some £ > 0) Cq,...,Co and a tail T
that does not repeat vertices (but is possibly empty). Specifically, we have the following
relation of multisets of edges of G:

w=CW---WCWT.

Proof. This decomposition is obtained inductively on the number of edges. If w has
no repeated vertices, the decomposition w = T satisfies the desired conditions. If w
has repeated vertices, it has a simple cycle corresponding to the first repetition of a
vertex. By pruning from the walk this simple cycle, we obtain a smaller walk which
decomposes by the induction hypothesis. This gives us the desired result. (]

REMARK 3.14. The decomposition obtained above, of a walk w into cycles Cy,...,Cy
and a tail T, is a decomposition of the edge multiset. In particular, each of the cycles
C; or the tail 7 are not necessarily formed by consecutive sequences of edges of w.
Explicit examples can be readily found.

Proof of Theorem 3.12. The first step is to show that, for any simple cycle C of O, (k),
the vector € is in Py. This, together with Proposition 3.2 implies that P(O,(k)) C Px.

According to Lemma 3.8, for every m € N, there is a permutation ¢" such that
Wi(c™) is the walk resulting from the concatenation of m copies of C. We claim
that c-occi(0™) — éc and |0™| — oo. The latter affirmation is trivial since, by
Lemma 3.8, |[0™| = |C|m + k — 1. For the first claim, according to Lemma 3.10, we
have that c-occ(m,0™) = m for any 7 that is the label of an edge in the simple cycle
C, and c-occ(m, ™) = 0 otherwise. Hence

ocer(o™) = c]”
ag

as desired.
On the other hand, suppose that ¥ € Py, so we have a sequence ¢ of permutations
such that

|o™] = 0o and  c-occ (™) — T.
We will show that dist(c-occy(0™), P(O,(k))) — 0. It is then immediate, since

P(O,(k)) is closed, that 7 € P(O,(k)), proving that P, = P(O,(k)). We consider the
walk w™ = Wy (0™). Using Lemma 3.13, the edge multiset of the walk w™ can be
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decomposed into simple cycles and a tail (that does not repeat vertices and may be
empty) as follows
=C"W---WC/WUT™.
Then from Lemma 3.10 we can compute ¢-occg (™) as a convex combination of é¢
for some simple cycles C, plus a small error term. Specifically,

ocen (™) — g 1O et L ogm
c-oceg(o™) = ecp o] T ey i BT

o’m\
where |Erm| < (fa_"}?' since there are (k — 1)! distinct vertices in O, (k) and the path

7™ does not contain repeated vertices. In particular, |E7"m| — 0 since k is constant
and |o™| = oo.
Noting that

o Saler)

Cocen(o™) = Er” +

where W, = ﬁ (é’cln|C{”\ + -+ éep \CZL|> € P(O,(k)), we can conclude that

m
dist (c-occy (a™), P(O,(k))) < dist (Erm + %w’m, 117m> -0,
. = m Y.l S . .

since |Er | — 0, S — 1 and @y, is uniformly bounded. This concludes the
proof of Eq. (8).

The characterization of the vertices is a trivial consequence of Proposition 2.2. For
the dimension, it is enough to note that O, (k) is strongly connected from Observa-
tion 3.11. So by Proposition 2.3 it has dimension

[E(Ou(F)| = [V(Ou(k))| = k! = (k= 1)!,
as desired. Finally, the equations for Py are determined using Proposition 2.6 and the

definition of the overlap graph. O

REMARK 3.15. Since for two different simple cycles C1,Cy we have that é¢, # éc,,
enumerating the vertices corresponds to enumerating simple cycles of O, (k) (which
seems to be a difficult problem). This problem was partially investigated in [1]. There,
all the cycles of size one and two are enumerated.

4. MIXING CLASSICAL PATTERNS AND CONSECUTIVE PATTERNS

In Section 1.6 we explained that a natural question is to describe the feasible region
when we mix classical and consecutive patterns.

More generally, let A, B C S be two finite sets of permutations. We consider the
following sets of points

(9)
A= {7 € 0,141 (0" )men € S s:t. o™ | — o0 and (&56e(m,0a™)) 4 = T
B={7€[0,1]%3 (6™)men € SV s.t. [0™| — 0o and (occ(m,0™)), 5 — T}
We want to investigate the set
(10)

C= {17 € [0,1]45]3 (6™)men € SN s.t. |0™| — o0,

(&z0ce(m,0™)) 4 — (). and (6Tc(m,0™)), 5 = (5),3}.

For the statement of the next theorem we need to recall the definition of the
substitution operation on permutations. For 6,1 ... v(@ permutations such that
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d = |0|, the substitution #[v(), .., (D] is defined as follows: for each 4, we replace
the point (7,6(7)) in the diagram of # with the diagram of ©(9). Then, rescaling the
rows and columns yields the diagram of a larger permutation Q[V(l), ...,u(d)]. Note
that 9D, ..., D] = 3¢ || (see Figure 7 for an example).

213

4213[213,21,1,12] = 121 - o — 76832145,

21 L

o|

FiGURE 7. Example of substitution of permutations.

THEOREM 4.1. Let A, B C S be finite sets of permutations, and A, B,C be defined as
in Egs. (9) and (10). It holds that

(11) AxB=C.

Specifically, given two points U4 € A, vg € B, consider two sequences (0'})men € SN
and (0% )men € SN such that

(12) lok| = o0 and (c-oce(m,oly))
log| — oo and (oce(m,0%)) e — VB,

then the sequence (0{%)men defined by

(13) ol =oglo,...,0R], forall meN,

satisfies

(14) o] — oo, (c—??c(w,a?))ﬂeA —va and (occ(m,08)) e — UB-

Proof. Let (6% )men be defined as in Eq. (13). The fact that the size of 0% tends to

infinity follows from |o@%| = |0}||0| — oo. For the second limit in Eq. (14), note

that for every pattern w € A,

o _ o _ Lo - o E o E

(o) = oot ot) _ oo m ) OBV BT _ g, oy
log| - o] log |- o] o] |0k

where Er < |o}| - |w|. This error term comes from intervals of [|of%|] that intersect
more than one copy of ¢’f. Since |r| is fixed and |0}'| — oo we can conclude the
desired limit, using the assumption in Eq. (12) that (c-occ(m, UK))ﬂGA — Ua.

Finally, for the third limit in Eq. (14) we note that setting n = |o¥| and k = |n|,

m
(15) el o) = ) B (paty (o) = ),
(%)

where I is a random set, uniformly chosen among the (Z) subsets of [n] with k elements
(we denote random quantities in bold). Let now E™ be the event that the random
set I contains two indices €,j of [|of|] that belong to the same copy of ¢} in o@Z.
Denote by (E™)¢ the complement of the event E™. We have

(16) P (pats(og) =) =
P (pat;(of) = 7|E™) - P (E™) +P (paty(o¢}) = 7|(E™)7) - P (E™)Y).

Algebraic Combinatorics, Vol. 3 #6 (2020) 1279



JACOPO BORGA & RAUL PENAGUIAO

We claim that

(17) P(E™) < (’“) !

2) ol
Indeed, the factor (g) counts the number of pairs 4, j in a set of cardinality k£ and the
factor ﬁ is an upper bound for the probability that given a uniform two-element
B

set {¢,7} then ,7 belong to the same copy of ¢’f in 0% (recall that there are |o}]
copies of 0’} in o). Note also that

(18) P (pat;(o¢}) = 7|(E™)¢) = oce(, 03) — U,
where the last limit comes from Eq. (12). Using Egs. (15) to (18), we obtain that
(oce(m,08)) reg — UB-

This concludes the proof of Eq. (14). The result in Eq. (11) follows from the fact that
we trivially have C' C A x B, and for the other inclusion we use the construction
above, which proves that (¥4, U5) € C, for every U4 € A, U € B. O
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