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This paper is a continuation of the work by Gessel and Zhuang (but
can be read independently from the latter). It is devoted to the study of shuffle-
compatibility of permutation statistics — a concept introduced in [GesZhul7],
although various instances of it have appeared throughout the literature before.

In Section (I, we introduce the notations that we will need throughout this
paper. In Section 2} we prove that the exterior peak set statistic Epk is shuffle-
compatible (Theorem [2.56), as conjectured by Gessel and Zhuang in [GesZhul7].
In Section |3, we introduce the concept of an “LR-shuffle-compatible” statistic,
which is stronger than shuffle-compatibility. We give a sufficient criterion for it
and use it to show that Epk and some other statistics are LR-shuffle-compatible.

The last three sections relate all of this to quasisymmetric functions: In Sec-
tion [}, we recall the concept of descent statistics introduced in and




its connection to quasisymmetric functions. Motivated by this connection, in Sec-
tion 5, we define the kernel of a descent statistic, and study this kernel for Epk,
giving two explicit generating sets for this kernel. In Section [6 we extend the
quasisymmetric functions connection to the concept of LR-shuffle-compatible
statistics, and relate it to dendriform algebras.
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0.1. Remark on alternative versions

You are reading the detailed version of this paper. For the standard version
(which is shorter by virtue of omitting some proofs and even some results), see
[Grinbel8§].

1. Notations and definitions

Let us first introduce the definitions and notations that we will use in the rest
of this paper. Many of these definitions appear in [GesZhul7] already; we have
tried to deviate from the notations of [GesZhul?7] as little as possible.

1.1. Permutations and other basic concepts

Definition 1.1. We let N = {0,1,2,3,...} and P = {1,2,3,...}. Both of these
sets are understood to be equipped with their standard total order. Elements
of IP will be called letters (despite being numbers).

Definition 1.2. Let n € Z. We shall use the notation [n] for the totally ordered
set {1,2,...,n} (with the usual order relation inherited from Z). Note that
[n] = @ when n <0.

Definition 1.3. Let n € IN. An n-permutation shall mean a word with = letters,
which are distinct and belong to IP. Equivalently, an n-permutation shall be
regarded as an injective map [n] — IP (the image of i under this map being
the i-th letter of the word).

For example, (3,6,4) and (9,1,2) are 3-permutations, but (2,1, 2) is not.




Definition 1.4. A permutation is defined to be an n-permutation for some n €
IN. If 77 is an n-permutation for some n € IN, then the number 7 is called the
size of the permutation 7t and is denoted by |7|. A permutation is said to be
nonempty if it is nonempty as a word (i.e., if its size is > 0).

Note that the meaning of “permutation” we have just defined is unusual (most
authors define a permutation to be a bijection from a set to itself); we are follow-
ing [GesZhul7] in defining permutations this way.

Definition 1.5. Let n € IN. Two n-permutations « and B are said to be order-
isomorphic if they have the following property: For every two integers 7,j € [n],
we have « (i) < a (j) if and only if B (i) < B (j).

Definition 1.6. (a) A permutation statistic is a map st from the set of all permu-
tations to an arbitrary set that has the following property: Whenever « and B
are two order-isomorphic permutations, we have sta = st .

(b) Let st be a permutation statistic. Two permutations « and p are said
to be st-equivalent if they satisfy || = |B| and sta = stpB. The relation “st-
equivalent” is an equivalence relation; its equivalence classes are called st-
equivalence classes.

Remark 1.7. Let n € IN. Let us call an n-permutation 7t standard if its letters
are 1,2,...,n (in some order). The standard n-permutations are in bijection
with the n! permutations of the set {1,2,...,n} in the usual sense of this word
(i.e., the bijections from this set to itself).

It is easy to see that for each n-permutation o, there exists a unique stan-
dard n-permutation 7t order-isomorphic to ¢. Thus, a permutation statistic is
uniquely determined by its values on standard permutations. Consequently,
we can view permutation statistics as statistics defined on standard permuta-
tions, i.e., on permutations in the usual sense of the word.

The word “permutation statistic” is often abbreviated as “statistic”.

1.2. Some examples of permutation statistics

Definition 1.8. Let n € IN. Let 7w = (719, 712, . . ., 71, ) be an n-permutation.

(@) The descents of 7t are the elements i € [n — 1] satisfying 71; > 7 1.

(b) The descent set of 7t is defined to be the set of all descents of 7. This set
is denoted by Des 71, and is always a subset of [n — 1].

(c) The peaks of 1t are the elements i € {2,3,...,n — 1} satisfying ;1 <
T > TTiyq.

(d) The peak set of 7t is defined to be the set of all peaks of 7. This set is
denoted by Pk 7, and is always a subset of {2,3,...,n —1}.




(e) The left peaks of 1t are the elements i € [n — 1] satisfying ;1 < 717 >
i1, where we set 719 = 0.

(f) The left peak set of 7t is defined to be the set of all left peaks of 7. This
set is denoted by Lpk 77, and is always a subset of [n — 1]. It is easy to see that
(for n > 2) we have

Lpkmt =PknU{l | m; > m}.

(The strange notation “{1 | 71y > mp}” means the set of all numbers 1 satis-
fying 711 > 7mp. In other words, it is the 1-element set {1} if 711 > 7y, and the
empty set & otherwise.)

(g) The right peaks of 7 are the elements i € {2,3,...,n} satisfying ;1 <
7t; > 141, where we set 71,11 = 0.

(h) The right peak set of 7t is defined to be the set of all right peaks of 7. This
set is denoted by Rpk 71, and is always a subset of {2,3,...,n}. It is easy to
see that (for n > 2) we have

Rpkm =PknuU{n | my_1 < mn}.

(i) The exterior peaks of 7t are the elements i € [n] satisfying ;1 < 717 >
7ti 11, where we set 719 = 0 and 71,11 = 0.

(j) The exterior peak set of 7t is defined to be the set of all exterior peaks of
7t. This set is denoted by Epk 77, and is always a subset of [n]. It is easy to see
that (for n > 2) we have

Epkm =PknU{l | my > m}U{n | m,—1 < 7y}
= Lpkm URpk
(where, again, {n | 7,1 < 7, } is the 1-element set {n} if 7, 1 < 7m,, and

otherwise is the empty set).
(For n =1, we have Epk w = {1}.)

For example, the 6-permutation 7 = (4,1,3,9,6,8) has

Des = {1,4}, Pk = {4},
Lpkm = {1,4}, Rpkm = {4,6}, Epkm = {1,4,6}.

For another example, the 6-permutation 7 = (1,4, 3,2,9,8) has

Desm = {2,3,5}, Pk = {2,5},
Lpkm = {2,5}, Rpkm = {2,5}, Epkm = {2,5}.
Notice that Definition (1.8 actually defines several permutation statistics. For

example, Definition (b) defines the permutation statistic Des, whose codomain
is the set of all subsets of IP. Likewise, Definition (1.8| (d) defines the permutation




statistic Pk, and Definition (1.8 (f) defines the permutation statistic Lpk, whereas
Definition [1.8| (h) defines the permutation statistic Rpk. The main permutation
statistic that we will study in this paper is Epk, which is defined in Definition
(j); its codomain is the set of all subsets of IP.

The following simple fact expresses the set Epk 7t corresponding to an n-
permutation 7t in terms of Des 7:

Proposition 1.9. Let n be a positive integer. Let 7t be an n-permutation. Then,
Epk 7t = (DestU{n})\ (Desm+1),
where Des 77 + 1 denotes the set {i +1 | i € Des rt}.

Proof of Proposition Write 77 in the form 7w = (711, 710, ..., 71,). Set 779 = 0 and
11 = 0. Recall that Des 7t is defined as the set of all descents of 7r. In other
words,

Des 7 = (the set of all descents of 1) ={i € [n—1] | 7; > 711}

(because the descents of 7 are defined to be the i € [n — 1] satisfying 7r; > 71,1 1).

But (71, 712, ..., my) = 7T is an n-permutation, and thus has no equal entries.
Hence, for each i € [n — 1], we have 71; # ;1. Thus, for each i € [n — 1], we
have the equivalence (71; > 7;41) <= (71; > 7i41). Therefore,

{ien-1] | m;>mu}={ie[n—-1] | i > mi;1} = Desm.

On the other hand, 7, € [n], so that 7t, > 0 = 71,,11. Hence, n is an element of
the set {i € {n} | m; > m11}. Clearly, this set cannot have any other element
(since it is a subset of {n}); thus, {i € {n} | m; > m; 1} = {n}.

But [n] = [n — 1] U {n}, so that

{ien] | mi>mi}
={ien-1U{n} | 7> m}
:\{l S [1’1 — 1] | 7T > 7TZ'+1}JU\{Z. S {1’1} | T > 7TZ'+1}J = Des T U {Tl} (1)

-

=Des 1t ={n}

On the other hand, ™y € [n], so that 1y > 0 = mp. Hence, we do not
have 71y > ;. Thus, 0 is not an element of the set {i € {0} | m; > 71}
Clearly, this set cannot have any other element (since it a subset of {0}); thus,
{i S {0} | TP > 7Tl'_|_1} = .

But {0,1,...,n—1} = {0} U [n — 1], so that

{i S {0,1,...,1’1—1} | T > 7'Ci_|_1}

={ie{0}Un—-1] | m > mi}

={ie{0} | mi>mtu{ien—-1] | mi > mi;1} = dUDes = Des .

-~ -~

=g =Des




Hence,
Dest={ic€{0,1,...,n—1} | m; > w1},

so that
Desmt+1={i+1 | i€ {0,1,...,n—1} satisfies 77; > 71,1}
={jeln] | mj-1=m}
={ien] | miq=m} (2)
(here, we have renamed the index j as i).

But Epk 7t is the set of all exterior peaks of 77 (by the definition of Epk 7).
Thus,

Epk 7 = (the set of all exterior peaks of 7r)

(

=< i€ [7’[] ’ ZTZ;1 < 7 > ﬂi+l

~-
\ — (7'[i>7'(i+1 and 7'[i,1<7'(i)

(by the definition of an “exterior peak” of 7r)
(

=Qi€en] | mi>myand o < T
————

L < (not 1;_1>7;)
={ie€[n] | mi > miy1 and not 71;_1 > 713}
={ie] | m>mua}\{ic] | miq12>m}

:De;;u n :Dgn+l
(by ;{ : (by @)
= (DesmtU{n})\ (Desmt+1).
This proves Proposition n

1.3. Shuffles and shuffle-compatibility

Definition 1.10. Let 77 and ¢ be two permutations.

(a) We say that 7t and ¢ are disjoint if no letter appears in both 77 and ¢.

(b) Assume that 77 and ¢ are disjoint. Set m = || and n = |o|. Let T be an
(m 4 n)-permutation. Then, we say that 7 is a shuffle of 7t and ¢ if both 77 and
o are subsequences of T.

(c) We let S (7t, o) be the set of all shuffles of 77 and o

For example, the permutations (3,1) and (6,2,9) are disjoint, whereas the per-
mutations (3,1,2) and (6,2,9) are not. The shuffles of the two disjoint permuta-
tions (3,1) and (2,6) are

(3,1,2,6), (3,2,1,6), (3,2,6,1),

(2,3,1,6), (2,3,6,1), (2,6,3,1).




If v and ¢ are two disjoint permutations, and if 7 is a shuffle of 7t and ¢, then
each letter of T must be either a letter of 77 or a letter of . []

If 7t and ¢ are two disjoint permutations, then S (71,0) = S (¢, i) is an (m,—ni_ n) )

element set, where m = || and n = |o|.

Definition (b) is used, e.g., in [Greene88]. From the point of view of
combinatorics on words, it is somewhat naive, as it fails to properly generalize
to the case when the words 7 and ¢ are no longer disjoiniﬂ But we will not be
considering this general case, since our results do not seem to straightforwardly
extend to it (although we might have to look more closely); thus, Definition [1.10]
will suffice for us.

Definition 1.11. (a) If ay,4ay,...,a; are finitely many arbitrary objects, then
{al,a2,...,ak}multi denotes the multiset whose elements are aq,ap,...,a;
(each appearing with the multiplicity with which it appears in the list
(611, anz,.. .,ak)).

(b) Let (a;);-; be a finite family of arbitrary objects. Then, {a; | i € I'}, 4
denotes the multiset whose elements are the elements of this family (each
appearing with the multiplicity with which it appears in the family).

1Proof. Let 7t and ¢ be two disjoint permutations. Let T be a shuffle of 7t and ¢. We must prove
that each letter of T must be either a letter of 7r or a letter of ¢.

Let P be the set of all letters of 7r. Let S be the set of all letters of ¢. Let T be the set of all
letters of T.

Let m = || and n = |o|. Hence, T is an (m + n)-permutation (since 7 is a shuffle of 7t and
0). In other words, T is a permutation with m + n letters.

The word 7 is a permutation with m letters (because m = |7t|). Thus, this word 7t has
exactly m distinct letters. In other words, |P| = m (since P is the set of all letters of ).
Similarly, |S| = n and |T| = m + n. The sets P and S are disjoint (since the permutations 7t
and ¢ are disjoint); thus, |[PUS| = |P| + |S| =m +n.

—~
=m =n

But 7 is a subsequence of T (since 7 is a shuffle of 7t and ¢). Thus, P C T. Similarly, S C T.
Combining P C T with S C T, we obtain PUS C T. Since |[PUS| = m +n = |T|, we thus
conclude that PU S is a subset of T but has the same size as T. By the pigeonhole principle,
this entails that PUS = T.

Now, each letter of T must be an element of T (by the definition of T), thus an element of
PUS (since T = PUS), and thus either an element of P or an element of S. In other words,
each letter of T must be either a letter of 7t or a letter of ¢ (by the definitions of P and S).
Qed.

2In this general case, it is best to define a shuffle of two words m = (7, m2,...,7T,) and

o= (oy,09,...,0,) as a word of the form (7,7(1),7,7(2),. . .,7,7(,”+,1)), where (71, Y2, -+, Ym+n)
is the word (my,7,..., Ty, 01,02,...,0,), and where 5 is some permutation of the set
{1,2,...,m+ n} (that is, a bijection from this set to itself) satisfying =1 (1) < 71 (2) < --- <

rfl (m) (this causes the letters 71y, 71y, . . ., 7T, to appear in the word (7,7(1), Vi) 7”(m+n))
in this order) and 7' (m+1) < 7' (m+2) < --- < 571 (m +n) (this causes the letters
01,09,...,04 to appear in the word (7,7(1),7,7(2), . ..,'y,?(m+n)) in this order). Furthermore,
the proper generalization of S (71, 0) to this case would be a multiset, not a mere set.




For example, {k2 | ke {-2,-1,0, 1,2}}multi is the multiset that contains the
element 4 twice, the element 1 twice, and the element 0 once (and no other
elements). This multiset can also be written in the form {4,1,0,1,4} or in
the form {0,1,1,4,4}

multi’

multi-

Definition 1.12. Let st be a permutation statistic. We say that st is shuffle-
compatible if and only if it has the following property: For any two disjoint
permutations 7t and ¢, the multiset

{stt | T€S(m0)}

multi

depends only on st 7, sto, || and ||

In other words, a permutation statistic st is shuffle-compatible if and only if it
has the following property:

e If 77 and o are two disjoint permutations, and if 77’ and ¢’ are two disjoint
permutations, and if these permutations satisfy

strt = st ('), sto = st (0'),
d and lo| = |0/

7

7| = |7

then

{stt | T€S(m,0)} ={stt | TS (7, o)}

multi multi *

The notion of a shuffle-compatible permutation statistic was coined by Ges-
sel and Zhuang in [GesZhul7], where various statistics were analyzed for their
shuffle-compatibility. In particular, it was shown in [GesZhul7] that the statis-
tics Des, Pk, Lpk and Rpk are shuffle-compatible. Our next goal is to prove the
same for the statistic Epk.

2. Extending enriched P-partitions and the exterior
peak set

We are going to define Z-enriched P-partitions, which are a straightforward gen-
eralization of the notions of “P-partitions” [Stanle72], “enriched P-partitions”
[Stembr97, §2] and “left enriched P-partitions” [Peters05]. We will then con-
sider a new particular case of this notion, which leads to a proof of the shuffle-
compatibility of Epk conjectured in [GesZhul7] (Theorem [2.56 below).

We remark that Bruce Sagan and Duff Baker-Jarvis are currently working on
an alternative, bijective approach to the shuffle-compatibility of permutation
statistics, which may lead to a different proof of this fact.




2.1. Lacunar sets

First, let us briefly study lacunar sets, a class of subsets of Z that are closely
connected to exterior peaks. We start with the definition:

Definition 2.1. A set S of integers is said to be lacunar if each s € S satisfies
s+1¢S8.

In other words, a set of integers is lacunar if and only if it contains no two con-
secutive integers. For example, the set {2,5,7} is lacunar, while the set {2,5,6}
is not.

Lacunar sets of integers are also called sparse sets in some of the literature
(though the latter word has several competing meanings).

Definition 2.2. Let n € IN. We define a set L, of subsets of [n] as follows:

e If n is positive, then L, shall mean the set of all nonempty lacunar sub-
sets of [n].

e If n =0, then L, shall mean the set {&}.

For example,

Lo = {2}, L = {{1}}; Ly = {1}, {2}};
Ls = {{1},{2}, {3}, {1, 3}}.

Proposition 2.3. Let (f, f1, f2, . ..) be the Fibonacci sequence (defined by fo =
0 and f; = 1 and the recursive relation f,, = f;,—1 + f—2 forall m > 2). Let n
be a positive integer. Then, |L,| = f42 — 1.

Proof of Proposition Recall that L, is the set of all nonempty lacunar subsets
of [n] (since n is positive). Thus, |L,| is the number of all lacunar subsets of
[n] minus 1 (since the empty set &, which is clearly a lacunar subset of [n], is
withheld from the count). But a known fact (see, e.g., [Stanle11, Exercise 1.35 a.])
says that the number of lacunar subsets of [n] is f, 2. Combining the preceding
two sentences, we conclude that |L,| = f,,42 — 1. This proves Proposition O

The following observation is easy:
| Proposition 2.4. Let n € IN. Let 77 be an n-permutation. Then, Epk 7w € L,.

Proof of Proposition If n = 0, then the statement is obvious (since in this case,
we have Epk 1 = @ € Ly). Thus, WLOG assume that n # 0. Hence, # is positive.
Hence, L, is the set of all nonempty lacunar subsets of [1] (by the definition of
Ln)o

10



The set Epk 7t is lacunar (since two consecutive integers cannot both be ex-
terior peaks of 77), and is also nonempty (since 71! (1) is an exterior peak of
77).

[An alternative reason for the nonemptiness of Epk 77 is the following: If Epk 7t
was empty, then 7t would have no peaks, so that the sequence (77 (1), 7 (2),..., 7 (n))
would be strictly decreasing up to a certain point and then strictly increasing
from there on; but then, either n or 1 would be an exterior peak of 71, which
would contradict the emptiness of Epk 7]

Therefore, Epk 7 is a nonempty lacunar subset of [n]. In other words, Epk 7t €
L, (since L, is the set of all nonempty lacunar subsets of [n]). This proves
Proposition [2.4] O

Proposition [2.4] actually has a sort of converse:

Proposition 2.5. Let n € IN. Let A be a subset of [n]. Then, there exists an
n-permutation 7t satisfying A = Epk 7t if and only if A € L,,.

Proof of Proposition —: We need to prove that for any n-permutation 7, we
have Epk 7t € L. But this follows immediately from Proposition This proves
the = direction of Proposition

<=: Assume that A € L,. We must prove that there exists an n-permutation
7t satisfying A = Epk 7t. Such an n-permutation 7t can be constructed as follows:

e If n =0, then we simply set 7 = (). Thus, for the rest of this construction,
we WLOG assume that n # 0. Hence, n is positive. Thus, from A € L, we
conclude that A is a nonempty lacunar subset of [n].

e Write the set A in the form A = {u; <up <--- < uy} (where ¢ = |A|).
Thus, ¢ > 1 (since A is nonempty), and we can represent the set [n] \ A as
a union of disjoint intervals as follows:

[n]\ A
= [1,u1—1]U[u1+1,u2—1]U[uz—i—l,ug,—l]U-~~U[ug_1—i—1,ug—1]
Ulug+1,n].

e Let ir take the values n,n —1,...,n — ¢ + 1 on the elements of A. (For
example, this can be achieved by setting 77 (u;) = n+1 —i for each i € [{].)

e Let 7 take the values 1,2,...,n — ¢ on the elements of [n] \ A in such a way
that:

(A) oneach of theintervals [1,uq — 1], [u1 + 1, up — 1], [up +1,uzs —1],...,
[ug—1+1,up—1], [ug + 1, n], the map 7 is either strictly increasing or
strictly decreasing;

(B) if the interval [1,u7 — 1] is nonempty, then the map 7 is strictly in-
creasing on this interval;

11



(C) if the interval [u, + 1,n] is nonempty, then the map 7 is strictly de-
creasing on this interval.

(This is indeed possible, because if the two intervals [1,u7 — 1] and [uy + 1, 1]
are both nonempty, then they are distinct (since ¢ > 1).)

Any n-permutation 7t constructed in this way will satisfy A = Epk 7r. Indeed,
it is clear that 7t satisfies

() > 7t (v) forallu € Aand v € [n] \ A.

Hence, any element of A is an exterior peak of r. Conversely, an element of
[n] \ A cannot be an exterior peak of 7 (because our construction of 7t guar-
antees that any s € [n] \ A satisfies either (s —1 € [n] and 7w (s —1) > 71 (s)) or
(s+1€[n] and w(s+1) > 7 (s))). Thus, the exterior peaks of 7 are precisely
the elements of A; in other words, we have A = Epk . This proves the <=
direction of Proposition O

Next, let us introduce a total order on the finite subsets of Z:

Definition 2.6. (a) Let P be the set of all finite subsets of Z.

(b) If A and B are any two sets, then A A B shall denote the symmetric
difference of A and B. This is the set (AUB)\ (ANB) = (A\B)U(B\ A). It
is well-known that the binary operation A\ on sets is associative.

If A and B are two distinct sets, then the set A A B is nonempty. Also, if
A € PandB € P,then AA B € P. Thus, if A and B are two distinct sets in P,
then min (A A B) € Z is well-defined.

(c) We define a binary relation < on P as follows: For any A € Pand B € P,
we let A < B if and only if A # B and min (A A B) € A. (This definition
makes sense, because the condition A # B ensures that min (A A B) is well-
defined.)

Note that this relation < is similar to the relation < in [AgBeNy03, Lemma
4.3].

Proposition 2.7. The relation < on P is the smaller relation of a total order on
P.

Proof of Proposition 2.7 A quick proof of Proposition [2.7] can be obtained by im-
itating [AgBeNy03, proof of Lemma 4.3] (with the obvious changes made, such
as replacing max by min, and reversing the relation). But let us instead give a
completely pedestrian proof:

First, we claim the following fact: If X and Y are two finite nonempty subsets
of Z satisfying min X # minY, then

X#Yand min(XAY) € {minX,minY}. (3)
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[Proof of (3): Let X and Y be two finite nonempty subsets of Z satisfying
min X # minY. From min X # min Y, we obtain X # Y. Hence, min (X AY) €
Z is well-defined.

The definition of X A Y yields XAY = (X\Y)U(Y\X) 2 X\, so that
X\YCXAY.

But our claim is symmetric with respect to X and Y (since Y A X = X AY and
{minY, min X} = {min X, min Y}). Hence, we can WLOG assume that min X <
min Y (since otherwise, we can just swap X with Y to ensure this). Assume this.
Combining min X < minY with min X # minY, we obtain min X < minY. If
we had min X € Y, then we would have min X > minY (since every y € Y
satistfies y > min Y), which would contradict min X < minY. Hence, we cannot
have min X € Y. Thus, min X ¢ Y. Combining this with min X € X, we obtain
minX € X\Y C XAY. Hence, min X > min (X AY) (since every z € X AY
satisfies z > min (X AY)).

On the other hand, the definition of X A Yyields XAY = (XUY)\(XNY) C
X UY and thus

min(XAY) >min(XUY) =min{min X, minY} = min X
(since min X < minY). Combining this inequality with min X > min (X AY),

we obtain min (X AY) = min X € {min X, minY}. Thus, we have shown that
X #Y and min (X AY) € {min X, minY}. This proves (3).]
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The binary relation < is transitiveﬂ irreﬂexiveﬁ and asymmetriﬂ Hence, < is

3Proof. Let A € P, B € P and C € P be such that A < B and B < C. We shall prove that A < C.

The sets A, B and C are elements of P, and thus are finite subsets of Z (by the definition
of P).

We have A < B. In other words, A # B and min (A A B) € A (by the definition of the
relation <).

We have B < C. In other words, B # C and min (B A C) € B (by the definition of the
relation <).

Let X = A A B. Then, the set X is nonempty (since A # B) and is a finite subset of Z
(since A and B are finite subsets of Z). Thus, min X € Z is well-defined. From X = A A B,
we obtain min X = min (A A B) € A.

Let Y = B AC. Then, the set Y is nonempty (since B # C) and is a finite subset of Z (since
B and C are finite subsets of Z). Thus, minY € Z is well-defined. From ¥ = B A C, we
obtain minY = min (BAC) € B.

From X = A/A Band Y = B A C, we obtain

XAY=(AAB)A(BAC)=AABABAC (since the operation A is associative)
vy
=AATAC=AAC.
——
=A

We have minX € X = AAB = (AUB)\ (ANB), so that minX ¢ AN B. If we had
min X = min Y, then we would have min X € AN B (since min X € A and min X = minY €
B), which would contradict min X ¢ A N B. Thus, we cannot have min X = min Y. Hence,
min X # minY. Thus, (3) yields X # Y and min (X AY) € {min X, minY}.

If we had A = C, then we would have X = \A;AB =CAB=BAC =Y, which would

=C
contradict X # Y. Thus, we cannot have A = C. Hence, A # C. Hence, min (A A C) is well-

defined. Let y = min (A AC). Thus, py =min [ AAC | =min(XAY) € {min X, minY}.
——"
=XAY

Assume (for the sake of contradiction) that € C\ A. Thus, y ¢ A. Hence, y # min X
(since minX € A but p ¢ A). Combining this with 4 € {min X, minY}, we obtain y €
{min X, min Y} \ {min X} C {minY}. Hence, 4 = minY € B. Butalsoy € C\ A C C.
Combining 4 € B with y € C, we obtain y € BNC. But y = minY € Y = BAC =
(BUC)\ (BNC) (by the definition of B A C). Thus, u ¢ BN C. This contradicts u € BN C.
This contradiction shows that our assumption (that € C\ A) was wrong. Hence, we don’t
have y € C\ A.

We have y = min(AAC) € AAC = (A\C)U(C\ A). Hence, either p € A\ C or
€ C\A. Thus, u € A\ C (since we don’t have i € C\ A). Therefore, min(AAC) =pu €
A\ C C A. So we have shown that A # C and min (A A C) € A. In other words, A < C (by
the definition of the relation <).

Now, forget that we fixed A, B and C. We thus have shown thatif A€ P,B€Pand C € P
are such that A < B and B < C, then A < C. In other words, the relation < is transitive.

4Proof. Let A € P be such that A < A. We shall derive a contradiction.

We have A < A. In other words, A # A and min (A A A) € A (by the definition of the
relation <). But A # A is absurd. Hence, we have found a contradiction.

Now, forget that we fixed A. We thus have found a contradiction for each A € P satisfying
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the smaller relation of a partial order on P. It remains to prove that this partial
order is a total order. In other words, we need to show thatif A € Pand B € P
are distinct, then either A < B or B < A. But this is easyﬂ Thus, the proof of
Proposition 2.7|is complete. O

In the following, we shall regard the set P as a totally ordered set, equipped
with the order from Proposition Thus, for example, two sets A and B in P
satisfy A > B if and only if either A = B or B < A.

Definition 2.8. Let S be a subset of Z. Then, we define a new subset S + 1 of
Z. by setting

S+1={i+1]|ieS}={jeZ|j-1eS}.

Note that S+1 € Pif S € P.

For example, {2,5} +1 = {3,6}. Note that a subset S of Z is lacunar if and
onlyif SN(S+1) =02.

Proposition 2.9. Let A € P and R € P be such that the set R is lacunar and
R C AU(A+1). Then, R > A (with respect to the total order on P).

A < A. Thus, no A € P satisfies A < A. In other words, the relation < is irreflexive.
SProof. We know that the binary relation < is transitive and irreflexive. Hence, this relation <
is asymmetric (since every transitive irreflexive relation is asymmetric).
®Proof. Let A € P and B € P be distinct. We must show that either A < B or B < A.
The sets A and B are elements of P, and thus are finite subsets of Z (by the definition of
P).
The set A A B is nonempty (since A and B are distinct) and is a finite subset of Z (since A
and B are finite subsets of Z). Hence, min (A A B) is well-defined. Clearly,

min (AAB) € AAB=(AUB)\ (ANB) C AUB.

In other words, either min (A A B) € A or min (A A B) € B. In other words, we are in one
of the following two cases:

Case 1: We have min (A A B) € A.

Case 2: We have min (A A B) € B.

Let us first consider Case 1. In this case, we have min (A A B) € A. Thus, A # B (since
A and B are distinct) and min (A A B) € A. In other words, A < B (by the definition of the
relation <). Hence, either A < B or B < A. Thus, our claim (that either A < B or B < A) is
proven in Case 1.

Let us first consider Case 2. In this case, we have min(AA B) € B. Hence,

min | BAA| = min(AAB) € B. Thus, B # A (since A and B are distinct) and

;\/_./
=AAB
min (BA A) € B. In other words, B < A (by the definition of the relation <). Hence,
either A < B or B < A. Thus, our claim (that either A < B or B < A) is proven in Case 2.
Now, our claim (that either A < B or B < A) has been proven in both Cases 1 and 2.
Hence, this claim always holds. In other words, we always have either A < B or B < A. Qed.
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Proof of Proposition 2.9, Assume the contrary. Thus, R < A (since P is totally
ordered). In other words, R # A and min (R A A) € R (by the definition of the
relation <). Let 4 = min (R A A). Thus, y =min (RAA) e RCAU(A+1).

We have y = min(RAA) € RAA=(RUA)\ (RNA). Hence, u ¢ RNA.
If we had p € A, then we would have 4y € RN A (since p € Rand u € A),
which would contradict u ¢ RN A. Thus, we cannot have y € A. Hence, u & A.
Combining t € AU (A+1) with u ¢ A, we obtain y € (AU(A+1))\ A C
A + 1. In other words, y —1 € A.

Every x € R A A satisfies x > min (R A A). Hence, if we had y —1 € RAA,
then we would have p —1 > min (R A A) = p, which would contradict y — 1 <
. Thus, we cannot have y —1 € RA A. Thus, p —1 ¢ R A A. Combining this
withy —1€ A, weobtainy—1 € A\ (RA A) = RN A (since every two sets X
and Y satisfy Y\ (X AY) =XNY). Thus, y —1€ RNACR.

But the set R is lacunar. In other words, each s € R satisfies s +1 ¢ R (by the
definition of “lacunar”). Applying thistos = y — 1, we obtain (y —1)+1 ¢ R
(since y —1 € R). This contradicts (y —1) +1 = u € R. This contradiction
shows that our assumption was wrong; hence, Proposition [2.9|is proven. [

Corollary 2.10. Let A; and Aj be two finite lacunar subsets of Z such that
AU (Al + 1) =AU (A2 + 1) Then, A = Aj.

Proof of Corollary Both A; and A; are finite subsets of Z, and thus belong
to P (by the definition of P). Also,

A1§A1U(A1+1):A2U(A2+1).

Hence, Proposition (applied to R = Aj and A = Aj) yields Ay > Aj (with
respect to the total order on P). The same argument (with the roles of A; and
A; interchanged) yields A, > A;. Combining A; > A, with Ay, > Ay, we obtain
Ay = A;. This proves Corollary 2.10] O

2.2. Z-enriched (P, y)-partitions

Convention 2.11. By abuse of notation, we will often use the same notation for
a poset P = (X, <) and its ground set X when there is no danger of confusion.
In particular, if x is some object, then “x € P” shall mean “x € X”.

Definition 2.12. A labeled poset means a pair (P, y) consisting of a finite poset
P = (X, <) and an injective map v : X — A for some totally ordered set A.
The injective map 1 is called the labeling of the labeled poset (P, ). The poset
P is called the ground poset of the labeled poset (P, y).
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Convention 2.13. Let AV be a totally ordered set, whose (strict) order relation
will be denoted by <. Let + and — be two distinct symbols. Let Z be a subset
of the set N x {+, —}. For each g = (n,s) € Z, we denote the element n € N/
by |g|, and we call the element s € {+, —} the sign of 4. If n € N, then we
will denote the two elements (1, +) and (1, —) of N' x {4, —} by +n and —n,
respectively.

We equip the set Z with a total order, whose (strict) order relation < is
defined by

(n,s) < (n,s) if and only if eithern < n' or (n=n"ands = — and s’ = +).

Let Pow NV be the ring of all formal power series over Q in the indeterminates
xp forn e N.

We fix N and Z throughout Subsection That is, any result in this
subsection is tacitly understood to begin with “Let A be a totally ordered set,
whose (strict) order relation will be denoted by <, and let Z be a subset of
the set NV x {+, —}"; and the notations of this convention shall always be in
place throughout this Subsection.

Whenever < denotes some strict order, the corresponding weak order will
be denoted by <. (Thus, 2 < b means “a < bora =b".)

Definition 2.14. Let (P, ) be a labeled poset. A Z-enriched (P,y)-partition
means a map f : P — Z such that for all x < y in P, the following conditions
hold:

(i) We have f (x) < f ().
(i) If f(x) = f (y) = +n for some n € N, then v (x) < 7 (y).
(iii) If f (x) = f (y) = —n for some n € N, then v (x) > 7 (y).

(Of course, this concept depends on A/ and Z, but these will always be clear
from the context.)

Example 2.15. Let P be the poset with the following Hasse diagram:
/ b \
c \ / d
a

(that is, the ground set of P is {a,b,c,d}, and its order relation is given by
a<c<banda <d<Db). Let y : P - Z be a map that satisfies y (1) <
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v (b) < v(c) < 7v(d) (for example, v could be the map that sends a,b,c¢,d to
2,3,5,7, respectively). Then, (P,7) is a labeled poset. A Z-enriched (P,)-
partition is a map f : P — Z satisfying the following conditions:

and f (a) < f (d) < f (b).

+n withn e N.
+n with n € N.

(i) Wehave f(a) < f(c) < f(b

(ii) We cannot have f
We cannot have f

—nwithn € N.
—n withn € N.

(iii) We cannot have f (a
We cannot have f (a

)
(c) = f(b)
(d) = f(b)
(a) = f(c)
(a) = f(d)

For example, if N' = P (the totally ordered set of positive integers, with
its usual ordering) and Z = N x {+,—}, then the map f : P — Z send-
ing a,b,c,d to +2,—3,+2, —3 (respectively) is a Z-enriched (P, y)-partition.
Notice that the total ordering on Z in this case is given by

“1<+1<-2<4+2<-3<+3=<---,

rather than by the familiar total order on Z.

The concept of a “ Z-enriched (P, y)-partition” generalizes three notions in exist-
ing literature: that of a “(P, y)-partition”, that of an “enriched (P, y)-partition”,
and that of a “left enriched (P, 7)-partitionf}

Example 2.16. (a) If V' = PP (the totally ordered set of positive integers) and
Z =N x{+} = {+n | n € N}, then the Z-enriched (P, y)-partitions are
simply the (P,y)-partitions into N, composed with the canonical bijection
N = Z, n (+n).

(b) If N = P (the totally ordered set of positive integers) and Z =
N x {+,—1}, then the Z-enriched (P,y)-partitions are the enriched (P,7)-
partitions.

(c) If N = N (the totally ordered set of nonnegative integers) and Z =
(N x{+,=1})\ {-0}, then the Z-enriched (P, )-partitions are the left en-

"The ideas behind these three concepts are due to Stanley [Stanle72], Stembridge [Stembr97,
§2] and Petersen [Peters05], respectively, but the precise definitions are not standardized
across the literature. We define a “(P, y)-partition” as in [Stembr97, §1.1]; this definition
differs noticeably from Stanley’s (in particular, Stanley requires f (x) = f (y) instead of
f(x) < f (y), but the differences do not end here). We define an “enriched (P, y)-partition”
as in [Stembr97, §2]. Finally, we define a “left enriched (P, y)-partition” to be a Z-enriched
(P, y)-partition where ' = N and Z = (N x {+,—}) \ {—0}; this definition is equivalent
to Petersen’s [Peters06| Definition 3.4.1] up to some differences of notation (in particular, Pe-
tersen assumes that the ground set of P is already a subset of IP, and that the labeling - is
the canonical inclusion map P — IP; also, he identifies the elements +0,—1,+1,—2,+2,...
of (M x {+,—-})\ {—0} with the integers 0, —1,+1, —2, 42, ..., respectively). Note that the
definition Petersen gives in [Peters05, Definition 4.1] is incorrect, and the one in [Peters06)
Definition 3.4.1] is probably his intent.
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riched (P, y)-partitions. Note that +0 and —0 here stand for the pairs (0, +)
and (0, —); thus, they are not equal.

Definition 2.17. If (P, ) is a labeled poset, then £ (P, ) shall denote the set
of all Z-enriched (P, y)-partitions.

Definition 2.18. Let P be any finite poset. Then, £ (P) shall denote the set of
all linear extensions of P. A linear extension of P shall be understood simul-
taneously as a totally ordered set extending P and as a list (wy, w», ..., wy) of
all elements of P such that no two integers i < j satisfy w; > w; in P.

Let us prove some basic facts about Z-enriched (P, y)-partitions, straightfor-
wardly generalizing classical results proven by Stanley and Gessel (for the case
of “plain” (P, y)-partitions), Stembridge [Stembr97, Lemma 2.1] (for enriched
(P, v)-partitions) and Petersen [Peters06, Lemma 3.4.1] (for left enriched (P, 7)-
partitions):

Proposition 2.19. For any labeled poset (P, y), we have

S(P,’)/): |_| g(w/r)/)'
weL(P)

Proof of Proposition The following proof is a straightforward generalization
of [Stembr97, proof of Lemma 2.1] (although we are rewriting it along the lines
of [GriReil8| solution to Exercise 5.2.13]).

If z € Z is any element, then we say that z is positive if the sign of z is + (that
is, if z = (n,+) for some n € N), and we say that z is negative if the sign of z is
— (that is, if z = (n,—) for some n € N).

Let (P, y) be a labeled poset.

Let f € £(P,v) be arbitrary. Thus, f is a Z-enriched (P, y)-partition (by
the definition of £ (P,7)). We now define a binary relation </ on the set P as
follows: For any two elements x and y of P, we shall have x < ry if and only if
we have

) =< f(y)
f (y) is positive, and v (x) < v (y))
f (y) is negative, and 7 (x) > v (y)) .

or (f(x
or (f(x

It is easy to see that this relation <y is the smaller relation of a total order on the
set P (indeed, it is transitive, irreflexive and asymmetric, and every two distinct
elements x and y satisfy either x <y y or y <y x). Denote this total order by wy.
Thus, wy is a total order on the set P.

This total order wy is a linear extension of P.

either (f (x
) =
)=

19



[Proof: Let x and y be two elements of P such that x < y in P. We shall show
that x <y in wy.

Recall that f is a Z-enriched (P, )-partition. Thus, from x < y in P, we obtain
the following three facts:

(i) We have f (x) < f (y).
(i) If f (x) = f (y) = +n for some n € N, then 1y (x) < 7y (y).
(iii) If f (x) = f (y) = —n for some n € N, then v (x) > 7 (y).

From these three facts, we conclude that either (f (x) < f (v))
or (f (x) = f () is positive, and 7 (x) < 7 (1))
or (f (x) = f (y) is negative, and 7y (x) > 7 (y)). In other words, x <; y (by the
definition of the relation <f). In other words, x < y in wy (since <y is the
smaller relation of wy).

Now, forget that we fixed x and y. Thus, we have shown that if x and y are
two elements of P such that x < y in P, then x < y in wy. Hence, wy is a linear
extension of P (since wy is a total order).]

Furthermore, we have f € £ (wy, 7).

[Proof: Let x and y be two elements of wy such that x < y in wy. We shall
prove the following three statements:

(i) We have f (x) < f (y).
(i) If f(x) = f (y) = +n for some n € N, then v (x) < 7 (y).

(iii) If f (x) = f (y) = —n for some n € N, then v (x) > 77 (y).

Indeed, x and y are elements of P (since w; = P as sets). Also, x < y in wy.
In other words, x <y y (since < is the smaller relation of wy). In other words,
we have

either (f (x) < f(y))
or (f(x) = f (y) is positive, and 7 (x) <7 (y))
or (f(x) = f (y) is negative, and 7 (x) > 7 (y))

(by the definition of the relation <y). In either of these three cases, the three
statements (i), (ii) and (iii) above are true.

Now, forget that we fixed x and y. We thus have shown that if x and y are
two elements of Wy such that x <y inw r then the three statements (i), (ii) and
(iii) above are true. In other words, f is a Z-enriched (wf, 7)-partition (by the
definition of a Z-enriched (wf, 7)-partition). In other words, f € £ (wf,'y) (by
the definition of £ (wy, v)).]

Furthermore, the following holds:
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Observation 1: If w € L (P) satisfies f € £ (w,y), then w = wy.

[Proof of Observation 1: Let w € L (P) be such that f € £ (w, 7). Thus, f is a
Z-enriched (w, y)-partition (by the definition of £ (w, v)).

From w € L (P), we conclude that w = P as sets, and that w is a total order.
Hence, w = P = Wy as sets.

Now, let x and y be two elements of w such that x < y in w. Since f is a Z-

enriched (w, y)-partition, we thus conclude that the following three statements
hold:

(i) We have f (x) < f ().
(i) If f (x) = f (y) = +n for some n € N, then v (x) < 7y (y).
(iii) If f (x) = f (y) = —n for some n € N, then v (x) > 77 (y).

From these three statements, we conclude that either (f (x) < f (y))
or (£ (x) = f (y) is positive, and 7 (x) < 7 (1))
or (f (x) = f (y) is negative, and 7y (x) > 7 (y)). In other words, x <; y (by the
definition of the relation <f). In other words, x < y in wy (since <y is the
smaller relation of wy).

Now, forget that we fixed x and y. We thus have shown that if x and y are
two elements of w such that x < y in w, then x <y in wy. In other words, wy is
a linear extension of w (since wy is a total order). But the only linear extension
of w is w itself (since w is a total order). Thus, we conclude that w; = w. This
proves Observation 1.]

Now, forget that we fixed f. Thus, for each f € £ (P, ), we have constructed
a linear extension w ¥ of P, and we have shown that it satisfies f € £ (w s ’y) and
Observation 1.

Hence, for each f € £ (P, ), we have

feEwrr)c U )

weL(P)
(since wy € L (P) (because Wy is a linear extension of P)). In other words,
E(P,1) € Uwerp) € (w,7). On the other hand, every w € L (P) satisfies
E(w,v) C E(P,7) ﬂ Hence, Uyer(p) € (w,7) € E(P,7). Combining this
with € (P,7) C Uper(p) € (w,7), we obtain
EPy)= U ). 4)
weL(P)

8Proof. Let w € L (P). Thus, w is a linear extension of P. Hence, w = P as sets, and every
two elements x and y of P satisfying x < y in P must also satisfy x < y in w. Thus, every
Z-enriched (w, y)-partition is a Z-enriched (P, y)-partition (since the axioms for a (w, y)-
partition are at least as strong as those for a (P,y)-partition). In other words, £ (w,y) C
E(P,7v), qed.

21



Finally, the sets £ (w, y) for distinct w € £ (P) are disjoint.

[Proof: Let u and v be two elements of £ (P) such that £ (u,y) N E (v,7v) # 2.
We shall show that u = v.

We have &€ (u,7) N € (v,7) # @. Hence, there exists some f € & (u,v)N
& (v,7). Consider this f.

We have
feEwy)NEw@wy)CEwy)c UJ €w) (since u € L (P))
weL(P)
=& (P,7y).

Hence, Observation 1 (applied to w = u) yields u = wy. The same argument
(applied to v instead of u) yields v = wy. Hence, u = wy = v.

Now, forget that we fixed u and v. We thus have shown that if u and v are two
elements of £ (P) such that £ (u,y) N E (v,77) # &, then u = v. In other words,
the sets £ (w, y) for distinct w € £ (P) are disjoint.]

Thus, the union Uyez(p) € (w,7) is a disjoint union. Hence, rewrites as

€ (P,7) = Uwer(p) € (w, 7). This proves Proposition [2.19]

Definition 2.20. Let (P,7) be a labeled poset. We define a power series
Iz (P,v) € PowN by

Tz(P,y)= Y. Tlxpp)

feE(Py) pel

This is easily seen to be convergent in the usual topology on Pow N. (Indeed,
for every monomial m in Pow N, there exist at most |P|! - 2/P many f €
E (P, ) satisfying prlf(P)\ =m.)

pe

Corollary 2.21. For any labeled poset (P, ), we have

Tz(Py)= ), Tz(w7).
weL(P)

Proof of Corollary Follows straight from Proposition 2.19 O

Definition 2.22. Let P be any set. Let A be a totally ordered set. Lety: P — A
and 6 : P — A be two maps. We say that v and § are order-isomorphic if the
following holds: For every pair (p,q) € P x P, we have y (p) < v (gq) if and
only if 6 (p) < 6 (q).

Lemma 2.23. Let (P,a) and (P, B) be two labeled posets with the same ground
poset P. Assume that the maps « and B are order-isomorphic. Then:

(a) We have & (P,a) = & (P, B).

(b) We have T'z (P,a) =Tz (P, B).
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Proof of Lemma (a) If x and y are two elements of P, then we have the fol-
lowing equivalences:

(a(x) <a(y)) = (B(x) <By));

(@ (x) >a(y) = (B(x)>B(Y));

(@ (x) <a(y) = (B(x) <py)).
(Indeed, the first of these equivalences holds because « and B are order-isomorphic;
the second is the contrapositive of the first; the third is obtained from the second
by swapping x with y.)

Hence, the conditions “a (x) > a(y)” and “a(x) < a(y)” in the definition
of a Z-enriched (P, a)-partition are equivalent to the conditions “ (x) > B (y)”
and “B (x) < B (y)” in the definition of a Z-enriched (P, §)-partition. Therefore,
the Z-enriched (P,w)-partitions are precisely the Z-enriched (P, B)-partitions.
In other words, £ (P,a) = & (P, B). This proves Lemma (a).

(b) Lemma (b) follows from Lemma (a). O

Let us recall the notion of the disjoint union of two posets:

Definition 2.24. (a) Let P and Q be two sets. The disjoint union of P and Q is
the set ({0} x P) U ({1} x Q). This set is denoted by P U Q, and comes with
two canonical injections

:P—PLQ, p— (0,p), and
n:Q—=PUQ, g—(1,9).

The images of these two injections are disjoint, and their union is P L Q.

If f: PUQ — X is any map, then the restriction of f to P is understood to
be the map f oy : P — X, whereas the restriction of f to Q is understood to be
the map f o : Q — X. (Of course, this notation is ambiguous when P = Q.)

When the sets P and Q are already disjoint, it is common to identify their
disjoint union P LI Q with their union P U Q via the map

PUQ—=PUQ, (i,r) —r.

Under this identification, the restriction of a map f : PUQ — X to P becomes
identical with the (literal) restriction f |p of the map f : PUQ — X (and
similarly for the restrictions to Q).

(b) Let P and Q be two posets. The disjoint union of the posets P and Q
is the poset P LI Q whose ground set is the disjoint union P U Q, and whose
order relation is defined by the following rules:

e If p and p’ are two elements of P, then (0,p) < (0,p') in PU Q if and
only if p < p' in P.

e If g and ¢ are two elements of Q, then (1,4) < (1,4’) in PU Q if and
only if ¢ < ¢’ in Q.
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e If p € Pand q € Q, then the elements (0,p) and (1,9) of PLI Q are
incomparable.

Proposition 2.25. Let (P,v) and (Q,d) be two labeled posets. Let (PLIQ,¢)
be a labeled poset whose ground poset P LI Q is the disjoint union of P and Q,
and whose labeling ¢ is such that the restriction of € to P is order-isomorphic
to v and such that the restriction of & to Q is order-isomorphic to é. Then,

[z (P,7)Tz(Q6) =Tz (PUQ,e).

Proof of Proposition [2.25, We WLOG assume that the ground sets P and Q are
disjoint; thus, we can identify P LI Q with the union PU Q. Let us make this
identification.

The restriction ¢ |p of ¢ to P is order-isomorphic to 7. Hence, Lemma [2.23
(@) (applied to « = ¢ |p and B = 7) yields € (P,e |p) = £ (P,7). Similarly,

£(Qelg) = £ (Q.).
If x and y are two elements of P LI Q, then x < y in P LI Q holds if and only if

e either x and y both belong to P and satisfy x < y in P,
e or x and y both belong to Q and satisfy x < y in Q.
Hence:

e If fis a Z-enriched (P U Q, ¢)-partition, then f |p is a Z-enriched (P, ¢ |p)-
partition and f | is a Z-enriched (Q, ¢ |p)-partition.

e Conversely, if ¢ is a Z-enriched (P, ¢ |p)-partition, and if /1 is a Z-enriched
(Q, € |g)-partition, then the unique map f : PUQ — Z satisfying (f |p, f |o) =
(g, h) (that is, the map PLIQ — Z that sends each p € P to ¢ (p) and sends
each g € Qto h(q)) is a Z-enriched (P U Q, ¢)-partition.

Therefore, the map

EMPUQe) = E(Pelp)xE(Qelg),
f=(fIrflo)

is a bijection (this is easy to see). In other words, the map

E(PUQ,e) = E(P,y) xE(Q,9),
f=(fle.flo) (5)
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is a bijection (since £ (P, ¢ |p) = £ (P,7v) and € (Q,¢|o) = £(Q,6)). Now, the
definition of Tz (P LI Q, ¢) yields

Iz (PUQe) = Y. [T x50

fe&(PUQ,e) pePUQ

() ()
=feg(;u (HW ) <Hx|f<p>|)

peP

J/

Lm0l =)ol
= ) (]_[x )(Hx )
reetiton \ep 1IPEN L LI (lo))]

= )3 (ngp ) (Hth )
(§M)EE(P,7)xE(Q) \peEP

here, we have substituted (g,h) for (f |p, f o),
since the map (D) is a bijection

(ZH%) (ZHM)
gEE(Py) pEP he&(Q,6) peQ

= Y Ilxpp=TzPy) = ¥ Il x\f |=T'z(Q,9)
fe&(Pyy) pep fe€(Q0) peQ
=Tz (P,7)Tz(Q9).
This proves Proposition [2.25] O

Definition 2.26. Let n € IN. Let 7t be any n-permutation. (Recall that we have
defined the concept of an “n-permutation” in Definition [1.3]) Then, ([n], 1) is
a labeled poset (in fact, 7 is an injective map [n] — {1,2,3,...}, and thus can
be considered a labeling). We define I'z (77) to be the power series I'z ([n], 7).

Let us recall the concept of a “poset homomorphism”:

Definition 2.27. Let P and Q be two posets. A map f : P — Q is said to be a
poset homomorphism if for any two elements x and y of P satisfying x < y in P,

we have f (x) < f (y) in Q.

It is well-known that if U and V are any two finite totally ordered sets of the
same size, then there is a unique poset isomorphism U — V. Thus, if w is a finite
totally ordered set with n elements, then there is a unique poset isomorphism
w — [n]. Now, we claim the following:
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Proposition 2.28. Let w be a finite totally ordered set with ground set W. Let
n = |W|. Let w be the unique poset isomorphism w — [n]. Let v : W —

{1,2,3,...} be any injective map. Then, I'z (w,y) =Tz (7 o w”).

Proof of Proposition [2.28} Clearly, (w, ) is a labeled poset (since 7 is injective).
The map yow !: [n] — {1,2,3,...} is an injective map, thus an n-permutation.

Hence, I'z <’y ow 1) is well-defined, and its definition yields I'z (fy o w—l) =
Iz ([n] ,7Y© %_1) But w is a poset isomorphism w — [n], and thus is an iso-

morphism of labeled posetsﬂ from (w,y) to ([n] , Yo w—l). Hence,

E(w,v)— €& ([n],fyow’1> ,
frsfow?

is a bijection (since any isomorphism of labeled posets induces a bijection be-
tween their Z-enriched (P, y)-partitions). Every f € &£ (w, y) satisfies

L1 x0 = T *p@i0)

pew peln)
| (fom ) )]

here, we have substituted w ! (p) for p in the product,
since W ! : [n] — w is a bijection

= I1%(ge1) ) ©
peln]

9We define the notion of an “isomorphism of labeled posets” in the obvious way: If (P,«)
and (Q, B) are two labeled posets, then a homomorphism of labeled posets from (P, «) to (Q, B)
means a poset homomorphism f : P — Q satisfying « = B o f. A isomorphism of labeled posets
is an invertible homomorphism of labeled posets whose inverse also is a homomorphism of

labeled posets. Note that this definition of an isomorphism is not equivalent to the definition
given in [Stembr97, Section 1.1].
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But the definition of I'z (w, 7v) yields
Iz (w,7)= SZ gvxlf(zﬂ)l - SZ [1 X (fom 1) (p)|
fe€(wny) P fe&(wyy) peln]

= H x
peln]

| (fom=1) (p)]
fe&([n)yow 1) peln]
here, we have substituted f for f o@w ! in the sum, since
the map &€ (w,y) = & ([n],’yow_l) , fr fow !
is a bijection
=TIz ([n] ,Y o w*) (by the definition of I'z ([n] ,Y o w—l))
This proves Proposition [2.28] O

For the following corollary, let us recall that a bijective poset homomorphism
is not necessarily an isomorphism of posets (since its inverse may and may not
be a poset homomorphism).

Corollary 2.29. Let (P, y) be a labeled poset. Let n = |P|. Then,

rz(p7)= Y Tz(yex™).
x:P—[n]
bijective poset
homomorphism

Proof of Corollary For each totally ordered set w with ground set P, we let w
be the unique poset isomorphism w — [n]. If w is a linear extension of P, then
this map w is also a bijective poset homomorphism P — [n] (since every poset
homomorphism w — [n] is also a poset homomorphism P — [n]). Thus, for
each w € L (P), we have defined a bijective poset homomorphism w : P — [n].
We thus have defined a map

L (P) — {bijective poset homomorphisms P — [n]},
w — W. (7)

This map is injective (indeed, a linear extension w € L (P) can be uniquely
reconstructed from w) and surjective (because if x is a bijective poset homo-
morphism P — [n], then the linear extension w € L (P) defined (as a list) by
w= (x"1(1),x71(2),...,x7 1 (n)) satisfies x = w). Hence, this map is a bijec-
tion.
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Corollary yields

rz(by)= Y Tzwr) = Y Tz(vow!). ®)
weL(P) I, (70%71) weL(P)
(by Proposition

But recall that the map (7) is a bijection. Thus, we can substitute x for w in the

sum ) Iz <fy ow_1>, obtaining
weL(P)

Y Iz (’yow_l> = ) Iz <’yo x‘1> .
weL(P) x:P—n|
bijective poset
homomorphism

Hence, (8) becomes

Iz(P,vy) = Z Iz <7ow*1> = Z Iz (fyox*1>.

weL(P) x:P—[n]
bijective poset
homomorphism
This proves Corollary O

Corollary 2.30. Let n € IN and m € IN. Let 7t be an n-permutation and let ¢
be an m-permutation such that 7t and ¢ are disjoint. Then,

Iz(m)Tz(0)= )Y, Tz(1).

TeS(mo)

Proof of Corollary We first state a general fact about sets and maps:

Observation 0: Let U, V and W be three sets. Let « : U — W and
B : V — W be two injective maps such that « (U) = B (V). Then,
there exists a unique bijective map A : U — V satisfying a = fo A.

[Proof of Observation 0: This is a simple exercise. (Roughly speaking: If we
replace the codomains of the maps a« and B by a (U) = B (V), then the injective
maps « and B become bijections, and the required map A becomes 71 o a.)]

Consider the disjoint union [n] U [m] of the posets [n] and [m]. (Note that this
disjoint union cannot be identified with the union [n| U [m].) Let ¢ be the map
[n] U [m] — {1,2,3,...} whose restriction to [n] is 77 and whose restriction to
[m] is 0. This map ¢ is injective, since 7t and ¢ are disjoint permutations. Thus,
([n] U [m],€) is a labeled poset.

Let us make some observations:
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Observation 1: If x is a bijective poset homomorphism [n] U [m] —
[n+m], theneox~! € S(m,0).

[Proof of Observation 1: Let x be a bijective poset homomorphism [n] U [m] —
[n+m]. Then, x~! is a well-defined bijective map [n +m] — [n] U [m] (since
x is bijective). Hence, €0 x~! is an injective map [n+m] — {1,2,3,...} (since
e is injective), therefore an (n + m)-permutation. Moreover, ¢ is a subsequence
of eox~! H Similarly, 7 is a subsequence of ¢ o x~!. Hence, €0 x~! is an
(n + m)-permutation having the property that both 7t and ¢ are subsequences
of ¢ o x~1. In other words, e o x~! is a shuffle of 77 and ¢ (by the definition of a
shuffle). In other words, eox~1 € S (m,0) (by the definition of S (7, ¢)). This

proves Observation 1.]

Observation 2: If T € S (7T, 0), then there exists a unique bijective poset
homomorphism x : [n] LI [m] — [n + m] satisfying eo x~1 = 7.

[Proof of Observation 2: Let T € S(m,0). Thus, T is a shuffle of 77 and o (by
the definition of S (77,0)). In other words, T is an (n + m)-permutation having
the property that both 7 and ¢ are subsequences of T (by the definition of a
shuffle). Since 7t and ¢ are disjoint permutations, this entails that the letters of T

19Proof. Let us denote the elements x ((1,1)),x((1,2)),...,x ((1,m)) of [n+m] by i1, iz, ..., im.
Thus, iy = x((1,9)) for each g € [m]. Hence, the elements iy, iy,...,i, are the images of
the distinct elements (1,1),(1,2),...,(1,m) under the map x. Therefore, these elements
i1,12,...,iy are distinct themselves (since x is injective).

But x is a poset homomorphism [n] U [m]| — [n +m]. Thus, x ((1,1)) < x((1,2)) < --- <
x((1,m)) (since (1,1) < (1,2) < --- < (1,m) in [n] U [m]). In other words, i1 <ip < -+ <y
(since i; = x((1,q)) for each q € [m]). Hence, iy < ip < --- < iy (since the elements
i1,12, ...,y are distinct). Hence,

((s ° x’l) (i), (g ° x’l) (i2),..., (g o x’l) (im)>

is a subsequence of £ o x . Since each g € [m] satisfies

(e0x7) di | = (o) (x((1L9)) = e((Lg) = ()
=x((19))
(since the restriction of € to [m] is 7),

we have
((sox—l) (1), (eox—l) (i), .., (eox—l) (im)) =(c(1),0(2),...,0(m) =0
Thus, ¢ is a subsequence of € o x~ 1 (since

((£ox’1) (i1), (sox’l) (i2),..., (803{71) (im)>

is a subsequence of ¢ o x ). Qed.
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are the letters of 77 and the letters of 0. Hence, the image 7 ({n 4 m|) of the map
T is the union 7 ([n]) U o ([m]). But the image e ([n| U [m]) is the same union
7t ([n]) Uo ([m]) (by the definition of €). Hence, ¢ ([n] U [m]) = 7 ([n + m]). Also,
e: [nUlml — {1,2,3,...} and 7 : [n+m] — {1,2,3,...} are injective maps
(indeed, T is injective since T is a permutation). Hence, Observation 0 (applied
toU=[nUm],V=mn+m|,W={1,23,...},« =¢and B = 7) shows that
there exists a unique bijective map A : [n| U [m] — [n + m] satisfying ¢ = To A. In
other words, there exists a unique bijective map A : [n] U [m] — [n + m]| satisfying
go A1 = 7 (since the condition ¢ = T o A is equivalent to e o A~! = 7). Consider
this A.

We have A ((0,1)) < A((0,2)) < --- < A((0,n)) [Mand A((1,1)) <
A((1,2) < -+ < A((1,m)) @ Thus, A is a poset homomorphism [n] L
[m] — [n+ m]. Hence, there exists at least one bijective poset homomorphism
x : [n]U[m] — [n+ m] satisfying e o x~1 = 7 (namely, x = A). Moreover, this
x is unique (since A is the only bijective map A : [n| U [m] — [n+ m]| satisfy-
ing eo A~! = 7). Thus, there exists a unique bijective poset homomorphism
x : [n] U [m] — [n + m] satisfying e o x~! = 7. This proves Observation 2.]

Now, the map

{bijective poset homomorphisms x : [n] U [m]| — [n+m]} — S (7,0),

xn—)eoaf1

is well-defined (by Observation 1) and is a bijection (by Observation 2). Hence,
we can substitute e o x ! for Tin thesum Y. Tz (7). We thus obtain

T€S(m0)
Y, Tz(r)= ) Iz (sox_l). 9)
TES(m,0) x:[n]U[m]— [n+m]
bijective poset
homomorphism

The definition of T'z () yields I'z (71) = I'z ([n], 7r). The definition of I'z (0)

11Proof. We know that 77 is a subsequence of 7. In other words, there exist n elements i; < ip <
-+ < ip of [n+m] satisfying m = (7 (i1),7 (i2),...,T (in)). Consider these n elements.
We have 7 = (7 (i1),7 (i) , ..., T (in)). In other words, 7t (p) = 7 (i,) for each p € [n].
Now, let p € [n]. Thus, 7w (p) = 7 (i) (as we have just seen). But recall that eo A~} = 7. In
other words, ¢ = T o A. On the other hand, the restriction of ¢ to [1] is 77 (by the definition of
e). Hence, € ((0,p)) = 7 (p) = 7 (ip). Thus,

T (ip) = _&_((0,p)) = (toA) ((0,p)) = T (A ((0,p)))-

=TOoA

Since the map T is injective (since T is a permutation), we thus obtain i, = A ((0, p)).

Now, forget that we fixed p. Thus, we have shown that i, = A ((0,p)) for each p € [n].
Hence, the chain of inequalities iy < ip < --- < i, rewrites as A ((0,1)) < A((0,2)) < --- <
A ((0,1)). Qed.

12¢6r similar reasons
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yields I'z () = I'z ([m], o). Multiplying these two equalities, we obtain

Iz (m)Tz (o) =Tz ([n], )Tz ([m],0) =Tz ([n]U[m],e)
( by Proposition applied to P = [n], vy =7, )
Q=[m]andd =0

= Z I'z (s o x_1>
x:[n]U[m]— [n+m]
bijective poset

homomorphism

by Corollary applied to [n] U [m], e
and n + m instead of P, v and n

= ), Tz(7) (by ©)) -

Tes(m,o)

This proves Corollary O

2.3. Exterior peaks

So far we have been doing general nonsense. Let us now specialize to a situation
that is connected to exterior peaks.

Convention 2.31. From now on, we set N’ = {0,1,2,...} U {oo}, with total
order givenby 0 <1 <2 < --- < o0, and we set

Z=(Nx{+,-}\{-0 4o}
={4+0}U{+n | ne€{1,2,3,..}}U{-n | ne€{1,2,3,...}} U{—o0}.

Recall that the total order on Z has

HO<-1<+1<-2<42<--- < —00.

Definition 2.32. Let S be a subset of Z. A map x from S to a totally or-
dered set K is said to be V-shaped if there exists some t € S such that the
map X | (ses | s<t} is strictly decreasing while the map x | (seS | s>t} 18 strictly
increasing. Notice that this t € S is uniquely determined in this case; namely,
it is the unique k € S that minimizes yx (k).

Thus, roughly speaking, a map from a subset of Z to a totally ordered set is
V-shaped if and only if it is strictly decreasing up until a certain value of its argu-
ment, and then strictly increasing afterwards. For example, the 6-permutation
(5,1,2,3,4) is V-shaped (keep in mind that we regard n-permutations as injective
maps [n] — P), whereas the 4-permutation (3,1,4,2) is not.

For later use, let us crystallize a simple criterion for V-shapedness:
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Lemma 2.33. Let S be a finite nonempty subset of Z. Let K be a totally ordered
set. Let x : S — K be an injective map. Let I and | be two subsets of S such
that U] = S. Assume that the map x | is strictly decreasing, whereas the
map x | is strictly increasing. Assume further that each element of I is smaller
than each element of J. Then, the map ) is V-shaped.

Proof of Lemma The set S is nonempty. Hence, there exists some k € S that
minimizes x (k). Consider this k. Thus,

x (k) <x(s) for each s € S. (10)
Now, we claim thatif a € Sand b € S satisfy a < b and x (a) < x (b), then
b > k. (11)

[Proof of (I1): Leta € S and b € S be such that ¢ < b and x (a) < x (b). We
must prove that b > k.

Assume the contrary. Thus, b < k. But (applied to s = a) yields
X (k) < x(a). Hence, x (k) < x(a) < x(b), so that x (k) # x (b). Thus, k # b.
Combining this with b < k, we obtain b < k. Hence, a < b < k.

Assume (for the sake of contradiction) that b ¢ I. Combining b € Swith b ¢ I,
we obtain b € S\ I C J (since U] = S). Hence, k € | H Now, the map x |;
is strictly increasing. Thus, from b < k, we obtain (x |7) (b) < (x |) (k) (since
b€ Jand k € ]). Thus, x (b) = (x |;) (b) < (x Ij) (k) = x (k) < x (b) (by (10),
applied to s = b). This is absurd. This contradiction shows that our assumption
(that b ¢ I) was false. Hence, we have b € I.

The same argument (but using a instead of b) shows that a € I. Now, recall
that the map y | is strictly decreasing. Hence, from a < b, we obtain (x |;) (a) >
(x [1) (b) (since a € I'and b € I). Thus, x (a) = (x [1) (a) > (x |1) (b) = x (b).
This contradicts x (a) < x (b). This contradiction shows that our assumption
was wrong. Hence, b > k is proven. Thus, is proven. ]

Next, we claim thatif 2 € S and b € S satisfy a < b and ) (a) > x (b), then

a < k. (12)

[Proof of (I12): Leta € S and b € S be such that a < b and x (a) > x (b). We
must prove that a < k.
Assume the contrary. Thus, a > k. But (applied to s = b) yields x (k) <

x (b). Hence, x (k) < x(b) < x(a) (since x (a) > x (b)), so that x (k) # x (a).
Thus, k # a. Combining this with a > k, we obtain a > k. Thus, k < a < b.

13Proof. Assume the contrary. Thus, k ¢ J. Combining k € Swith k ¢ ], we find k € S\ J C I
(since I U ] = S). But recall that each element of I is smaller than each element of |. In other
words, i < j for each i € I and each j € J. Applying thistoi = k and j = b, we find k < b.
This contradicts b < k. This contradiction shows that our assumption was false, ged.
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Assume (for the sake of contradiction) that a ¢ J. Combining a € S witha & J,
we obtaina € S\ J C I (since U] = S). Hence, k € I H Now, the map x |;
is strictly decreasing. Thus, from k < a, we obtain (x |7) (k) > (x |1) (a) (since
ke landael). Thus, x (k) = (x |1) (k) > (x [1) (a) = x (a) = x (k) (since
(applied to s = a) yields x (k) < x (a)). This is absurd. This contradiction shows
that our assumption (that a ¢ J) was false. Hence, we have a € J.

The same argument (but using b instead of a) shows that b € J. Now, recall
that the map x |; is strictly increasing. Hence, from a < b, we obtain () |j) (a) <
(x 1) (b) (since a € Jand b € ]). Thus, x (a) = (x [y) (a) < (x |j) (b) = x (b).
This contradicts x (a) > x (b). This contradiction shows that our assumption
was wrong. Hence, a < k is proven. Thus, is proven.]

Now, we claim that the map x [(ses | s<k} is strictly decreasing.

[Proof: Let a and b be two elements of {s € S | s < k} satisfying a < b. From
ae€{seS | s <k}, itfollowsthata € Sand a < k. Similarly, b € S and b < k.

We shall prove that x (a) > x (b).

Indeed, assume the contrary. Thus, x (a) < x (b). Buta < b, so that a # b and
thus x (a) # x (b) (since the map y is 1n]ectlve) Combining this with x (a) <
x (b), we obtain x (a) < x (b). Hence, (11)) yields b > k. This contradicts b < k.
This contradiction shows that our assumpt1on was false. Hence, x (a) > x (b) is
proven.

Now, forget that we fixed a and b. We thus have shown that if 2 and b are two
elements of {s € S | s <k} satisfying a < b, then x (a) > x (b). In other words,
the map X [{ses | s<k} is strictly decreasing.]

Next, we claim that the map y | {seS | s>k} is strictly increasing.

[Proof: Let a and b be two elements of {s € S | s > k} satisfying a < b. From
a€{seS | s>k}, itfollows thata € Sand a > k. Similarly, b € S and b > k.

We shall prove that x (a) < x (b).

Indeed, assume the contrary. Thus, x (a) > x (b). Buta < b, so that a # b and
thus x (a) # x (b) (since the map yx is injective). Combining this with x (a) >
X (b), we obtain x (a) > x (b). Hence, yields a < k. This contradicts a > k.
This contradiction shows that our assumption was false. Hence, x (a) < x (b) is
proven.

Now, forget that we fixed a and b. We thus have shown that if 2 and b are two
elements of {s € S | s > k} satisfying a < b, then x (a) < x (b). In other words,
the map y | {s€S | s>k} 1s strictly increasing.]

Thus, we now know that the map x [(ses | s<k} is strictly decreasing while
the map y | (seS | s>k} is strictly increasing. Hence, there exists some t € S such
that the map x [(ses | s<s) is strictly decreasing while the map x [(ses | s>4) 18
strictly increasing (namely, ¢t = k). In other words, the map x is V-shaped (by

14Proof. Assume the contrary. Thus, k ¢ I. Combining k € S with k ¢ I, we find k € S\ I C |
(since I U ] = S). But recall that each element of I is smaller than each element of |. In other
words, i < j for each i € I and each j € J. Applying thistoi =a and j = k, we find a < k.
This contradicts k < a. This contradiction shows that our assumption was false, qed.
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the definition of “V-shaped”). This proves Lemma O
Definition 2.34. Let n € IN.

(@ Let f : [n] — Z be any map. Then, |f| shall denote the map [n] —
N, i |f ()]

(b) Let ¢ : [n] — N be any map. Then, we define a monomial Xg in Pow N

n
by Xg = 1_11 xg(l-).
1=

Using this definition, we can rewrite the definition of I'z (77) as follows:

Proposition 2.35. Let n € IN. Let 7 be any n-permutation. Then,

rz(m)= ), Ilxmi= XL gz (13)

fe&([n],m) peln] fe&((n]m)

Proof of Proposition The definition of T z (77) yields

Tz(m)=Tz(n],m)= Y. T */p) (by the definition of Tz ([n], 77)).
fe&([nl,m) peln]

Also,
} X1, P N U U P B T
€&([n),m e&([n),n) i= €&([n),m)icn
g fEmm L S feEfm e
150 =TT Gince |71)=1£(0)

(by the definition of x¢|)

= Y. Il x5

fe&([n),m) peln]

(here, we have renamed the index i as p in the product). Combining these two
equalities, we obtain (13). Thus, Proposition is proven. O

Definition 2.36. Let n € IN. Let ¢ : [n] — N be any map. Let 7 be an
n-permutation. We shall say that g is 7t-amenable if it has the following prop-
erties:

(i) The map 7t [,-1() is strictly increasing. (This allows the case when
g (0)=2)
(ii") Foreach h € g ([n]) N {1,2,3,...}, the map 7 [,-1() is V-shaped.
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(iii’) The map 7 |1
g7l () =2)

(iv’) The map g is weakly increasing.

o) is strictly decreasing. (This allows the case when

Proposition 2.37. Let n € IN. Let 7t be any n-permutation. Let f € £ ([n], 7).
Then, the map |f] : [n] — N is m-amenable.

Proof of Proposition We have f € € ([n], ). Thus, f is a Z-enriched ([n], 77)-
partition. In other words, f is a map [n] — Z such that for all x < y in [n], the
following conditions hold:

(i) We have f (x) < f ().
(i) If f(x) = f (y) = +h for some h € N, then 7t (x) < 7 (y).
(iii) If f (x) = f (y) = —h for some h € N, then 7 (x) > 7 (y).

(This follows from the definition of a Z-enriched ([n], 7r)-partition.)

Condition (i) shows that the map f is weakly increasing. Condition (ii) shows
that for each h € N, the map 7 | F-1(+4) s strictly increasing. Condition (iii)
shows that for each h € N, the map 7t | £-1(—p) is strictly decreasing.

Now, set ¢ = |f|. Thus, g is a map [n] — N . We shall show that the map ¢ is
rt-amenable. In order to prove this, we must show that the Properties (i’), (ii"),
(iii’) and (iv’) in Definition hold. We shall now do exactly this.

If x and y are two elements of [n] satisfying x < v, then g (x) < ¢(yv) [}
Thus, the map g is weakly increasing. In other words, Property (iv’) holds.

Recall that —0 ¢ Z. Thus, ¢! (0) = f~!(+0) But the map 7 |¢1,

is strictly increasinﬂ In other words, the map 7 | ¢-1(0) Is strictly increasing

15Proof. Let x and y be two elements of [n] satisfying x < y. We must prove that ¢ (x) < g (y).
We have f (x) < f (y) (by Condition (i)). Thus, |f (x)| < |f (v)| (by the definition of the
order on Z). But ¢ = |f|. Hence, g(x) = |f|(x) = |f (x)| (by the definition of |f]) and

similarly ¢ (y) = |f (y)|. Thus, g (x) = |f (x)| < |f (v)| = g (v), ged.

16proof. For each x € [n], we have the following chain of logical equivalences:

(xeg™(0) « (g(x)=0) < (If (x)|=0) (smce & W=l <x>f<x>)
=|f]
<~ (f(x)=+0or f(x) = —0)

_ since f (x) = —0 cannot hold
= (f(x) =+0) < (because f (x) € Zbut —0 ¢ 2) )

= (x eft (+0)).

Thus, g~ (0) = f~1 (+0).
Ybecause for each i € N, the map 77 |14y, is strictly increasing
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also hold

Next, we shall show that Property (ii’) holds. Indeed, fixh € ¢ ([n]) N {1,2,3,...}.
Thus, h € ¢ ([n])N{1,2,3,...} € g([n]). Hence, there exists some y € [n] such
that i = ¢ (). In other words, the set ¢~! (h) is nonempty.

This set ¢! (k) is an interval of [n] (since the map g is weakly increasing).
The sets f~1 (—h) and f~! (+h) are intervals of [n] (since the map f is weakly
increasing), and their union is

fH=m) U (+h) =g (h)

l "l Moreover, each element of f~! (—) is smaller than each element of f~! (+h)
(since f is weakly increasing, and —h < +h). Furthermore, recall that the map
| F-1(—n) Is strictly decreasing while the map 7 ] fF-1(+) s strictly increasing.

(since g Sl%) 1(+0)). Hence, Property (i’) holds. Similarly, Property (iii’)

In other words, the map (n | g1 > | fF-1(—p) 1s strictly decreasing while the map

(n |g*1(h)> |f*1(+h) is strictly increasing (smce T |f*1(—h): T |g*1(h)> ]fq _

and 7T ;1= (7‘( ‘g*l(h)> |f-1(4n))- Hence, Lemma [2.33 (applied to S =
¢gt(h),K=P, x=mn g1y, I = f~1(=h) and | = f~!(+h)) shows that
the map 77 | ¢-1(n) is V-shaped. Thus, Property (ii’) holds. We have thus verified

all four Properties (i’), (ii"), (iii") and (iv"); thus, g is r-amenable. In other words,
|f| is T-amenable (since g = | f). This proves Proposition [2.37] O

Proposition 2.38. Let n € IN. Let 7t be any n-permutation. Let g : [n] — N be
a t-amenable map. Let H be the set ¢ ([1]) N {1,2,3,...}. For each h € H, we
let my, be the unique element y of ¢~! (h) for which 7 (1) is minimum.

(a) The elements my, for all h € H are well-defined and distinct.

18To prove this, we first need to show that ¢! (c0) = f~! (—oc0) (this is similar to the proof
of g71(0) = f~1(+40)), and that the map 7t | F-1(—co) 18 strictly decreasing (because for each

h € N, the map 7 | F-1(—n) Is strictly decreasing).
19Proof. For each x € [n], we have the following chain of logical equivalences:

(xeg™ ) « @@ =h < (f(x)|=h (since g (0 =1f (X)f(x))
el

= f(x)=4+h or f(x)=-h
= (xef~1(+h)) = (xef~1(-h))
= (x € f 1 (4+h) orxec f! (—h))
— (xefTENUFT(=h).
Thus, g1 () = f~1 (+h) U f~ (=) = f~1 (=) U f~1 (+h), qed.
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(b) Let f : [n] — Z be any map. Then, (f € £([n], ) and |f| = g) if and
only if the following five statements hold:

(x1) For each x € g1 (0), we have f (x) = +0.

(xp) For each i € H and each x € ¢~ ! (h) satisfying x < m;,, we have f (x) =
—h.

(x3) For each h € H, we have f (my,) € {—h, +h}.

(x4) For each 1 € H and each x € ¢~! (h) satisfying x > my,, we have f (x) =
+h.

(x5) For each x € ¢! (o), we have f (x) = —co.

Proof of Proposition[2.38, The map 7 : [n] — TP is injective (since 7 is an n-
permutation). The map g is r-amenable, and thus satisfies the four Properties
(i), (i), (ii’) and (iv’) from Definition In particular, this map g is weakly
increasing (because of Property (iv’)).

(a) The elements my, forall h € H are well-defined@ and distinc@ This proves
Proposition (a).

(b) We must prove the following two claims:

Claim 1: If (f € £ ([n], ) and |f| = g), then the five statements (xy),
(x2), (x3), (x4) and (x5) hold.

Claim 2: If the five statements (x7), (x2), (x3), (x4) and (x5) hold, then

(f € &(n],m) and [f] = g).

[Proof of Claim 1: Assume that (f € £ ([n], ) and |f| = g). We must prove
that the five statements (x7), (x»), (x3), (x4) and (x5) hold.

We have f € & ([n], ). We have ¢ = |f|. Hence, everything that we said in
the proof of Proposition is true in our current situation as well. In particular,
the Properties (i’), (ii"), (iii") and (iv’) in Definition [2.36/ hold.

2Proof. Let h € H. We must prove that the element 1, is well-defined.
Wehave h € H=g([n])N{1,2,3,...} C g ([n]). Hence, there exists some y € [n] such that
h = g (y). Therefore, the preimage ¢~ () is nonempty. Therefore, there exists an element y
of g=! (h) for which 7 () is minimum. Moreover, this element is unique (since 7 is injective).
Thus, the unique element u of ¢! (k) for which 7t () is minimum is well-defined. In other
words, my, is well-defined. Qed.
21Proof. Let hy € H and hy € H be such that m;, = my,. We must prove that /iy = hs.

We have my, € g~1 (h) for each h € H (by the definition of m,). Hence, m;,, € g1 (h1). In

other words, g (my,) = hy. Similarly, g (my,) = hy. Hence, hy = g | my, | = g (my,) = ho.
~—
:mh2

Qed.
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Now, statement (x;) hold$?? and statement (xs) hold§®®} Furthermore, state-
ment (x3) hold$?¥ Also, statement (x) hold§®] and statement (x4) hold$?®l Thus,
the five statements (x;), (x2), (x3), (x4) and (xs) hold. This proves Claim 1.]

[Proof of Claim 2: Assume that five statements (x1), (x2), (x3), (x4) and (xs) hold.

). Hence, x € g7 (0) = f~1 (+0), so that f (x) = +0.
Now, forget that we fixed x. Thus, we have shown that for each x € ¢~ (0), we have
f (x) = 40. In other words, statement (x;) holds.
2Proof. Let x € g7! (00). But g1 (c0) = f~1 (—0) (as we have shown in the proof of Proposition
. Hence, x € ¢! (00) = f~! (—00), so that f (x) = —o0.
Now, forget that we fixed x. Thus, we have shown that for each x € ¢~ ! (o), we have
f (x) = —oo. In other words, statement (x5) holds.
24Proof. Let h € H. Then, my, € g~1 (h) (by the definition of my,), so that g (m},) = h. Comparing
this with ¢ (my,) = |f| (my,) = |f (my)| (by the definition of |f|), we obtain |f (m},)| = h. In
<~

=Ifl
other words, either f (m),) = —h or f (my,) = +h. In other words, f (my,) € {—h,+h}.

Now, forget that we fixed h. Thus, we have shown that for each h € H, we have f (my,) €
{—h, +h}. In other words, statement (x3) holds.
BProof. Let h € H and x € g~ ! (h) be such that x < m;,. We shall show that f (x) = —h.
Indeed, assume the contrary. Thus, f (x) # —h.
We have x € ¢! (h), so that ¢ (x) = h. Comparing this with ¢ (x) = |f| (x) = |f (x)| (by
~—

=Ifl
the definition of |f|), we obtain |f (x)| = h. In other words, either f (x) = —h or f (x) = +h.

Since f (x) # —h, we thus must have f (x) = +h. But the map f : [n] — Z is weakly
increasing (as we have seen in the proof of Proposition 2.37). Hence, from x < m;,, we obtain

22Proof. Let x € ¢ 1 (0). But g~ (0) = £~ (+0) (as we have shown in the proof of Proposition
i

f(x) < f (my). Hence, we cannot have f (m;,) = —h (because if we had f (mj) = —h, then
we would have +h = f(x) < f (my,) = —h, which would contradict the definition of the
order on Z).

But statement (x3) yields f (my) € {—h,+h}. In other words, either f (m;) = —h or

f (my) = +h. Hence, f (my,) = +h (since we cannot have f (mj) = —h). Combining f (x) =
+h and f (my) = +h, we obtain f (x) = f (m,) = +h.

But Condition (ii) from the proof of Proposition holds. Applying this condition to
y = my, we obtain 7 (x) < 7T (my,).

But my, is the unique element y of g~1 (h) for which 7t (1) is minimum (by the definition of
my,). Hence, 7t (my,) < 7t (z) for each z € g~! (h). Applying this to z = x, we obtain 7 (m;,) <
7 (x). This contradicts 7r (x) < 7 (my,). This contradiction shows that our assumption was
false. Hence, f (x) = —h is proven.

Now, forget that we fixed & and x. Thus, we have shown that for each € H and each
x € g~ 1 (h) satisfying x < mj,, we have f (x) = —h. In other words, statement (x,) holds.

26Proof. Let h € H and x € g~ ! (h) be such that x > my,. Thus, m; < x. We shall show that
f(x) = +h.

Indeed, assume the contrary. Thus, f (x) # +h.

We have x € ¢! (h), so that ¢ (x) = h. Comparing this with ¢ (x) = |f| (x) = |f (x)| (by

~—

=Ifl
the definition of |f|), we obtain |f (x)| = h. In other words, either f (x) = —h or f (x) = +h.

Since f (x) # +h, we thus must have f (x) = —h. But the map f : [n] — Z is weakly
increasing (as we have seen in the proof of Proposition 2.37). Hence, from m;, < x, we obtain
f (my) < f (x). Hence, we cannot have f (m;,) = +h (because if we had f (my) = +h, then
we would have +h = f(my,) < f(x) = —h, which would contradict the definition of the
order on Z).
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We must prove that (f € £ ([n], ) and |f| = g).

For each x € [n], we have

1 (x) =g (x). (14)

[Proof of ([14): Let x € [n]. We must prove (14). The definition of |f| yields
I (x) = [f (x)].

The equality holds when g (x) =0 Hence, for the rest of this proof,
we WLOG assume that g (x) # 0.

The equality holds when g (x) = o0 @ Hence, for the rest of this proof,
we WLOG assume that g (x) # co. Combining this with g (x) # 0, we obtain

8 (x) & {0, c0}.
Set h = g (x). We have

h=g(x) e N\ {000} (since g (x) € N and g (x) ¢ {0,00})
—{1,2,3,...}.

Combining thiswithh =g | x| €3 ([n]), weobtainh € g ([n])N{1,2,3,...} =
€ln]

H. Also, x € g~ ! (h) (since g (x) = h). Now, we are in one of the following three

cases:

Case 1: We have x < my,.

Case 2: We have x = my,.

Case 3: We have x > my,.

Let us first consider Case 1. In this case, we have x < mj,. Hence, statement (x,)
yields f (x) = —h (since we know that statement (x;) holds). Hence, |f (x)| =
|—h| = h. Hence, |f| (x) = |f (x)| = h = g (x). Thus, the equality holds in
Case 1.

Let us next consider Case 2. In this case, we have x = my;. But statement
(x3) yields f (my,) € {—h,+h} (since we know that statement (x3) holds). Hence,

But statement (x3) yields f (mj) € {—h,+h}. In other words, either f (m;) = —h or
f (my) = +h. Hence, f (my,) = —h (since we cannot have f (mj) = +h). Combining f (x) =
—h and f (my,) = —h, we obtain f (my) = f (x) = —h.

But Condition (iii) from the proof of Proposition [2.37 holds. Applying this condition to 1,
and x instead of x and y, we obtain 7t (my,) > 7 (x).

But my, is the unique element y of g~ 1 (h) for which 7t (1) is minimum (by the definition of
my,). Hence, 7t (my,) < 7t (z) for each z € g~! (h). Applying this to z = x, we obtain 7 (m;,) <
7t (x). This contradicts 7t (m;) > 7 (x). This contradiction shows that our assumption was
false. Hence, f (x) = +h is proven.

Now, forget that we fixed & and x. Thus, we have shown that for each i € H and each
x € g1 (h) satisfying x > mj,, we have f (x) = +h. In other words, statement (x4) holds.

2’Proof. Assume that g (x) = 0. Thus, x € ¢! (0). Hence, statement (x1) yields f (x) = +0 (since
we know that statement (x;) holds). Thus, |f (x)| = |[+0] = 0. Hence, |f| (x) = |f (x)| =0 =
g (x). Thus, the equality holds, ged.

2Proof. Assume that g (x) = co. Thus, x € g~ ! (). Hence, statement (xs) yields f (x) = —oo
(since we know that statement (xs) holds). Thus, |f (x)| = |—c0| = co. Hence, |f|(x) =
|f (x)| = o0 = g (x). Thus, the equality (14) holds, qed.
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£ ()] = h. Hence, |f] (x) = |f (v) = |f (my)| = h = g(x). Thus, the
=my,
equality holds in Case 2.

Let us finally consider Case 3. In this case, we have x > mj;. Hence, state-
ment (x4) yields f (x) = +h (since we know that statement (x4) holds). Hence,
|f (x)| = |+h| = h. Hence, |f| (x) = |f (x)| = h = g (x). Thus, the equality
holds in Case 3.

We have now shown that the equality holds in each of the three Cases 1,
2 and 3. Thus, always holds. This completes the proof of (14).]

The equality (14) shows that |f| = g. It remains to prove that f € & ([n], 7).

Consider the three Conditions (i), (ii) and (iii) from the proof of Proposition
Now, let x and y be two elements of [n] satisfying x < y. We claim that the
following three conditions hold:

(i) We have f (x) < f (y).
(i) If f (x) = f (y) = +h for some h € N, then 7 (x) < 7 (y).
(iii) If f (x) = f (y) = —h for some h € N, then 7 (x) > 7 (y).

[Proof of Condition (i): Assume the contrary. Thus, we don’t have f (x) < f (v
But |f| = g, so that |f| (x) = g(x). But the definition of |f| yields |f] (x)

)-
£ (x)]. Hence, |f (x)| = |f| (x) = g (x). Similarly, |f (y)| = g (). But the map g
is weakly increasing; thus, ¢ (x) < g (y) (since x < y). Hence, |f (x)| = g(x) =
gy =1f W)l

A look back at the definition of the total order on Z reveals the following:
If two elements « and B of Z satisfy |a| < |B| but not a < f, then there must
exist some h € {1,2,3,...} such that « = +h and f = —h. Applying this to
a = f (x)and B = f (y), we conclude that there must exist some 1 € {1,2,3, ...}
such that f (x) = +h and f (y) = —h (because the elements f (x) and f (y)
of Z satisfy |f (x)| < |f (y)| but not f (x) < f(y)). Consider this h. We have

~—

=1h €ln]
he{1,2,3,...},weobtainh € ¢ ([n])N{1,2,3,...} = H. Also, x € ¢! (h) (since
g (x) = h). If we had x < my, then statement (x,) would yield f (x) = —h, which
would contradict f (x) = +h # —h. Hence, we cannot have x < my,. Thus, we

g(x)=|f(x)| =|+h| =h,sothath =g ( x ) € g ([n]). Combining this with
N~~~

have x > my. But x <y, sothaty > x > my. Also, ¢ (y) = |f (y)| = |—h| =h,
e~~~

so that y € ¢! (h). Hence, statement (x4) (applied to y instead of x) yields
f (y) = +h. This contradicts f (y) = —h # +h. This contradiction shows that
our assumption was false. Hence, Condition (i) is proven.]
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[Proof of Condition (ii): Let f (x) = f (y) = +h for some h € N. We must show
that v (x) < 7 (y).

We have +h = f (x) € Z. Thus, we cannot have i = co (since h = oo would
lead to +h = +o0 ¢ Z, which would contradict +h € Z). In other words, I # oo.
Combining this with & € N, we obtain h € N\ {oo}.

The definition of |f| yields |f|(x) = |f (x)|. But ¢ = |f|. Hence, g(x) =

If| (x) = |f (x)| = |+h| = h, so that x € g1 (h). Similarly, y € g~ (h).
N~

=+h
If i = 0, then it is easy to see that 7w (x) < 7 (y) [P} Hence, for the rest of
this proof of 7t (x) < 7 (y), we WLOG assume that we don’t have & = 0. Thus,
h # 0. Combining this with h € N\ {o0}, we obtain i € (N '\ {c0}) \ {0} =
N\ {0,000} ={1,2,3,...}.

Combining thiswithh = g (\xf/) € g([n]),weobtainh € g([n])N{1,2,3,...} =

€[n]
H. Also, x € g_1 (h). Hence, if we had x < my, then statement (xp) would
yield f(x) = —h, which would contradict f (x) = +h # —h. Therefore,

we cannot have x < my. Hence, we have x > my;. In other words, x €
{segt(h) | s>my} (sincex € g1 (h)). Similarly,y € {s € g71 (h) | s > my}.
But h € g([n]) N {1,2,3,...}. Thus, the map 7 |,1(; is V-shaped (since
Condition (ii’) from Definition holds). In other words, there exists some
|

t € g7 (h) such that the map (7 g—l(h)) |{S€g_1(h) | s<t} is strictly decreasing
while the map (7‘( |g—1(h)> | [seg-1(h) | s>t} is strictly increasing. Clearly, this

t must be the unique element u of ¢! (k) for which (7t | g—l(h)> (u) is mini-
mum. In other words, this t must be the unique element y of g~! (1) for which
7T (1) is minimum (since <7‘C |g—1(h)) (4) = 7t () for each u € ¢! (h)). In other

words, this t must be my, (because mj; was defined to be the unique element
u of g7t (h) for which 7 (¢) is minimum). Thus, we conclude that the map

(n | g—l(h)) | [seg1() | s<my} is strictly decreasing while the map

(n |g—1(h)) |{seg—1(h) [ s>} is strictly increasing.
In particular, the map (7‘[ | g—l(h)> | [seg1(h) | s>m,} is strictly increasing. In

other words, the map 7 | {seg-1(h) | s2my} is strictly increasing (since

s>m

2 Proof. Assume that i = 0. Now, recall that x € g~ ! (h). In other words, x € ¢~!(0) (since
h = 0). Similarly, y € ¢! (0). But the map 7 | ¢-1(0) is strictly increasing (since Condition

(i") from Definition [2.36{ holds). Hence, (n | g—l(o)) (x) < (71 | g—l(o)) (y) (because x < y and

because both x and y belong to ¢! (0)). Thus, 7 (x) = (7t |g71(0)) (x) < (71 |371(0)) (y) =
7 (y), qed.
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(n |g‘1(h)> |{s€g*1(h) | som} =T |{seg*1(h) | sth}). Since both x and y belong to
the set {s € g~' (h) | s > my}, we thus conclude that

(7‘[ ’{56871(}1) \ SZ’”h}) (x) < <7T |{s€g*1(h) | sth}> (]/)

(since x < y). Thus,

7 () = (7 Lseg 1 som ) 0 < (7 segy o) @) =7 0).

This proves Condition (ii).]

[Proof of Condition (iii): Let f (x) = f(y) = —h for some h € N. We must
show that 7 (x) > 7 (y).

We have —h = f (x) € Z. Thus, we cannot have & = 0 (since 1 = 0 would
lead to —h = —0 ¢ Z, which would contradict —h € Z). In other words, h # 0.
Combining this with h € N, we obtain h € N\ {0}.

The definition of |f| yields |f|(x) = |f (x)|. But ¢ = |f|. Hence, g(x) =

If] (x) = |f (x)| = |~h| = h, so that x € g~! (h). Similarly, y € ¢! (h).
=
If h = oo, then it is easy to see that 7 (x) > 7 (y) [} Hence, for the rest of
this proof of 7w (x) > 7 (y), we WLOG assume that we don’t have /1 = co. Thus,
h # oo. Combining this with h € N '\ {0}, we obtain i € (N \ {0}) \ {oo} =
N\ {000} = {1,2,3,...).

Combining thiswithh = g ( X ) € g([n]),weobtainh € g([n])N{1,2,3,...} =

(1]
en
H. Also, x € ¢! (h). Hence, if we had x > my, then statement (xg) would
yield f(x) = +h, which would contradict f(x) = —h # +h. Therefore,

we cannot have x > mj;. Hence, we have x < myj. In other words, x €

{segt(h) | s <my} (sincex € g1 (h)). Similarly,y € {s € g1 (h) | s <my}.
But h € g([n]) N {1,2,3,...}. Thus, the map 7 |,1(, is V-shaped (since

Condition (ii’) from Definition holds). In other words, there exists some

t € ¢~ (h) such that the map (7 |g*1(h)> |{S€g,1(h) | s<t) is strictly decreasing
while the map <7‘( |g*1(h)> | (seg1(h) | s>t} 1S strictly increasing. Clearly, this

t must be the unique element u of ¢! (k) for which (71 ] g*l(h)> (#) is mini-

mum. In other words, this  must be the unique element u of g~! (k) for which

30Proof. Assume that i = co. Now, recall that x € ¢~ ! (k). In other words, x € g~! (o) (since h =
o0). Similarly, y € ¢! (o). But the map 7 | ¢-1(co) I8 strictly decreasing (since Condition (jii")

from Definition [2.36| holds). Hence, <7r |g71(00)) (x) > (7‘[ ‘g—l(oo)) (y) (because x < y and

because both x and y belong to ¢! («0)). Thus, 7 (x) = (n |g71(00)) (x) > <7( |g71(00)> (y) =
7 (y), ged.
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7 (p) is minimum (since <7‘C \g_l(h)) (u) = 7t () for each u € ¢! (h)). In other
words, this t must be my, (because mj; was defined to be the unique element
1 of g7 (h) for which 7 () is minimum). Thus, we conclude that the map

T | ¢ 1(h) ] {seg1 () | s<my} is strictly decreasing while the map

(n |g*1(h)> ’{seg*l(h) | s>my) is strictly increasing.

In particular, the map (7‘( ] g*l(h)> ] {seg-1(h) | s<m;} is strictly decreasing. In

s<m
other words, the map 7 | {seg-1(h) | s<my} is strictly decreasing (since

(7’( |g*1(h)> |{S€g,1(h) s} =TT |{S€g,1(h) | sSmh})' Since both x and y belong to
the set {s € ¢7! (h) | s < my}, we thus conclude that

(n [ {seg100) | sémh}) (x) > (” | {seg1) | sgmh}> ()

(since x < y). Thus,

7 () = (7 L segr 1 szm ) () > (7 segy | som) @) =7 0)-

This proves Condition (iii).]

Now, forget that we fixed x and y. We thus have shown that for all x < y in
[n], the conditions (i), (ii) and (iii) stated above hold. Thus, f is a Z-enriched
([n], 7)-partition (by the definition of a Z-enriched ([n], 77)-partition). In other
words, f € & ([n], ). Hence, we have shown that (f € £ ([n], ) and |f| = g).
This proves Claim 2.]

Combining Claim 1 with Claim 2, we conclude that (f € £ ([n], ) and |f| = g)
if and only if the five statements (x1), (x2), (x3), (x4) and (x5) hold. This proves

Proposition (b). O
Proposition 2.39. Let n € IN. Let 77 be any n-permutation. Then,
Tz (m) = Y. zlg(["])ﬂ{llr&---}lxg'
g:[n] =N
is 7T-amenable

Proof of Proposition We shall show the following observation:

Observation 1: If ¢ : [n] — N is a m-amenable map, then there exist
precisely 2/18()M{1.23.} maps f € € ([n], 7) satisfying |f| = g.

[Proof of Observation 1: Let ¢ : [n] — N be a m-amenable map. Let H be
the set ¢ ([n]) N {1,2,3,...}. For each h € H, we let m;, be the unique element
1 of ¢~ (h) for which 7 (¢) is minimum. Proposition (a) shows that the
elements my, for all h € H are well-defined and distinct.
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Proposition [2.38| (b) shows that a map f : [n] — Z satisfies
(f € £([n], ) and |f| = g) if and only if the five statements (x7), (x2), (x3), (x4)
and (xs) from Proposition (b) hold. Thus, we can construct every map f :
[n] — Z that satisfies (f € £ ([n], ) and |f| = g) by the following algorithm:

Step 1: For each x € g71(0), set f (x) = +0. (This is the only option, because we
want statement (x7) to hold.)

Step 2: For each i € H and each x € ¢! (1), set the value f (x) as follows:

- If x < my, then set f (x) = —h. (This is the only option, because we
want statement (x,) to hold.)

— If x = my, then set f (x) to be either —/h or +h. (These two options are
the only options, because we want statement (x3) to hold. Notice that
my, € ¢~ 1 (h) (by the definition of m;,); therefore, this step ensures that
f (my) € {—h,+h} for each h € H, and therefore statement (x3) holds
indeed.)

- If x > my, then set f (x) = +h. (This is the only option, because we
want statement (x4) to hold.)

Step 3: For each x € ¢! (c0), set f (x) = —oo. (This is the only option, because we
want statement (x5) to hold.)

This algorithm indeed constructs a well-defined map f : [n] — Z (because for
each x € [n], the value f (x) is set exactly once during the above algorithm{T).

3 Proof. Let x € [n] be arbitrary. Note that H = ¢ ([n]) N {1,2,3,...} € {1,2,3,...}.

We have ¢ (x) € N = {0} U{e0} U{1,2,3,...}. Hence, we have either g(x) = 0 or
g(x) =oc0o0rg(x) €{1,23,...}. In other words, we are in one of the following cases:

Case 1: We have g (x) = 0.

Case 2: We have g (x) = oo.

Case 3: We have g (x) € {1,2,3,...}.

Let us first consider Case 1. In this case, we have ¢ (x) = 0. Thus, x € g~ (0). Hence,
f (x) is set during Step 1 of the above algorithm. If we had 0 € H, then we would have
0 € H C{1,2,3,...}, which would contradict 0 ¢ {1,2,3,...}. Thus, we cannot have 0 € H.
Hence, 0 ¢ H. Hence, x ¢ ¢! (h) for all h € H (because if we had x € g~! (k) for some
h € H, then this h would satisfy g (x) = h € H, which would contradict g (x) = 0 ¢ H).
Therefore, Step 2 of the above algorithm does not set f (x). Finally, x ¢ ¢~!(c0) (since
g(x) = 0 # o). Hence, Step 3 of the above algorithm does not set f (x). Altogether, we
have now shown that f (x) is set during Step 1 of the algorithm, but neither Step 2 nor Step
3 sets f (x). Thus, the value f (x) is set exactly once during the above algorithm. So we have
proven our claim (that the value f (x) is set exactly once during the above algorithm) in Case
1.

Let us next consider Case 2. In this case, we have g (x) = co. Thus, x € ¢~ ! (c0). Hence,
f (x) is set during Step 3 of the above algorithm. If we had co € H, then we would have
c0o € H C {1,2,3,...}, which would contradict co ¢ {1,2,3,...}. Thus, we cannot have
oo € H. Hence, ¢ H. Hence, x ¢ ¢~ ! (h) for all h € H (because if we had x € g~! (h) for
some 1 € H, then this i would satisfy g (x) = h € H, which would contradict g (x) = co ¢
H). Therefore, Step 2 of the above algorithm does not set f (x). Finally, x ¢ ¢~' (0) (since
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Moreover, this map f that it constructs satisfies (f € £ ([n],7) and |f| = g)
(since the five statements (x;), (x2), (x3), (x4) and (x5) from Proposition (b)
hold for this map f). Therefore, the number of all maps f : [n] — Z satisfy-
ing (f € £([n], ) and |f| = g) equals the number of ways we can perform the
above algorithm. But the latter number is easy to compute: The only choices we
have in the algorithm are the choices we make during Step 2 when x = my, (since
in all the other decisions, we have only one option); there are altogether |H|
many of these choices (one for each 1 € H), and each choice involves exactly 2
options. Hence, the number of ways we can perform the above algorithm is 2/1.
Thus, the number of all maps f : [n] — Z satisfying (f € € ([n], ) and |f| =g)
is 2/H| In other words,

(the number of all maps f : [n] — Z satisfying (f € £ ([n], ) and |f| = g))
— olH|

Now,

(the number of all maps f € &€ ([n], ) satisfying |f| = g)
= (the number of all maps f : [n] — Z satisfying (f € £ ([n], ) and |f| =g))
(since each f € £ ([n], ) is automatically a map [n] — 2)

— 2IHI = lg([n)n{123,..}] (since H = g ([n]) N {1,2,3,...}).

In other words, there exist precisely 2/8(")"{123--} maps f € £ ([n], 7r) satisfy-
ing |f| = g. This proves Observation 1.]

g(x) = oo # 0). Hence, Step 1 of the above algorithm does not set f (x). Altogether, we
have now shown that f (x) is set during Step 3 of the algorithm, but neither Step 2 nor Step
1 sets f (x). Thus, the value f (x) is set exactly once during the above algorithm. So we have
proven our claim (that the value f (x) is set exactly once during the above algorithm) in Case
2.

Let us next consider Case 3. In this case, we have g (x) € {1,2,3,...}. Combining this

with ¢ Xl €8 ([n]), we obtain g (x) € g ([n]) N {1,2,3,...} = H. Hence, there exists an
€ln

h € H such that x € ¢~! (h) (namely, h = g(x)). Of course, this & is unique (because the
requirement x € ¢! (1) entails ¢ (x) = h, which uniquely determines /). Therefore, the value
f (x) is set exactly once during Step 2 of the algorithm. Moreover, from g (x) € {1,2,3,...},
we obtain g (x) # 0, so that x ¢ ¢~! (0). Hence, Step 1 of the above algorithm does not set
f (x). Similarly, Step 3 of the above algorithm does not set f (x). Altogether, we have now
shown that f (x) is set exactly once during Step 2 of the algorithm, but neither Step 1 nor
Step 3 sets f (x). Thus, the value f (x) is set exactly once during the above algorithm. So we
have proven our claim (that the value f (x) is set exactly once during the above algorithm) in
Case 3.

We have now proven our claim (that the value f (x) is set exactly once during the above
algorithm) in each of the three Cases 1, 2 and 3. Hence, this claim always holds. Qed.
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Now, yields

Iz (7) = Y. X =) )3 X\

fe&([n),n) C =N fel(n]n); DT
———— is T-amenable  |f|=¢ . g
_ 3 y (since |f|=g)

g:[n|—=N  fe&(n],n);

is T-amenable  |f|=g¢

(by Proposition
_ _ n{1,2,3,...
Y Y ooxg = Y 20023l
- &N fe&([n],m); ~ gn=N
is 7T-amenable lfl=¢ is 7T-amenable

zz\g([n])m{l,z,a,...}\xg
(by Observation 1)

This proves Proposition 2.39] O

Now, let us observe that if g : [n] — A is a weakly increasing map (for some
n € IN), then the fibers of ¢ (that is, the subsets ¢~! () of [n] for various i € N)
are intervals of [n] (possibly empty). Of course, when these fibers are nonempty,
they have smallest elements and largest elements. We shall next study these
elements more closely.

Definition 2.40. Let n € IN. Let ¢ : [n] — A be any map. We define a subset
FE (g) of [n] as follows:

FE (g) = {min (g—1 (h)) | e {1,2,3,... 00} with g~ (h) # @}
U {max (g_l (h)) | he{0,1,2,3,...} with g7! (h) # @} :

In other words, FE(g) is the set comprising the smallest elements of all
nonempty fibers of g except for ¢71(0) as well as the largest elements of
all nonempty fibers of g except for g~1 (c0). We shall refer to the elements of
FE (g) as the fiber-ends of g.

Lemma 2.41. Let n € IN. Let A € L,,. Then, there exists a weakly increasing
map ¢ : [n] = N such that FE (¢) = (AU (A +1)) N [n].

Proof of Lemma If n = 0, then Lemma2.41|holds®?} Hence, for the rest of this
proof, we WLOG assume that we don’t have n = 0. Hence, 7 is a positive integer.
Thus, L, is the set of all nonempty lacunar subsets of [n] (by the definition of
L;). Therefore, from A € L,, we conclude that A is a nonempty lacunar subset

32Proof. Assume that n = 0. Thus, A € L, = Ly (since n = 0), so that A € Ly = {&}, so
that A = @. Now, there is only one map g : [n] — N (since [n] = [0] = @), and this
map g is weakly increasing and satisfies FE (¢) = (AU (A +1)) N [n] (since both FE(g)
and (AU (A+1)) N [n] are the empty set). Hence, there exists a weakly increasing map
g : [n] = N such that FE (¢) = (AU (A +1)) N [1]. In other words, Lemma [2.41] holds, qed.
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of [n]. Write this subset A in the form A = {j; <j, <--- <jix}. Thus, k > 1
(since A is nonempty).

Hence, j1 € {1 <j» <---<jx} = A C [n], so that j; > 0. In other words,
0 < j1. Combining this with j; <j, < --- < ji, weobtain 0 < j;1 < j» < -+ < Ji.

From A = {j; < j» < --- < jx}, we obtain max A = ji. Thus, jy = maxA <n
(since A C [n]).

Wehave A = {j1 <jo <--- <ji} = {j1,J2,---,jx} and thus

A+1={h+Lp+1... j+1}

(by the definition of A + 1).

We are now in one of the following two cases:

Case 1: We have n ¢ A.

Case 2: We have n € A.

Let us consider Case 1. In this case, we have n ¢ A. Hence, A C [n — 1] (since
A C [n]). Therefore, A+1C {2,3,...,n} C [n]. Now,

¢%AMA+4)§UHUM%=ML
cln C[n]

sothat AU(A+1)=(AU(A+1))N[n].

But jr = maxA <n —1 (since A C [n —1]). Thus, jy < n—1 < n. Combining
thiswith0 <j; <jo < - <jp, weobtain0 <j; <jp < - - <jp<nm.

Now, consider the map g : [n] — N defined by

(the number of all A € A such that A < x), if x <ji;
8 (x) = . .
0, if x > ]k
for each x € [n].

(.
~\~ ~\~ '

j1 entries  jo—j; entries jz—jp entries Jx—Jx—1 entries n—jy entries

=100,...,01,1,...,1,2,2,...,2,...,k=1Lk—1,... . k—1,00,00,...,00

The n-tuple on the right hand side of this equality consists of a block of 0s,
followed by a block of 1’s, followed by a block of 2’s, and so on, all the way up
to a block of (k —1)’s, which is then followed by a block of co’s. Each of these
blocks is nonempty (since 0 < j; < j» < - -+ < jx < n).
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Hence, the map g is weakly increasing, and its nonempty fibers are

g o) ={12...,11},
g ={i+1La+2....12},
g @) ={+L2+2....js},
g (k—=1) = {jxo1 + Ljko1+2,- - jk},
g (o) = {jx+1,jk+2,...,n}.
Thus, the definition of FE (g) yields

FE (g)
— {min (gfl (h)) | he{1,2,3,...,00} with g™l (h) # @}/

-

:{min(gfl(l)) min(g*l(Z)) min(g*l(k—l)),min(gfl(oo))}
U{max( ) | he{0,1,2,3,.. }withg_l(h)#g}
*{max( O)) max( )max(g*l(2)),...,max(g*1(k—1))}
= im1n (g_l (1)) , min (g_l (2)) ,...,min (g_l (k — 1)) , min (g_l (oo))}
—{]1+1Jz+1 k-1t Lje 1}

(since mm(g (h )) =j,+1 for each he{1,2,... k—1},
and since min(gfl(oo)):jk—&-l)

Uimax <g_1 (0)) , max (g_l (1)> , max (g_l (2)) ,...,max <g_1 (k — 1))}

4

=2k}
(since max (gfl (h—l)):jh for each he{1,2,...k})

={1+Ljp+1. --,]k 1+1, ]k+1}U{]1,]z,.. i} = (A+1)UA
_{]1+1]2+1 1} —A
—A+1

=AUA+1) = (AU(A+1))N[n].

Altogether, we have now shown that our map g : [n] — N is weakly increasing
and satisfies FE(g) = (AU (A +1)) N [n]. Hence, such a map g exists. Thus,

Lemma [2.41]is proven in Case 1.
Let us consider Case 2. In this case, we have n € A. Hence, n < max A = j.

Combined with jx < n, this yields n = jy.
We have A C [n] and thus AN [n] = A. Also,

A+D)Nn] ={a+L2+1.. . je1+1} (15)

E3

3Proof. We have j; < jp < -+ < jrand thus j1 +1 < jo+1 < -+ < jr + 1. In other words,
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Now, consider the map g : [n] — N defined by

g (x) = (the number of all A € A such that A < x)
for each x € [n].

Thus,

(8(1),8(2),...,8(n))

=10,0,...,0,1,1,...,1,2,2,...,2,...,k—=1,k—1,... k=1
—_——— e — - s

N

-

j1 entries  jo—j; entries j3—jp entries jx—Jk_1 entries

@ The n-tuple on the right hand side of this equality consists of a block of 0s,
followed by a block of 1’s, followed by a block of 2’s, and so on, all the way up
to a block of (k—1)’s. Each of these blocks is nonempty (since 0 < j; < j» <

<)
Hence, the map g is weakly increasing, and its nonempty fibers are
g (0)={12...,j1},
g M ={i+Lji+2.. ),
§'@={p+tLi+2....js},

4

g k-1 ={jta+Ljk1+2,-.,jk}-

AF+l1<jpp+1<---<jr1+1<jr+1 Inview of jy = n, thisrewritesas j1 +1 < jp +1 <
- <jp-1+1<n+1 Inother words, j1 +1 < jo +1 < -+ < jr_1 +1 < n (since an integer
is < n+1if and only if it is < n). Therefore, the k — 1 numbers j; +1,jo+1,...,j;k—1 + 1 all
belong to the set [n]. In other words, {j1 +1,jo+1,...,jx.1 +1} C [n].
On the other hand, jy +1=n+1 ¢ [n] and thus {jy + 1} N [n] = . Now,
~~
=n
(A+1) Nl ={n+L+1. e+ 13Uk +13) N [n]
——

- ={a+Ljp+ i1}
={1+Ljo+1,e g +1 U {jk+1}

={h+Lip+L.. e+ 130 () U {jk+ 1} N [n])

={f1+Lj2+1 . jeo1+1} =9
(since {j1+1,jo+1,....jx_1+1}<C[n])

= {]1+1/]2+1//]k71+1}ug
={p+Ljp+1... k1 +1}.

34There are no entries beyond the k — 1,k —1,...,k — 1 block in this tuple, because j; = n.

jk—Jjk—1 entries
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Thus, the definition of FE (g) yields
FE (g)
- {min (g*1 (h)) | e {1,2,3,..., 00} with g ! (h) £ @}
:{min(g*l(1)),min(gjlr(Z)),...,min(gfl(k—l))}
U {max (g_l (h)) | h€{0,1,2,3,...} withg~! (h) # @}
:{max(g*1 (O)),max(g*l(1)),r:1rax(g*1(2)),...,max(g*1(k71))}
= {min (g_l (1)) , min (g_l (2)) ,...,min (g_l (k — 1))}

={j1+Ljo+1,...jr_1+1}
(since min(gfl(h)):jh—l—l for each he{1,2,...,.k—1})

U\{max (gfl (O)> , max (gfl (1)) , max (gfl (2)) , ..., Max (gfl (k— 1))}

={jujzrjk}
(since max (g_l (hfl))zjh for each he{1,2,....k})

i L L 1 U (i = (A1) A ]) U (AN [n])

— (A+1)N[n] —A=AN[]
(by (15)) (since AC|n])

= (AN U((A+1)Nn])=(AUA+1))N][n].

Altogether, we have now shown that our map g : [n] — N is weakly increasing
and satisfies FE(g) = (AU (A +1)) N [n]. Hence, such a map g exists. Thus,
Lemma [2.41]is proven in Case 2.

We have now proven Lemma in each of the two Cases 1 and 2. Since
these two Cases cover all possibilities, we thus conclude that Lemma always
holds. O

Lemma 2.42. Let n € IN. Let 7w be an n-permutation. Let S be a nonempty
interval of the totally ordered set [1] such that the map 7 | is V-shaped. Then,
SNEpk C {minS, maxS}.

Proof of Lemma Letj € SNEpk . We are going to show that j € {min S, max S}.

Indeed, assume the contrary. Thus, j ¢ {min S, maxS}. Hence, j # min S and
j # maxS$§.

But j € SNEpkm C S. Thus, j > min S and j < maxS. Combining j > min S
with j # min S, we obtain j > min S. Combining j < max S with j # maxS§, we
obtain j < maxS.

Recall the following basic fact: If T is a nonempty interval of [n], and if t € T
satisfies t > minT, then t —1 € T. Applying thisto T = S and t = j, we
conclude that j —1 € S (since j > min S).

Recall the following basic fact: If T is a nonempty interval of [n], and if t € T
satisfies t < maxT, then t+1 € T. Applying thisto T = S and t = j, we
conclude that j +1 € S (since j < max§).

50



Recall that the map 7 |s is V-shaped. According to the definition of “V-
shaped”, this means the following: There exists some t € S such that the map
(70 [s) |fses | s<t} is strictly decreasing while the map (7 [s) [(ses | s>¢} is strictly
increasing. Consider this .

The map (7T [s) [(ses | s<yy is strictly decreasing. In other words, the map
T |(ses | s<t) 18 strictly decreasing (since (7T [s) [(ses | s<}= 7T |{ses | s<t})-

The map (7 |s) |(ses | s>y is strictly increasing. In other words, the map
T |(ses | s>t} i8 strictly increasing (since (77 |s) |(ses | s>t} = 7T |{ses | s>))-

We have j € SNEpkmt C Epkr; in other words, j is an exterior peak of 7
(by the definition of Epk 7). In other words, j is an element of [#] and satisfies
71 < 71tj > 7j;1 (by the definition of an exterior peak).

We are in one of the following two cases:

Case 1: We have j < t.

Case 2: We have j > t.

Let us first consider Case 1. In this case, we have j < t. Hence, j < t and
j—1<j<t.Thus,j—1€{s€S | s<t}(sincej—1€S). Also,j <t. Hence,
je{s€S | s<t}(sincejeES).

Now, we know that j — 1 and j are two elements of the set {s € S | s < t},
and satisfy j — 1 < j. Hence,

<7T |{ses \ sgt}) -1 > <7T |{ses | s§t}> (/)

(since the map 77 |(scg | s<y) is strictly decreasing). Thus,

Mg =m(—-1)= (71 | (ses | Sgt}) G—1) > <7T | {ses | sgt}) (j) = (j) = m;.

This contradicts 71;_1 < 7;. Thus, we have obtained a contradiction in Case 1.
Let us now consider Case 2. In this case, we have j > t. Hence, j+1 >
j>t Thus, j+1 € {s€S | s>t} (since j+1 € S). Also, j > t. Hence,
je{s€S | s>t} (sinceje€S).
Now, we know that j and j+ 1 are two elements of the set {s € S | s > t},
and satisfy j < j + 1. Hence,

<7T |{ses | sZt}) (j) < <7T |{ses | sZt}) (j+1)

(since the map 7t | (seS | s>1} is strictly increasing). Thus,

= () = (7 lses o) () < (7 lses soy) 1) = 7+ 1) = 1.

This contradicts 71; > 77;,1. Thus, we have obtained a contradiction in Case 2.

We have now obtained a contradiction in each of the two Cases 1 and 2. Since
these two Cases cover all possibilities, we thus conclude that we always have a
contradiction. This contradiction shows that our assumption was wrong. Thus,
j € {min S, max S} is proven.
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Now, forget that we fixed j. We thus have shown that j € {min S, maxS} for
each j € SNEpks. In other words, SNEpk7 C {minS, maxS}. This proves
Lemma [

Lemma 2.43. Let n € IN. Let 77 be an n-permutation. Let S be a nonempty
interval of the totally ordered set [n].

(@ If 1 € Sand SNEpkm C {maxS}, then the map 7 |s is strictly increas-
ing.

(b) If n € S and SN Epk 7 C {min S}, then the map 7 |5 is strictly decreas-
ing.

(o) If SNEpk 7w C {min S, max S}, then the map 7 |g is V-shaped.

Proof of Lemma[2.43] Set mp = 0 and 71,1 = 0. Thus, m; € IN is well-defined
for each i € {0,1,...,n+1}. The exterior peaks of 7t are the elements i € [1]
satisfying 7t;_1 < 71; > ;41 (by the definition of an “exterior peak”).

Note that 7t is an n-permutation; thus, the entries of the word 7 are distinct.
(But of course, 71y and 71,11 don’t count as entries of 71.)

We now claim the following:

Observation 1: Let i and j be two elements of [n] satisfying i < j+1
and 71; 1 < 71; and 71; > 7j,1. Then,

{i,i+1,...,j}NEpk # 2.

[Proof of Observation 1: We have 7t;_1 # 7 E[

Combining 7r;_q < 71; with 71;_q # 71;, we obtain 77,1 < 71;. If wehadi =j+1,
then we would have j =i —1 and thus 71; = 71; 1 < 71; = 7j41 (since i = j+ 1);
but this would contradict T 2 Tty Hence, we cannot have i = j + 1. Thus,
i # j+ 1. Combining this with i < j 41, we obtain i < j + 1. Thus, i < j (since i
and j are integers).

Now, i € {i,i+1,...,j} (since i < j)and m;_1 < 7m;. Hence, i is an element
ke {ii+1,...,j} satisfying rp_1 < 7r¢. Hence, there exists at least one element
ke {ii+1,...,j} satisfying my_1 < 713 (namely, 7). Let p be the largest such
element. Thus, p itself is an element of {i,i +1,...,j} and satisfies 71, 1 < 71p,
and furthermore, every element k € {i,i+1,...,j} satisfying m;,_1 < 71 must
satisfy

k<p. (16)

35P1’oof. Assume the contrary. Thus, 1;_1 = ;. f we havei =1, then 1;_1 = m_1 =mp =0¢
P, which contradicts ;1 = 71; € P (since i € [n]). Thus, we cannot have i = 1. Hence, we
have i # 1 and therefore i > 1 (since i € [n]). Thus, i — 1 € [n]. Hence, both i — 1 and i are
elements of [n].
Now, 71;_1 and 7; are two distinct entries of the word 7t (since i — 1 and i are two distinct
elements of [n]). Thus, ;1 # 7; (since the entries of 7t are distinct). This contradicts
1t;_1 = m;. This contradiction shows that our assumption was false. Qed.
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We have p € {i,i+1,...,j} C [n] (since i and j are elements of [n]), so that
np € P. Thus, 71, > 0.

Next, we claim that 71, > 71,,1. Indeed, assume the contrary. Hence, 77, <
Tp+1. But recall that 71, > 0. Hence, p # n Combining p € [n] with p # n,
we obtain p € [n]\ {n} C [n —1]; therefore, p + 1 € [n]. Now we know that p
and p + 1 both are elements of [n]. Hence, 71, and 71,1 are two distinct entries
of the word 7 (since p # p +1). Hence, 7, # 7,41 (since the entries of the
word 7t are distinct). Combining this with 7, < 7,1, we obtain 71, < 7Tp41.
If we had p = j, then we would have 7, = 71; > 711 = 741 (since j = p),
which would contradict 71, < 7y11. Thus, we cannot have p = j. In other
words, we have p # j. Combining p € {i,i+1,...,j} with p # j, we obtain
pelii+1,....j3\{j} =1{ii+1,...,j—1}, so that

p+1led{i+1,i+2,...,j} C{ii+1,...,j}.

Hence, p +1 is an element k € {i,i+1,...,j} satisfying m_1 < 7 (since
TT(p41)—1 = Tp < Tp41). Therefore, (applied tok = p+1) yields p+1 < p.
But this contradicts p < p 4+ 1. This contradiction shows that our assumption
was false. Hence, 71, > 71,41 is proven.

Now, we know that p € [n] and 7, 1 < 71, > 7,11. In other words, p is an
exterior peak of 7t (by the definition of an exterior peak). In other words, p €
Epk r. Combining this with p € {i,i+1,...,j}, we obtain p € {i,i+1,...,j} N
Epk r. Hence, the set {i,i+1,...,j} N Epk 7t has at least one element (namely,
p). Therefore, this set is nonempty. In other words, {i,i+1,...,j} NEpkm # @.
This proves Observation 1.]

() Assume that SNEpk7 C {minS,maxS}. We must prove that the map
7T |5 is V-shaped.

Write the interval S in the form S = {a,a+1,...,b} for some elements a and
b of [n]. Thus, a < b (since the interval S is nonempty) and minS = a and

max S =b. Thus, SNEpk 7 C ¢ min S, max$ » = {a,b}.
=a —

The set S is nonempty. Hence, there exists some p € S that minimizes 7.
Consider this p. Thus,

Tty < 7T for each s € S. (17)

Note thatp € S = {a,a+1,...,b},sothata < p <b. Also, p € S C [n].
From S = {a,a+1,...,b}, we obtain

{seS|s<pt={se{aa+1,...,b} | s<p}={aa+1,...,p}
(since p < b). Also, from S = {a,a+1,...,b}, we obtain
{seS|s>pt={se{aa+1,...,b} | s>p}t={ppr+1,...,b}

36Proof. Assume the contrary. Thus, p = n, so that Tpt1 = Tpt1 = 0. Hence, Ty < Mpy1 = 0.
But this contradicts 7t;, > 0. This contradiction shows that our assumption was false. Qed.
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(since p > a).
Now, we claim that the map 7 |(;c5 | s<py is strictly decreasing.
[Proof: Leti € {a+1,a+2,...,p}. Thus,

i-1lefaa+1,...,p—1} C{a,a+1,...,b} (sincep—1 < p <D)
=S5 C [n].

Hence, 7r;_1 is well-defined. Also, i € {a+1,a+2,...,p} C {a,a+1,...,b}
(sincea+1>a>aand p <b),sothati € {a,a+1,...,b} =S C [n]. Thus, 7;
is well-defined. Also, fromi € {a,a+1,...,b}, we obtain i > a.

Now, assume (for the sake of contradiction) that 7r;_1 < 71;.

Butiec {a+1,a+2,...,p}yieldsa+1 <i < p; hence,a < p—1 < b (since
p—1<p <b). Thus, p—1¢€ {a,a+1,...,b} = S. Hence, (applied to
s = p — 1) yields Ty < TTp—1. Thus, Ty—1 2 Ty = TT(p—1)+1-

Also,ie[njandp—1€SC[n]andi < p = (p—1)+ 1. Hence, Observation
1 (applied to j = p— 1) yields {i,i +1,...,p — 1} NEpk m # &. In other words,
the set {i,i+1,...,p —1} NEpk 7 has at least one element. Consider such an
element, and denote it by z. Thus,

ze{ii+1,...,p—1}NEpkm.
Now,

ze{i,i+1,...,p—1}NEpknr C {a,a+1,...,b} NEpk

C{aa+1,..b} =S
(since i>a and p—1<b)

=SNEpkm C {a,b}.

Butz e {i,i+1,...,p—1}NEpkm C {i,i+1,...,p—1},sothatz < p—-1<
p < b. Hence, z # b. Combining z € {a,b} with z # b, we obtain z € {a,b} \
{b} C {a}. In other words, z = a. But from z € {i,i+1,...,p — 1}, we also
obtainz >i>a+1 (sincei € {a+1,a+2,...,p}). Hence, z > a+1 > g; this
contradicts z = a.

This contradiction shows that our assumption (that 77;_; < 71;) was wrong.
Hence, we don’t have 77;_; < 7;. In other words, we have 7r;_1 > ;.

Now, forget that we fixed i. We thus have shown that 7;_; > 7; for each
i€{a+1,a+2,...,p} Inother words, 7, > 441 > Tyq2 > -+ > 7p. In other
words, the map 7 |5441,.p) is strictly decreasing. In other words, the map
T |(ses | s<p) 18 strictly decreasing (since {s € S | s <p} ={a,a+1,...,p})]

Next, we claim that the map 7t [(s¢s | 5} i8 strictly increasing.

[Proof: Letj € {p,p+1,...,b—1}. Thus,

j+1e{p+1,p+2,...,b} C{aa+1,...,b} (since p+1>p>a)
=S C[n].
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Hence, ;11 is well-defined. Also, j € {p,p+1,...,b—1} C {a,a+1,...,b}
(since p >aand b—1 < b),sothatj € {a,a+1,...,b} =S C [n]. Thus, 7Tj is
well-defined. Also, from j € {a,a+1,...,b}, we obtain j > a and j < b.

Now, assume (for the sake of contradiction) that 7t; > 7, 1.

Butje{p,p+1,...,b—1} yields p <j<b—1; hence, p+1 < b. Combined
witha < p <p+1, thisyieldsa < p+1<b. Thus,p+1€{aa+1,...,b} =S.
Hence, (applied to s = p + 1) yields 7, < 7p11. In other words, 77(,11)-1 <
Ty (since p = (p+1) —1).

Also, p+1 €S C[njandj € [n]and p+1 < j+1 (since p < j). Hence,
Observation 1 (applied to i = p+1) yields {p+1,p+2,...,j} NEpkn # @.
In other words, the set {p+1,p+2,...,j} NEpkm has at least one element.
Consider such an element, and denote it by z. Thus,

ze{p+1Lp+2,...,j} NEpkm.
Now,

ze{p+Lp+2,...,j}NEpkn C{a,a+1,...,b} NEpkmn

C{aa+1,..b} =S
(since p+1>a and j<b)

=SNEpkm C {a,b}.

Butze {p+1Lp+2,...,j}NEpkn C{p+1,p+2,...,j},sothatz>p+1>
p > a. Hence, z # a. Combining z € {a,b} with z # a, we obtain z € {a,b} \
{a} C {b}. In other words, z = b. But from z € {p+1,p+2,...,j}, we also
obtainz < j<b-—1(sinceje€ {p,p+1,...,b—1}). Hence, z < b —1 < b; this
contradicts z = b.

This contradiction shows that our assumption (that 77; > 7;,1) was wrong.
Hence, we don’t have 71; > 71j,1. In other words, we have 7; < 77j,1.

Now, forget that we fixed j. We thus have shown that 71; < 71;,1 for each
je€{pp+1,...,b—1}. In other words, 1, < mpy1 < Mpi2 < --+ < 7. In
other words, the map 7 \{ p,p+1,..b} 18 strictly increasing. In other words, the map
T |(ses | s>py is strictly increasing (since {s € S | s > p} ={p,p+1,...,b})]

Thus, we now know that the map 7 [(scs | 5<p) is strictly decreasing while the
map 7T [(ses | s>p) 18 strictly increasing. In view of 7 |ses | s<py= (7T [s) [(ses | s<p)
and 7T [(ses | s>py= (7 |s) |{ses | s>p} this rewrites as follows: The map (77 [s) [(ses | s<p)
is strictly decreasing while the map (77 |s) |{ses | s>p} i strictly increasing. Hence,
there exists some t € S such that the map (77 [s) [{ses | s<¢} 18 strictly decreasing
while the map (7 |s) |(ses | s>1) 18 strictly increasing (namely, £ = p). In other
words, the map 7t |g is V-shaped (by the definition of “V-shaped”). This proves
Lemma (c).

(@) Assume that 1 € S and SNEpk r C {maxS}. We must prove that the map
7T | is strictly increasing.

Write the interval S in the form S = {a,a+1,...,b} for some elements a and
b of [n]. Thus, a < b (since the interval S is nonempty) and minS = a and
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maxS = b. But1l € S and thus minS < 1. Hence, 4 = minS < 1. Combined
with a > 1 (since a € [n]), this yields a = 1. Now,

S={aa+1,...,b} ={1,2,...,b} (sincea=1).

But SNEpk 7t C {maxS} = {b} (since max$ = b).

Letje {1,2,...,b—1}. Thus,1 <j<b—1 Hence,j <b—1<b < n (since
b € [n]), so that j € [n] (since 1 < j < n).

Assume (for the sake of contradiction) that 77; > 71j44.

We have 7111 =9 =0 < 71y (since 1; € N)and 1 € S C [n] and j € [n] and
1<j+1(sincej+1>j>1)and 7r; > 7j;1. Thus, Observation 1 (applied to
i =1) yields

{1,2,...,j} NEpkm # @.

In other words, the set {1,2,...,j} NEpk T has at least one element. Consider
such an element, and denote it by z. Thus,

ze€{L12,...,j} NEpk .
Now,

z € {1,2,...,j} NEpkm C {a,a+1,...,b} NEpkm
———

C{aa+1,..b} =S
(since 1=a and j<b—1<b)

= SNEpknr C {b}.

In other words, z = b.

Butz € {1,2,...,j} NEpkm C {1,2,...,j},so thatz < j < b—1 < b. Hence,
z # b. This contradicts z = b.

This contradiction shows that our assumption (that 77; > 7;,1) was wrong.
Hence, we don’t have 77; > 71j,1. In other words, we have 71; < 77j,1.

Now, forget that we fixed j. We thus have shown that 71; < 71;,1 for each
j€{1,2,...,b—1}. In other words, m; < 7 < -+ < 7. In other words, the
map 7 ]{1,2,__.,1,} is strictly increasing. In other words, the map 7 |s is strictly
increasing (since S = {1,2,...,b}). This proves Lemma (a).

(b) Assume that n € S and SNEpk 7t C {min S}. We must prove that the map
7t |g is strictly decreasing.

Write the interval S in the form S = {a,a+1,...,b} for some elements a and
b of [n]. Thus, a < b (since the interval S is nonempty) and minS = a and
maxS = b. Butn € S and thus maxS > n. Hence, b = max S > n. Combined
with b < n (since b € [n]), this yields b = n. Now,

S={aa+1,...,b} ={a,a+1,...,n} (since b =n).

But SNEpk C {minS} = {a} (since min S = a).
Leti€ {a+1,a+2,...,n}. Thus,a+1<i<n Hence,i>a+1>a>1
(since a € [n]), so thati € [n] (since 1 <i < n).
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Assume (for the sake of contradiction) that ;1 < ;.

We have 71,11 = 0 < 71, (since 71, € IN) and thus 77, > 71,41. Also, n € S C [n]
and i € [n]and i < n+1 (sincei € [n] C [n+1]) and 7,1 < ;. Thus,
Observation 1 (applied to j = n) yields

{i,i+1,...,n}NEpkn # @.

In other words, the set {i,i +1,...,n} NEpk 7 has at least one element. Consider
such an element, and denote it by z. Thus,

zed{ii+1,...,n} NEpkm.
Now,

ze{i,i+1,...,n} NEpkm C{a,a+1,...,b} NEpkn

=S

C{aa+1,..b}
(since i>a and n=b)

=SNEpkm C {a}.

In other words, z = a.

Butz € {i,i+1,...,n}NEpkm C {i,i+1,...,n},sothatz>i>a+1>a.
Hence, z # a. This contradicts z = a.

This contradiction shows that our assumption (that 77;_; < 71;) was wrong.
Hence, we don’t have 77;_; < 71;. In other words, we have 7r;_1 > ;.

Now, forget that we fixed i. We thus have shown that 7;_; > 7; for each
i€ {a+1,a+2,...,n}. In other words, 7, > 7541 > Tye0 > -+ > . In
other words, the map 7 | (a,4+1,...,n} 18 strictly decreasing. In other words, the
map 7t g is strictly decreasing (since S = {a,a+1,...,n}). This proves Lemma

(b). O
Lemma 2.44. Let n € N. Let ¢ : [n] — N be any weakly increasing map. Let

u € g ([n]).
(@) If u =0, then

FE(g) g~ (u) = {max (37" (w)) }.
(b) If u € {1,2,3,...}, then
FE () Ng ! (1) = {min (g—l (u)) , max <g_1 (u)) } .
(c) If u = o0, then

FE(g)Ng~ (u) = {min (37" () } .
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Proof of Lemma From u € g ([n]), we conclude that there exists some j € [n]
such that u = ¢ (j). In other words, the fiber ¢~! (1) is nonempty. In other
words, g1 (u) # @.

Recall that

FE (g) = {min (gfl (h)> | e {1,2,3,...,00} with g~ (h) # @}
U {max (g*1 (h)) | e {0,1,2,3,...} withg ! (h) # @} (18)
(by the definition of FE (g)).
Ifue{0,1,23,...}, then

max (g_l (u)) € {max (g_l (h)) | he {0,1,2,3,...} with g7! (h) # @}

since uisan h € {0,1,2,3,...} satisfying ¢~1 (h) # @
(since u € {0,1,2,3,...} and g~ ! (u) # 9)

C {min (gfl (h)) | he{1,2,3,...,00 withg ! (h) # @}
U{max (37" (n) | h€{0,1,2,3,...} withg™' (h) # 2}
=FE (g) (by (18))- (19)
Ifu e {1,2,3,..., 00}, then

min (g_l (u)) € {min (g_l (h)) | he{1,2,3,...,00} with g7t (h) # @}

since uisan h € {1,2,3,...,00} satisfying ¢=! (h) # @
(since u € {1,2,3,...,00} and g7 (u) # 9)

C {mm (gfl (h)) | he{1,2,3,..., 00} with g (h) £ @}
U {max <g_1 (h)) | h€{0,1,2,3,...} withg71 () # @}
= FE(g) (by (8)) - (20)

(a) Assume that u = 0. We must prove that FE (¢) Ng~! (1) = {max (g7 (u)) }.

We have u =0 € {0,1,2,3,...}. Thus, shows that max (g~! (1)) € FE(g).
Combining this with max (¢7! (1)) € ¢! (u) (which is obvious), we obtain
max (¢~! (u)) € FE(g) N g~ ! (u). In other words,

{max (37" (u)) } CFE(g) g™ (u). (21)

On the other hand, let j € FE(¢) Ng~! (u) be arbitrary. We shall show that
j € {max (g7t (u))}.
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Indeed, we have j € FE (¢) Ng~! (1) € ¢! (u), so that ¢ (j) = u. On the other
hand,

jEFE(g)Ng (u) CFE()
= {min (g_l (h)> | he{1,2,3,...,00} with g7t (h) # @}
U {max (g_l (h)) | he{0,1,2,3,...} withg™! (h) # @}
(by (I8)).

In other words, either j € {min (g7 (h)) | h € {1,2,3,...,00} with g7! (h) # &}
orj€ {max (g7t (h)) | h€{0,1,2,3,...} withg~!(h) # @}. Hence, we are in
one of the following two cases:
Case 1: We have j € {min (g1 (h)) | h € {1,2,3,...,00} with g~!(h) # o}.
Case 2: We have j € {max (g~ (h)) | h€{0,1,2,3,...} with g1 (h) # o}.
Let us first consider Case 1. In this case, we have
j € {min(g7' (k) | he{1,2,3,...,00} withg ! (h) # @}. In other words,
j = min (g~ (h)) for some h € {1,2,3,...,00} satisfying ¢! (h) # @. Con-
sider this h. We have j = min (¢7! (h)) € ¢! (h), so that g (j) = h. Hence,
h = g(j) = u. Hence, u = h € {1,2,3,...,0}. This contradicts u = 0 ¢
{1,2,3,...,00}. Thus, j € {max (¢! (u))} (because anything follows from a
contradiction). Hence, we have proven j € {max (¢! (1))} in Case 1.
Let us now consider Case 2. In this case, we have
j € {max(g~t(h)) | he{0,1,2,3,...} with g1 (h) # @}. In other words, j =
max (g~! (h)) for some h € {0,1,2,3,...} satisfying ¢! (h) # @. Consider this
h. We have j = max (¢! (h)) € g7 (h), so that g (j) = h. Hence, h = g (j) = u.

Hence, j = max (gl (\h/)) = max (¢! (1)) € {max (g~ (1)) }. Hence, we

=u
have proven j € {max (¢! (1))} in Case 2.
We have now proven j € {max (¢! (1))} in each of the two Cases 1 and 2.
Thus, j € {max (¢~ (1))} always holds.
Now, forget that we fixed j. We thus have proven that j € {max (¢~! (1))} for
each j € FE (¢) Ng~! (u). In other words,

FE (g) ﬂgil (u) C {max <g*1 (u)> } .

Combining this with , we obtain FE (¢) N g~ ! (1) = {max (¢! (u))}. This
proves Lemma (a).

(b) Assume that u € {1,2,3,...}. We must prove that FE (¢)Ng ! (u) =
{min (¢~ (1)), max (g~ (u)) }.

Wehaveu € {1,2,3,...} €{0,1,2,3,...}. Thus, shows that max (g’1 (u)) €
FE (g). Combining this with max (¢! (1)) € ¢~! (1) (which is obvious), we ob-
tain max (g1 (1)) € FE(g) Ng~ ' (u).
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Wehaveu € {1,2,3,...} € {1,2,3,...,0}. Thus, shows that min (7! (u)) €
FE (¢). Combining this with min (¢! (1)) € ¢! (u) (which is obvious), we ob-
tain min (¢~1 (1)) € FE(g) Ng~ ! (u).

Now, we have shown that both numbers min (¢! (1)) and max (g~ (u)) be-
long to FE (¢) N g~ ! (). In other words,

{min <g_1 (u)) , max (g—l (u))} CFE(g)Ng ! (u). (22)
On the other hand, let j E FE (g) Ng~ ! (u) be arbitrary. We shall show that
j € {min (g1 (1)), max (g~ )1}

Indeed, we have j € FE (¢) Ng~! (u) C ¢! (u), so that g (j) = u. On the other
hand,

jEFE(g)Ng ' (u) CFE(g)
= {min (37" (W) | he{1,23,...,00} withg™' () # 2}
U {max (g—l (h)) | he{0,1,2,3,...} withg ! (h) # @}
(by (18)).

In other words, either j € {min (¢~ (h)) | h € {1,2,3,...,00} with g~!(h) # &}
orje {max (g_l (h)) | he{0,1,2,3,...} with g_l (h) # @}. Hence, we are in
one of the following two cases:
Case 1: We have j € {min (¢~ (h)) | h € {1,2,3,...,00} with g~! (h) # &}.
Case 2: We have j € {max (g~ (h)) | h€{0,1,2,3,...} with g1 (h) # o}.
Let us first consider Case 1. In this case, we have
j € {min(¢g7'(h)) | he{1,23,...,0} withg~!(h) # @}. In other words,
j=min (¢! (h)) for some i € {1,2,3,...,00} satisfying g~! (h) # @. Consider
this . We have j = min (¢7! (h)) € ¢! (h), so that g (j) = h. Hence, h = g (j) =
u. Hence, j = min | ¢! Ji || =min (g7 (u)) € {min (¢~ (u)) , max (g~ (u))}.
=u
Hence, we have proven j € {min (¢~' (1)), max (¢~' (1))} in Case 1.
Let us now consider Case 2. In this case, we have
j € {max (g7t (h)) | he{0,1,2,3,...} withg ! (h) # @}. In other words, j =
max (¢g~! (h)) for some h € {0,1,2,3,...} satisfying ¢! (h) # @. Consider this
h. We have j = max (g~1 (h)) € g1 (h), so that g (j) = h. Hence, h = g (j) = u.

Hence, j = max (g_l (\}ﬁ./>> =max (g7 (1)) € {min (g7 (1)), max (g~ (u)) }.

=y

Hence, we have proven j € {min (¢~ (1)), max (
We have now proven j € {min (g~ (1)), max

Cases 1 and 2. Thus, j € {min (g~ (u)), max(

g~ (u))} in Case 2.
(g 1 )} in each of the two
1 u))} always holds.
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Now, forget that we fixed j. We thus have proven that
j € {min (¢! (1)), max (¢~! (u))} foreachj € FE (g)Ng ! (u). In other words,

FE () Ng ! (1) C {min <g_1 (u)) , max <g_1 (u)) } .

Combining this with, we obtain FE (¢) Ng™! (1) = {min (g~ (1)), max (g~ (1)) }.
This proves Lemma (b).

(c) Assume that u = co. We must prove that FE (¢)Ng™! (1) = {min (g7! (u)) }.

We have u = o0 € {1,2,3,...,00}. Thus, shows that min (g~ (1)) €
FE (g). Combining this with min (¢! (1)) € ¢~! (u) (which is obvious), we
obtain min (¢! (1)) € FE(g) Ng~! (1). In other words,

{min (371 (u)) } CFE(g) g™ (u). (23)

On the other hand, let j € FE (g) N g_l (1) be arbitrary. We shall show that
j € {min (g_1 (u)) }.

Indeed, we have j € FE (¢) Ng~! (u) C ¢! (u), so that ¢ (j) = u. On the other
hand,

jEFE(g)Ng™" (u) CFE(g)
= {min (g*1 (h)) | e {1,2,3,...,0} with g1 (i) # @}
U {max (g_l (h)) | he{0,1,2,3,...} with g7! (h) # @}
(by (18)) .-

In other words, either j € {min (¢~ (h)) | h € {1,2,3,...,00} with g7! (h) # &}
orj € {max (g ! (h)) | h€{0,1,2,3,...} withg ! (h)# o}. Hence, we are in
one of the following two cases:
Case 1: We have j € {min (¢~ (h)) | h € {1,2,3,...,00} with g7! (h) # &}.
Case 2: We have j € {max (g~ (h)) | h€{0,1,2,3,...} withg ! (h) # o}.
Let us first consider Case 1. In this case, we have
j € {min(¢g71(h)) | he{1,23,...,0} withg ! (h) # @}. In other words,
j=min (g (h)) for some h € {1,2,3,...,00} satisfying ¢~ ! (h) # @. Consider
this h. We have j = min (¢~ (1)) € ¢~ (h), so that g (j) = h. Hence, h = g (j) =

u. Hence, j = min (g 1 (\%)) = min (¢! (1)) € {min (¢! (1)) }. Hence,
we have proven j € {min (¢~1 (1))} in Case 1.

Let us now consider Case 2. In this case, we have
j € {max (g7t (h)) | he{0,1,2,3,...} withg ! (h) # @}. In other words, j =
max (g~! (h)) for some h € {0,1,2,3,...} satisfying ¢! (h) # @. Consider this
h. We have j = max (¢! (h)) € g (h), so that g (j) = h. Hence, h = g (j) = u.
Hence, u = h € {0,1,2,3,...}. This contradicts u = oo ¢ {0,1,2,3,...}. Thus,
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j € {min (¢! (1))} (because anything follows from a contradiction). Hence, we
have proven j € {min (¢! (1))} in Case 2.

We have now proven j € {min (¢~! (1))} in each of the two Cases 1 and 2.
Thus, j € {min (¢~! (1)) } always holds.

Now, forget that we fixed j. We thus have proven that j € {min (¢7! (1))} for
each j € FE (¢) N g~ ! (u). In other words,

FE(2)Ng ™" (u) € {min (37" (w))}.

Combining this with (23), we obtain FE (g) N g~ (1) = {min (g7 (1)) }. This
proves Lemma (o). O

Proposition 2.45. Let n € IN. Let 7 be an n-permutation. Let ¢ : [n] - N
be any weakly increasing map. Then, the map g is 7t-amenable if and only if
Epk 7 C FE (g).

Proof of Proposition The map g is weakly increasing. Hence, each fiber g~! (h)
of ¢ (with h € N) is an interval of the totally ordered set [n].
We shall prove the following two statements:

Observation 1: If the map g is r-amenable, then Epk 7t C FE (g).
Observation 2: If Epk 1 C FE (g), then the map g is 71-amenable.

[Proof of Observation 1: Assume that the map g is 71-amenable. We must show
that Epk r C FE (g).

We know that the map g is 7m-amenable. In other words, the four proper-
ties (i’), (ii’), (iii") and (iv’) of Definition hold (by the definition of “7t-
amenable”). We shall use these four properties in the following.

Let j € Epk /1. We intend to show that j € FE (g).

We have j € Epk 77; in other words, j is an exterior peak of 77 (by the definition
of Epk 77). In other words, j is an element of [n] and satisfies 7, 1 < 71; > 7)1
(by the definition of an exterior peak). Define u € N by u = g(j). Thus,

jegt(wyandu=g| j | €g([n).
~~
€ln
Recall that each fiber ¢~! (1) of g (with & € N) is an interval of the totally
ordered set [n]. Applying this to h = u, we conclude that ¢! (1) is an interval
of the totally ordered set [n]. This interval is furthermore nonempty (since j €
g ' (u).
We have u € N = {0} U {o0} U{1,2,3,...}. In other words, either u = 0 or
u=o0oruc{1,23,...}. Hence, we are in one of the following three cases:
Case 1: We have u = 0.
Case 2: We have u = oo.
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Case 3: We have u € {1,2,3,...}.
Let us first consider Case 1. In this case, we have u = 0. Thus, Lemma (a)
yields

FE () Ng ! (1) = {max <g—1 (u)) } (24)

Recall that property (i’) holds. In other words, the map 7 |1 (g is strictly

increasing. Since 0 = u, this rewrites as follows: The map 7 | ¢ 1(u) 1s strictly
increasing.

But j = max (¢! (u)) Hence,

j=max (g7 () € {max (7' () } =FE(9)Ng™ () (by @B)
CFE(g).

Thus, we have shown that j € FE (g) in Case 1.
Let us next consider Case 2. In this case, we have u = co. Thus, Lemma [2.44
(c) yields

FE(g) g~ (u) = {min (37" (w)) }. (25)

Recall that property (iii’) holds. In other words, the map 7 | ¢1(c0) 18 strictly
decreasing. Since co = u, this rewrites as follows: The map 7 | ¢-1(u) 1s strictly
decreasing.

37Proof. Assume the contrary. Thus, j # max (¢! (1)). Combining this with j < max (g~ ! (u))
(which follows from j € g~! (1)), we obtain j < max (7! (u)).
But recall the following basic fact: If S is a nonempty interval of [n], and if s € S satisfies
s < maxS$, then s+1 € S. Applying this to S = ¢! (u) and s = j, we conclude that
j+1 € g1 (u) (because ¢~ ' (1) is a nonempty interval of [n], and because j € g~ ! (u)
satisfies j < max (¢g~!(u))). Hence, both j and j+ 1 are elements of ¢~ ! (1), and satisfy
j < j+1. Hence, (7‘( |g_1(u)) () < <7T |g_1(u)) (j+1) (since the map 7 |1, is strictly
increasing). Thus,

mi= () = (7 lgr) () < (T lgig) G+1) = 7 (i +1) = mjn.

This contradicts 71; > 71j,1. This contradiction shows that our assumption was false; ged.
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But j = min (¢! (u)) Hence,
j=min (g7 () € {min (g7 () } =FE(g)ng™ () (by @)
CFE(g).

Thus, we have shown that j € FE (g) in Case 2.
Let us next consider Case 3. In this case, we have u € {1,2,3,...}. Hence,

Lemma (b) yields

FE(g)Ng ' (u) = {min (gil (u)> , max (gfl (u)> } . (26)

Combining u € g ([n]) withu € {1,2,3,...}, weobtainu € g ([n])N{1,2,3,...}.
Recall that property (ii’) holds. In other words, foreach h € g ([n]) N {1,2,3,...},
the map 77 | ¢-1(n) is V-shaped. Applying this to 1 = u, we conclude that the map

T |g-11) is V-shaped. Hence, Lemma 2.42| (applied to S = ¢ 1 (u)) yields

¢ L (u)NEpk 7 C {min <8_1 (“)> ,max (g_l (”)) } '

Combining j € ¢! (u) with j € Epk 7, we obtain

j€g (u)NEpkm C {min (gfl (u)) , max (gil (u))}

=FE(g)Ng ! (u) (by (26))
CFE(g).

Thus, we have shown that j € FE (g) in Case 3.

We have now proven that j € FE (g) in each of the three Cases 1, 2 and 3.
Hence, j € FE (g) always holds.

Now, forget that we fixed j. We thus have proven that j € FE(g) for each
j € Epk 7. In other words, Epk 7 C FE (g). This proves Observation 1.]

[Proof of Observation 2: Assume that Epk 7t C FE (g). We must prove that the
map g is 7t-amenable.

38Proof. Assume the contrary. Thus, j # min (¢! (1)). Combining this with j > min (g~ (u))
(which follows from j € g~! (1)), we obtain j > min (7! (u)).
But recall the following basic fact: If S is a nonempty interval of [n], and if s € S satisfies
s > minS, then s —1 € S. Applying this to S = ¢! (1) and s = j, we conclude that
j—1 € g1 (u) (because ¢~ ' (1) is a nonempty interval of [n], and because j € g~ ! (u)
satisfies j > min (¢~! (u))). Hence, both j — 1 and j are elements of g~! (u), and satisfy
j—1 < j. Hence, (7‘[ |g71(u)) G—1) > (n g1 (u)> (j) (since the map 7t [g-1(,, is strictly
decreasing). Thus,

i =r(i=1) = (7 lgap) (=1 > (7 lgaw) () =7 () = 7

This contradicts i1 < ;. This contradiction shows that our assumption was false; qed.
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We are going to show that the four properties (i'), (ii"), (iii") and (iv’) of Defi-
nition hold. Clearly, property (iv’) holds (since the map g is weakly increas-
ing). Let us now prove the remaining three properties:

[Proof of property (i’): We must show that the map 7 | ¢1(0) I8 strictly increasing.
If 71 (0) = &, then this is obvious. Thus, for the rest of this proof, we WLOG
assume that we don’t have ¢! (0) = @. Hence, ¢! (0) # @. In other words,
there exists some j € [n] such that g (j) = 0. Consider this j. Clearly, j > 1 (since
j € [n]), so that1 < j.

The map g is weakly increasing. Hence, from 1 < j, we obtain g (1) < g (j) =
0. Thus, g (1) = 0 (since 0 is the smallest element of A). Thus, 1 € ¢! (0).

Recall that each fiber g1 (h) of ¢ (with h € N) is an interval of the totally
ordered set [n]. Applying this to & = 0, we conclude that ¢! (0) is an interval of
the totally ordered set [n]. This interval ¢~! (0) is nonempty (since 1 € ¢~ (0)).

Wehave 0 = g | j € g([n]). Hence, Lemma [2.44{ (a) (applied to u = 0)
~
€ln|

yields FE (¢) N g1 (0) = {max (g~1(0)) }. Now,

g7 (0) NEpk C g7 (0) NFE(g) = FE(g) Ng~ (0) = {max (g7 (0)) } .
CFE(g)

Hence, Lemma 2.43| (a) (applied to S = ¢g~1 (0)) shows that the map 7 | ¢ 1(0) 18

strictly increasing (since ¢~! (0) is a nonempty interval of the totally ordered set
[n] satisfying 1 € g~ (0)). This proves property (i’).]

[Proof of property (ii’): We must show that for each h € g([n]) N {1,2,3,...},
the map 7 [,-1() is V-shaped. So let us fix 1 € g ([n]) N {1,2,3,...}.

Then, h € g([n]) N{1,2,3,...} C g([n]). Thus, there exists some j € [n] such
that i = g (j). In other words, the fiber ¢g~! (h) is nonempty. In other words,
¢ 1(h) # @. Also, ¢! (h) is an interval of the totally ordered set [1]

We have h € g([n]) and h € g([n]) N {1,2,3,...} C {1,2,3,...}. Hence,
Lemma [2.44{ (b) (applied to u = h) yields
FE(¢)Ng ' (h) = {min (¢! (h)), max (g~ (1)) }. Now,

g ' (M NEpkmC g™ (W) NFE(g) = FE(g)Ng™" (h)
CFE(g)

_ {min (g‘1 (h)> ,max (g_l (h)> } '

Hence, Lemma [2.43 (c) (applied to S = ¢! (1)) shows that the map 7 | a1 (h)

is V-shaped (since ¢! (1) is a nonempty interval of the totally ordered set [n]).
This proves property (ii’).]

%Indeed, we have previously shown that each fiber g~1 (1) of ¢ (with & € N) is an interval of
the totally ordered set [n].
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[Proof of property (iii’): We must show that the map 7 | ¢-1(c0) 18 strictly decreas-

ing. If ¢~!(c0) = @, then this is obvious. Thus, for the rest of this proof, we
WLOG assume that we don’t have ¢! (00) = @. Hence, g~! (c0) # @. In other
words, there exists some j € [n] such that g (j) = oo. Consider this j. Clearly,
j < n(since j € [n]).

The map g is weakly increasing. Hence, from j < n, we obtain g (j) < g (n).
In view of g (j) = oo, this rewrites as oo < g (n). Thus, g (n) = oo (since oo is the
largest element of \). Thus, n € g~ ! (o).

Recall that each fiber ¢~! (1) of ¢ (with i € N) is an interval of the totally
ordered set [1]. Applying this to h = oo, we conclude that ¢! (o) is an interval
of the totally ordered set [n]. This interval ¢! (co) is nonempty (since n €

g1 ().

We haveco =g | j € g ([n]). Hence, Lemma [2.44{ (c) (applied to u = o)
~—

€ln]

yields FE (g) N g™ ! (00) = {min (g7 (o)) }. Now,

g7 (00) NEpk 7T € g7 (00) NFE(g) = FE () Ng ™ (00) = {min (57" () }.
CFE(g)

Hence, Lemma [2.43| (b) (applied to S = ¢! (o)) shows that the map 7t | g-1(c0)

is strictly decreasing (since g ! (o) is a nonempty interval of the totally ordered
set [n] satisfying n € g~! (00)). This proves property (iii’).]

We have now shown that the four properties (i), (ii"), (iii") and (iv’) of Defi-
nition hold. In other words, the map g is 77-amenable (by Definition [2.36).
This proves Observation 2.]

Combining Observation 1 with Observation 2, we conclude that the map g is
r-amenable if and only if Epk 7t C FE (g). This proves Proposition 2.45| O

We can rewrite Proposition as follows, exhibiting its analogy with [Stemb197,
Proposition 2.2]:

Proposition 2.46. Let n € IN. Let 77 be any n-permutation. Then,

I'z () = Y. 2ls(I)N{123,H
g:[n]—N is

weakly increasing;
Epk mCFE(g)

Proof of Proposition Each rt-amenable map g : [n] — N is weakly increasing
(because of Property (iv’) in Definition [2.36). Thus, the r-amenable maps g :
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[n] — N are precisely the weakly increasing maps ¢ : [n] — N that are 71-
amenable. Hence, we have the following equality of summation signs:

- ¢ - T

g:[n]—=N g:[n]—=Nis g:[n]—N is
is m-amenable  weakly increasing; ~ weakly increasing;
g is r-amenable Epk mCFE(g)

(because for every weakly increasing map ¢ : [1n] — N, we have the logical
equivalence
(g is r-amenable) <= (Epkm C FE(g))

(by Proposition [2.45)).
Now, Proposition yields

I () = Y osldnasedy — F pls(bhniasdl
g:[n]—-N g:[n]—N is

is 7T-amenable weakly increasing;
. VE - Epk mCFE(g)
g:[n]—=N is
weakly increasing;
Epk mCFE(g)

This proves Proposition [2.46] O

Definition 2.47. Let n € IN. If A is any subset of [n], then we define a power
series KZ, € Pow N by

KZ, = Y k023l 27
g:[n]—Nis
weakly increasing;
ACFE(g)

Thus, if 7T is an n-permutation, then Proposition shows that

Iz () = K7 gk (28)

(Indeed, follows by comparing

[z(m)= Y. 2|g([”])m{1’2’3’“'}|xg (by Proposition [2.46))
g:[n]—N is
weakly increasing;
Epk tCFE(g)
with
K= Y. 280000230x. - (by the definition of KZgy ).
g:[n]—Nis
weakly increasing;
Epk mCFE(g)
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Remark 2.48. Let n € IN. Let A be any subset of [n]. It is easy to see that if g :
[n] — N is a weakly increasing map, and if i € [n], theni € FE (g) holds if and
only if we don’thave ¢ (i — 1) = g (i) = g (i + 1), where we use the convention
that ¢ (0) = 0and g (n+ 1) = co. Hence, a weakly increasing map g : [n] - N
satisfies A C FE (g) ifand only if noi € A satisfiesg (i —1) =g (i) =g (i+1),
where we use the convention that g (0) = 0 and g (n+ 1) = oo. Thus, can
be rewritten as follows:

KE, — y 2ls(FDN0123-- Yy
/ g:[n]—N is

weakly increasing;
no i€A satisfies g(i—1)=g(i)=g(i+1)
(where we set ¢(0)=0 and g(n+1)=co)

_ Z 2|{81,821~--r8n}m{11213f---}|xgl Xg, * " Xg, (29)

(81,82--/8n) EN;
081582 <gn=<0;
no i€ A satisfies g;_1=8i=gi11
(where we set gp=0 and g,,41=00)

(here, we have substituted (g1,92,...,9n) for (g(1),g(2),...,g(n)) in the
sum). For example,

7 = |{g1,82,83}11{1,2,3,...}|
K3,{1,3} = 2 Yo Xgy e
(81,82.83)EN3;
0<8182<83<0;
no i€{1,3} satisfies g 1=9;=4i11
(where we set go=0 and g4=00)

= ) oHgug2ga} {123y

(81,82.83)EN;
058158258350
neither 0=g1=g¢» nor g»=g3=0c0 holds

XgrXg3-

As a consequence of , we see that if we substitute 0 for xy and for xe,
then KZ, becomes the power series

828 }{1,23,...
) 21{g1/82/+-8n}1{ Hag xg, -+ xg,

(81/82/-+,8n) EN™;
0581582 <gn=<0;
no i€ satisfies g;_1=g;=gi+1
(where we set go=0 and g,,+1=0);
none of the g; equals 0 or co

= Z 2‘{g1/g2/""g”}|xglxg2 Ce xgn

(g1/g2/~-'/gl’l)6{112131'“}”;
182 <&ns
no icA\{1,n} satisfies g;_1=g;=gi+1

in the indeterminates x1, x, x3, . ... This is called the “shifted quasi-symmetric
function @X\ (1} (X)” in [BilHai95, (3.2)].
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Corollary now leads directly to the following multiplication rule (an ana-
logue of [Stembr97, (3.1)]):

Corollary 2.49. Let n € IN and m € IN. Let 7t be an n-permutation. Let ¢ be
an m-permutation such that 7r and ¢ are disjoint. Then,

KZ KZ

mEpko — Z Kn+m JEpk T
T€S(m0)

nEpkm
Example 2.50. Applying Corollary ton =2 m=1 mnm = (1,2) and
o = (3), we obtain

z z z z z
Ky Epk(1,2) * KiEpk(3) = KsEpk(3,1,2) T K3Epk(1,32) T K3Epk(1,23)-

In other words,

K3 - Ky = Kiay + Ky + Ky

Proof of Corollary From , we obtain Tz (71) = KZ Epk - Similarly, I'z (o) =

Kz Epk o Multiplying these two equalities, we obtain I'z () - I'z (7)) = KnZ,Epk x
Kn‘f Epko Hence,
Kn JEpkm KTZ;Z{,Epk(T =TIz (7-() Tz (U) = Z Iz (T_)/ (by Corollary '
TeS(m,o) _?’_
" n4+mEpkT
(by (28))
= 2 Kn—l—m JEpkT°
T€S(7,0)
This proves Corollary [2.49 O

The following lemma is a variant of the principle of inclusion and exclusion
tailored to our setting;:

Lemma 2.51. Let n € IN. For each subset A of [n], define a power series
LZ, € Pow N by

Ln A= 2\8([”1)ﬂ{112/3f~-}\xg. (30)

g:[n]—=N is
weakly increasing;
AMFE(g)=2

Then:
(a) For each subset A of [n], we have

Kin= Y (-1)9LZ,
QCA
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(b) For each subset A of [n], we have

Lia= Y (DK,
QCA

Proof of Lemma Recall the following known fact: If R is a finite set, then

_nQl 1, if R=g;
QER( D _{o, ifR#0 Gh

Let A be a subset of [n]. The subsets Q of A satisfying Q NFE (g) = @ are
precisely the subsets of A \ FE (g). Therefore,

1, if A\FE(G) = &;
DIV (—1)'Q'={ . (by @)
QCA; QCA\FE(G) 0, if A\FE(G) # 2 4
QNFE(g)=2

_ {1, if A C FE(G); (32)

0, if AZFE(G)

Also, the subsets Q of A satisfying Q C FE(g) are precisely the subsets of
ANFE(g). Thus,

1, if ANFE(G) = &;
(-1l = (-1 = { . (33)
Qg\; QCA%E(G) 0, if ANFE(G) # o
QCFE(g)

(by BI)).
Now, forget that we fixed A. We thus have proven and for each subset
A of [n].
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(a) Let A be a subset of [n]. Then,

Z ( - 1) 2 Lf:{Q
QCA ~—~—
= Y 2\8([n])ﬂ{1,2,3,...}\xg
g:[n]—N is
weakly increasing;
QNFE(g)=2

(by the definition of LZ Q)
- 2 (_1)IQ| Z 2\g([n])ﬁ{1,2,3,...}\xg

QCA g:[n]—=Nis
weakly increasing;
QNFE(g)=2
- ¥ Y ()9 | 2lsniasgy
g:[n]—=Nis QCA;

weakly increasing \ QNFE(g)=9

1, if ACFE(G);
0, if A Z FE(G)
(by (32))

1, if ACFE(G);
N olg((n])N{1,23,...}|
g:[n};/\/ is {0, if A Z FE (G) Xg

weakly increasing

_ Y 2stn02s il — k2,
g:[n]—=N is ’

weakly increasing;
ACFE(g)

(by (27)). This proves Lemma ().
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(b) Let A be a subset of [n]. Then,

Y (-1e Kig
QCA —~
= Y 2\8(["])ﬁ{1r2r3/-~}\xg
g:[n]—=N is
weakly increasing;
QCFE(g)
(by the definition of Kf Q)
— Z (_1)|Q| Z 2|g(["})ﬂ{1/2/3/---}lxg
QCA g:[n]—N is
weakly increasing;
QCFE(g)
— Y Y (-1)l@! 2ls(()N {123,
g:[n]—=N s QCA;
weakly increasing QCFE(g)

1, if ANFE(G) =
0, if ANFE(G) #
(by G3))

=y L HANEEG) =20 0mn02s. 1
g:[n] =N is 0, if ANFE (G) 7£ %) 8

;
1%}

weakly increasing
=Y osEnisdl = 12

- n,A\
g:[n]—=Nis
weakly increasing;
ANFE(g)=9
(by (30)). This proves Lemma (b). O
Recall Definition

Proposition 2.52. Let n € IN. Then, the family

Z
<Kn’A> A€L

is Q-linearly independent.

We shall give two proofs of Proposition The first one relies on studying
the coefficients of K;IZ A it needs the following definition:

Definition 2.53. Let m be any monomial in Pow N (that is, a formal commu-
tative product of indeterminates x, with h € N). Let f € PowN. Then,
[m] (f) shall mean the coefficient of m in the power series f. (For example,
[x5x3] (3 +5x3x3 + 6x0 + 9xe) = 5 and [x§x3] (x1 — xe0) = 0.)
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Lemma 2.54. Let n € IN.
(a) If g and & are two weakly increasing maps [n] — N/, then

1, ifxg:xh;: 1, ifg="h
0, if xg # Xy, 0, ifg#h

(b) Let R € L,,. Let h : [n] — N be a weakly increasing map. Then,

o\ [2MEDN{23.3if R C FE ()
] (K”'R> - {O, otherwise '

Proof of Lemma (@) A weakly increasing map g : [n] — AN can be uniquely
reconstructed from the multiset {g(1),8(2),...,8(n)}uy Of its values (be-
cause it is weakly increasing, so there is only one way in which these values can
be ordered). Hence, a weakly increasing map ¢ : [n] — N can be uniquely re-
constructed from the monomial x, (since this monomial Xg = X¢(1)Xg(2) * * * Xg(n)
encodes the multiset {g (1),8(2),...,8 (1)} ) In other words, if g and & are
two weakly increasing maps [n] — N, then x; = x;, holds if and only if g = h.
Hence, if g and h are two weakly increasing maps [n] — N, then

1, ifxg=xy, |1, ifg="n
0, ifxgyéxh N 0, ifg;zéh'

This proves Lemma (a).
(b) The definition of Kf R yields

KZp = Y 2lsnias iy
g:[n] =N is
weakly increasing;
RCFE(g)
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Thus,

[x3] (KZR> = [xy] Y 2lsn{i23. iy
g:[n] N is
weakly increasing;
RCFE(g)
= Y 2lg([n))n{1,23,...}] xa] (xg)
g:[n]—N is —
weakly increasing; {1, if Xg = Xp;
RCFE(g) = )
0, if xg # xy,

(since xj, and x, are two monomials)

= Y. olg((n)N{1,23,..}| {1, if xg = x;

g:[n] =N is 0, if xg 7 x
weakly increasing; N ~~
0, ifg#h
(by Lemma (a))
— y olg(m)N{1,23,..}| {1, %fg =h;
g:[n]—Nis 0, ifg#h
weakly increasing;
RCFE(g)
= Y olg((n)n{1,23,..}|
g:[n]—Nis
weakly increasing;
RCFE(g);
g=h

The sum on the right hand side of this equality has a unique addend (namely,
its addend for ¢ = h, which is 2/"(l1)"{1.23-}) when R C FE (h); otherwise it is
an empty sum. Hence, this sum simplifies as follows:

Z 2|g([”])ﬂ{1,2,3,...}| _ {2|h([ﬂ])ﬁ{1,2,3,...}’ if R C FE (h) . |

g =N s 0, otherwise

weakly increasing;
RCFE(g);
g=h

Hence,

ol (Kig) = 2shnt2s-dl HEDRE2-H, # R CFE(R);
n,R Sl s 0, otherwise
weakly increasing;

RCFE(g);

g=h
This proves Lemma (b). O
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First proof of Proposition Recall Definition In the following, we shall re-
gard the set P as a totally ordered set, equipped with the order from Proposition
i

Clearly, L, is a set of subsets of [1], and thus a set of finite subsets of Z. In
other words, L, is a subset of P. Hence, we consider L, as a totally ordered set,
whose total order is inherited from P.

Let (aR>ReLn € Ql"bea family of scalars (in Q) such that } aRKfR =0. We

ReL,
are going to show that (ar)gcp, = (0)gey, -

Indeed, assume the contrary. Thus, (ag)gcy, # (0)ger,- Hence, there exists
some R € L, such that ag # 0. Let A be the largest such R (with respect to the
total order on L, we have introduced above). Hence, A is an element of L, and

satisfies ap # 0; but every element R € L, satisfying R > A must satisfy
ar = 0. (34)

We have A € L,. Thus, A is a subset of [1] (since Ly, is a set of subsets of [n]).
In other words, A C [n].

Lemma shows that there exists a weakly increasing map ¢ : [1n] — N such
that FE (§) = (AU (A +1)) N [n]. Consider this g. Combining A C AU (A +1)
with A C [n], we obtain

AC(AU(A+1))N[n] =FE(g).
For every R € L, satisfying R # A, we have
[Xq] (aRKnZIR> = 0. (35)

[Proof of (35): Let R € L, be such that R # A. We must prove (35).

Assume the contrary. Thus, [Xg] (aRKf:‘:R> # 0. Therefore, ag [xg] (K5R> =
[Xq] (“RK;%R> # 0. Hence, ag # 0 and [xg] <K5R> # 0. Thus, we don’t have
[Xq] (K§R> = 0 (since [xg] <K5R> #+0).

Every element of L, is a lacunar subset of [n] m Hence, R is a lacunar subset

of [n] (since R € L,,).
But Lemma (b) (applied to I = g) yields

2s(DNL23. 3 if R C FE (g).
[%g] (K§R> = { ’ = "

0, otherwise
Hence, [xg] (KHZR) = 0 if R  FE (g). Thus, we cannot have R ¢ FE (g) (since
we don’t have [xg] (Kf R) = 0). Therefore, we have

RCFE(g)=(AUA+1))Nn CAU(A+1T).

“0Indeed, this is obvious when 7 is positive (since L, is defined to be the set of all nonempty
lacunar subsets of [#] in this case), but also obvious when n = 0 (since L, = {@} in this case,
but the set @ is a lacunar subset of [n]).
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Thus, Proposition 2.9 yields that R > A (with respect to the total order on P).
Combining this with R # A, we obtain R > A. Hence, yields ag = 0. This
contradicts ag # 0. This contradiction shows that our assumption was wrong.

Hence, is proven.]
On the other hand, Lemma (b) (applied to h = g and R = A) yields

n])N{1,2,3,... . _
[X ] (KZA> _ 2|g([ nn{ }|, if A C FE (g) r_ 2‘3([”])0{1,2,3,...”
’ " 0, otherwise

(since A C FE (g)).
Hence,

[xq] (”AK§A> = an [xg] <K5A> :\ﬂ//\_/z‘g([n])ﬁl’z’?’""}l 7 0.
#0

—_——
—ols([)N{123,..}| #0

Now, recall that Y, arKZp = 0. Hence, [xg] ( Y. arK; R) = [x¢] (0) = 0.
ReL, ReL,

Therefore,

0= [ ( 3 K) = ¥ ] (axkZ)

ReL, ReL,
= [xg] (aaKEn) + 1 [xg] (arKir)
ReLy; ———— —
R#A =(
(by (33))

for R = A from the sum (since A € L)

KZn) +1§§&ZLX;0 = [xg] (arKZ4) #0.
o

( here, we have split off the addend )

This is absurd. This contradiction shows that our assumption was false. Hence,

(4R)ger, = (0)ger, is proven.
Now, forget that we fixed (ag)g.y,. We thus have shown that if (ar)gcp, €

Q7 is a family of scalars (in Q) such that ) aRK 'r = 0, then (agr) ReL,
REL,

(0)ger, - In other words, the family (Kf R)R L is Q-linearly independent. In
n 7 e n

other words, the family (Kf A)A L is Q-linearly independent. This proves
A) AeL,
Proposition [2.52] O
Second proof of Proposition (sketched). Let () be the subset
{1,3,5,...}N[n]={i € [n] | iisodd}
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of [n]. This is clearly a lacunar subset of [n].
We are going to prove the following claim:

Claim 1: (a) If n is odd, then the only syzyg of the family <K1‘1Qj A)

is ¥ (-1)"MkZ, =0
ACQ

ACln] is lacunar

(b) If n is even, then the family (an A) is Q-linearly in-

AC[n] is lacunar

dependent.

Claim 1 (once proven) will clearly yield Proposition Indeed, the family
Z
A ACl[n] is lacunar
from the latter family by removing the element Kf@ when n > 0 (by the defini-
tion of L,). But Claim 1 shows that all nontrivial syzygies of the latter family (if
there are any to begin with) involve the element K7, and thus disappear when
this element is removed. Hence, it lets us conclude that the former family is
Q-linearly independent. Thus, it remains to prove Claim 1.

For each subset A of [n], define a power series Lf A € Pow N by . Then,

for each lacunar subset A of [n], we have

Z . . . . . .
(Kn/ A) Acr, 5@ subfamily of the family (K , which is obtained

Ki/\ = Z (—1)|Q| LnZ,Q (by Lemma (@)) and
QCA

Lin= ), (-1 Ko (by Lemma (b)).
QCA

Hence, the two families (Kf A> and (Lf A) can be ob-

AC|[n] is lacunar AC][n] is lacunar
tained from each other by a unitriangular transition matrix (unitriangular with

respect to inclusion@. Thus, the syzygies of these two families are in bijec-
tion with each other. Hence, in order to prove Claim 1, it suffices to prove the
following claim:

Claim 2: (a) If n is odd, then the only syzygy of the family <Lf A) AC]is]
¢ C|n| 1s lacunar
is L = 0.

HIf (v)) ),y is a family of vectors in a vector space over a field F, then a syzygy of this family
(0n) ey means a family (Ay,),cy € FY of scalars in FF satisfying Y. A0, = 0.
heH

Thus, a syzygy is what is commonly called a “linear dependence relation” (at least when
the scalars A, are not all 0). By abuse of notation, we shall speak of the “syzygy Y. Ajv, =07
heH

meaning not the equality ). Ajv;, = 0 but the family of coefficients (Aj,)),cy-
heH
When we say “the only syzygy”, we mean “the only nonzero syzygy up to scalar multi-

ples”.
#2We are using the fact that a subset of a lacunar subset is lacunar.
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(b) If n is even, then the family (Lf A

is Q-linearly in-
’ >AC[71] is lacunar Q y

dependent.

Let G be the set of all weakly increasing maps g : [n] — N. Let R be the free
Q-vector space with basis G; its standard basis will be denoted by ([g]) - We
define a Q-linear map

®: R — Pow N,
[g] 2\8([”])ﬁ{1/2/3w~}\xg.

This map @ is easily seen to be injective (since the maps ¢ € G are weakly
increasing, and thus can be uniquely recovered from the monomials x,).

For each subset A of [1], we define an element L, of R by

Ly = Z 8]

g€G;
ANFE(g)=2
Then, each subset A of [n] satisfies
Z 1,2,3,... _
Lin = Z glg([n})ﬂ{ }‘Xg/ - Z @ ([g])
g:[n]—=N is ~~ 8€G;
weakly increasing; :q?([.‘o’ D ANFE(g)=9
AMFE(g)=2 (by the definition of @)
——————
= Y
g€G;
ANFE(g)=2

(by the definition of G)

—o| ¥ gl =2(a)
g€G;
ANFE(g)=92
N e’
=LA

. z : : i L
Hence, the family (Ln/ A) AC[] s lacunar is the image of the family (L A) AC[] s lacunar

under the map ®. Thus, the syzygies of the two families are in bijection (since
the map ® is injectivq?b. Hence, in order to prove Claim 2, it suffices to prove
the following claim:

#3We are here using the following obvious fact:

Let V and W be two vector spaces over a field F. Let (vj,),cy € VH be a family of
vectors in V. Let ¢ : V — W be an injective F-linear map. Then, the syzygies of the
families (vy),cy € VH and (f (v4)),cy € WH are in bijection. (Actually, these syzygies,
when regarded as families of scalars, are literally the same.) In particular, the family (v,);,cy
is [F-linearly independent if and only if the family (f (v},));,cp is F-linearly independent.
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Claim 3: (a) If n is odd, then the only syzygy of the family (Z A) AC]is]
C || 1S lacunar

is Lo = 0.

(b) If n is even, then the family (Z A)

pendent.

is Q-linearly inde-
AC[n] is lacunar Q Y

Let us agree that if ¢ € G, then we will set ¢ (0) = 0and g (n + 1) = oo. Hence,
¢ (i) will be a well-defined element of A for eachi € {0,1,...,n+1}.
If ¢ € G, then we let Stag (g) be the subset {i € [n+1] | g(i) =g(i—1)} of

[n + 1]. Itis easy to see that the family Y g of elements
g€G;

Stag(g)=T TC[n+1]; T#[n+1]

of R is Q-linearly independent*| Hence, the family Y g
g€G;
5g(®)2T /) rC(ni1]; T#n41]
of elements of R is Q-linearly independent, too (because this family is ob-

tained from the previous family Y g via a unitrian-
g€G;

$tag(@)=T  / rCni1]; T£[n+1]
gular change-of-basis matrixffb. Therefore, the only syzygy of the family

Y gl is Y [g] = 0 (since it is easy to see thatno g € G
g€G; g€G;
Stag(g)2T Stag(g)2[n+1]

TC[n+1]
satisfies Stag (g) 2 [n + 1], which is why Y [g] is indeed 0).
g€G;
Stag(g)2[n+1]
But if A is a lacunar subset of [n], and if § € G, then we have the following

#Proof. Clearly, any two elements of this family are supported on different basis elements (i.e.,
any [g| appearing in one of them cannot appear in any other). It thus remains to show that
these elements are # 0. In other words, it remains to show that for any proper subset T
of [n+1], we have ), [g] # 0. But this is easy: Just construct some g € G satisfying

8€G;
Stag(g)=T
Stag (g) = T.
#unitriangular with respect to the reverse inclusion order (notice that Y [¢] =0for T =
g€G;
Stag(g)=T

[n 4 1], so the exclusion of [1n + 1] makes sense and does not mess up our computations)
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logical equivalence:

(ANFE(g) = 2)
<= (noi € A satisfies i € FE(g))
<= (each i € A satisfies i ¢ FE (g))

<= | each i € A satisfies i # min (g_l (h)) forallh € {1,2,3,...,00}

(.

= (g(i)=g(i-1))

(since g is weakly increasing, and g(0)=0)

and i # max <g_1 (h)) forallh € {0,1,2,3,...}

- 4

— (8(i)=g(i+1))
(since g is weakly increasing, and g(n+1)=o0)

<= | eachi € Asatisfies g(i) =g(i—1) and g (i) =g(i+1)

— (icStag(g)) — (i+1€Stag(s))
<= (eachi € A satisfies i € Stag (g) and i +1 € Stag(g))
< (AU(A+1)CStag(g)) < (Stag(g) D AU(A+1)).

Hence, if A is a lacunar subset of [n], then the condition ANFE(g) = o is
equivalent to the condition Stag (¢) 2 AU (A + 1). Thus, for each lacunar subset
A of [n], the definition of L, becomes

Ly = Z 8] = Z 8]

3€G; g€G;
ANFE(g)=2 Stag(g)DAU(A+1)

Hence, the family (Z A) is a subfamily of the family Y g

AC[n] is lacunar g€G;
Stag(g)2T TC[n+1]
(because if A is a lacunar subset of [n], then AU (A + 1) is a well-defined subset
of [+ 1], and moreover A can be uniquely recovered from AU (A +1) [9).
The further argument depends on the parity of n:

e If n is odd, then the vanishing element )3 [g] does appear in the
g€G;
Stag(g)2[n+1]

46This takes a bit of thought to check. You need to show that if A; and A, are two lacunar
subsets of [n] satisfying A; U (A1 +1) = Ay U (A +1), then A = Ap. This follows from

Corollary
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family (E A) , because there exists a lacunar subset A of [n]
AC[n] is lacunar

satisfying AU (A+1) = [n+1]: Namely, this A is Q). Thus, the only
syzygy of the family <E A) is Lo = 0 (since the only syzygy of

AC[n] is lacunar

the family Y g is Y [g] =0).
2E€G; g€G;
Stag(g)2T TCnt1  Stas(®)2n+1]
e If n is even, then the vanishing element ) [¢] does not appear
g€G;
Stag(g) 2[n+1]
in the family (ZA> , since no lacunar subset A of [n] satis-
C[n] is lacunar

A
fies AU(A+1) = [n+1]. Hence, the syzygy Y [g] = 0 of the
g€G;
Stag(g)2[n+1]

family Y gl disappears when we pass to the subfamily
g€G;
Stag(g)2T TC[n41]

L) |
( A AC|[n] is lacunar

linearly independent.

Consequently, the subfamily (Z A) is Q-

AC|[n] is lacunar

This proves Claim 3. As explained above, this yields Claim 2, hence also Claim
1, and thus completes the proof of Proposition O

Corollary 2.55. The family

K2 )
( A ) W eN; AcLy,

is Q-linearly independent.

Proof of Corollary [2.55] For each n € N, the family <Kf A)A | is Q-linearly in-
! E n

dependent (by Proposition [2.52). Furthermore, these families for varying n
live in linearly disjoint subspaces of Pow N (because for each n € N and
A C [n], the power series Kf: A is homogeneous of degree n). Thus, the union

(Kf A) N AL of all these families must also be Q-linearly independent. This
) neN; A€L,
proves Corollary O

We can now finally prove what we came here for:
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| Theorem 2.56. The permutation statistic Epk is shuffle-compatible.

Proof of Theorem [2.56, We must prove that Epk is shuffle-compatible. In other
words, we must prove that for any two disjoint permutations 7t and ¢, the mul-
tiset {Epkt | 7 € S(m,0)},, s depends only on Epk 7, Epko, || and |o|. In
other words, we must prove that if 7 and ¢ are two disjoint permutations, and
if 7/ and ¢’ are two disjoint permutations satisfying Epk = = Epk (77'), Epko =
Epk (¢’), || = || and || = |¢’|, then the multiset {Epkt | T € S(7,0)}
equals the multiset {Epkt | 7€ S(77,0')}, s

So let 7 and ¢ be two disjoint permutations, and let 77" and ¢’ be two disjoint
permutations satisfying Epk 7 = Epk (77'), Epko = Epk(¢’), || = |7'| and
o] = |l

Define n € N by n = || = |7’| (this is well-defined, since |7t| = |7']).
Likewise, define m € N by m = |o| = |0/|. Thus, 7 is an n-permutation, while
o is an m-permutation. Hence, each T € S(m,0) is an (n + m)-permutation,
and therefore satisfies Epkt € L, (by Proposition applied to n +m and
T instead of n and 7). Thus, the multiset {Epkt | 7 € S(7,0)},, 1 consists of
elements of L, 4,,. The same holds for the multiset {Epkt | T € S (77,0')}
(for similar reasons).

multi

multi

Corollary yields
Z
Kn JEpk Km JEpk o
- Z K”+m EpkT — Z Z Kn+m A
TES(mM,0) A€Lyim TeS( 710)

Epk T=

=|{reS(m,0) | Epkr A}|K”+mA

(because each T € S (7,0) satisfies Epk T € Ly4)
= Y |{r€eS(mo) | Epkt=A} K7, A

ANELyt1m

The same argument (but using 77’ and ¢’ instead of 77 and ) yields

Kf,Epk(T[’) . an;Epk((f’) = AGLZ }{T €S (7T/, 0'/) ‘ Eka = A} ’ Kn+mA
n-+m

The left-hand sides of these two equalities are identical (since Epk 7t = Epk (7r')
and Epko = Epk (¢’)). Thus, their right-hand sides must also be identical. In
other words, we have

Y. Hres(mo) | Bpkt=A} K7 0
AeLn-Hn

= Y. [{res(n,o) | Epkt = A} K7 a-
AGLn+m
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Since the family (an i A) neL is Q-linearly independent (by Proposition[2.52),
! ELnt+m
this shows that :

{teS(mo) | Epkt=A}| =[{teS(n,0') | EpkT = A}

for each A € L, 4. In other words, for each A € L, 1, the multiplicity with
which A appears in the multiset {Epkt | 7 € S (71,0)},,,; €equals the multi-
plicity with which A appears in the multiset {Epkt | 7€ S(7/,0’)} In
other words, the multiset {Epkt | 7 € S (m,0)},, s €quals the multiset

{Epkt | T €S(,0')}, un (because both of these multisets consist of elements
of L, +m, and the previous sentence shows that each of these elements appears
with equal multiplicities in them). This completes our proof of Theorem[2.56 [J

multi*

We end this section with a tangential remark for readers of [GesZhul7]:

Remark 2.57. Let us use the notations of [GesZhul7] (specifically, the concept
of “equivalent” statistics defined in [GesZhul7, Section 3.1]; and various spe-
cific statistics defined in [GesZhul7, Section 2.2]). The permutation statistics
(Lpk, val), (Lpk,udr) and (Pk, udr) are equivalent to Epk, and therefore are
shuffle-compatible.

Proof of Remark [2.57) (sketched). If st; and st, are two permutation statistics, then
we shall write st; ~ st to mean “st; is equivalent to st,”.

The permutation statistic val is equivalent to epk, because of [GesZhul7,
Lemma 2.1 (e)]. In other words, val ~ epk. Hence, (Lpk,val) ~ (Lpk,epk).
But if 77 is an n-permutation, then Epk 77 can be computed from the knowledge
of Lpk 7t and epk 7t (indeed, Epk 7t differs from Lpk 7t only in the possible ele-
ment #, so that

Epk 7t — {kan, %f epk T = |Lpk 7t|;

LpkmU{n}, if epkm # |Lpk |
) and vice versa (since Lpk 7t = (Epkm) \ {n} and epk7 = |Epkr|). Thus,
(Lpk, epk) ~ Epk. Hence, altogether, we obtain (Lpk, val) ~ (Lpk, epk) ~ Epk.
In other words, (Lpk, val) is equivalent to Epk.

Moreover, [GesZhul7, Lemma 2.2 (a)] shows that for any permutation 7, the
knowledge of Lpk 7 allows us to compute udr 7 from val7 and vice versa.
Hence, (Lpk,udr) ~ (Lpk,val) ~ Epk. In other words, (Lpk, udr) is equivalent
to Epk.

On the other hand, (Pk, Ipk) ~ Lpk. (This is proven similarly to our proof of
(Lpk, epk) ~ Epk.)

Also, udr ~ (lpk,val) (indeed, [GesZhul7, Lemma 2.2 (b) and (c)] show
how the value (lpk, val) (71) can be computed from udr 71, whereas [GesZhul7,
Lemma 2.2 (a)] shows the opposite direction). Hence, (Pk, udr) ~ (Pk, Ipk, val) ~
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(Lpk, val) (since (Pk,lpk) ~ Lpk). Therefore, (Pk,udr) ~ (Lpk,val) ~ Epk. In
other words, (Pk,udr) is equivalent to Epk.

We have now shown that the statistics (Lpk, val), (Lpk, udr) and (Pk, udr) are
equivalent to Epk. Thus, [GesZhul”, Theorem 3.2] shows that they are shuffle-
compatible (since Epk is shuffle-compatible). This proves Remark O

Question 2.58. Our concept of a “Z-enriched (P, v)-partition” generalizes the
concept of an “enriched (P,)-partition” by restricting ourselves to a sub-
set Z of N x {+,—}. (This does not sound like much of a generalization
when stated like this, but as we have seen the behavior of the power se-
ries I'z (P, ) depends strongly on what Z is, and is not all anticipated by
the Z = N x {+,—} case.) A different generalization of enriched (P,)-
partitions (introduced by Hsiao and Petersen in [HsiPet10]) are the colored
(P, 7y)-partitions, where the two-element set {+, —} is replaced by the set
{1, w,..., wm_l} of all m-th roots of unity (where m is a chosen positive inte-
ger, and w is a fixed primitive m-th root of unity). We can play various games
with this concept. The most natural thing to do seems to be to consider m
arbitrary total orders <p, <j,..., <;—1 on the codomain A of the labeling
(perhaps with some nice properties such as all intervals being finite) and an
arbitrary subset Z of N x {1,w,...,w™ '}, and define a Z-enriched colored
(P, )-partition to be a map f : P — Z such that every x < y in P satisfy the
following conditions:

(i) We have f (x) < f (y). (Here, the total order on N x {1, w,...,w™ 1} is
defined by

(n, wi> < (n’,wi/) if and only if either n < n’ or (n =n"and i <{’)

(fori,i’ €{0,1,...,m—1}).)

(i) If f (x) = f (y) = (n,«') for somen € N and i € {0,1,...,m — 1}, then
v (x) <iv(y)-

Is this a useful concept, and can it be used to study permutation statistics?

Question 2.59. Corollary provides a formula for rewriting a product of
the form Kf A K%Q as a Q-linear combination of K;zZer,E’S when A € L,
and ) € L, (because any such A and () can be written as A = Epk and
() = Epko for appropriate permutations 7t and ¢). Thus, in particular, any
such product belongs to the Q-linear span of the K2 v,z S Is this still true if A
and Q) are arbitrary subsets of [n] and [m] rather than having to belong to L,

and to L, ? Computations with SageMath suggest that the answer is “yes”.
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For example,

z z z z
Koo Ky = K50y 72-K33, and

Z pZ _ pZ z zZ _pZ z z
Ky Ky = Koo + Koy + K33y = K3 gy + K30y + K3gay-

Note that the Q-linear span of the KZ_ _’s for all £ C [n + m] is (generally)

n-+m,=

larger than that of the K2  _’swithE € L.

n+m,=

3. LR-shuffle-compatibility

In this section, we shall introduce the concept of “LR-shuffle-compatibility”
(short for “left-and-right-shuffle-compatibility”), which is stronger than usual
shuffle-compatibility. We shall prove that Epk still is LR-shuffle-compatible, and
study some other statistics that are and some that are not.

3.1. Left and right shuffles

We begin by introducing “left shuffles” and “right shuffles”. There is a well-
known notion of left and right shuffles of words (see, e.g., the operations < and
>~ in [EbMaPa07, Example 1]). Specialized to permutations, it can be defined in
the following simple way:

Definition 3.1. Let 77 and ¢ be two disjoint permutations. Then:

o A left shuffle of m and ¢ means a shuffle T of 7w and ¢ such that the
tirst letter of T is the first letter of /7. (This makes sense only when 7 is
nonempty. Otherwise, there are no left shuffles of 77 and ¢.)

o A right shuffle of m and ¢ means a shuffle T of 77 and ¢ such that the
tirst letter of T is the first letter of o. (This makes sense only when ¢ is
nonempty. Otherwise, there are no right shuffles of 7 and ¢.)

e We let S~ (71, 0) denote the set of all left shuffles of 7 and ¢.

e Welet S, (71,0) denote the set of all right shuffles of 7r and ¢.

For example, the left shuffles of the two disjoint permutations (3,1) and (2, 6)
are
(3,1,2,6), (3,2,1,6), (3,2,6,1),

whereas their right shuffles are

(2,3,1,6), (2,3,6,1), (2,6,3,1).
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The permutations () and (1,3) have only one right shuffle, which is (1,3), and
they have no left shuffles.

Clearly, if 7 and ¢ are two disjoint permutations such that at least one of 7
and ¢ is nonempty, then the two sets S~ (71,0) and Sy (7, 0) are disjoint and
their union is S (71, o) (because every shuffle of 7t and ¢ is either a left shuffle or
a right shuffle, but not both).

Left and right shuffles have a recursive structure that makes them amenable
to inductive arguments. To state it, we need one more definition:

Definition 3.2. Let n € IN. Let 7r be an n-permutation.

(@) For each i € {1,2,...,n}, we let 71; denote the i-th entry of 7. Thus,
T = (711, 702, . .., TTn).

(b) If a is a positive integer that does not appear in 7, then a : 7t denotes the
(n + 1)-permutation (a, 711, 712, . . ., 7).

(c) If n > 0, then 711 denotes the (n — 1)-permutation (7, 73, ..., 7Ty).

Proposition 3.3. Let 7w and ¢ be two disjoint permutations.

(a) We have S~ (71,0) = Sy (0, 7).

(b) If 7T is nonempty, then the permutations 771 and 711 : ¢ are well-defined
and disjoint, and satisfy S< (77,0) = Sv (w1, 711 : 0).

(c) If 0 is nonempty, then the permutations ¢..; and oy : 7T are well-defined
and disjoint, and satisfy Sy (77,0) = S~ (07 : 7T,01).

Proof of Proposition (a) The definition of left shuffles shows that the left shuf-
fles of 7t and ¢ are the shuffles T of 7t and ¢ such that the first letter of 7 is the
first letter of 77. Meanwhile, the definition of right shuffles shows that the right
shuffles of ¢ and 7t are the shuffles T of ¢ and 7t such that the first letter of T
is the first letter of 7. Comparing these two descriptions, we conclude that the
left shuffles of 7t and ¢ are the same as the right shuffles of ¢ and 7 (since the
shuffles of 7t and ¢ are the same as the shuffles of ¢ and 7). In other words,
S~ (m,0) =S, (0, ). This proves Proposition [3.3] (a).
(b) We first make a simple observation:

Claim 1: Let a« and B be two permutations such that  is nonempty.
Assume that « is a subsequence of 8, but does not contain the letter
B1. Then, the permutation B, : a also is a subsequence of B.

[Proof of Claim 1: The letter B; does not appear in a (since « does not contain
B1). Thus, B; : a is a well-defined permutation.

We have assumed that « is a subsequence of . In other words, « = (B;,, Biy, - - -, Bi,)
for some k € IN and some positive integers iy, iy, ..., satisfying iy < ip <
.-+ < ir. Consider these iy,ip,...,i. From a = (B, pi,--.,Bi ), we obtain
131 = (‘Bl,‘Bil,‘Biz,. . "IBik)'

Letg € {1,2,...,k}. Then, & = (B, Biy, - -, i) clearly contains the letter g; .
If we had i = 1, then this would yield that a contains the letter f (since ip = 1);

86



but this would contradict the assumption that « does not contain the letter f;.
Hence, we cannot have i¢ = 1. Thus, ig > 1, so that 1 < i.

Now, forget that we fixed g. We thus have shown that 1 < i, for each ¢ €
{1,2,...,k}. Combining this with 77 < ip < --- < i, we obtain 1 < 73 <
ip < .-+ < ix. Hence, (B1,Bi,, Bip ---,PBi,) is a subsequence of B. In view of
B1:a = (B1,Biy, Bir - - -, Biy), this rewrites as follows: B; : « is a subsequence of
B. This proves Claim 1.]

Assume that 77 is nonempty. The first letter of 77 does not appear in o (since 7
and ¢ are disjoint). In other words, the letter 711 does not appear in ¢. Thus, the
permutation 71y : 0 is well-defined. The permutation 7. is clearly well-defined.
Furthermore, the permutations 711 and 71y : o are disjointlﬂ It thus remains to
show that S< (71,0) = Sy (711, 11 1 0).

Set m = |rt| and n = |c|. Thus, 711 is an (m — 1)-permutation, whereas 711 : 0
is an (n + 1)-permutation.

Now, we shall prove that

S« (mo) C Sy (1, :0) (36)

and
Sy (m, M i0) CS<(m,0). (37)

[Proof of (36): Let T € S< (71,0). We shall show that T € S, (711,713 : 7).

We have T € S (71,0). In other words, T is a left shuffle of 77 and o (by the
definition of S< (7t,)). In other words, 7 is a shuffle of 7t and ¢ such that the
tirst letter of T is the first letter of 7 (by the definition of a left shuffle).

So the first letter of T is the first letter of 7. In other words, 71 = 711. Thus, the
permutation T is nonempty.

Also, 7 is a shuffle of 77 and ¢. In other words, T is an (m + n)-permutation
such that both 77 and ¢ are subsequences of T (by the definition of a shuffle).

So 7 is a subsequence of T. Thus, 7. is a subsequence of T as well (since 7.
is a subsequence of 7).

Also, o is a subsequence of 7, but does not contain the letter 7; (because
71 = 711, which does not appear in ¢). Therefore, Claim 1 (applied to « = ¢ and

47Proof. Let ¢ be a letter that appears in both 771 and 77 : 0. We shall derive a contradiction.

The permutations 7 and ¢ are disjoint; thus, no letter appears in both 77 and ¢. In other
words, a letter that appears in 7 cannot appear in o. But the letter ¢ appears in 7.1, thus in
7t (since 1.1 is a subsequence of 71). Hence, ¢ does not appear in ¢ (since a letter that appears
in 7t cannot appear in ¢). But ¢ appears in 711 : 0. But the only letter that appears in 71 : o
but not in ¢ is the letter 711 (due to the construction of 711 : ¢). Thus, the letter £ must be 711
(since £ is a letter that appears in 717 : ¢ but not in ¢). In other words, ¢ = 7r;. Hence, the
letter 711 appears in 711 (since the letter £ appears in 77.1).

But 7t is a permutation, and thus the letters of 7t are distinct. Hence, the letter 717 does not
appear in 77..1. This contradicts the fact that the letter 7t appears in 77..1.

Now, forget that we fixed £. We thus have found a contradiction for each letter ¢ that
appears in both 771 and 71 : . Hence, no letter appears in both 77..; and 7; : 0. In other
words, the permutations 771 and 7t; : ¢ are disjoint.
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B = 7) yields that 7y : ¢ also is a subsequence of 7. In other words, 71 : ¢ is a
subsequence of T (since 11 = 717).

Finally, recall that 7t; is an (m — 1)-permutation, whereas 771 : cisan (n + 1)-
permutation. But T is an (m + n)-permutation, hence an ((m —1) 4 (n+1))-
permutation (since m +n = (m — 1) + (n+ 1)). So we know that 7 is an
((m—1) 4 (n+1))-permutation such that both 711 and 717 : 0 are subsequences
of 7. In other words, T is a shuffle of 7.1 and 711 : o (by the definition of a
shuffle). Since the first letter of 7 is the first letter of 711 : o (because the first letter
of T is Ty = 71, whereas the first letter of 711 : ¢ is 71; as well), we thus conclude
that 7 is a right shuffle of 7.1 and 711 : ¢ (by the definition of a right shuffle). In
other words, T € S. (711, 711 : ) (by the definition of Sy (771, 711 : 0)).

Since we have proven this for all T € S (71, o), we thus conclude that S~ (77,0) C
Sy (711, 711 : 0). This proves (36).]

[Proof of (37): Let T € Sy (711,711 : o). We shall show that T € 5~ (7, 0).

We have T € Sy (7t1, 711 : 0). In other words, T is a right shuffle of 7. and
m1 ¢ o (by the definition of Sy (711,711 : 0)). In other words, 7 is a shuffle of
m1 and 71 : o such that the first letter of T is the first letter of 711 : ¢ (by the
definition of a right shuffle).

So the first letter of T is the first letter of 711 : 0. In other words, the first letter
of T is 711 (since the first letter of 711 : ¢ is 711). In other words, 71 = 711. Note that
the entries of 7t are distinct (since 7t is a permutation); thus, the letter 71; does
not appear in 77.1. In other words, the letter 7y does not appear in 7.1 (since
71 = m1). Also, the permutation T is nonempty (since 7 exists).

The definitions of 7y, 7t and 7y : 7wy yield 1y : w1 = 7. In view of
Ty = 711, this rewrites as 77 : 11 = 7T.

Also, T is a shuffle of 711 and 717 : 0. In other words, Tisan ((m —1) + (n +1))-
permutation such that both 7r..; and 717 : ¢ are subsequences of T (by the defini-
tion of a shuffle).

So 711 : 0 is a subsequence of T. Thus, ¢ is a subsequence of T as well (since ¢
is a subsequence of 71 : 0).

Also, .1 is a subsequence of T, but does not contain the letter 7 (since the
letter 7y does not appear in 7.1). Therefore, Claim 1 (applied to « = 71 and
B = 1) yields that 7y : 71 also is a subsequence of 7. In other words, 7 also is a
subsequence of T (since 7j : w1 = 7).

Finally, recall that T is an ((m — 1) + (n + 1) )-permutation, hence an (m + n)-
permutation (since (m — 1) + (n + 1) = m + n). So we know that 7 is an (m + n)-
permutation such that both 7t and ¢ are subsequences of 7. In other words, T is
a shuffle of 77 and ¢ (by the definition of a shuffle). Since the first letter of 7 is
the first letter of 7t (because the first letter of T is Ty = 711), we thus conclude that
T is a left shuffle of 7t and ¢ (by the definition of a left shuffle). In other words,
T € S< (7, 0) (by the definition of S< (7, 0)).

Since we have proven this for all T € Sy (7.1, 711 : ), we thus conclude that
Sy (71, m :0) C S< (7,0). This proves (37).]

Combining with (87), we obtain S- (71,0) = Sv (711, 711 : 0). This com-
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pletes the proof of Proposition (3.3 (b).

(c) Assume that ¢ is nonempty. Proposition 3.3|(a) (applied to ¢ and 7 instead
of 7w and 0) yields S~ (0, m) = S (7, 0).

Proposition 3.3[(b) (applied to ¢ and 7t instead of 77 and ¢) yields that the per-
mutations 0.1 and oy : 7t are well-defined and disjoint, and satisfy S~ (o, 7) =
Sy (01,01 : 7). Thus, Proposition (@) (applied to o7 : 7w and 0. instead of
7t and o) yields S< (07 : 71,0.1) = Si (01,01 : 7). Combining all the equalities
we have now proven, we obtain

Sy (m,0) =S5<(0,m) =Ss (01,01 : 1) = S< (07 : 7T,01) -

This completes the proof of Proposition 3.3 (c). O

3.2. LR-shuffle-compatibility

We shall use the so-called Iverson bracket notation for truth values:

Definition 3.4. If A is any logical statement, then we define an integer [A] €
{0,1} by
1, if Ais true;
A — 7 7 .
Al {0, if A is false

This integer [A] is known as the truth value of A.

Thus, for example, [4 > 2] = 1 whereas [2 > 4] = 0.
We can now define a notion similar to shuffle-compatibility:

Definition 3.5. Let st be a permutation statistic. We say that st is LR-shuffle-
compatible if and only if it has the following property: For any two disjoint
nonempty permutations 7t and o, the multisets

{stt | T€Sx(m0)} and {stt | T€S(m,0)}

multi multi

depend only on st 7, sto, ||, |o| and [T > 07].

In other words, a permutation statistic st is LR-shuffle-compatible if and only
if every two disjoint nonempty permutations 7 and ¢ and every two disjoint
nonempty permutations 7’ and ¢’ satisfying

strt =st ('), sto =st ('),
| = ||, o] = |o’| and [t > 1] = [} > of]
satisfy
{StT | TE S‘< (7(’ 0-) }multi = {StT | TE S* (7(,’ OJ) }multi and
{StT ’ TE S>‘ (7-[' 0)}multi = {StT | TE S>‘ (7'[/, OJ) }multi'
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For example, the permutation statistic Pk is not LR-shuffle-compatible. In-
deed, if we take © = (4,2,3), 0 = (1), 7’ = (2,3,4) and ¢’ = (1), then the
equalities

Pkt =Pk ('), Pko =Pk (¢),

l

| = ||, o] = |o and (1 > o) = [y > o7

are all satisfied, but

{PkT | TE S> (n'a)}multi = Pk (1/4’2'3) = {{2}}multi

={2} multi

is not the same as

=g

{Pkt | T€S (7,0)} s = {Pk(1,2,3,4)} = {9} mutti -
multi

Similarly, the permutation statistic Rpk is not LR-shuffle-compatible. As we will
see in Theorem further below, the three statistics Des, Lpk and Epk are
LR-shuffle-compatible.

3.3. Head-graft-compatibility

We shall now define another compatibility concept for a permutation statis-
tic, which will later prove a useful stepping stone for checking the LR-shuffle-
compatibility of this statistic.

Definition 3.6. Let st be a permutation statistic. We say that st is head-graft-
compatible if and only if it has the following property: For any nonempty
permutation 7t and any letter a that does not appear in 77, the element st (a : 77)
depends only on st 7, || and [a > 71].

In other words, a permutation statistic st is head-graft-compatible if and only
if every nonempty permutation 7, every letter a that does not appear in 7,
every nonempty permutation 77’ and every letter a’ that does not appear in 7’
satisfying

strr =st ('), 7| = || and la>m]=[a > m]
satisfy st (a: r) =st(a’: 17').
For example, the permutation statistic Pk is not head-graft-compatible, be-

cause if we take 7 = (3,1),a =2, 7’ = (3,4) and a’ = 2, then we do have

Pkt =Pk ('), 7| = || and [a>m)=[d > ]
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but we don’t have Pk (a: ) = Pk (4’ : 77') (in fact, Pk (a: 7) = Pk(2,3,1) =
{2} whereas Pk (a': ') = Pk(2,3,4) = ©). Similarly, it can be shown that
Rpk is not head-graft-compatible. As we will see below (in Proposition ,
the permutation statistics Des, Lpk and Epk are head-graft-compatible; we will
analyze a few other statistics in Subsection

Remark 3.7. Let st be a head-graft-compatible permutation statistic. Then, it
is easy to see that

st(3,1,2) =st(2,1,3) and st(2,3,1) =st(1,3,2).

Moreover, these are the only restrictions that head-graft-compatibility places
on the values of st at 3-permutations. The restrictions placed on the values of
st at permutations of length n > 3 are more complicated, and depend on its
values on shorter permutations.

It is usually easy to check if a given permutation statistic is head-graft-compatible.
For example:

Proposition 3.8. (a) The permutation statistic Des is head-graft-compatible.
(b) The permutation statistic Lpk is head-graft-compatible.
(c) The permutation statistic Epk is head-graft-compatible.

Proof of Proposition In this proof, we shall use the following notation: If S is a
set of integers, and p is an integer, then S + p shall denote the set {s +p | s € S}.
(a) Let 7t be a nonempty permutation. Let a be a letter that does not appear in
7t. We shall express the element Des (a : 77) in terms of Des 7, || and [a > m1].
Let n = |mt|. Thus, m = (711, 712, ..., 7tn). Therefore, a : w = (a, 1, 712, ..., 7Ty).
Hence, the descents of a : 7t are obtained as follows:

e The number 1 is a descent of a : 77 if and only if a > ;.

e Adding 1 to each descent of 7 yields a descent of a : 7r. (That is, if i is a
descent of 7T, then i + 1 is a descent of a : 71.)

These are all the descents of a : 7r. Thus,
Des(a:m)={1| a>m}U(Desmt+1). (38)

(The strange notation “{1 | a > 71}” means exactly what it says: It is the set
of all numbers 1 satisfying a > 711. In other words, it is {1} if 2 > 1y, and @
otherwise.)

The equality shows that Des (a: 7t) depends only on Desr, |7r| and
l[a > m1] (indeed, the truth value [a > 711] determines whether a > 77 is true).
In other words, Des is head-graft-compatible (by the definition of “head-graft-
compatible”). This proves Proposition 3.8 (a).
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(b) Let 7t be a nonempty permutation. Let a be a letter that does not appear in
7t. We shall express the element Lpk (a : 77) in terms of Lpk 77, 77| and [a > 71].

Notice first that a # 711 (since a does not appear in 7). Thus, a < 71 is true if
and only if a > 7y is false.

Let n = |7t|. Therefore, T = (711, 72, ..., 7y). Thus, a: 7w = (a, w1, 72, ..., 7Ty).
Hence, the left peaks of 4 : 7t are obtained as follows:

e The number 1 is a left peak of a : 77 if and only if a > 7.

e Adding 1 to each left peak i of 77 yields a left peak i + 1 of a : 71, except for
the case when i = 1 (in which case i +1 = 2 is a left peak of a : 7 only if
a < 7111).

These are all the left peaks of a : 7r. Thus,

Lpkm+1, if a < mq;

(Lpk+1)\ {2}, ifnota < m (39)

Lpk(a:m)={1 | a>7rl}U{

This equality shows that Lpk (a : 7r) depends only on Lpk 7, || and [a > 7]
(indeed, the truth value [a > 711] determines whether a > 71 is true and also de-
termines whether a < 71 is trug*®). In other words, Lpk is head-graft-compatible
(by the definition of “head-graft-compatible”). This proves Proposition 3.8 (b).

(c) To obtain a proof of Proposition [3.8| (c), it suffices to take our above proof
of Proposition 3.8/ (b) and replace every appearance of “left peak” and “Lpk” by
“exterior peak” and “Epk”. O

3.4. Proving LR-shuffle-compatibility

Let us now state a sufficient criterion for the LR-shuffle-compatibility of a statis-
tic:

Theorem 3.9. Let st be a permutation statistic that is both shuftle-compatible
and head-graft-compatible. Then, st is LR-shuffle-compatible.

Before we prove this theorem, let us introduce some terminology and state an
almost-trivial fact:

Definition 3.10. (a) If A is a finite multiset, and if ¢ is any object, then |A| 2
means the multiplicity of g in A.

(b) If A and B are two finite multisets, then we say that B C A if and only
if each object g satisfies |B|, < |A[,.

(c) If A and B are two finite multisets satisfying B C A, then A — B shall
denote the “multiset difference” of A and B; this is the finite multiset C such
that each object g satisfies |C|, = [A|, — [B|,.

48Indeed, a < m is true if and only if a > m is false.
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—{2,3,3} i =

multi

For example, {2, 3,3}
{1/ 2}multi :

Lemma 3.11. Let 7t and ¢ be two disjoint permutations such that at least one
of 7t and ¢ is nonempty. Let st be any permutation statistic. Then:
(a) We have

C {1,2,2,3,3},, 4 and {1,2,2,3,3}

multi multi multi

{stt | T€S<(m0)} s

={stt | T€S(m,0)} —{stt | T€ S (m,0)}

multi multi *

(b) We have

{stt | 7 €5 (m,0)}

:{StT | TES(ﬂ,U)}multi_{StT | T € S5« (ﬂla)}multi'

Proof of Lemma Recall that the two sets S< (71,0) and Sy (71, 0) are disjoint
and their union is S (7t,0). Thus, Sy (7r,0) C S(7t,0) and S< (7r,0) = S (7T, 0) \
Sy (71, 0). Hence,

{StT | TE S< (7-[' U)}multi

={stt | T€S(m0)} —{stt | T€ S (m,0)}

multi multi *

This proves Lemma (a). The proof of Lemma (b) is analogous. O
Proof of Theorem We shall first show the following:

Claim 1: Let 7, 7’ and o be three nonempty permutations. Assume
that 77 and ¢ are disjoint. Assume that 77’ and ¢ are disjoint. Assume
furthermore that

strt = st ('), 7| = || and [t > o] = [m > o]
Then,

{StT | TE S< (7-[/ U)}multi

={stt | T€Ss(7,0)} (40)
and

{stt | 7€ S (m0)}mun

={stt | €S (7,0)} - (41)

[Proof of Claim 1: We shall prove Claim 1 by induction on |c|:

Induction base: The case || = 0 cannot happen (because ¢ is assumed to
be nonempty). Thus, Claim 1 is true in the case |¢| = 0. This completes the
induction base.
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Induction step: Let N be a positive integer. Assume (as the induction hypoth-
esis) that Claim 1 holds when || = N — 1. We must now prove that Claim 1
holds when || = N.

Indeed, let 7r, 7’ and ¢ be as in Claim 1, and assume that |c| = N. We must
prove and (41).

Proposition 3.3 (c) yields that the permutations ¢..; and ¢y : 7 are well-defined
and disjoint, and satisfy

Sy (m,0) =S<(01:m,0.1). (42)

Furthermore, |01| = |c] —1 = N — 1 (since |c| = N).
Proposition (c) (applied to 7’ instead of 7) yields that the permutations
0.1 and o7 : v’ are well-defined and disjoint, and satisfy

Sy (n',0) =S (o9 : 7 oq) . (43)

The letter 07 does not appear in the permutation 7t (since 77 and ¢ are disjoint).
Similarly, the letter 07 does not appear in the permutation 77’. Also, |0y : 71| =
|| +1=|7|+1=|oy: 7).
~—~—

=|'|
We have 0 # 111 (since 7 and ¢ are disjoint). Thus, the statement (07 > 717) is
equivalent to (not 7ty > 01). Hence, [o7 > 1] = [not 11 > 0q] = 1 — [y > ).

Similarly, [0 > 7r}] =1 — [} > 01]. Hence,

o >m]=1-[m>n]=1-[m >n] =[n>m].
a/—/

:[ni>01]

Both permutations 7 : 7 and 0y : 77’ begin with the letter ;. Thus, both
(op : 1), and (07 : '), equal oy. Hence, (01 : ), = (07 : 7).

The statistic st is head-graft-compatible. In other words, for any nonempty
permutation ¢ and any letter a that does not appear in ¢, the element st (a : ¢)
depends only on st (¢), |¢| and [a > ¢1] (by the definition of “head-graft-compatible”).
Hence, if ¢ and ¢’ are two nonempty permutations, and if 4 is any letter that
does not appear in ¢ and does not appear in ¢’, and if we have st ¢ = st (¢’) and
l¢| = |¢'| and [a > ¢1] = [a > ¢}], thenst(a: ¢) =st(a: ¢’). Applying this to
a =01, ¢ =mand ¢ = 7/, we obtain

st(oy : ) = st (oy : ')

(since st T = st (7r') and |7t| = || and [0q > 1] = [0 > 7]]).
Next, we claim that

{stt | T€5<(01: 7 0u1) b

={stt | T€Ss(0n:7,0u1)} (44)

multi *
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[Proof of (44): The permutations o7 : 77 and 0y : 7’ are clearly nonempty.
Hence, if 0. is the O-permutation (), then S<(0q:m0.1) = {o7: 7} and
Sz (oq:7,001) = {o1:7'}. Thus, if 0. is the O-permutation (), then (44)
follows from

stt | TE€S<(0q:mM,001)

-~

={o1:7} multi

={stt | Te{on:}} s = 3 st(on: nl
=st(or') ) mut

_ o _ o

={st(oy:7")} _u=9stt | 7€ {on:7'}

=S<(o1:,01) ) ulk

={stt | TeSs(on:7,0u1)} -
Thus, for the rest of our proof of , we WLOG assume that ¢ is not the
O-permutation (). Thus, 0.1 is nonempty.

But recall that |o..1|] = N — 1. Hence, the induction hypothesis allows us to
apply Claim 1 to 07 : 7, 0y : 77’ and 0.1 instead of 71, 77’ and o (because we know
that the permutations 0.1 and o7 : 77 are disjoint; that the permutations ¢..; and

o1 : 70 are disjoint; that st (07 : 1) = st(o7 : ') and |07 : 71| = |07 : 77'|; and that
(1 : 1)y > (01)1 | = [(01: ') > (01)4])- We therefore obtain
h\/d

=(o1:7');

{stt | T€S5(01:m0u)} ={stt | teS<s(n:7,0u1)}

multi multi

and

{stt | T€S, (07:7,0.1)} ={stt | T€S. (n:7,001)}

multi multi

The first of these two equalities is precisely (44). Thus, is proven.]
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N —
=S (o1:m,01)

(by #2) multi
{stt | T€eS<x(0q:m,0.)}

Now,
[str | T€ S (m0)
~—

multi

stt | T€S< (o7, 00) (by (@4))

-~

=S, (' 0)
(by ) multi

={stt | T€S. (7,0)} (45)

multi *
This proves (41)). It remains to prove (40).
Lemma (a) yields

{stt | T€S<(m0)}mus

={stt | T€S(mo)} —{stt | T€S(m,0)} (46)

multi multi *

Lemma (a) (applied to 7’ instead of 71) yields

{stt | 7€5<(7,0)}

={stt | teS(7,0)} —{stt | t€S. (7,0)} (47)

multi multi

But recall that the statistic st is shuffle-compatible. In other words, for any two
disjoint permutations & and g, the multiset

{S’ET ‘ TES (a, ﬁ)]’multi

depends only on sta, stf, |a| and |B| (by the definition of shuffle-compatibility).
In other words, if « and B are two disjoint permutations, and if " and g’ are two
disjoint permutations, and if we have

sto=st(),  stp=st(p),  |al=|¢|  and  [p|=]p

7

then
{StT ’ TES ((X’ AB)}multi - {StT ‘ TES (“l’ IB/) }multi'
Applying this to « = 71, B = 0, &’ = 7’ and B’ = o, we obtain

{StT ‘ TES (71', U)}multi = {StT ’ TES (71'/,0') }multi (48)
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(since st T = st (71'), sto = sto, || = || and || = |o|). Now, (46) becomes

{stt | T€S<(m0)}

multi
= {StT | TES <7T’0-)}multi_:{5tr | TES- (n’o-)}muui
={stt | T€S(,0) } i ={stt | 7€S-(7",0) }uni
(by @8)) (by @)

={stt | teS(n,0)} 45— {stt | T€S- (7, 0)}
= {StT | TE S< (n/’g)}multi (by ) :

Thus, is proven. Hence, we have proven both and (4I). This shows that
Claim 1 holds for our 77, 7’ and ¢. This completes the induction step. Thus,
Claim 1 is proven by induction.]

We shall next derive a “mirror version” of Claim 1:

multi

Claim 2: Let 71, ¢ and ¢’ be three nonempty permutations. Assume
that 77 and ¢ are disjoint. Assume that 77 and ¢’ are disjoint. Assume
furthermore that

sto =st(0’), o] = ||

and [ > o) = [m > 01 .
Then,

{StT | TE S« (nla)}multi
={stt | T€S<(m )}

multi

and

{StT | TES- (nla)}multi
— {stt | T€S,. (m,0)}

multi *

[Proof of Claim 2: We have o7 # m; (since m and o are disjoint). Thus,
the statement (o7 > 711) is equivalent to (not 71y > 07). Hence, [0 > m] =
[not 711 > 1] =1 — [mr1 > o3]. Similarly, [o] > 1] =1 — [711 > 07]. Hence,

[0’1>7T1]:1—[7T1>0'1] =1- [7’(1>0ﬂ = [0’{>7T1].
N——
:[7{1>U{]

Hence, Claim 1 (applied to o, ¢’ and 7 instead of 7r, 77’ and ¢) shows that

{StT | TE S« (U/ n)}multi
={stt | TeS<(,n)}

multi

and

{StT | T€S>‘ (U/ n)}multi
={stt | €S, (¢, )}

multi *
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But Proposition (@) yields S< (w,0) = Sy (0, 7). Similarly, S< (7,0') =
S. (¢', ). Also, Proposition (@) (applied to ¢ and 7t instead of 7 and o)
yields S~ (0, m) = Sy (71,0). Similarly, S« (¢/, t) = S. (7r,0’). Using all these
equalities, we find

stt | T€ S« (m,o0)
——

=5-(071) ) multi

={stt | T€S. (0,1} stt | Te Sy (o, n)

—_——
=S« (m,0)

multi —

multi

={stt | T€S<(m )}

multi

and

stt | T€Ss (mr,0)
——

=5<(0:70) ) mult

={stt | T€Sx (0, 1)}

multi = {4 StT | TE€S< (0, )

——

=5-(mo’) multi

={stt | €Sy (m,0)}

multi *
Thus, Claim 2 is proven.]
Finally, we are ready to take on the LR-shuffle-compatibility of st:

Claim 3: Let 7t and ¢ be two disjoint nonempty permutations. Let 77/
and ¢’ be two disjoint nonempty permutations. Assume that

strr =st (), sto =st (o),
7| = | 7’|, o] = |¢’| and [t > o) = [ > o7].
Then,
{StT | TE S« (nla)}multi - {StT ’ T €S« (n/’OJ) }multi
and
{stt | T€85- (7m,0) pmus = {stT | T€ S5 (70) } -
[Proof of Claim 3: We have [y > 1] = [m; > 01]. Since [my > o1] = [} > 07]
is either 1 or 0, we must therefore be in one of the following two cases:
Case 1: We have [y > o] = [} > 07] = 1.
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Case 2: We have [y > o] = [} > 07] = 0.

Let us first consider Case 1. In this case, we have [y > 1] = [} > 0f] = 1.

There clearly exists a positive integer N that is larger than all entries of ¢
and larger than all entries of ¢’. Consider such an N. Let n = |r|; thus, © =
(1,712, ..., 7). Let ¢ be the permutation (71 + N, + N, ..., 1, + N). This
permutation vy is order-isomorphic to 77, but is disjoint from ¢ (since all its entries
are > N, while all the entries of ¢ are < N) and disjoint from ¢’ (for similar
reasons). Also, 71 = \7{/1_/ +N > N > o3 (since N is larger than all entries of ),

>0

so that [y; > 1] = 1. Similarly, [y, > o7] = 1.

The permutation <y is order-isomorphic to 7t. Thus, sty = st (since st

is a permutation statistic) and |y| = |7r|. The permutation 7 is furthermore
nonempty (since it is order-isomorphic to the nonempty permutation 7). Also,
sty = str = st(71') and |y| = || = |77'|. Moreover, [11 > 0] =1 = [y > 01]

and [y1 > 01] =1 = [y1 > 01] and [y1 > 07] = 1 = [m] > 07]. Hence, Claim 1
(applied to vy instead of 77’) yields

{StT ‘ TEC S< (n’g)}multi = {StT ‘ TE S< (7’0)}mu1ti

and
{stt | €S- (m0)}pug = {tT | T€S-(7,0) b mus -

Furthermore, Claim 2 (applied to 7y instead of 77) yields

{StT | T €S (r)// 0)}multi = {StT | T € 5< (7’ OJ) }multi
and

{StT | TES- (,Y/ U)}multi - {StT | TES, (’Y’ OJ) }multi'
Finally, Claim 1 (applied to 7 and ¢’ instead of 7t and 0) yields

{StT | T € 54 (7/0—/) }multi = {StT | T € S5« (n/’gl) }multi

and
{stt | T€5 (7,0) s = {stT | T€S- (7, 0) } -

Combining the equalities we have found, we obtain

{stt | T€S<(m0) b = {tT | T€S<(7,0)}mun
= {StT ‘ TE S< (,Y’UJ) }multi
={stt | te S (7,0)}

multi *

The same argument (but with the symbols “S~” and “S..” interchanged) yields

{stt | T€S, (m,0)} ={stt | TS (7,0')}

multi multi *

Thus, Claim 3 is proven in Case 1.
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Let us now consider Case 2. In this case, we have [71; > 1] = [71] > 07] = 0.

There clearly exists a positive integer N that is larger than all entries of 7
and larger than all entries of 7/. Consider such an N. Set m = |co|. Thus,
o= (01,02,...,0m). Let 6 be the permutation (07 + N,02 + N, ..., 01, + N). This
permutation J is order-isomorphic to o, but is disjoint from 7 (since all its entries
are > N, while all the entries of 7 are < N) and disjoint from 77’ (for similar
reasons). Also, 6] = \(7;/ +N > N > m; (since N is larger than all entries of ),

>0

so that we don’t have 711 > d1. Thus, [7r; > d1] = 0. Similarly, [71] > 6] = 0.

The permutation § is order-isomorphic to ¢. Thus, sté = sto (since st is a
permutation statistic) and || = |o|. The permutation ¢ is furthermore nonempty
(since it is order-isomorphic to the nonempty permutation o). Also, std = sto =
st(¢’) and |8| = |o| = |¢’|. Moreover, [711 > 1] =0 = [r; > &) and [1; > 61] =
0 = [} > 1] and [} > 6] = 0 = [} > 07]. Hence, Claim 2 (applied to ¢
instead of ¢’) yields

{stt | T€S<(m,0)} ={stt | T€S5<(md)}

multi multi

and

{stt | T€ S (m,0)} ={stt | T€ S (1,9)}

Furthermore, Claim 1 (applied to ¢ instead of ¢) yields

multi multi *

{stt | T€S5<(md)} ={stt | Te€ S (7,0)}

multi multi

and
{stt | T €S, (m,6)} ={stt | €S, (7,6)}

Finally, Claim 2 (applied to 77" and ¢ instead of 7t and ¢) yields

multi multi

{stt | teS<(n,8)} .= {stt | tess(n,0)}

multi multi
and
{StT | TES- (7-[/’ 5) }multi - {StT ‘ TES, (7-[/’ OJ) }multi'
Combining the equalities we have found, we obtain
{stT | T7€5<(m0) s = {stT | 7€ 5<(m6)}mus
= {StT ‘ T € S5« (7-[/’ 5) }multi

={stt | TeSs(7,0)}

multi *

The same argument (but with the symbols “S~” and “S,.” interchanged) yields

{stt | T€S,(m,0)} ={stt | TS (7,0')}

multi multi *

Thus, Claim 3 is proven in Case 2.
We have now proven Claim 3 in each of the two Cases 1 and 2. Hence, Claim
3 always holds.]
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Claim 3 says that for any two disjoint nonempty permutations 7 and o, the
multisets

{stt | T€Sx(m0)} and {stt | T€S(m,0)}

multi multi

depend only on stm, sto, ||, |o| and [r17 > 01]. In other words, the statistic
st is LR-shuffle-compatible (by the definition of “LR-shuffle-compatible”). This
proves Theorem [

Combining Theorem [3.9 with Proposition [3.8, we obtain the following:

Theorem 3.12. (a) The permutation statistic Des is LR-shuffle-compatible.
(b) The permutation statistic Lpk is LR-shuffle-compatible.
(c) The permutation statistic Epk is LR-shuffle-compatible.

Proof of Theorem (a) The permutation statistic Des is shuffle-compatible (by
[GesZhul7, §2.4]) and head-graft-compatible (by Proposition 3.8/ (a)). Thus, The-
orem (applied to st = Des) shows that the permutation statistic Des is LR-
shuffle-compatible. This proves Theorem (a).

(b) The permutation statistic Lpk is shuffle-compatible (by [GesZhul7, Theo-
rem 4.9 (a)]) and head-graft-compatible (by Proposition (3.8 (b)). Thus, Theorem
(applied to st = Lpk) shows that the permutation statistic Lpk is LR-shuffle-
compatible. This proves Theorem (b).

(c) The permutation statistic Epk is shuffle-compatible (by Theorem and
head-graft-compatible (by Proposition (c)). Thus, Theorem (applied to
st = Epk) shows that the permutation statistic Epk is LR-shuffle-compatible.
This proves Theorem (0). O

3.5. Some other statistics

The question of LR-shuffle-compatibility can be asked about any statistic. We
have so far answered it for Des, Pk, Lpk, Rpk and Epk. In this section, we shall
analyze it for some further statistics.

3.5.1. The descent number des

The permutation statistic des (called the descent number) is defined as follows:
For each permutation 71, we set des 7w = |Des 71| (that is, des 7t is the number of
all descents of 7). It was proven in [GesZhul7, Theorem 4.6 (a)] that this statistic
des is shuffle-compatible. We now claim the following:

Proposition 3.13. The permutation statistic des is head-graft-compatible and
LR-shuffle-compatible.
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Proof of Proposition From (38), we easily obtain the following: If 7 is a
nonempty permutation, and if a is a letter that does not appear in 7, then

des(a:m)=desm+[a> m].

Thus, des (a : ) depends only on des 7, |7r| and [a > 7r1]. In other words, des
is head-graft-compatible (by the definition of “head-graft-compatible”). Hence,
Theorem (applied to st = des) shows that the permutation statistic des is
LR-shuffle-compatible. This proves Proposition [3.13] O

3.5.2. The major index maj

The permutation statistic maj (called the major index) is defined as follows: For

each permutation 7, we set majrt = ), i (thatis, majr is the sum of all
i€Des T

descents of 7). It was proven in [GesZhul7, Theorem 3.1 (a)] that this statistic
maj is shuffle-compatible.

However, maj is neither head-graft-compatible nor LR-shuffle-compatible. For
example, if we take 7 = (5,4,2,3),a =1, 7' = (3,4,5,2) and 4’ = 1, then we do
have
{

maj 7T = maj (1), 7| = |7 and la>m) = [a > m]

but we don’t have maj(a: ) = maj(a’ : ’). Thus, maj is not head-graft-

compatible. Using Proposition below, this entails that maj is not LR-shuffle-
compatible.

3.5.3. The joint statistic (des, maj)

The next permutation statistic we shall study is the so-called joint statistic (des, maj).
This statistic is defined as the permutation statistic that sends each permutation

7t to the ordered pair (des 77, maj 7). (Calling it (des, maj) is thus a slight abuse

of notation.) It was proven in [GesZhul7, Theorem 4.5 (a)] that this statistic
(des, maj) is shuffle-compatible. We now claim the following:

Proposition 3.14. The permutation statistic (des,maj) is head-graft-
compatible and LR-shuffle-compatible.

Proof of Proposition From (38), we easily obtain the following: If 7 is a
nonempty permutation, and if a is a letter that does not appear in 7, then

des(a:m)=desm+ [a > ] and
maj (a: 1) = desm+maj T+ [a > 7).

Thus, (des, maj) (a: 1) depends only on (des,maj) (77), || and [a > m1]. In
other words, (des, maj) is head-graft-compatible (by the definition of “head-
graft-compatible”). Hence, Theorem [3.9| (applied to st = (des, maj)) shows that
the permutation statistic (des, maj) is LR-shuffle-compatible. This proves Propo-

sition 3.14] O
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3.5.4. The comajor index comaj

The permutation statistic comaj (called the comajor index) is defined as follows:

For each permutation 77, we set comajr = Y, (n—k), where n = |7|. It was
keDes
proven in [GesZhul7, §3.2] that this statistic comaj is shuffle-compatible. We

now claim the following:

Proposition 3.15. The permutation statistic comaj is head-graft-compatible
and LR-shuffle-compatible.

Proof of Proposition From (38), we easily obtain the following: If 7 is a
nonempty permutation, and if a is a letter that does not appear in 7, then

comaj (a : ) = comaj T+ [a > 1| - |7T|.

Thus, comaj (a : 7t) depends only on comaj 77, |7r| and [a > 711]. In other words,
comaj is head-graft-compatible (by the definition of “head-graft-compatible”).
Hence, Theorem [3.9| (applied to st = comaj) shows that the permutation statistic
comaj is LR-shuffle-compatible. This proves Proposition [3.15 O

3.6. Left- and right-shuffle-compatibility

In this section, we shall study two notions closely related to LR-shuffle-compatibility:

Definition 3.16. Let st be a permutation statistic.

(a) We say that st is left-shuffle-compatible if for any two disjoint nonempty
permutations 771 and ¢ having the property that 71 > 07, the multiset
{stt | 7€ 5% (m,0)}un depends only on st 7, sto, || and |o]|.

(b) We say that st is right-shuffle-compatible if for any two disjoint nonempty
permutations 7 and ¢ having the property that 7y > 07, the multiset
{stt | T€ S (m,0)} depends only on st 7, sto, || and ||

multi

For a shuffle-compatible permutation statistic, these two notions are equiva-
lent to the notions of LR-shuffle-compatibility and head-graft-compatibility, as
the following proposition reveals:

Proposition 3.17. Let st be a shuffle-compatible permutation statistic. Then,
the following assertions are equivalent:

o Assertion Aj: The statistic st is LR-shuffle-compatible.
o Assertion Ajy: The statistic st is left-shuffle-compatible.
o Assertion Ajz: The statistic st is right-shuffle-compatible.

e Assertion Ay: The statistic st is head-graft-compatible.
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Proof of Proposition [3.17) (sketched). We shall prove the implications A; = Ay,
.Az — .A3, .A3 — ./42, ./43 — .A4 and ./44 — Al.

The implication A4 = A; follows from Theorem

Proof of the implication A} = Ay: Assume that Assertion .A; holds. In other
words, the statistic st is LR-shuffle-compatible. We shall show that Assertion A,
holds.

The statistic st is LR-shuffle-compatible. In other words, for any two disjoint
nonempty permutations 77 and ¢, the multisets

{stt | T€S<(m,0)} and {stt | T€S-(m,0)}

multi multi

depend only on stm, sto, ||, |o| and [ > 01]. Hence, for any two disjoint
nonempty permutations 77 and o, the multiset {stT | 7 € S~ (71,0)}, 4 de-
pends only on str, sto, |7t|, |o| and 717 > 07]. Hence, for any two disjoint
nonempty permutations 7t and ¢ having the property that 7r; > 07, the multiset
{stt | T€S5<(m o)}y depends only on str, sto, || and |o| (indeed, it
no longer depends on [r1; > 03], because our condition 717 > 07 ensures that
[711 > 1] = 1). In other words, the statistic st is left-shuffle-compatible (by the
definition of “left-shuffle-compatible”). In other words, Assertion .A; holds. This
proves the implication A4; = A,.

Proof of the implication Ay => Aj3: Assume that Assertion .A; holds. In other
words, the statistic st is left-shuffle-compatible. We shall show that Assertion A3
holds.

If T and ¢ are two disjoint nonempty permutations, then

{StT ‘ TEC S> (ﬂ'U)}multi

={stt | T€S(m0)} —{stt | T€S<(m0)}

multi multi

(by Lemma (b)). Hence, if 7 and ¢ are two disjoint nonempty permuta-
tions, then the multiset {stt | 7 € S. (71,0)},, 4y 15 uniquely determined by
{tT | T € S(,0) g and {stT | T € S< (7,0) by

Thus, altogether, we know that for any two disjoint nonempty permutations
7t and ¢ having the property that 771 > ¢y, the following holds:

e The multiset {stt | T € S~ (71,0)},,4q depends only on st 7T, sto, |77| and
|o| (since the statistic st is left-shuffle-compatible);

e The multiset {stT | T € S(71,0)},44 depends only on st 7, sto, || and
|o| (since the statistic st is shuffle-compatible);

e The multiset {stT | T € S, (7,0)}
{stt | T€S(m,0)}

multi 18 uniquely determined by
and {stt | T€ S<(m,0)}

multi multi-

Hence, the multiset {stt | T € S. (71, 0)},, also depends only on st 7, sto,
|| and |o|. In other words, the statistic st is right-shuffle-compatible (by the
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definition of “right-shuffle-compatible”). In other words, Assertion A3 holds.
This proves the implication A, = As.

Proof of the implication A3 = Ajy: The proof of the implication A3 = A, is
entirely analogous to the above proof of the implication A, = A3 (except that
we need to interchange “left” and “right” and likewise interchange “S~” and
“Sy7).

Proof of the implication A3 = A: Assume that Assertion A3 holds. We shall
show that Assertion 44 holds.

We have already proven the implication A3 = A,. Thus, Assertion .A; holds
(since A3 holds). In other words, the statistic st is left-shuffle-compatible. In
other words, the following claim holds:

Claim 1: Let 7t and o be two disjoint nonempty permutations having
the property that 711 > 07. Let 77/ and ¢’ be two disjoint nonempty
permutations having the property that 7z} > 07. Assume that

strr = st ('), sto =st(0),
d and lo| =

7| = |7 o'l

Then,

{stt | T€S<x(m0)} ={stt | TeSs(7,0)}

multi multi *

Also, Assertion A3 holds. In other words, the statistic st is right-shuffle-
compatible. In other words, the following claim holds:

Claim 2: Let 7t and o be two disjoint nonempty permutations having
the property that 7y > 07. Let 7’ and ¢’ be two disjoint nonempty
permutations having the property that 7] > 07. Assume that

strt =st ('), sto =st(0),
d and lo| =

\7t| = |7 o'l

Then,

{stt | T€S, (m,0)} ={stt | TS, (7,0')}

multi multi °

We are now going to prove the following claim:

Claim 3: Let 7t be a nonempty permutation, and let a be a letter that
does not appear in 7. Let 77’ be a nonempty permutation, and let a’
be a letter that does not appear in 77’. Assume that

strt = st ('), 7| = || and la>m)=[da > ni].

Then, st (a: 1) = st(a’ : 7).
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[Proof of Claim 3: The 1-permutations (a) and (a’) are order-isomorphic. Thus,
st((a)) =st((a’)) (since st is a permutation statistic). Also, |(a)| =1 = |(a’)|.

We are in one of the following two cases:

Case 1: We have a > 7.

Case 2: We have a < 7.

Let us first consider Case 1. In this case, we have a > ;. Thus, [a > 71| = 1.
Comparing this with [a > my] = [a' > 7], we obtain [’ > 7r]] = 1, so that
a' > .

Consider the 1-permutations (a) and (a’). Then, the first entry of (a) is
(a); = a > m. Also, (a'); = a’ > m}. Also, the permutations (1) and 7 are
disjoint (since a does not appear in 7). Similarly, the permutations (a’) and 7’

are disjoint. Furthermore, st ((a)) = st((a’)), strt = st(7’), |(a)|] = |(a’)| and
|7t| = |7r'|. Hence, Claim 1 (applied to (a), 7, (a’) and 7’ instead of 7, o, 77’ and
o’) yields

{StT | T €S ((11) ’ n)}multi = {StT | T € 54 ((a/) ’ 7[/) }multi' (49)
But S~ ((a), ) = {a: 7}. Hence,

{StT | TE S« ((a) ’ n)}multi = {StT | TE {a : T(}}multi = {St (11 : 7-[) }multi'

Similarly,
{stt | Te€S<((d) ,ﬂ’)}mulﬁ = {st(a’: n/)}multi'

In light of the last two equalities, the equality rewrites as {st(a: )} u =
{st(a’: ')} - In other words, st (a: 1) = st(a’ : ). Thus, we have proven
st(a:m)=st(a : ') in Case 1.

Let us now consider Case 2. In this case, we have a < 71y. But a does not
appear in 7t; therefore, a # 1. Combined with a < 71y, this yields a < 77. In
other words, 711 > a. Also, from a < 711, we obtain [a > 1] = 0. Comparing this
with [a > 1] = [@’ > 7}], we obtain [a’ > 7}] = 0, so that a’ < 71}. But a’ does
not appear in 77’; thus, a’ # 7}. Combined with a’ < 7}, this yields 4’ < 7]. In
other words, 7t} > a'.

Consider the 1-permutations (a) and (a’). Then, the first entry of (a) is (a); =
a; similarly, (a’); = a’. Now, m; > a = (a); and m; > a’ = (a’);. Also, the
permutations 7t and (a) are disjoint (since a does not appear in 7). Similarly, the
permutations 77’ and (a’) are disjoint. Furthermore, st ((a)) = st((a)), str =
st(7c'), |(a)| = |(a’)] and || = |7’|. Hence, Claim 2 (applied to 7, (a), 7’ and
(a’) instead of 71, o, 7" and ¢”) yields

{StT | T €S, (7-[’ (a))}multi - {StT | TES- (71'/, (a/>>}multi' (50)
But S, (7, (a)) = {a: }. Hence,

{StT | TES- (7-[/ (a))}multi = {StT | TE {tl : ﬂ}}multi = {St (ll : n)}multi'

Similarly,
{stt | t€S (7, (a))} s = {8t (@' : 7) } s
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In light of the last two equalities, the equality rewrites as {st (a : 1)}, un =
{st(a’: ')} - In other words, st (a: 1) = st(a’: ). Thus, we have proven
st(a:m)=st(a":7')in Case 2.

We have now proven st (a : 71) = st (a’ : 7r') in both Cases 1 and 2. Therefore,
st(a: ) =st(a’: ') always holds. This proves Claim 3.]

Claim 3 shows that the statistic st is head-graft-compatible. In other words,
Assertion A4 holds. This proves the implication A3 = Aj4.

We have now proven the implications A; = A, Ay = A3, A3 = A4 and
Ay = Aj. Thus, all four statements Aj, Ay, A3 and A4 are equivalent. This
proves Proposition [3.17] O

Note that on their own, the properties of left-shuffle-compatibility and right-
shuffle-compatibility are not equivalent. For example, the permutation statistic
that sends each nonempty permutation 7 to the truth value [7ry > 7; for all i > 1]
(and the O-permutation () to 0) is right-shuffle-compatible (because in the def-
inition of right-shuffle-compatibility, all the st will be 0), but not left-shuffle-
compatible.

3.7. Properties of compatible statistics

The following converse to Theorem 3.9 holds:

Proposition 3.18. Let st be a permutation statistic that is LR-shuffle-
compatible. Then, st is head-graft-compatible and shuffle-compatible.

Before we can prove this, we need three lemmas:

Lemma 3.19. Let st be a head-graft-compatible permutation statistic. If « and
jB are two permutations satisfying Desa = Des B and |a| = |B|, then sta = stf5.

Proof of Lemma (sketched). We must prove the following claim:

Claim 1: Let « and B be two permutations satisfying Desa = Des 8
and |a| = |B|. Then, sta = stpf.

[Proof of Claim 1: We shall prove Claim 1 by induction on |«|:

Induction base: If |a| = 0, then Claim 1 is true (because if |a| = 0, then both
and B equal the O-permutation (), and therefore satisfy « =  and thus sta =
st B). This completes the induction base.

Induction step: Let N be a positive integer. Assume (as the induction hypothe-
sis) that Claim 1 holds for || = N — 1. We must now prove that Claim 1 holds
for |a| = N.

Let & and B be as in Claim 1, and assume that |¢| = N. We must prove that
sta = stp.
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If N = 1, then this holds{ﬂ Hence, for the rest of this proof, we WLOG assume
that N # 1. Hence, N > 2 (since N is a positive integer).

The permutation a is nonempty (since || = N > 0). Thus, a..; and a; are
well-defined. Similarly, .1 and B are well-defined (since |f| = |¢| = N > 0).
Clearly, the letter &y does not appear in a..; (since the letters of the permutation
« are distinct). Similarly, the letter B; does not appear in B..;.

We have |a1| = \M/L—l = N — 1 and similarly |f.1| = N — 1. Thus, |a1| =

=N
N —1 = |B~1]. Also, |a~i|] = N—1 > 1 (since N > 2); thus, the permutation
«~1 is nonempty. Similarly, .1 is nonempty.
It is easy to see that

Des (av1) ={i—1 | i€ (Desa)\ {1}} and
Des (1) = {i—1 | i (Desp)\ {1}}.

The right hand sides of these two equalities are equal (since Desa = Des p).
Thus, their left hand sides are equal as well. In other words, Des (a.1) =
Des (B~1)-

Moreover, |a..1| = N — 1. Hence, the induction hypothesis reveals that we can
apply Claim 1 to w1 and .1 instead of « and B. We thus obtain st (a.1) =

st (B~1)-

Furthermore, (x.1); = a2, so that
(a1 > (au1)q] = [1 > 2] = [1 € Desa].

Similarly,
[B1 > (B~1)1] = [1 € Des p].

The right hand sides of these two equalities are equal (since Desax = Des p).
Thus, their left hand sides are equal as well. In other words, (a1 > (a.1){] =
[B1 > (B~1)4]-

But recall that st is head-graft-compatible. In other words, every nonempty
permutation 71, every letter a that does not appear in 71, every nonempty per-
mutation 77’ and every letter a’ that does not appear in 77’ satisfying

strt=st (1), 7| = || and la>m]=[a > m]

satisfy st (a: 7w) = st (a’ : 77’). Applying this to 7 = a1, a = a3, 7’ = B1 and
a’ = B1, we obtain st (a1 :a~1) = st(B1:f~1). In view of a7 : a1 = a and
B1 : B~1 = B, this rewrites as sta = st .

Thus, we have proven that sta = st 8. Hence, Claim 1 holds for |¢| = N. This
completes the induction step. Thus, Claim 1 is proven.]

Lemma follows immediately from Claim 1. O

“Proof. Assume that N = 1. Thus, « and B are 1-permutations (since |¢| = N = 1 and |B| =
|¢] = N = 1) and thus are order-isomorphic. Hence, sta = st (since st is a permutation
statistic).
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Lemma 3.20. Let st be a head-graft-compatible permutation statistic. Let X be
the codomain of st. Let n € IN. Then, there exists a map

F, : {subsets of [n —1]} — X

such that every n-permutation 7 satisfies st = F, (Des 7).

Proof of Lemma We define the map F, as follows:

Let Z be any subset of [n — 1]. Then, it is well-known that there exists some
n-permutation 7 satisfying Z = Dest. Pick any such 7. Then, stT does not
depend on the choice of T (because if x and p are two different n-permutations
T satisfying Z = Des 7, then Lemma yields stax = st f). Hence, we can set
F. (Z) to be st.

Thus, we have defined F, (Z) for each subset Z of [n —1]. This completes
the definition of F,. This definition shows that every n-permutation 7 satisfies
stT = F, (Des ). Thus, Lemma is proven. O

Lemma 3.21. Let 77 and ¢ be two disjoint permutations. Let 7’ and ¢’ be two
disjoint permutations. Assume that

Des 71 = Des (1), Deso = Des (¢'),
7| = || and o] = |o'].

Then,

{DeST | TES (nfa)}multi = {DeST | TES (7-(/,(7/) }multi'

Proof of Lemma Lemma is simply the statement that the permutation
statistic Des is shuffle-compatible. But this has been proven in [GesZhul7, §2.4].
O

Proof of Proposition (sketched). We know that st is LR-shuffle-compatible. In
other words, the following holds:

Claim 1: Let 7t and ¢ be two disjoint nonempty permutations. Let 77/
and ¢’ be two disjoint nonempty permutations. Assume that

strt =st(n'), sto =st (o),
7| = ||, o] = || and (1 > o) = [ > 07].
Then,

{stt | T€S<(m0)} ={stt | Te S (7, o)}

multi multi

and

{stt | T€S-(7,0)} s = {StT | TES- (”/1‘7/)}mu1ti'
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Next, we want to show that st is head-graft-compatible. In other words, we
want to show that the following holds:

Claim 2: Let 7t be a nonempty permutation, and let a be a letter that
does not appear in 7. Let 77’ be a nonempty permutation, and let a’
be a letter that does not appear in 77’. Assume that

strt =st ('), |7t| = || and la>m)=[da > ni].
Then, st (a: 1) = st(a’ : 7).

[Proof of Claim 2: The 1-permutations (a) and (a’) are order-isomorphic. Thus,
st((a)) =st((a’")) (since st is a permutation statistic).

The 1-permutations (a) and (a’) satisfy (a); = a and (a’); = a’. Thus,
the inequality [a > m] = [a’ > 7}] (which is true by assumption) rewrites as
[(a); > m] = [(a"); > m}]. Also, st((a)) =st((a')) and |(a)| =1 = |(a’)]. Also,
the 1-permutation (a) is disjoint from 7t (since a does not appear in 7). Similarly,
the 1-permutation (a’) is disjoint from 7’. Thus, Claim 1 (applied to o = (a) and
o' = (a')) yields

{StT | TE S'< (7T, (a))}multi = {StT | TE S* (ﬂl’ (al))}multi

and
{stt | T€S5 (7, (a) b = {st7T | T€S- (7, (a)) } -
But it is easily seen that S, (71, (a)) = {a : }. Hence,

{StT ’ TES- (7-(' (a))}multi = {StT ‘ TE {a : n}}multi = {St (LZ : n)}multi'

Similarly,
{StT | TE S>‘ (7-[/’ (LZ/)) }multi - {St (LZ/ : 7-[/) }multi'
Thus,

{St (a : 7T)}multi = {StT | TES- (7(’ (a))}multi
= {stt | 1€5- (7" (@) f oy = {8t (@2 )}

so that st (a : w) = st(a’ : 7). This proves Claim 2.]
Now, Claim 2 shows that st is head-graft-compatible. It remains to show that
st is shuffle-compatible. First, we show an auxiliary statement:

Claim 3: Let 7t, 7’ and o be three permutations. Assume that 77 and
7’ are order-isomorphic. Assume that 77 and ¢ are disjoint. Assume
that 77’ and ¢ are disjoint. Then,

{StT | TES (ﬂla)}multi = {StT | TES (7-[/’0-) }multi'
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[Proof of Claim 3: We have |rt| = |77'| (since 7 and 77’ are order-isomorphic).
Define n € N by n = || = |7/|. Let X be the codomain of st. Lemma [3.20]
shows that there exists a map

E, : {subsets of [n —1]} — X
such that every n-permutation T satisfies
stt = F, (DesT). (51)

Consider this map F,.

We know that Des is a permutation statistic. Thus, Des 1 = Des (71') (since
7 and 7t" are order-isomorphic). Also, |7t| = ||, Desc = Des¢ and |o| = |o|.
Hence, Lemma (applied to ¢’ = o) yields

{Dest | T€S(m,0)} ={Dest | T€S(n,0)} (52)

multi multi

Now,

stt, | TeS(m,o0)
~~

=F,(Des 1)
(by G1)) multi

= {F: (Dest) | T€5(m,0)} s = Fn ({Dest | 7€ 5(7,0)}ue)
~Fy({Dest | 1€ S(1,0) ) (by BD)

=<{F, (D eSs(n, = {st e S(n,
\desr)]r (', o) {stt | teS(n,0)}

multi
=s
(by G1D) multi

This proves Claim 3.]
Let us finally prove that st is shuffle-compatible. In other words, let us prove
the following claim:

Claim 4: Let 7t and ¢ be two disjoint permutations. Let 77’ and ¢’ be
two disjoint permutations. Assume that

strt = st ('), sto =st(0'),
d and lo| =

7| = |7 o'l

Then,

{stt | T€S(m,0)}

multi

={stt | teS (7, o)}

multi *
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[Proof of Claim 4: Recall that S (7r,0) = S (o, 7) and S (77,0') = S (o, 7).
Hence, Claim 4 does not change if we swap 7 with ¢ while simultaneously
swapping 7" with ¢’. Thus, we WLOG assume that 7711 > 07 (since otherwise,
we can ensure this by performing these swaps). But 711 # oy (since 7t and ¢ are
disjoint). Combining this with 7r; > ¢y, we obtain 7r; > 07.

Define n € N by n = || = |77'|. Define m € N by m = |o| = |o

If n = 0, then both 7 and 7’ equal the 0-permutation () (since n = || = |77']).
Hence, if n = 0, then Claim 4 is true (because in this case, we have

/‘.

stt | teS|_m 0o = stT|T€a(),U)
=0 multi ={c} multi

= {StT | TE {a}}multi = {St U}multi

and similarly {stt | 7 € S(7,0")}, s = {5t (') },uisir and therefore the asser-
tion of Claim 4 reduces to {sto} 4 = {5t (¢7) } iy Which follows immediately
from the assumption sto = st (¢’)). Thus, for the rest of this proof, we WLOG
assume that n # 0. For similar reasons, we WLOG assume that m # 0.

The permutations 77 and 77’ are nonempty (since |7t| = |77/| = n # 0). Simi-
larly, the permutations ¢ and ¢’ are nonempty.

There clearly exists a positive integer N that is larger than all entries of ¢ and
larger than all entries of ¢’. Consider such an N. From n = |77, we obtain
n' = (m}, m,...,m,). Let v be the permutation (r; + N, 7, + N, ..., 7, + N).
This permutation v is order-isomorphic to 7/, but is disjoint from ¢ (since all
its entries are > N, while all the entries of ¢ are < N) and disjoint from ¢’ (for
similar reasons). Also, 7| = \ﬂ'i/ +N > N > ¢y, so that [y; > 1] = 1. Similarly,

>0
(11> 0f] =1.

The permutation 7y is order-isomorphic to 77’. Thus, sty = st(77) (since st
is a permutation statistic) and |y| = |77/|. The permutation <y is furthermore
nonempty (since it is order-isomorphic to the nonempty permutation 7t’). Also,
sty = st(nr') = st and |y| = |77'| = |7|. Moreover, from 71; > 07, we obtain
(11 > 1] =1 = [y1 > 01]. Hence, Claim 1 (applied to v instead of 7) yields

{StT | TE S'< (7-(’ U)}multi = {StT | TE S'< (,Y’ 0/) }multi (53)

and
{stt | €S (m,0) b pus = {stT | T€S (7.0')} i - (54)

Now, if A and B are two finite multisets, then A + B shall denote the multiset
union of A and B; this is the finite multiset C such that each object g satisfies
|C|g = |A|g + |B|g. Then, it is easy to see that

{stt | 7€5(70) }

={stt | T€S<(m0)} s+ {stT | TES-(7,0)} i
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and

{stt | T€5(7)}
= {StT | TE S'< (’Y’UJ) }multi + {StT | TE S> (’Y’UJ) }multi'

Hence, by adding together the equalities and (using the operation +
that we have just defined), we obtain the equality

{stt | T€S(m o) = {stT | T€S(1,)}

multi *

On the other hand, Claim 3 (applied to 7y and ¢’ instead of 7t and ¢) yields

{stt | teS(v,0)} gs={stt | TeS(7, )}

multi ©
Hence,
{StT | TES (nfg)}multi = {StT | TES (r)/’ 0J) }multi
= {stt | 7€5(7,0) } -
This proves Claim 4.]
Claim 4 shows that st is shuffle-compatible. This completes the proof of Propo-
sition O

Corollary 3.22. Let st be a LR-shuffle-compatible permutation statistic. Then,
st is shuffle-compatible, left-shuffle-compatible, right-shuffle-compatible and
head-graft-compatible.

Proof of Corollary |3.22] Proposition yields that st is head-graft-compatible
and shuffle-compatible. Thus, Proposition yields that st is left-shuffle-
compatible and right-shuffle-compatible as well. This proves Corollary O

Corollary 3.23. Let st be a permutation statistic that is left-shuffle-compatible
and right-shuffle-compatible. Then, st is LR-shuffle-compatible.

Proof of Corollary|3.23l We have assumed that st is left-shuffle-compatible. In
other words, the following claim holds:

Claim 1: Let T and ¢ be two disjoint nonempty permutations having
the property that 71y > 7. Let 7’ and ¢’ be two disjoint nonempty
permutations having the property that 7r; > ¢7. Assume that

strr = st ('), sto =st(0’),

\7t| = || and o] =

o'l
Then,

{stt | T€S<(m,0)}hus = {StT | TESY (”/1‘7/)}mu1ti'
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Also, the statistic st is right-shuffle-compatible. In other words, the following
claim holds:

Claim 2: Let 7t and ¢ be two disjoint nonempty permutations having
the property that 711 > 07. Let 77/ and ¢’ be two disjoint nonempty
permutations having the property that 777 > 07. Assume that

strt = st ('), sto =st(0'),
i

7| = |7 and o] = |o'].

Then,

{stt | T€S. (m,0)} ={stt | TS, (7,0')}

multi multi °

On the other hand, we want to prove that st is LR-shuffle-compatible. In other
words, we want to prove the following claim:

Claim 3: Let 7t and o be two disjoint nonempty permutations. Let 77/
and ¢’ be two disjoint nonempty permutations. Assume that

strt =st ('), sto =st (o),
7| = | 7’|, o] = |¢’| and (M > oq] = [ > 07].
Then,

{stt | T €S« (m0)} ={stt | TeS< (7, o)}

multi multi

and

{stt | T€S,(m,0)} ={stt | TS (7,0')}

multi multi *

[Proof of Claim 3: We are in one of the following two cases:

Case 1: We have 11 > 0y.

Case 2: We have m; < 0y.

Let us first consider Case 1. In this case, we have 711 > 7. Hence, [11 > 09| =
1. Comparing this with [y > 1] = [} > 07], we find [71] > ¢f] = 1. Hence,
7ty > 0. Recall also that 71y > 0. Hence, Claim 1 yields

{stt | T€5<(m0)} ={stt | TeSs(7,0)}

multi multi *

But Claim 2 yields

{stt | T€S,(m,0)} ={stt | TS (7,0')}

multi multi *

Thus, Claim 3 is proven in Case 1.
Let us next consider Case 2. In this case, we have 17 < 07.
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Applying Proposition 3.3| (a) to various pairs of disjoint permutations, we ob-
tain S (7r,0) = Sy (0, 1) and S< (7/,0’) = S (¢/, ') and S< (0, 1) = S (71, 0)
and S (¢!, ') =S, (7, 0").

But 711 # 07 (since 7w and ¢ are disjoint). Combined with 717 < 07, this yields
m < op; thus, o9 > my. Also, [r1 > 1] = 0 (since 1 < 7). Comparing this
with [rr; > o1] = [} > 01], we find [r] > 0] = 0. Hence, 7} < 07. But 71} # 0y
(since 77" and ¢’ are disjoint). Combined with 7t} < o7, this yields 71} < o07; thus,
o7 > ;. Hence, Claim 2 (applied to o, 7, ¢’ and 7’ instead of 7, ¢, 7’ and o)
yields

{stt | T€S.(0,7m)} ={stt | TS, (o, )}

multi multi *

In light of S.- (0, t) = S< (7,0) and Sy (¢/, ') = S~ (7, 0"), this rewrites as

{stt | T€S<(m,0)} ={stt | T€S<(7,0)}

multi multi *

Also, Claim 1 (applied to o, 7t, 0’ and 7’ instead of 7, o, 7’ and ¢”) yields

{stt | T€S<(0, 1)} ={stt | TeSs ()}

multi multi *

In light of S< (0, t) = S (7,0) and S< (¢/, ') = Sy (7', 0”), this rewrites as

{stt | T€S,(m,0)} ={stt | TS (7,0')}

multi multi *

Thus, Claim 3 is proven in Case 2.

We have now proven Claim 3 in both Cases 1 and 2. Thus, Claim 3 is always
proven.]

Claim 3 shows that st is LR-shuffle-compatible. This proves Corollary O

4. Descent statistics and quasisymmetric functions

In this section, we shall recall the concepts of descent statistics and their shuffle
algebras (introduced in [GesZhul7]), and apply them to Epk.

4.1. Compositions

Definition 4.1. A composition is a finite list of positive integers. If I =
(i1,1p,...,in) is a composition, then the nonnegative integer iy +ip + - - - + iy
is called the size of I and is denoted by |I|; we furthermore say that I is a
composition of |1|.

Definition 4.2. Let n € IN. For each composition I = (iy,iy,...,i) of n, we
define a subset Des I of [n — 1] by

DesI = {i1, i1 +ip,i1 +ip+13,...,01+ip+ -+ i1}
={i1+ir+---+is | selk—1]}.
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On the other hand, for each subset A = {41 < ap < --- < a;} of [n — 1], we
define a composition Comp A of n by

Comp A = (ay,ap —ay,a3 —ay,..., a5 — Ax_1, 1N — ag) .

(The definition of Comp A should be understood to give Comp A = (n) if
A =@and n > 0, and to give Comp A = () if A = @ and n = 0. Note that
Comp A depends not only on the set A itself, but also on n. We hope that n
will always be clear from the context when we use this notation.)

We thus have defined a map Des (from the set of all compositions of n to
the set of all subsets of [n —1]) and a map Comp (in the opposite direction).
These two maps are mutually inverse bijections.

Definition 4.3. Let n € IN. Let w = (719, 712, . . ., 71,) be an n-permutation. The
descent composition of 1t is defined to be the composition Comp (Des 77) of n.
This composition is denoted by Comp 7.

For example, the 6-permutation 7w = (4,1,3,9,6,8) has Comp 7 = (1,3,2). For
another example, the 6-permutation 7 = (1,4, 3,2,9,8) has Comp 7 = (2,1,2,1).

Definition defines the permutation statistic Comp, whose codomain is the
set of all compositions.

4.2. Descent statistics

Definition 4.4. Let st be a permutation statistic. We say that st is a descent
statistic if and only if st 7T (for 77 a permutation) depends only on the descent
composition Comp v of 7r. In other words, st is a descent statistic if and
only if every two permutations 7t and ¢ satisfying Comp 7 = Comp ¢ satisfy
st = sto.

Equivalently, a permutation statistic st is a descent statistic if and only if every
two permutations 7t and ¢ satisfying |7t| = |o| and Des 7w = Des ¢ satisfy st T =
sto. (This is indeed equivalent, because for two permutations 77 and o, the
condition (|7z| = |¢| and Des m = Des ) is equivalent to (Comp 7t = Comp0).)

For example, the permutation statistic Des is a descent statistic, because each
permutation 7 satisfies Des 1 = Des (Comp 7). Also, Pk is a descent statistic,
since each permutation 7t satisfies

Pk = (Desm)\ ({1} U(Desmt+1)),

where Des 71 + 1 denotes the set {i +1 | i € Dest} (and, as we have just said,
Des 7t can be recovered from Comp 7). Furthermore, Epk is a descent statistic,
since each n-permutation 7r (for a positive integer 1) satisfies

Epk = (DestU{n})\ (Desm+1)
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(and both Des 7t and n can be recovered from Comp 7). The permutation statis-
tics Lpk and Rpk (and, of course, Comp) are descent statistics as well, as one can
easily check.

In [Oguzl8, Corollary 1.6], Ezgi Kantarci Oguz has demonstrated that not
every shuffle-compatible permutation statistic is a descent statistic. However,
this changes if we require LR-shuffle-compatibility, because of Corollary
and of the following fact:

Proposition 4.5. Every head-graft-compatible permutation statistic is a de-
scent statistic.

Proof of Proposition Let st be a head-graft-compatible permutation statistic.
Then, we must show that st is a descent statistic. But this follows directly from
Lemma O

Combining Proposition (4.5 with Corollary we conclude that every LR-
shuffle-compatible permutation statistic is a descent statistic.

Definition 4.6. Let st be a descent statistic. Then, we can regard st as a map
from the set of all compositions (rather than from the set of all permutations).
Namely, for any composition I, we define st I (an element of the codomain of
st) by setting

st] =stm for any permutation 7 satisfying Comp 7 = I.

This is well-defined (because for every composition I, there exists at least one
permutation 7t satisfying Comp 7 = I, and all such permutations /v have the
same value of st 77). In the following, we shall regard every descent statistic st
simultaneously as a map from the set of all permutations and as a map from
the set of all compositions.

Note that this definition leads to a new interpretation of Des I for a composi-
tion I: It is now defined as Des 7t for any permutation 7t satisfying Comp 7w = I.
This could clash with the old meaning of Des I introduced in Definition For-
tunately, these two meanings of Des I are exactly the same, so there is no conflict
of notation.

However, Deﬁnitioncauses an ambiguity for expressions like “Des (iy, iy, ..., in)":
Here, the “(i1,1y,...,i,)” might be understood either as a permutation, or as a
composition, and the resulting descent sets Des (i1, 1, ...,i,) are not the same.
A similar ambiguity occurs for any descent statistic st instead of Des. We hope
that this ambiguity will not arise in this paper due to our explicit typecasting
of permutations and compositions; but the reader should be warned that it can
arise if one takes the notation too literally.
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Definition 4.7. Let st be a descent statistic.

(a) Two compositions | and K are said to be st-equivalent if and only if they
have the same size and satisfy st] = stK. Equivalently, two compositions |
and K are st-equivalent if and only if there exist two st-equivalent permuta-
tions 7t and ¢ satisfying | = Comp 7t and K = Comp 0.

(b) The relation “st-equivalent” is an equivalence relation on compositions;
its equivalence classes are called st-equivalence classes of compositions.

4.3. Quasisymmetric functions

We now recall the definition of quasisymmetric functions; see [GriReil8, Chapter
5] (and various other modern textbooks) for more details about this:

Definition 4.8. (a) Consider the ring of power series Q [[x1, X2, x3,...]] in
infinitely many commuting indeterminates over Q. A power series f €
Q [[x1, x2, x3, . ..]] is said to be quasisymmetric if it has the following property:

e For any positive integers ay,ay, . .., a, and any two strictly increasing se-
quences (i1 < ip < --- <ir)and (j; < jo < --- < ji) of positive integers,

the coefficient of x'x{2 - - x7* in f equals the coefficient of x7'x?? - - - x7*
1B tk o2 Tk

in f.

(b) A quasisymmetric function is a quasisymmetric power series f €
Q [[x1, x2, x3, . ..]] that has bounded degree (i.e., there exists an N € N such
that each monomial appearing in f has degree < N).

(c) The quasisymmetric functions form a Q-subalgebra of Q [[x1, x, x3, .. .]];
this Q-subalgebra is denoted by QSym and called the ring of quasisymmetric
functions over Q. This Q-algebra QSym is graded (in the obvious way, i.e., by
the degree of a monomial).

The Q-algebra QSym has much interesting structure (e.g., it is a Hopf algebra),
some of which we will introduce later when we need it. One simple yet crucial
feature of QSym that we will immediately use is the fundamental basis of QSym:

Definition 4.9. For any composition a, we define the fundamental quasisymmet-
ric function F, to be the power series

Z Xiy Xiy -+ X, € QSym,
i1 Sip <o+ <ip;
ij<ijy1 for each j€Desa

where n = |a| is the size of a. The family (Fa), is 5 composition 1S @ basis of the
Q-vector space QSym; it is known as the fundamental basis of QSym.

The fundamental quasisymmetric function F, is denoted by L, in [GriReil8,
§5.2].
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The multiplication of fundamental quasisymmetric functions is intimately re-
lated to shuffles of permutations:

Theorem 4.10. Let 77 and ¢ be two disjoint permutations. Let ] = Comp 7r and
K = Comp ¢. For any composition L, let cL/ ¢ be the number of permutations
with descent composition L among the shuffles of 7w and ¢. Then,

F]FK = Z C%,KFL
L

(where the sum is over all compositions L).

Theorem is [GesZhul7, Theorem 4.1]; it can also be written in the follow-
ing form:

Proposition 4.11. Let 7t and ¢ be two disjoint permutations. Then,

FComp nFComp o= 2 FComp X
XES(m,0)

For a proof of Proposition (and therefore also of the equivalent Theorem
(4.10), we refer to [GriReil8) (5.2.6)] (which makes the additional requirement that
the letters of 7t are 1,2,...,|nt| and the letters of o are || +1,|7|+2,...,|7| +
|o|; but this requirement is not used in the proof and thus can be dropped).

4.4. Shuffle algebras

Any shuffle-compatible permutation statistic st gives rise to a shuffle algebra Ast,
defined as follows:

Definition 4.12. Let st be a shuffle-compatible permutation statistic. For each
permutation 77, let [7t], denote the st-equivalence class of 7.

Let Ayt be the free Q-vector space whose basis is the set of all st-equivalence
classes of permutations. We define a multiplication on A by setting

mlelole= 2 [T

T€S(m,0)

for any two disjoint permutations 7 and ¢. It is easy to see that this multipli-
cation is well-defined and associative, and turns A into a Q-algebra whose
unity is the st-equivalence class of the O-permutation (). (In the particular case
when st is a descent statistic, this shall be proven again in Proposition (@)
below.) This Q-algebra is denoted by .Ag, and is called the shuffle algebra of
st. It is a graded Q-algebra; its n-th graded component (for each n € IN) is
spanned by the st-equivalence classes of all n-permutations.

119



This definition originates in [GesZhul7, §3.1]. The following fact is implicit in
[GesZhul7]:

Proposition 4.13. Let st be a shuffle-compatible descent statistic.

(a) The multiplication on At defined in Definition is well-defined and
associative, and turns A into a Q-algebra whose unity is the st-equivalence
class of the 0-permutation ().

(b) There is a surjective Q-algebra homomorphism pg : QSym — Ag; that
satisfies

Pst (Fcomp ) = [T for every permutation 7.

A central result, connecting shuffle-compatibility of a descent statistic with
QSym, is [GesZhul”, Theorem 4.3], which we restate as follows:

Theorem 4.14. Let st be a descent statistic.

(a) The descent statistic st is shuffle-compatible if and only if there exist a
Q-algebra A with basis (u,) (indexed by st-equivalence classes a of compo-
sitions) and a Q-algebra homomorphism ¢s; : QSym — A with the property
that whenever « is an st-equivalence class of compositions, we have

¢st (FL) = Uq for each L € .
(b) In this case, the Q-linear map
Ast — A, [ﬂ]st — Uy,

where « is the st-equivalence class of the composition Comp 7, is a Q-algebra
isomorphism Ag — A.

As we said, Theorem is precisely [GesZhul?7, Theorem 4.3]. For the sake
of completeness, we shall give proofs of Proposition and Theorem (in-
dependent of [GesZhul7]) in Subsection

4.5. The shuffle algebra of Epk

Theorem yields that the permutation statistic Epk is shuffle-compatible.
Hence, the shuffle algebra Agpy is well-defined. We have little to say about it:

Theorem 4.15. (a) The shuffle algebra Agp is a graded quotient algebra of
QSym.

(b) Define the Fibonacci sequence (fo, f1, f2,...) as in Proposition Let
n be a positive integer. The n-th graded component of Agp has dimension

fn+2 -1
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Proof of Theorem [4.15] (sketched). (a) Proposition (b) (applied to st = Epk)
yields a surjective Q-algebra homomorphism pgpy : QSym — Agpk. It is easy
to see that this pgpy is furthermore graded (i.e., degree-preserving). Thus, Agpi
is isomorphic to a quotient of QSym as a graded algebra. This proves Theorem
(a).

(b) The n-th graded component of Ag, has a basis indexed by Epk-equivalence
classes of compositions of n. These latter classes are in bijection with Epk-
equivalence classes of n-permutations. In turn, the latter classes are in bijection
with the images of n-permutations under the map Epk. Finally, the latter im-
ages are the elements of L, (according to Proposition 2.5). Hence, the number of
these images is |L,| = fu+2 — 1 (by Proposition 2.3). Combining all of the pre-
ceding sentences, we conclude that the dimension of the n-th graded component
of Agpy is fu+2 — 1. This proves Theorem (b). O

We can describe AEpk using the notations of Section

Definition 4.16. Let I1z be the Q-vector subspace of Pow A spanned by the

family (Kf A)neIN' el Then, Iz is also the Q-vector subspace of Pow N/

spanned by the family <K1;Z,Epk7r> (by Proposition [2.5).

n€lN; 7 is an n-permutation
In other words, ITz is also the Q-vector subspace of Pow A spanned by the

family (T'z (7)) ,e; 7 is an n-permutation (because of (28)). Hence, Corollary
shows that Iz is closed under multiplication. Since furthermore I'z (()) =1

(for the 0-permutation ()), we can thus conclude that ITz is a Q-subalgebra of
Pow N.

Theorem 4.17. The Q-linear map

AEpk — Hg, [n]Epk — KZE

is a Q-algebra isomorphism.

In the process of proving Theorem we will also prove Theorem again.

Proof of Theorem (sketched). For each positive integer n and each n-permutation
77, we have
Epk 7t = (DestU{n})\ (Desm+1)

(by Proposition [1.9). Thus, Epk 77 is uniquely determined by Des 7t and n. (Of
course, this holds for n = 0 as well, because in this case only one 7 exists.)
Hence, Epk is a descent statistic. Thus, for every composition L, a set Epk L is
defined (according to Definition [.6)); explicitly, Epk L = Epk 71 whenever 7 is a
permutation satisfying Comp 77 = L.

Recall that (FL.) [ is 5 composition 1S @ basis of the Q-vector space QSym. Let ¢ppy :
QSym — IIz be the Q-linear map that sends each F; (for each n € IN and
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each composition L of n) to Kprk p € Iz. This Q-linear map ¢g,k respects

multiplicationﬂ and sends 1 € QSym to 1 € Ilz Thus, ¢k is a Q-algebra
homomorphism.

The family (Kf A)ne]N' AL, spans I1z (by the definition of I1z) and is Q-

linearly independent (by Corollary 2.55). Thus, it is a basis of ITz.

For each positive integer 7, there is a canonical bijection between the Epk-
equivalence classes of n-permutations and the A € L, (indeed, the bijection
sends any equivalence class [”]Epk to Epk ) ﬁ Hence, Theorem 4.14 (a)

(applied to A = Ilz, st = Epk and u, = Kf A, Where a is an Epk-equivalence
class of n-permutations and where A is the corresponding element of L,) shows
that the descent statistic Epk is shuffle-compatible. This proves Theorem [2.56]
again. Theorem (b) then yields that the Q-linear map

Z

Agpx — Iz, [”]Epk = K Epk

is a Q-algebra isomorphism from Agpy to I1z. Hence, Theorem is proven.
O

OProof. Letn € N and m € IN. Let ] be a composition of 7, and let K be a composition of
m. Fix an n-permutation 7t satisfying Comp v = J, and fix an m-permutation o satisfying
Comp ¢ = K such that 77 and ¢ are disjoint. Now,

¢epk (F1) - ¢ppk (Fk)
—— ———
:Kprk]:K%Epk U :Kﬁ,EpkK:Ki,Eka
(since Epk J=Epk ) (since Epk K=Epko)
_xZ Z _ Z
- Kn,Epk w’ Km,EpkU = 2 Kner,Eka (by Corollary ’ .
TesS(m,o)

Comparing this with

¢Epk F]FK = (PEpk 2 FComp T — 2 (PEpk (FComp T)
B \’; TeS(m,o) TeS(m,o) - f
_TGS(ZH,U) Comp :KVH—m,Epk(COmp T) :Kﬂ+m,Epk T
(by Proposition [E.1T) (since Epk(Comp 7)=Epk )
— Z
- Z Kn+m,Epk T’
TeS(m,o)

we obtain ¢gpk (Fy) - ¢epk (Fk) = Pepk (FjFi). Since the map ¢y is Q-linear, this yields that
¢Epk respects multiplication (since (FL); i , composition 15 @ basis of the Q-vector space QSym).
S1This is easy, since 1 = Fy.

52Proposition [2.5{shows that this is indeed a bijection.
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5. The kernel of the map QSym — Agi

5.1. The kernel of a descent statistic

Now, we shall focus on a feature of shuffle-compatible descent statistics that
seems to have been overlooked so far: their kernels.

Definition 5.1. Let st be a descent statistic. Then, g shall mean the Q-vector
subspace of QSym spanned by all elements of the form F; — Fx, where | and
K are two st-equivalent compositions. (See Definition 4.7 (a) for the definition
of “st-equivalent compositions”.) We shall refer to g as the kernel of st.

The following basic linear-algebraic lemma will be useful:

Lemma 5.2. Let st be a descent statistic. Let A be a Q-vector space with basis
(uy) indexed by st-equivalence classes a of compositions. Let ¢st : QSym — A
be a Q-linear map with the property that whenever « is an st-equivalence class
of compositions, we have

¢st (FL) = Uq for each L € . (55)

Then, Ker (¢st) = Kst.

Proof of Lemma Let us first show that Ker (¢st) C Kqt.

Indeed, let x € Ker (¢st) be arbitrary. Write x € QSym in the form x =
Y_x1Fr, where the sum ranges over all compositions L, and where the x;, are
L

elements of Q (all but finitely many of which are zero). (This can be done, since
(FL)L is a composition 18 @ basis of the Q-vector space QSym.) Now, x € Ker (¢st), so

that ¢st (x) = 0. Thus,

0=¢st(x) =) xrpst (Fr) <since X = ZxLFL>
L L

where the first sum is over
- Z Z XL Pt (Fr) all st-equivalence classes « of compositions
% Lea T 9 P
(by G5))
S I IETIED B D3EA TN
a Len 12 Len

Since the family (u,) is linearly independent (because it is a basis of A), we thus
conclude that

ZXL =0 (56)

Lea

for each st-equivalence class & of compositions.
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Now, for each st-equivalence class a of compositions, we fix an element L, of
«. Then, for each st-equivalence class a of compositions and each composition
L € a, we have

Fi —Fr, € Kt (57)
(since the compositions L and L, are st—equivaleni{fb.
Now,
X = ZX LPL
L
where the first sum is over
= Z Z XJ, FL . ",
~ = N all st-equivalence classes & of compositions

:ZZxL ZZxLPL,X

(Fp — Fr,) +
« Lean T~ a Lea

(belC ) =
(57) =0
4l (by 8))
€ Z Z xr st + ZOPL“ C K.
& Lea o
—— N——
g’Cst =0

Now, forget that we fixed x. We thus have proven that x € K for each
x € Ker (¢st). In other words, Ker (¢st) C Kyt

Conversely, it is easy to see that Kt C Ker (¢st) [} Combining this with
Ker (¢st) C K, we obtain g = Ker (¢st). This proves Lemma O

Theorem easily yields the following fact:

Proposition 5.3. Let st be a descent statistic. Then, st is shuffle-compatible
if and only if K is an ideal of QSym. Furthermore, in this case, Ag =
QSym /st as Q-algebras.

Proof of Proposition 5.3l =>: Assume that st is shuffle-compatible. Thus, The-
orem (@) shows that there exist a Q-algebra A with basis (u,) indexed

53

since both compositions L and L, lie in the same st-equivalence class «
54 Proof. Recall that K is the Q-vector subspace of QSym spanned by all elements of the form
F; — Fx, where | and K are two st-equivalent compositions. Hence, in order to prove that
Kst € Ker (¢st), it suffices to show that Fj — Fx € Ker (¢s), whenever | and K are two st-
equivalent compositions. So let | and K be two st-equivalent compositions. We must show
that F; — Fx € Ker (¢st).

The two compositions | and K are st-equivalent. Hence, they lie in one and the same st-
equivalence class. Let a be this st-equivalence class. Then, | € a and therefore ¢ (F]) = Uy

(by , applied to L = ). Similarly, ¢t (Fk) = ta. Now, ¢st (F; — F) = ¢st (F)) — pst (Fx) =
N — N’

=Uy =Uy
Uy — g = 0. In other words, F; — Fx € Ker (¢st). This completes our proof.
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by st-equivalence classes & of compositions, and a Q-algebra homomorphism
¢st : QSym — A with the property that whenever a is an st-equivalence class of
compositions, we have

¢st (FL) = Uq for each L € «. (58)

Consider this A and this ¢s;.

Lemma [5.2| yields that Cst = Ker (¢s¢). But the map ¢ is a Q-algebra homo-
morphism. Thus, its kernel Ker (¢s) is an ideal of QSym. In other words, st is
an ideal of QSym (since Kst = Ker (¢pst)).

It remains to show that Ag = QSym /K as Q-algebras. This is easy: Each
element of the basis (u,) of the Q-vector space A is contained in the image of
¢st (because of ). Therefore, the homomorphism ¢ is surjective. Thus,
¢st (QSym) = A. Hence, A = ¢s (QSym) = QSym / Ker (¢st) (by the ho-
momorphism theorem). But Theorem (b) shows that Ay = A. Thus,
Ag = A = QSym / Ker (¢st) = QSym /K. This finishes the proof of the —

=Kt
direction of Proposition

<=: Assume that [Cs is an ideal of QSym. We must prove that st is shuffle-
compatible.

We shall not use this direction of Proposition so let us merely sketch the
proof. Let A be the Q-algebra QSym /. Let ¢t be the canonical projection
QSym — A; this is clearly a Q-algebra homomorphism.

For each st-equivalence class & of compositions, we define an element u, of A
by requiring that

Uy = ¢st (F1) whenever L € a.

This is easily seen to be well-defined, because the image ¢s (F1) depends only
on « but not on L (indeed, if | and K are two elements of «, then | and K are
st-equivalent, whence F; — Fx € K, whence F; = Fxmod Kg and therefore
st (Fy) = ¢st (Fx))-

It is not hard to see that the family (u,) (where « ranges over all st-equivalence
classes of compositions) is a basis of the Q-algebra A. Hence, Theorem (@
yields that st is shuffle-compatible. This proves the <= direction of Proposition

6.3 O

| Corollary 5.4. The kernel Kgpy of the descent statistic Epk is an ideal of QSym.

Proof of Corollary 5.4 This follows from Proposition [5.3] (applied to st = Epk),
because of Theorem O

We can study the kernel of any descent statistic; in particular, the case of
shuffle-compatible descent statistics appears interesting. Since QSym is iso-
morphic to a polynomial ring (as an algebra), it has many ideals, which are
rather hopeless to classify or tame; but the ones obtained as kernels of shuffle-
compatible descent statistics might be worth discussing.
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5.2. An F-generating set of gy

Let us now focus on Kgpy, the kernel of Epk.

Proposition 5.5. If | = (ji,j2,...,jm) and K are two compositions, then we
shall write ] — K if there exists an ¢ € {2,3,...,m} such that j, > 2 and K =
(i, 2 je—1, 1 je — 1, jos1,josos - - s jm). (In other words, we write | — K if K
can be obtained from | by “splitting” some entry j, > 2 into two consecutive
entrie 1 and j, — 1, provided that this entry was not the first entry —i.e., we
had ¢ > 1 — and that this entry was greater than 2.)

The ideal Kgpy of QSym is spanned (as a Q-vector space) by all differences
of the form F; — Fx, where | and K are two compositions satisfying | — K.

Example 5.6. We have (2,1,4,4) — (2,1,1,3,4), since the composition
(2,1,1,3,4) is obtained from (2,1,4,4) by splitting the third entry (which is
4 > 2) into two consecutive entries 1 and 3.

Similarly, (2,1,4,4) — (2,1,4,1,3).

But we do not have (3,1) — (1,2,1), because splitting the first entry of the
composition is not allowed in the definition of the relation —. Also, we do
not have (1,2,1) — (1,1,1,1), because the entry we are splitting must be > 2.

Two compositions | and K satisfying | — K must necessarily satisfy |J| =

Here are all relations — between compositions of size 4:

(1,3) — (1,1,2).

Here are all relations — between compositions of size 5:

(1,4) — (1,1,3),
(1,3,1) = (1,1,2,1),
(1,1,3) = (1,1,1,2),

(2,3) = (2,1,2).

There are no relations — between compositions of size < 3.
Proof of Proposition We begin by proving some simple claims.

Claim 1: Let n € IN. Let ] and K be two compositions of size n. Then,
J — K if and only if there exists some k € [n — 1] such that

DesK = Des J U {k}, k ¢ Des ],
k—1¢€ Des] and k+1¢ DesJU{n}.
55The word “consecutive” here means “in consecutive positions of J”, not “consecutive inte-

gers”. So two consecutive entries of | are two entries of the form j, and j,,1 for some
pei{l,2,...,m—1}
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[Proof of Claim 1: This is straightforward to check: “Splitting” an entry of a
composition C into two consecutive entries (summing up to the original entry)
is always tantamount to adding a new element to Des C. The rest is translating
conditions.]

If n is a positive integer, and L is any composition of 7, then

EpkL = (DesLU {n})\ (DesL+1). (59)

(This is a consequence of Proposition applied to any n-permutation 7t satis-
tying L = Comp 7t.)

Claim 2: Let | and K be two compositions satisfying | — K. Then,
Epk ] = EpkK.

[Proof of Claim 2: Easy consequence of Claim 1 and (59).]

For any two integers a and b, we set [a,b] = {a,a+1,...,b}. (This is an empty
setifa > b.)

It is easy to see that every composition | of size n > 0 satisfies

[max (Epk]),n —1] C Des]J. (60)

[Proof of (60): Let | be a composition of size n > 0. We shall show that
[max (EpkJ),n —1] C Des].

Indeed, assume the contrary. Thus, [max (Epk J),n — 1] Z Des J. Hence, there
exists some q € [max (Epk]J),n — 1] satisfying q ¢ Des]. Let r be the largest
such g.

Thus, r € [max (Epk]),n —1] but r ¢ DesJ. From r € [max (EpkJ),n —1] C
[n — 1], we obtain r + 1 € [n]. Also, from r ¢ Des ], we obtain ¥ + 1 ¢ Des | + 1.

From r € [max (Epk]),n — 1], we obtain » > max (Epk]J), so that r +1 >
r > max (Epk J) and therefore r + 1 ¢ Epk | (since a number that is higher than
max (Epk J) cannot belong to Epk J).

From (59), we obtain Epk | = (Des JU {n}) \ (Des ] +1).

If we had ¥+ 1 € Des]J U {n}, then we would have r+1 € (DesJU {n})\
(Des]+1) (since r+1 ¢ Des] +1). This would contradict r +1 ¢ Epk] =
(DesJU {n})\ (Des ]+ 1). Thus, we cannot have r + 1 € Des J U {n}. Therefore,
r+1¢ DesJU{n}.

Hence, r +1 # n (since r +1 ¢ DesJ U {n} but n € {n} C Des]U {n}).
Combined with r +1 € [n], this yields r+1 € [n] \ {n} = [n —1]. Combined
with 7 +1 > max (Epk]J), this yields r + 1 € [max (Epk]),n —1]. Also, r+1 ¢
Des ] (since r +1 ¢ Des J U {n}).

Thus, r+1is a g € [max (EpkJ),n — 1] satisfying g ¢ Des J. This contradicts
the fact that r is the largest such g (since r + 1 is clearly larger than r). This
contradiction proves that our assumption was wrong; thus, is proven.]

For each n € IN and each subset S of [n — 1], we define a subset S° of [n — 1]

as follows:
S,={se€S | s—1¢&Sor [s,n—1] CS}.
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Also, for each n € IN and each nonempty subset T of [n], we define a subset
pn (T) of [n — 1] as follows:

)T\ A{n}, ifneT,
on(T) = {TU[maxT,n—l], ifng T

Claim 3: Let n € IN. Let ] be a composition of size n. Then, (Des]), =
on (Epk ).

[Proof of Claim 3: Let g € (DesJ),. We shall show that g € p,, (Epk]).

We have g € (Des ), C Des] (since S; C S for each subset S of [n — 1]) and
therefore Des | # @. Hence, | is not the empty composition. In other words,
n > 0.

From (59), we obtain Epk ] = (DesJ U {n}) \ (Des ]+ 1). Thus, the set Epk |
is disjoint from Des | + 1. Furthermore, the set Epk | is nonempt

We have ¢ € (Des]),. Thus, g is an element of Des | satisfying ¢ — 1 ¢ Des |
or [g,n —1] C Des] (by the definition of (Des]),). We are thus in one of the
following two cases:

Case 1: We have g — 1 & Des .

Case 2: We have [g,n — 1] C Des].

Let us first consider Case 1. In this case, we have ¢ —1 € Des]. In other
words, ¢ ¢ Des] + 1. Combined with ¢ € Des] C Des ] U {n}, this yields g €
(DesJU{n})\ (Des]+ 1) = Epk]. Moreover, § # n (since g € Des] C [n —1])
and thus ¢ € (Epk]J) \ {n} (since ¢ € Epk]J). But each nonempty subset T
of [n] satisfies T\ {n} C p, (T) (by the definition of p, (T)). Applying this to
T = Epk], we obtain (Epk])\ {n} C p, (Epk]J). Hence, g € (Epk])\ {n} C
pn (EpkJ). Thus, ¢ € p, (Epk]) is proven in Case 1.

Let us now consider Case 2. In this case, we have [g, n —1] C Des]. Hence,
each of the elements g,¢ +1,...,1n — 1 belongs to Des J. In other words, each of
the elements ¢ +1,¢+2,...,n belongs to Des | + 1. Hence, none of the elements
g+1,9+2,...,nbelongs to Epk | (since the set Epk | is disjoint from Des | 4 1).
Thus, max (Epk ) < g. Therefore, ¢ € [max (Epk]),n —1] (since § € Des] C
n—1)).

Also, n ¢ Epk] Hence, the definition of p, (Epk]) yields p, (Epk]) =
Epk J U [max (EpkJ),n — 1]. Now,

g € [max (Epk[),n —1] C EpkJ U [max (Epk]),n —1] = p, (Epk]).

Hence, g € p, (Epk]) is proven in Case 2.

%Indeed, it contains at least the smallest element of the set Des] U {n} (since Epk] =
(DesJ U {n})\ (Des] +1)).

57Proof. Assume the contrary. Thus, n € Epk]. But none of the elements g+ 1,¢+2,...,n
belongs to Epk J. Hence, n is not among the elements g +1,¢g+2,...,n. Therefore, g > n,
so that ¢ = n. This contradicts § € Des] C [n—1]. This contradiction shows that our
assumption was wrong, qed.
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Thus, ¢ € px (Epk]) is proven in both Cases 1 and 2. This shows that ¢ €
pn (EpkJ) always holds.

Forget that we fixed g. We thus have proven that ¢ € p, (Epk]) for each
g € (Des]),. In other words, (Des ), C p, (Epk]).

Now, let h € p, (Epk]) be arbitrary. We shall prove that i € (DesJ),.

We are in one of the following two cases:

Case 1: We have n € EpkJ.

Case 2: We have n ¢ Epk J.

Let us first consider Case 1. In this case, we have n € Epk], and thus
pn (Epk]) = Epk ]\ {n} (by the definition of p, (EpkJ)). Hence,

h € pu (Epk J) = Epk ] \ {n} C Epk] = (DesJ U {n})\ (Des ] +1).

In other words, h € DesJ U {n} and h ¢ Des] + 1. Since h € Des] U {n} and
h # n (because h € p, (Epk]) C [n—1]), we obtain h € (DesJU{n})\ {n} C
Des]. From hh ¢ Des] + 1, we obtain h —1 ¢ Des]. Thus, h is an element of
Des | satisfying h —1 ¢ Des ] or [h,n — 1] C Des ] (in fact, h — 1 ¢ Des | holds).
Thus, h € (Des]), (by the definition of (Des]);). Thus, h € (Des]); is proven
in Case 1.

Let us now consider Case 2. In this case, we have n ¢ Epk]. Hence, the
definition of p, (Epk J) yields p, (EpkJ) = (EpkJ) U [max (EpkJ),n —1]. Thus,
h € pn (EpkJ) = (EpkJ) U [max (EpkJ),n —1].

If h € Epk]J, then we can prove i € (Des]J), just as in Case 1. Hence, let us
WLOG assume that we don’t have h € Epk J. Thus, h ¢ Epk]J. Combined with
h € (Epk])U [max (Epk]),n — 1], this yields

h € ((EpkJ) U [max (EpkJ),n —1]) \ (Epk]) = [max (EpkJ),n —1]\ (Epk])

C [max (EpkJ),n —1] C Des] (by (60)) .
Moreover, from h € [max (Epk J),n — 1], we obtain 1 > max (Epk J), so that
[h,n — 1] C [max (Epk]),n—1] C Des | (by (60)) .

Hence, & is an element of Des | satisfying h —1 ¢ Des] or [h,n —1] C Des]
(namely, [h,n — 1] C Des]). In other words, h € (Des]), (by the definition of
(DesJ),). Thus, h € (Des]), is proven in Case 2.

We have now proven h € (Des J), in both Cases 1 and 2. Hence, h € (Des]);
always holds.

Forget that we fixed h. We thus have shown that h € (Des]), for each
h € p, (Epk]J). In other words, p, (Epk]) C (Des]),. Combining this with
(DesJ), < pn (Epk]), we obtain (DesJ), = p, (EpkJ). This proves Claim 3.]

Claim 4: Let n € IN. Let | and K be two compositions of size n
satisfying Epk | = Epk K. Then, (Des ), = (DesK);.
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[Proof of Claim 4: Claim 3 yields (Des J);, = p, (Epk J) and similarly (Des K); =
pn (Epk K). Hence,

(Des ), = pn | Epk] | = pu (EpkK) = (DesK),, .
\\/_/
=Epk K

This proves Claim 4.]

We let - be the transitive-and-reflexive closure of the relation —. Thus,
two compositions | and K satisfy ] —> K if and only if there exists a sequence
(Lo,Ly,...,Ls) of compositions satisfying Lo = J and Ly = Kand Ly — L; —
<o = Ly.

Claim 5: Let n € IN. Let K be a composition of size n. Then,
Comp ((DesK);) = K.

[Proof of Claim 5: We shall prove Claim 5 by strong induction on |(Des K) \ (Des K),,|.
Thus, we fix an n € IN and a composition K of size 1, and we assume (as the in-
duction hypothesis) that each composition | of size n satisfying | (Des J) \ (Des J),| <

|(Des K) \ (DesK),,| satisfies Comp ((Des J);) % J. Our goal is to prove that

Comp ((DesK);) = K.

Let A = DesK. Thus, K = Comp A and A C [n —1].

Applying to L = K, we obtain EpkK = (DesKU {n}) \ (DesK+1) =
(AU{n})\ (A+1) (since DesK = A).

Also, A;, C A (since S;, C S for any subset S of [n —1]). If A;, = A, then we

are done (because if A, = A, then Comp ((Q%) ) = Comp ( A, ) =
=A n =A

Comp A = K, and therefore the reflexivity of —+ shows that Comp ((DesK),,) 5
K). Hence, we WLOG assume that A; # A. Thus, A; is a proper subset of
A (since A;, € A). Therefore, there exists a ¢ € A satisfying g ¢ A;. Let k
be the largest such q. Thus, k € A and k ¢ A;,. Hence, k € A\ A;. Also,
ke AC[n—1].

Let ] = Comp (A \ {k}). Thus, Des ] = A\ {k}, so that A = Des J U {k} (since
k € A). Hence, DesK = A = Des JU {k}. Also, k ¢ A\ {k} = Des].

Furthermore, k — 1 € Des | @ and k+1 ¢ DesJU {n} @ Hence, we have

%8Proof. Assume the contrary. Thus, k — 1 ¢ Des]. Hence, k —1 ¢ Des ] U {k} as well (since
k—1 # k). In other words, k —1 ¢ A (since Des J U {k} = A). Therefore, the element k of A
satisfiesk —1 ¢ A or [k,n — 1] C A. Thus, the definition of A;, yields k € A;,. This contradicts
k ¢ Aj,. This contradiction shows that our assumption was false; qed.

¥ Proof. Assume the contrary. Thus, k+ 1 € Des J U {n}. In other words, we have k + 1 € Des |
or k +1 = n. In other words, we are in one of the following two cases:

Case 1: We have k +1 € Des J.
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found a k € [n — 1] satisfying

DesK = Des J U {k}, k ¢ Des ],
k—1¢&Des] and k+1¢ DesJU{n}.

Therefore, Claim 1 yields | — K. Thus, Claim 2 yields Epk ] = Epk K. Claim 4
therefore yields (Des J), = (DesK), = Aj;, (since Des K = A). Thus,

(Des])\ (Des]),| = [(A\{k})\ A;| = [(A\ Ap) \ {K}|
—— N—— ~
—A\(k)  =A; —(A\AD\ (K}

— A\ A3 —1 (since k € A\ A2)

< |A\ 42| = |(DesK) \ (DesK);|

(since A = Des K). Thus, the induction hypothesis shows that Comp ((Des J);) 5
J. Combining this with ] — K, we obtain Comp ((Des])7) = K (since - is
the transitive-and-reflexive closure of the relation —). In light of (Des]);, =
(DesK):, this rewrites as Comp ((DesK);) - K. Thus, Claim 5 is proven by
induction.]

Now, let £’ be the Q-vector subspace of QSym spanned by all differences of
the form Fj — Fg, where | and K are two compositions satisfying | — K.

Claim 6: Let | and K be two compositions such that ] =+ K. Then,
F] —Fxe K.

[Proof of Claim 6: We have | X K. By the definition of the relation i>, this
means that there exists a sequence (Lo, Li,...,L;) of compositions satisfying

Case 2: We have k+1 = n.

Let us first consider Case 1. In this case, we have k+1 € Des]. Hence, k+1 € Des] C
DesJU{k} = A. If we had k+1 ¢ Aj, then k+ 1 would be a q € A satisfying q ¢ Aj,; this
would contradict the fact that k is the largest such g (since k + 1 is larger than k). Hence,
we cannot have k +1 ¢ A;. Thus, we must have k +1 € A;. In other words, k+ 1 is an
element of A satisfying (k+1) —1¢ Aor [k+1,n—1] C A (by the definition of A;). Since
(k+1) —1 ¢ Ais impossible (because (k+1) —1 =k € A), we thus have [k+1,n —1] C A.
Now, [k,n—1] = {k} U[k+1,n—-1] € AUA = A. Thus, the element k of A satisfies

~~

N—_———
CA CA
(since ke A)

k—1¢ Aor [k,n—1] C A. In other words, k € A;, (by the definition of A;). This contradicts
k ¢ A;. Thus, we have found a contradiction in Case 1.

Let us now consider Case 2. In this case, we have k+1 = n. Hence, k = n—1, so
that [k,n —1] = {k} C A (since k € A). Thus, the element k of A satisfies k —1 ¢ A or
[k,n —1] C A. In other words, k € A;, (by the definition of A;). This contradicts k ¢ Aj,.
Thus, we have found a contradiction in Case 2.

We have therefore found a contradiction in each of the two Cases 1 and 2. Thus, we always
get a contradiction, so our assumption must have been wrong. Qed.
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Ly=Jand Ly = Kand Ly -+ L; — --- — Ly. Consider this sequence. For
eachi € {0,1,...,¢/—1}, we have L; — L;yy and thus F;, — F;,,, € K’ (by the

definition of K'). Therefore, Y (Fy, — F,,) € K'. In light of

1=0

4

|
[uy

(Fp, — Fr,,,) = F, — Fi, (by the telescope principle)
0

~.

=F —Fx (since Ly = J and Ly = K),
this rewrites as Fj — Fx € K'. This proves Claim 6.]
Claim 7: We have Kgp € K.

[Proof of Claim 7: Recall that Kgpy is the Q-vector subspace of QSym spanned
by all elements of the form F; — Fg, where | and K are two Epk-equivalent
compositions. Thus, it suffices to show that if | and K are two Epk-equivalent
compositions, then F; — Fx € K'.

So let | and K be two Epk-equivalent compositions. We must prove that Fj; —
Fx € K’

The compositions | and K are Epk-equivalent; in other words, they have the
same size and satisfy Epk ] = EpkK. Let n = |J| = |K|. (This is well-defined,
since the compositions | and K have the same size.)

Claim 4 yields (Des]); = (DesK);. But Claim 5 yields Comp ((DesK);) —
K. Hence, Claim 6 (applied to Comp ((Des K), ) instead of J) shows that
F, ((Desk)?) ~ Fx € K'. The same argument (applied to | instead of K) shows

Comp((Des])Z) - F] € K. Now,

(PComp((DesK);j) - FK) - (FComp((DesI)Z) N FI)

- FComp((DesK)Z) o FComp((Des Ny) + Fp — Fx
N——
=F,

Comp((DesK)5,)
(since (Des J), =(DesK);)

- (FComp((DesK)Z) o FComp((DesK)Z)) +F — Fx = Fj — Fx,

(. s

~~

=0
so that

P] — g = \(PComp((DesK)Z) — FK> _\(FComp((Des])Z) — P])/ c k' -K’ - K.

-

ex’ ex’

This proves Claim 7.]
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Claim 8: We have K’ C Kgp.

[Proof of Claim 8: Recall that K’ is the Q-vector subspace of QSym spanned by
all differences of the form F; — Fg, where | and K are two compositions satisfying
J — K. Thus, it suffices to show that if ] and K are two compositions satisfying
] — K, then Fp—Fx € lCEpk-

So let ] and K be two compositions satisfying | — K. We must prove that
F] —Fx € ICEpk-

We have | — K. Therefore, |J| = |K| and Epk ] = EpkK (by Claim 2). Hence,
the compositions | and K are Epk-equivalent. Thus, the definition of Kgpx shows
that F; — Fx € Kgpk. This proves Claim 8.]

Combining Claim 7 and Claim 8, we obtain Kgpx = K'. Recalling the defi-
nition of K/, we can rewrite this as follows: ICEpk is the Q-vector subspace of
QSym spanned by all differences of the form F; — Fx, where | and K are two
compositions satisfying ] — K. This proves Proposition [5.5| [

5.3. An M-generating set of g

Another characterization of the ideal Kgpi of QSym can be obtained using the
monomial basis of QSym. Let us first recall how said basis is defined:
For any composition « = (aq,ay,...,ay), we let
M, = Z x?il xf‘; e x?;f
i1 <ip<---<iyp

(where the sum is over all strictly increasing ¢-tuples (iy,ip,...,i;) of positive
integers). This power series M, belongs to QSym. The family (M,),, i 5 composition
is a basis of the Q-vector space QSym,; it is called the monomial basis of QSym.

Proposition 5.7. If ] = (j1,j2,...,jm) and K are two compositions, then we
shall write | 1\_/1> K if there exists an ¢ € {2,3,...,m} such that j, > 2 and K =

(i, j2s s jo-1,2,jo — 2, Jo41, Jow2s - - -, Jm)- (In other words, we write | ;I> Kif K
can be obtained from | by “splitting” some entry j, > 2 into two consecutive
entries 2 and j, — 2, provided that this entry was not the first entry —i.e., we
had ¢ > 1 — and that this entry was greater than 2.)

The ideal Kgpi of QSym is spanned (as a Q-vector space) by all sums of the
form M; + Mg, where | and K are two compositions satisfying | o K.

Example 5.8. We have (2,1,4,4) 1\_/1> (2,1,2,2,4), since the composition

(2,1,2,2,4) is obtained from (2,1,4,4) by splitting the third entry (which is
4 > 2) into two consecutive entries 2 and 2.
Similarly, (2,1,4,4) ;I> (2,1,4,2,2) and (2,1,5,4) ;; (2,1,2,3,4).

133



But we do not have (3,1) = (2,1,1), because splitting the first entry of the
composition is not allowed in the definition of the relation 1\_/}

Two compositions | and K satisfying | o K must necessarily satisfy |J| =
K].

Here are all relations i between compositions of size 4:

(1,3) A—/I> (1,2,1).

Here are all relations v between compositions of size 5:

(L4) > (1,2,2),
(1,3,1) =+ (1,2,1,1),
(1,1,3) = (1,1,2,1),

(2,3) = (2,2,1)

There are no relations > between compositions of size < 3.

Before we start proving Proposition[5.7] let us recall a basic formula ([GriReil8)
(5.2.2)]) that connects the monomial quasisymmetric functions with the funda-
mental quasisymmetric functions:

Proposition 5.9. Let n € IN. Let a be any composition of n. Then,

M, = 2 (_1)5(ﬁ)—£(“) Fs.

B is a composition
of n that refines «

Here, if 7 is any composition, then ¢ () denotes the length of v (that is, the
number of entries of ).

Proof of Proposition This is precisely [GriReil8| (5.2.2)]. O

Proposition 5.10. Let 1 be a positive integer. Let C be a subset of [n — 1].

(a) Then,

MCompC = Z (_1)‘B\C| FCompB-
B2OC

(The bound variable B in this sum and any similar sums is supposed to be
a subset of [n — 1]; thus, the above sum ranges over all subsets B of [n — 1]
satisfying B O C.)

(b) Let k € [n — 1] be such that k ¢ C. Then,

C
MCompC +MC0mp(CU{k}) = Z (_1)‘3\ |FCompB-
BOC;
k¢B
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(c) Letk € [n — 1] be such that k ¢ C and k —1 ¢ CU {0}. Then,

B\C
MCompC + MComp(CU{k}) = Z (_1)| \cl (FCOmpB - FComp(BU{kfl})) .
B2C;
k¢ B;
k—1¢B

Proof of Proposition[5.10, (a) If U is any subset of [n —1], then ¢(CompU) =
ul+1, ifn>0;
0, iftn=20

ties

. This easy fact yields that every subset B of [n — 1] satis-

e<compB)_g(compC):{|B|+1, 1fn>0,_{| 1, ifn >

0, ifn=20 0, ifn=20
|IB| —|C|, ifn>0;
= = |B| - |C 61
{Q =18l 61

(indeed, if n = 0, then both B and C must be the empty set, and thus 0 =
|B| — |C| holds in this case).
Proposition [5.9| (applied to « = Comp C) yields

MCompC
. y (—1)/B)-t(Comp©) £

B is a composition
of n that refines Comp C

£(C B)—{(C C
= \(_1) (Comp B)—£(Comp )/FCOmpB
BC[n—1]; 7
Comp B refines Comp C =(-1)/B=lcl
~ ~ - (by (1))
= X
BC[n—1];
B2C
(because for a subset B of [n—1],
we have (Comp B refines Comp C)
if and only if BOC)
here, we have substituted Comp B for B, since
the map Comp : {subsets of [n — 1]} — {compositions of n}
is a bijection
B|—|C B\C
= Z (_1)| = |FCompB: Z (_1)| \ |FCompB-
BC[n—1]; — B2C
BOC :(_1)\ \C|

N—— (since B2C)
=Y

BoC

This proves Proposition ().
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(b) Proposition 5.10| (a) (applied to C U {k} instead of C) yields

B\ (CU{k B\C|—1
MComp(Cu{k}) = Z £_1)| MCUtR)l FCompB = Z (_1)‘ \Cl FCompB
BOCU{k} - BOC "
- =(-1)B\CI-1 keB =—(—1)B\Cl
— T (since |B\(CU{k})|=|B\C|-1
B2G; (since k¢ C))
keB
Y ()P s, (62)
B2OC;
keB

But Proposition (a) yields

MCompC = Z (_1)‘B\C| FCompB

BoC

= ¥ (0" Feompn + Y (1) Feomp s
B2G; B2OC;
keB k¢B

Adding to this equality, we obtain

MComp ct MComp(CU{k})

=Y (D" “hcompr+ Y (D) P Fomps + [ = Y (=) Foomp s
BoC; BoC; BOC;
keB k¢B keB
_ Z \B\ |FC
BoC;
kéB

This proves Proposition (b).

(c) Wehave k—1 ¢ CU{0}. Thus, k—1¢ Cand k—1 # 0. From k—1 # 0,
we obtain k — 1 € [n —1].
The map

{BC[n—-1 | BOCandk¢ Band k—1 ¢ B}
—{BC[n—1] | B>DCandk ¢ Band k—1 € B}

sending each B to BU {k — 1} is a bijection (this is easy to check using the facts
thatk —1 ¢ C and k — 1 € [n — 1]). We shall denote this map by &
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Proposition (b) yields
MCompC + MComp(CU{k})
= 2 (_1)‘B\C| FCompB

BOC;
k¢B
B\C B\C
= Z (_1)| \ |FCompB‘i‘ Z (_1)‘ \ |FCompB
BDOC; BOC;
k¢ B; k¢B;
k—1¢B k—1€B
= BQZC; (71)l(BU{kil})\C‘FComp(BU{kfl})
k¢B;
k—1¢B

(here, we have substituted BU{k—1} for B in the sum
(since the map & is a bijection))

= Z <_1)|B\C|FCompB+ Z (_1)|(BU{k71})\Cl PComp(BU{k—l})

BDC; BOG; N
k&B; k&B; :(71)\B\C|+1
k—1¢B k=1¢B (since |(BU{k—1})\C|=|B\C|+1

(since k—1¢B and k—1¢C))

B\C B\C|+1
= BDZC. (1) Feomp s + B;C )P Feomp(auge_1))

ké&B; kZB; =—(~1)B\
k—1¢B k—1¢B
B\C B\C
= Z (_1)| \ |FCompB_ Z (_1)| \ ‘FComp(BU{kfl})
BOC; BOC;
k¢ B; k¢ B;
k—1¢B k—1¢B
B\C
= Z (_1)| \Cl <FC0mpB - FComp(BU{k—l})) .
BDOC;
k¢ B;
k—1¢B
This proves Proposition (). O

Proof of Proposition [5.7] We shall use the notation (f; | i € I) for the Q-linear
span of a family (f;),.; of elements of a Q-vector space.
Define a Q-vector subspace M of QSym by

M = <M] + Mg | ] and K are compositions satisfying | ™ K> .

Then, our goal is to prove that Kgpx = M.
We have

M = <M] + Mg | ] and K are compositions satisfying | o K>

=Y <M] + Mg | ] and K are compositions of n satisfying | ™ K>
neN
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(because if | and K are two compositions satisfying | H K, then | and K have

the same size).
Consider the binary relation — defined in Proposition Then, Proposition

yields
Kgpk = (F; — Fx | ] and K are compositions satisfying | — K))

= ) (Fj—Fx | ] and K are compositions of n satisfying ] — K)
nelN

(because if | and K are two compositions satisfying | — K, then | and K have
the same size).

Now, fix n € IN. Let ) be the set of all pairs (C, k) in which C is a subset of
[n —1] and k is an element of [n — 1] satisfying k ¢ C, k—1 € Cand k+1 ¢
Cu{n}.

For every (C, k) € (), we define two elements mc ; and fc; of QSym by

mcy = MCompC + MComp(CU{k+1}) and (63)
fC,k - FCompC - FComp(CU{k})' (64)

FY

We have the following:

Claim 1: We have

<M 7+ Mk | ] and K are compositions of n satisfying | o K >
= (mcy; | (Ck)eQ).

[Proof of Claim 1: It is easy to see that two subsets C and D of [n — 1] satisfy
Comp C ﬁ Comp D if and only if there exists some k € [n — 1] satisfying D =

®0These two elements are well-defined, because both C U {k} and C U {k+ 1} are subsets of
[n—1] (since k+1 ¢ CU {n} shows that k + 1 # n).
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Cu{k+1},k¢Ck—1€Candk+1¢ CU{n}. Pl Thus,
(Mcompc + Mcompp | Cand D are subsets of [n — 1]
satisfying Comp C i Comp D>

= (Mcompc + Mcompp | Cand D are subsets of [n — 1]

such that there exists some k € [n — 1]
satisfying D =CU{k+1}, k¢ C,k—1e€Candk+1¢ CU{n})

= <MCompC + MComp(CU{k+1}) | Cc [1/1 - 1] and k € [n - 1]
aresuchthatk ¢ C,k—1e€ Cand k+1¢ CU{n})

~~

= <£VICompC + MComp(CU{k+1}) I (C'k) € Q>

=mc i

(by @©3))
(by the definition of ()
= (mcy | (Ck) Q).

Now, recall that Comp is a bijection between the subsets of [# — 1] and the com-
positions of n. Hence,

<M j+ Mg | ] and K are compositions of n satisfying | = K >
= <MC0mpc + Mcompp | Cand D are subsets of [n —1]
satisfying Comp C > Comp D>
— (mc | (CK) €Q).
This proves Claim 1.]
Claim 2: We have

(Fj— Fx | ] and K are compositions of n satisfying ] — K)
= (fcx | (Ck) € Q).

[Proof of Claim 2: It is easy to see that two subsets C and D of [n — 1] satisfy
Comp C — Comp D if and only if there exists some k € [n — 1] satisfying D =

®1To prove this, recall that “splitting” an entry of a composition | into two consecutive entries
(summing up to the original entry) is always tantamount to adding a new element to Des J. It
suffices to show that the conditions under which an entry of a composition | can be split in the
definition of the relation ) are precisely the conditionsk ¢ C,k—1€ Cand k+1 ¢ CU {n}

on C = Des], where k + 1 denotes the new element that we are adding to Des J. This is
straightforward.
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Cuf{k}, k¢ Ck—1€Candk+1¢ CuU{n}. [ Thus,

(Fcompc — Fcompp | C and D are subsets of [n — 1]
satisfying Comp C — Comp D)
= (Fcompc — Fcompp | C and D are subsets of [n —1]

such that there exists some k € [n — 1]
satisfying D =CU{k}, k¢ C,k—1c€Candk+1¢ CU{n})

= <FCompC _PCOmp(CU{k}) ’ Cc [Tl - 1] and k € [1’1 - 1]
aresuchthatk ¢ C,k—1e€ Cand k+1¢ CU{n})

J/

= <FCOmpC — Feomp(cugry) | (C k) € Q>

~—
=fcx

(by (64))
(by the definition of Q)
= (fcx | (Ck)eQ).

Now, recall that Comp is a bijection between the subsets of [n — 1] and the com-
positions of n. Hence,

(Fj — Fx | ] and K are compositions of n satisfying ] — K)

= (Fcompc — Fcompp | C and D are subsets of [n —1]
satisfying Comp C — Comp D)

= {fcx | (Ch) € Q).

This proves Claim 2.]
We define a partial order on the set () by setting

(B,k) > (C,¢) if and only if (k=¢and B2 C).
Thus, Q1 is a finite poset.

Claim 3: For every (C, /) € (), we have

mc,= ). (—1)|B\C|f3,k-

(Bk)ey;
(B,k)>(C,0)

62To prove this, recall that “splitting” an entry of a composition ] into two consecutive entries
(summing up to the original entry) is always tantamount to adding a new element to Des J.
It suffices to show that the conditions under which an entry of a composition | can be split
in the definition of the relation — are precisely the conditions k ¢ C,k—1 € Cand k+1 ¢
CU{n} on C = Des ], where k denotes the new element that we are adding to Des J. This is
straightforward.
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[Proof of Claim 3: Let (C,¢) € Q. Thus, C is a subset of [n —1] and / is an
element of [n —1] satisfying / ¢ C, {—1 € Cand {+1 ¢ CU{n}. From
(+1¢ CU{n}, weobtain {+1¢ Cand ¢+ 1 # n. From ¢+ 1 # n, we obtain

Also, ({+1)—1=/¢¢& CU{0} (since £ ¢ C and ¢ # 0). Thus,

(+1e€n—1].
Proposition (c) (applied to k = ¢+ 1) yield

B\C
MCompC + MComp(CU{f—i—l}) = Z <_1)| \cl <FCompB o FComp(BU{E})) ’
B2OC;
(+1¢B;
{¢B

But every B C [n — 1] satisfying B O C must satisfy / —1 € B (since / — 1 €
C C B). Hence, we can manipulate summation signs as follows:

Y - Y - % (sincef—i—l&éBisequivalentto€+1§éBU{n})
BSC; BSC BSC; (because £ + 1 # n)
(+1¢B;  (+1¢B;  (+1¢BU{n};
(¢B (€B; (¢B;
{—1¢B ¢{—1€B
B2C;
{¢B;
{—1€B;
0+1¢BU{n}
since the
_ condition (¢ ¢ B,/ —1€ Band {+1¢ BU{n})
a 5. on a subset B of [n —1] %s gguivalent to (B,¢) € Q)
(B,)eQ) (by the definition of )
(B,£)eQ;,  (Bk)e(y; (Bk)eQy;
BOC k=¢, (B.k)>(C,0)
BDOC

(since the condition (k =¢and B D C) on a (B, k) € Q) is equivalent to (B, k) >
(C,?) (by the definition of the partial order on })).

%3Here and in the following, the bound variable B in a sum always is understood to be a subset
of [n —1].
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Now, the definition of m¢ , yields

mcy = MCompC + MComp(CU{f+1})

B\C
(+1¢B;
{¢B
N——
= Y
(Bk)ey;
(BK)=(C,0)

(by (65))

= Z (_1)‘B\C‘ FCompB - FComp(BU{é})
. —_———

/2) :FComp(BU{k})
(since /=k
(since (B,k)>(C,¢) and thus k=/())

= Z (_1)‘B\C‘ <PCompB - FComp(BU{k}))

(Bk)ey; ~ ~ _
(B,k)>(C,0) =fp
(since yields

fB,k:FComp B 7FComp(Bu{k}))

= Y ()P,

This proves Claim 3.]

Now, Claim 3 shows that the family (mC,k)(C,k)eQ expands triangularly with
respect to the family (fc) (Ck)en with respect to the poset structure on (). More-
over, the expansion is unitriangular (because if (B, k) = (C, /), then B = C and
thus (—1)‘B\C| = (—1)‘C\C| — (-1)° = 1) and thus invertibly triangular (this
means that the diagonal entries are invertible). Therefore, by a standard fact
from linear algebra (see, e.g., [GriReil8, Corollary 11.1.19 (b)]), we conclude that
the span of the family (mC,k)(C,k) cq €quals the span of the family (fC,k)(C,k) car
In other words,

(mcp | (Ck)e ) =(fcx | (Ck)eQ).

Now, Claim 1 yields

S

M+ Mg | ] and K are compositions of n satisfying | v K >

(mep | (G k)€ Q) =(fcx | (Ck)e)
= (Fj — Fx | J and K are compositions of n satisfying | — K)
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(by Claim 2).
Now, forget that we fixed n. We thus have proven that

<M j+ Mg | ] and K are compositions of n satisfying | = K >
= (Fj — Fx | J and K are compositions of n satisfying | — K)

for each n € IN. Thus,

Y. <M j+ Mk | ] and K are compositions of n satisfying | = K >

neN

= Y (F,—Fx | ] and K are compositions of 7 satisfying | — K) .
neN

In light of

ICEpk = Z <F] — Fx | J and K are compositions of n satisfying | — K>
nelN

and

M=) <M ;+ Mk | ] and K are compositions of n satisfying | - K> ,
nelN

this rewrites as M = Kgpy. In other words, Kgpx = M. This proves Proposition

B.Z O

Question 5.11. It is worth analyzing the kernels of other known descent statis-
tics (shuffle-compatible or not). Let us say that a descent statistic st is M-
binomial if its kernel K can be spanned by elements of the form AM; + uMg
with A, u € Q and compositions |, K. Then, Proposition 5.7 yields that Epk is
M-binomial. It is easy to see that the statistics Des and des are M-binomial
as well. Computations using SageMath suggest that the statistics Lpk, Rpk,
Pk, Val, pk, Ipk, rpk and val (see [GesZhul7] for some of their definitions) are
M-binomial, too (at least for compositions of size < 9); this would be nice to
prove. On the other hand, the statistics maj, (des, maj) and (val, des) (again,
see [GesZhul7] for definitions) are not M-binomial.

5.4. Appendix: Proof of Proposition and Theorem

Let us now give proofs of Proposition and Theorem which we have
promised above. We will mostly rely on Lemma [5.2] and on Proposition
For the rest of Subsection we shall make the following conventions:
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Convention 5.12. Let st be a permutation statistic. For each permutation 7, let
7] denote the st-equivalence class of 7. Let A be the free Q-vector space
whose basis is the set of all st-equivalence classes of permutations. (This is
well-defined whether or not st is shuftle-compatible.)

Proof of Proposition A magmatic algebra shall mean a Q-vector space equipped
with a binary operation which is written as multiplication (i.e., we write ab for
the image of a pair (a4,b) under this operation), but is not required to be asso-
ciative (or have a unity). An (actual, i.e., associative unital) algebra is thus a
magmatic algebra whose multiplication is associative and has a unity. In partic-
ular, any actual algebra is a magmatic algebra. A magmatic algebra homomorphism
is a Q-linear map between two magmatic algebras that preserves the multiplica-
tion.
We make Ag; into a magmatic algebra by setting

[71'] st [0'] st — Z [T] st (66)

TeS(m0)

for any two disjoint permutations 7t and ¢. This is well-defined, because the
right-hand side of depends only on the st-equivalence classes [7] ; and o],
rather than on the permutations 7t and ¢ themselves (this is because st is shuffle-
compatible).

Define a Q-linear map p : QSym — Ay by requiring that

p (FL) = [y for every composition L and every
permutation 7t with Comp 77 = L.

This is well-defined, because for any given composition L, any two permutations
7 with Comp 1 = L will have the same st-equivalence class 7], (since st is a
descent statistic).

Thus, each permutation 7t satisfies

p (Fcomp ) = [7T]s (67)

and therefore 7]y = p (Fcompr) € p(QSym). Hence, As C p (QSym) (since
the st-equivalence classes |7 form a basis of As;). Consequently, the map p is
surjective.

Moreover, we have

p(ab) =p(a)p (D) for all a,b € QSym:. (68)

[Proof of (68): Let a,b € QSym. We must prove the equality (68). Since this
equality is Q-linear in each of 2 and b, we WLOG assume that a and b belong to
the fundamental basis of QSym. That is, 2 = F; and b = Fx for two compositions
J and K. Consider these | and K. Fix any two disjoint permutations 77 and ¢
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such that Comp r = | and Compo = K. (Such 7 and ¢ are easy to find.) The
definition of p thus yields p (Fj) = [rt], and p (Fx) = [0, Hence,

Pl |l b | =pE)pE) = gl
=F =Fg T
J [y =lla

= Z [T] st (by )

TeS(m,0)

XES(m,0)

(here, we have renamed the summation index T as x). On the other hand, a =
Fy = Fcomp e (since | = Comp 71) and b = Fcomp s (similarly); multiplying these
equalities, we get

ab = FComp nFCompa = Z PComp)(
XES(m,0)

(by Proposition [4.11). Applying the map p to this equality, we find

p (ab) =Pp Z FCome = Z p (FCompx) = Z [X]st
XES(m,0) xeS(mo)~——~——"  xeS(n0)
=[xlst
(by (7))
=p(a)p(b) (by ©9) -

This proves (68).]

The equality shows that p is a magmatic algebra homomorphism (since p
is Q-linear). Thus, using the surjectivity of p, we can easily see that the magmatic
algebra Ag; is associativelﬂ In other words, the multiplication on A defined in
Definition is associative. Moreover, it is clear that the st-equivalence class of
the 0-permutation () serves as a neutral element for this multiplication (because
if @ denotes the O-permutation (), then S (&,0) = S(0,@) = {0} for every

4Proof. Let u,v,w € Ag. We must show that (uv) w = u (vw).
There exista, b,c € QSym such thatu = p (a), v = p (b) and w = p (c) (since p is surjective).
Fix such 4, b, c. Since QSym is an actual (i.e., associative unital) algebra, we have

p (abc) = p((ab)c) = p (ab) p (c) (since p is a magmatic algebra homomorphism)
——

=p(a)p(b)
(since p is a magmatic
algebra homomorphism)

= (P (a) P(b)) p(c) = (uv)w.
e~ |

=u =0 =w

A similar argument shows that p (abc) = u (vw). Thus, (uv) w = p (abc) = u (vw), qed.
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permutation ¢). Thus, the multiplication on Ag defined in Definition is
well-defined and associative, and turns Ay into a Q-algebra whose unity is the
st-equivalence class of the 0-permutation (). This proves Proposition (a).
(b) The map p : QSym — A is Q-linear and respects multiplication (b

). Moreover, it sends the unity of QSym to the unity of the algebra A
Thus, p is a Q-algebra homomorphism. Moreover, recall that p is surjective and
satisfies p (Fcomp ) = [7T] for every permutation 7. Hence, there is a surjective
Q-algebra homomorphism pgt : QSym — A that satisfies

Pst (Fcomp ) = [ for every permutation 7t
(namely, ps; = p). This proves Proposition (b). O

Proof of Theorem (a) =: Assume that st is shuffle-compatible. Proposition
(b) shows that there is a surjective Q-algebra homomorphism pgt : QSym —
As: that satisfies

Pst (Fcomp ) = [ for every permutation 7. (70)

Consider this pgt.

If « is an st-equivalence class of compositions, then we let u, denote the st-
equivalence class [77], of all permutations 7r whose descent composition Comp 7t
belongs to a. (This is indeed a well-defined st-equivalence class, because st is a
descent statistic.) This establishes a bijection between the st-equivalence classes
of compositions and the st-equivalence classes of permutations. Thus, the family
(uq) (indexed by st-equivalence classes a of compositions) is just a reindexing
of the basis of A consisting of the st-equivalence classes [7t] , of permutations.
Consequently, this family is a basis of the Q-vector space .As;. Moreover, pgt is
a Q-algebra homomorphism QSym — A with the property that whenever « is
an st-equivalence class of compositions, we have

pst (FL) = ug for each L € a.

(Indeed, this follows from applying to any permutation 7t satisfying Comp 7
L.

Thus, there exist a Q-algebra A (namely, A = Ay) with basis (u,) (indexed
by st-equivalence classes & of compositions) and a Q-algebra homomorphism
¢Pst 1 QSym — A (namely, ¢st = pst) with the property that whenever « is an
st-equivalence class of compositions, we have

Pst (FL) = uy for each L € a.

%5 Proof. The unity of QSym is 1 = F(), where () denotes the empty composition. Now, let &
denote the 0-permutation (). Then, the st-equivalence class [@], is the unity of the algebra
Agt. But the 0-permutation @ = () has descent composition Comp @ = (). Hence, the

definition of p yields p (F()) = [D]g- In view of what we just said, this equality says that p
sends the unity of QSym to the unity of the algebra Ag;.
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This proves the = direction of Theorem (a).

<=: Assume that there exist a Q-algebra A with basis (1,) (indexed by st-
equivalence classes & of compositions) and a Q-algebra homomorphism ¢s; :
QSym — A with the property that whenever « is an st-equivalence class of
compositions, we have

¢st (FL) = Uq for each L € «.

Consider this A, this (u,) and this ¢st. Lemma [5.2| shows that Ker (¢pst) = K.
But Ker (¢st) is an ideal of QSym (since ¢ is a Q-algebra homomorphism). In
other words, K is an ideal of QSym (since Ker (¢st) = Kt).

Now, consider any two disjoint permutations 77 and ¢. Also, consider two
further disjoint permutations 7’ and ¢’ satisfying st 7t = st(7), sto = st(¢’),
|| = |7'| and |o| = |o/|. We shall show that {stt | T € S(m,0)}
{stt | T€S(n,0")}uy as multisets. This will show that the multiset
{stt | 7€ S(m, o)}, s depends only on st 7, sto, || and |o|.

From st 7t = st (7r') and || = |7r’|, we conclude that 7r and 7t’ are st-equivalent.
In other words, Comp 7 and Comp (71') are st-equivalent. Hence, Fcompr —
Feomp(n'y € Kst (by the definition of Kst), so that Feompr = Feomp(r/) mod Kst.
Similarly, Fcompe = Fcomp(or) mod Kst. These two congruences, combined, yield
Feomp nFcomp o = Feomp(n') Fcomp(o) mod Kst, because K is an ideal of QSym.

Let X be the codomain of the map st. Let Q [X] be the free Q-vector space with
basis ([x]),cx- Then, we can define a Q-linear map st : QSym — Q [X], Fj —
[stJ]. This map st sends each of the generators of Cg to 0 (by the definition of
Kst), and therefore sends the whole g to 0. In other words, st (KCst) = 0.

We have Fcomp nFcomp e = Fcomp(n') Fcomp(e') mod Kyt and thus

multi —

st (FComp rFcomp D') = st (FComp(Tf’)FCOmp(U’)> (71)
(since st (KCst) = 0). But Proposition yields

FComp nFComp o= Z FComp X:
XES(m,0)

Applying the map st to both sides of this equality, we find

st (FCOmp 7TFC0mp(7> = st ( Z FComp)()

XES(m,0)
= ) st (Fcompy) = Y Istxl.
XE€S(m,0) :[m[;)d XES(m,0)
Similarly,
st <FComp(7r’)FComp(U’)) = Z [StX] :

xeS(m',o)
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But the left-hand sides of the last two equalities are equal (because of (71));
therefore, the right-hand sides must be equal as well. In other words,

Y, [stxl= ), Istal.

XES(m,0) x€eS(r o)

This shows exactly that {stx | x € S(77,0)} s = {stx | x € S(7, ")} s
In other words, {stt | T € S(m,0)} s = {stT | T€S(,0")} - Thus,
we have proven that the multiset {stT | T € S (7,0)},, depends only on st 7,
sto, |7t| and |o|. Hence, the statistic st is shuffle-compatible. This proves the <=
direction of Theorem (a).

(b) Proposition (b) shows that there is a surjective Q-algebra homomor-
phism pgt : QSym — Ag; that satisfies

Pst (Fcomp 1) = [T for every permutation 7. (72)

Consider this pgt.
Let 7y be the Q-linear map

Agse = A, (7] > Ua,

where « is the st-equivalence class of the composition Comp 7. This map 7 is
clearly well-defined (since the st-equivalence classes [77],, form a basis of As,
and since the st-equivalence class of the composition Comp 7 depends only on
the st-equivalence class [7] , and not on the permutation 7 itself). Moreover,
v sends a basis of Ag; (the basis formed by the st-equivalence classes [, of
permutations) to a basis of A (namely, to the basis (1)) bijectively; thus, v is an
isomorphism of Q-vector spaces.

The diagram
QSym s Ay
(Pst :L’y
A

is commutative (as one can easily check by tracing an arbitrary basis element Fy,
of QSym through the diagram). Since the maps pst and ¢ in this diagram are
Q-algebra homomorphisms, and since pg; is surjective, we thus conclude that vy
is also a Q-algebra homomorphism@ Since <y is an isomorphism of Q-vector
spaces, we thus conclude that v is a Q-algebra isomorphism As; — A. This
proves Theorem (b). O

% Proof. Let a,b € Ast. We shall show that 7 (ab) = v (a) v (b).
There exist a’,b' € QSym such that a = ps (a’) and b = pg (V') (since ps is surjective).

Consider these a’,b’. Then, 7 a = 7 (pst(a')) = ¢st (a') (since the diagram is com-

=pst(a’)
mutative) and 1y (b) = ¢« (V') (similarly). But from a = pg (a’) and b = pg (b'), we obtain
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6. Dendriform structures

Next, we shall study how the ideal ICEpk interacts with some additional struc-
ture on QSym, viz. the dendriform operations < and = and the “runic” oper-
ations ¢ and X. These operations were introduced in [Grinbel6]. Our study
shall lead us back to the notions of left-shuffle-compatibility and right-shuffle-
compatibility from Section 3| We shall reprove that Epk is left-shuffle-compatible
and right-shuffle-compatible; similar studies can probably be made for other de-
scent statistics.

6.1. Four operations on QSym

We begin with some definitions. We will use some notations from [Grinbel6],
but we set k = Q because we are working over the ring Q in this paper. Mono-
mials always mean formal expressions of the form x7'x*x5* - - - with aq +a +
az + - -+ < oo (see [Grinbel6, Section 2] for details). If m is a monomial, then
Supp m will denote the finite subset

{i€{1,2,3,...} | the exponent with which x; occurs in mis > 0}
of {1,2,3,...}. Next, we define four binary operations
called “dendriform less-than”; but it’s an operation, not a relation),

called “belgthor”),

< (
> (called “dendriform greater-or-equal”; but it’s an operation, not a relation),
¢ (
X (called “tvimadur”)

ab = pst (a') pst (V') = pst (a’’) (since pgt is a Q-algebra homomorphism), so that

v (ab) =y (pst (a'V")) = st (') (since the diagram is commutative)
= Pst ( ) Pst (b) (since ¢t is a Q-algebra homomorphism)
o ——
( ) =)
v (a)y (b).

Now, forget that we fixed a,b. We thus have proven that vy (ab) = 7 (a) v (b) for all a,b €
Ast. Similarly, 7y (1) = 1. Hence, v is a Q-algebra homomorphism (since vy is Q-linear).
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on the ring k [[x1, X2, x3,...]] of power series by first defining how they act on
monomials:

ao M if min (Suppm) < min (Suppn);
T 00, if min (Suppm) > min (Suppn) ’
oo mem, if min (Suppm) > min (Suppn);
==, if min (Suppm) < min (Suppn) ’
op_l mm if max (Suppm) < min (Suppn); |
mET=0, if max (Suppm) > min (Suppn) ’

if max (Suppm) < min (Suppn);
if max (Suppm) > min (Suppn)

3
>€
=
|
—
L3
2

and then requiring that they all be k-bilinear and continuous (so their action
on pairs of arbitrary power series can be computed by “opening the parenthe-
ses”). These operations <, =, ¢ and X all restrict to the subset QSym of
k [[x1, x2, x3,...]] (this is proven in [Grinbel6, detailed version, Section 3]). They
furthermore satisfy numerous relationﬂ

e The dendriform operations satisfy the four rules
a<b+a>b=ab; (73)
(a<b)<c=a=(bc);
(a=b)<c=ar(b=<c);
ar(b>c)=(ab) = c

foralla,b,c € k[[x1,x2,x3,...]]. (In other words, they turn k [[x1, x2, x3, .. ]|
into what is called a dendriform algebra.)

e For any a € k[[x1,x2, x3,...]], we have

1<a=0; (74)
a<1=a—e¢e(a); (75)
1>a=ua (76)
ar-1=¢(a), (77)

where ¢ (2) denotes the constant term of the power series a.

e The binary operation ¢ is associative and unital (with 1 serving as the
unity).

e The binary operation X is associative and unital (with 1 serving as the
unity).

7These relations are all easy to prove (by linearity, it suffices to verify them on monomials
only, and this verification is straightforward). A proof of the associativity of ¢ was given in
[Grinbel6, detailed version, Proposition 3.4].
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Recall that we are using the notations M, for the monomial quasisymmetric
functions and F, for the fundamental quasisymmetric functions.

e For any two nonempty compositions a and , we have My ¢ Mg = M, g +
Myep, where [, B] and a © B are two compositions defined by

[(061,062,...,(Xg),(ﬁl,ﬁz,...,ﬁm)] = (0(1,062,...,0(5,,31,,32,...,[3”1),’
(041,062,...,065)6 (‘51,‘52,...,‘3;”) = (0(1,0(2,...,0(5,1,0654—[31,[32,[33,...,‘Bm).

e For any two compositions a and p, we have M, X Mg = M, g.

e For any two compositions « and 8, we have F, ¢ Fg = Fyop. (Here, 2 ©
is defined to be « if B is the empty composition, and is defined to be B if «
is the empty composition.)

e For any two compositions a and p, we have Fy X Fg = F, 5.

Furthermore, we shall use two theorems from [Grinbel6, detailed version,
Section 3]:

Theorem 6.1. Let S denote the antipode of the Hopf algebra QSym. Let us use

Sweedler’s notation }_ b(;) ® b(y) for A (b), where b is any element of QSym.
(b)

> (8 (b)) @ a) by =a<b

(b)
for any a € k [[x1, X2, x3,...]] and b € QSym.

Then,

Theorem 6.2. Let S denote the antipode of the Hopf algebra QSym. Let us use

Sweedler’s notation }_ b(1) ® b(y) for A (b), where b is any element of QSym.
(b)

> (5 (b)) Xa) by =b=a

(b)
for any a € k [[x1, x2,x3,...]] and b € QSym.

Then,

(Notice that Theorem [6.2] differs from [Grinbel6| detailed version, Theorem
3.15] in that we are writing b = a instead of 4 < b. But this is the same thing,
sincea =b=>b>aforallabek|[xy,x,x3,...]])

6.2. The dendriform operations on the fundamental basis

Recall Definition [3.1| and Definition The following theorem is analogous to
Theorem
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Theorem 6.3. Let 7t be a nonempty permutation with descent composition J.
Let o be a nonempty permutation with descent composition K. Assume that
the permutations 7t and ¢ are disjoint, and that 71y > . For any composition

L, let ch? be the number of permutations with descent composition L among

the left shuffles of /1 and ¢, and let c?? be the number of permutations with
descent composition L among the right shuffles of 77 and ¢. Then,

F] < Fx = ZC%;FL
L

and

F] >~ FK = ZC%I?FL'
L

Note the condition 711 > ¢4, which is not present in Theorem and which
makes Theorem 6.3 somewhat harder to apply.

Theorem [6.3|can be proven similarly to [GriReil8) (5.2.6)], but it relies on some
variants of the disjoint union of two posets. We shall show this proof after first
establishing some auxiliary facts.

Throughout this section, the notion of a “labelled poset” will be understood
in the sense of [GriReil8, Definition 5.2.1]: Namely, a labelled poset simply means
a poset whose underlying set is a finite subset of Z (but whose order is not
necessarily inherited from Z). Thus, a labelled poset is not equipped with a
map that serves as its labelling, but instead its underlying set must be a finite
set of integers.

Let us first recall a well-known fact about posets:

Lemma 6.4. Let R be a poset. Let u and v be two distinct elements of R such
that we don’t have u > v in R. Then, there exists a unique poset R’ such that

e we have R’ = R as sets, and
e we have the logical equivalence
(x<yinR) < ((x<yinR) or (x <uandov < yinR))
for every two elements x and y of R'.

We say that this poset R’ is obtained by adding the relation u < v to R. Clearly,
u < vholds in R'.

If R is a labelled poset in the sense of [GriReil8, Section 5.2], then R’ is a
labelled poset in the sense of [GriReil8|, Section 5.2] as well (since R = R as
sets).

If we add a relation to a labelled poset R, obtaining a new labelled poset R/,
then how do the R’-partitions differ from the R-partitions? The following two
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lemmas answer this question@

Lemma 6.5. Let R be a labelled poset. Let u and v be two elements of R such
that u >z v. Assume that we don’t have u > v in R. Let f be an R-partition.
Let R’ be the labelled poset obtained from R by adding the relation u < v to
R. Then, f is an R’-partition if and only if f (u) < f (v).

Proof of Lemma [6.5] The “only if” direction is obvious (since u < v in R’ and
u >z v). It thus remains to prove the “if” direction. So let us assume that
f(u) < f (v). We must then show that f is an R’-partition.

The poset R’ is obtained from R by adding the relation # < v to R. Thus,
R’ = R as sets, and we have the logical equivalence

(x<yinR') < ((x<yinR) or (x <uandov <yinR))

for every two elements x and y of R". Thus, any pair (x,y) of elements of R’ that
satisfies x < y in R’ must either already satisfy x < y in R, or satisfy x < u and
v <yinR.

The map f is an R-partition, and thus is weakly increasing as a map from R
to Z.

Now, we have

(if i € R"and j € R satisfy i < jin R" and i <z j, then f (i) < f (j))
% and
(if i € R"and j € R’ satisfy i < jin R" and i >z j, then f (i) < f (j))

m These two statements entail that f is an R’-partition (by the definition of an
R’ -partition). This concludes the proof of the “if” direction of Lemma Thus,
Lemma [6.5]is proven. O

68We are going to use the following notation: If P is a poset, then we let <p, <p, >p and
>p denote the smaller-or-equal relation of P, the smaller relation of P, the greater-or-equal
relation of P, and the greater relation of P, respectively. Thus, in particular, <z, <z, >z and
>z denote the usual smaller-or-equal, smaller, greater-or-equal and greater relations of the
totally ordered set Z of integers. (For example, a2 <z b if and only if b —a € IN.)

%Proof. Leti € R’ and j € R’ be such thati < jin R and i <z j. We must prove that f (i) < f (j).

Wehavei € R"=Randje R =R.

Recall that any pair (x,y) of elements of R’ that satisfies x < y in R’ must either already
satisfy x < y in R, or satisfy x < u and v < y in R. Applying this to (x,y) = (i,]), we
conclude that the pair (i, j) must either already satisfy i < jin R, or satisfy i < u and v < j
in R. In the first of these two cases, we immediately obtain f (i) < f (j), because f is an
R-partition (and because i < jin R and i <z j). Hence, we can WLOG assume that we are in
the second case. In other words, we have i < u and v < jin R. In particular, i < u in R and
therefore f (i) < f (u) (since the map f is weakly increasing). Similarly, f (v) < f (j). Thus,
£6) < f (u) < £ (0) < £ (j), so that £ (i) < £ (j), qed.

7OProof. Leti € R’ and j € R’ be such thati < jin R and i >z j. We must prove that f (i) < f (j).

Wehavei € R"=Randje R' =R.

Recall that any pair (x,y) of elements of R’ that satisfies x < y in R’ must either already
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Lemma 6.6. Let R be a labelled poset. Let u and v be two elements of R such
that u <z v. Assume that we don’t have u > v in R. Let f be an R-partition.
Let R’ be the labelled poset obtained from R by adding the relation u < v to
R. Then, f is an R’-partition if and only if f (u) < f (v).

Proof of Lemma 6.6 The “only if” direction is obvious (since u < v in R’ and
u <z v). It thus remains to prove the “if” direction. So let us assume that
f (u) < f(v). We must then show that f is an R’-partition.

The poset R’ is obtained from R by adding the relation u < v to R. Thus,
R’ = R as sets, and we have the logical equivalence

(x<yinR) < ((x<yinR) or (x <uand v < yinR))

for every two elements x and y of R’. Thus, any pair (x,y) of elements of R’ that
satisfies x < y in R’ must either already satisfy x < y in R, or satisfy x < u and
v <yinR.

The map f is an R-partition, and thus is weakly increasing as a map from R
to Z.

Now, we have

(ifi € R"and j € R satisfy i < jin R' and i <z j, then f (i) < f (j))
Tand
(ifi € R"and j € R satisfy i < jin R" and i >z j, then f (i) < f (j))

H These two statements entail that f is an R’-partition (by the definition of an
R’-partition). This concludes the proof of the “if” direction of Lemma Thus,
Lemma [6.6]is proven. O

satisfy x < y in R, or satisfy x < u and v < y in R. Applying this to (x,y) = (i,]), we
conclude that the pair (i, j) must either already satisfy i < jin R, or satisfy i < w and v < j
in R. In the first of these two cases, we immediately obtain f (i) < f (j), because f is an
R-partition (and because i < jin R and i >z j). Hence, we can WLOG assume that we are in
the second case. In other words, we have i < # and v < j in R. In particular, i < u in R and
therefore f (i) < f (u) (since the map f is weakly increasing). Similarly, f (v) < f (j). Thus,
£i) < £ () < f0) < £ (), so that f (i) < f (j), qed.

"1Proof. Leti € R’ and j € R’ be such thati < jin R and i <z j. We must prove that f (i) < f (j).

Wehavei € R"=Randje R' =R.

Recall that any pair (x,y) of elements of R’ that satisfies x < y in R’ must either already
satisfy x < y in R, or satisfy x < u and v < y in R. Applying this to (x,y) = (i,]), we
conclude that the pair (i, j) must either already satisfy i < jin R, or satisfy i < u and v < j
in R. In the first of these two cases, we immediately obtain f (i) < f (j), because f is an
R-partition (and because i < jin R and i <z j). Hence, we can WLOG assume that we are in
the second case. In other words, we have i < u and v < jin R. In particular, i < u in R and
therefore f (i) < f (u) (since the map f is weakly increasing). Similarly, f (v) < f (j). Thus,
£i) < f(w) < £ o) £ (), so that f (i) <  (j), qed.

72Proof. Leti € R’ and j € R’ be such thati < jin Rand i >

Assume the contrary. Thus, f (i) > f (j), so that f (j)

Wehavei € R"=Randje R ' =R.

7 Jj. We must prove that f (i) < f (j).
< f ().
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For our next results, we need the following notation:

Definition 6.7. A minimum element of a poset P means an element m € P such
that every p € P satisfies m < p. This is not the same as a minimal element.
A minimum element of a poset P is unique if it exists; it is denoted by min P.

This notation overrides the notation min S for a nonempty finite subset S of
Z. Thus, if P is a labelled poset that has a minimum element, then min P shall
denote this minimum element, not the smallest element of P as a subset of
Z. (For example, if P is the labelled poset {6 < 2 < 3 < 4}, then min P shall
mean 6, not 2.)

The following fact is an analogue of [GriReil8, Lemma 5.2.17]:

Proposition 6.8. We shall use the notations of [GriReil8, Section 5.2]. Let P
and Q be two disjoint labelled posets, each of which has a minimum element.
Assume that min P >z min Q. Consider the disjoint union P U Q of P and Q.
(@) Add a further relation min P < minQ to P U Q; denote the resulting
labelled poset by P < Q. Then, Fp (x) < Fg (x) = Fp< g (x).
(b) Add a further relation min P > minQ to P U Q; denote the resulting
labelled poset by P = Q. Then, Fp (x) = Fg (x) = Fp» g (x).

Let us recall that (as agreed in Definition we are using the notation min P
for the minimum element of the poset P; not the smallest element of P as a
subset of Z. The same applies to the notation min Q.

Proof of Proposition [6.8| (sketched). We imitate the proof of [GriReil8, Lemma 5.2.17]:
@If f: PUQ — {1,2,3,...} is a P < Q-partition, then its restrictions f |p
and f |g are a P-partition and a Q-partition, respectively, and have the property

Recall that any pair (x,y) of elements of R that satisfies x < y in R’ must either already
satisfy x < y in R, or satisfy x < u and v < y in R. Applying this to (x,y) = (i,]), we
conclude that the pair (i,j) must either already satisfy i < j in R, or satisfy i < u and v < j
in R. In the first of these two cases, we immediately obtain f (i) < f (j), because f is an
R-partition (and because i < jin R and i >z j). Hence, we can WLOG assume that we are
in the second case. In other words, we have i < 1 and v < j in R. In particular, i < u in R
and therefore f (i) < f (u) (since the map f is weakly increasing). Similarly, f (v) < f (j).
Thus, f (i) < f(u) < f(v) < f(j) < f(i). All inequality signs in this chain of inequalities
must be equalities (since its left and right hand sides are equal). In other words, we have
F) = f ()= F () = £ () = £ ().

If we had i >z u, then we would have i # u and therefore i < u in R (since i < u in R).
Therefore, if we had i >z u, then we would have f (i) < f(u) (since i < u in R, but f is
an R-partition), which would contradict f (i) = f (u). Hence, we cannot have i >z u. Thus,
i <z u.

If we had v >z j, then we would have v # j and therefore v < j in R (since v < j in R).
Therefore, if we had v >z j, then we would have f (v) < f(j) (since v < jin R, but f is
an R-partition), which would contradict f (v) = f (j). Hence, we cannot have v >7 j. Thus,
v <z ]

Now, i <z u <z v <z j. This contradicts i > j. This contradiction shows that our
assumption was wrong, qed.
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that (f |p) (minP) < (f |p) (min Q) (indeed, this property must hold because
minP < minQ in P < Q but minP >z min Q). Conversely, any pair of a P-
partition ¢ and a Q-partition /1 having the property that ¢ (min P) < h (min Q)
can be combined to form a P < Q-partitior{%

Using the notations of [GriReil8| Definition 5.2.1], we have

Z Xf = Z XoXp, (78)
f is a P < Q-partition g is a P-partition;
h is a Q-partition;
g(min P)<h(min Q)

(since the previous two sentences establish a bijection between the addends on
the left hand side of this equality and the addends on its right hand side).
But the definitions of Fp (x) and Fg (x) yield Fp (x) = Y Xy and

g is a P-partition
Fo(x) = Y xj. Thus,
h is a Q-partition

Fp (X) =< FQ (X)

g is a P-partition his a Q-partition
= ) Xg =< X

g is a P-partition; '
Iiis a Q-partition [ XgXj, if min (Supp (xg)) < min (Supp (x));
10 if min (Supp (x¢)) > min (Supp (x))
(by the definition of x¢ < xy)
_ y { X¢ X, if min (Supp (x¢)) < min (Supp (x));
gisa Ppetition, L O if min (Supp (x¢)) > min (Supp (x;))

his a Q-partition

{ X¢ X, if g(minP) < h (minQ);
10, if g¢(minP) > h (min Q)
(since min(Supp(xg) ) =g(min P) (because the map g is a P-partition, thus
weakly increasing on P, and therefore g(min P)=min( g(P)):min(Supp(xg) ))
and similarly min(Supp(x;))=Hh(min Q))
XgXp, if g(minP) < h (minQ);
0, if ¢ (minP) > h (min Q)

g is a P-partition; {
h is a Q-partition

= )3 XgXp = ). Xy (by (78))

g is a P-partition; f is a P < Q-partition
h is a Q-partition;
g(min P)<h(min Q)

=Frzq (%)
(by the definition of Fp - (x)). This proves Proposition [6.8] (a).

73To see this, we need to apply Lemmato R=PUQ,u=minP,v =minQand R’ =P < Q.
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(b) Proposition [6.§] (b) is proven similarly to Proposition [6.8] (a) (but this time
we need to use Lemma [6.6] instead of Lemma [6.5). O

Also, the following simple fact is used:

Lemma 6.9. We shall use the notations of [GriReil8| Section 5.2]. Let P and
Q be two disjoint posets, each of which has a minimum element. Consider
the disjoint union P U Q of P and Q as the set-theoretic union P U Q. Assume
that P and Q are subsets of IP (the set of positive integers); thus, any linear
extension of P or of Q or of P LI Q is a permutation (a word with letters in IP).

(@) Add a further relation min P < minQ to P U Q; denote the resulting
poset by P < Q. Then,

L(P=<Q)= | | S~ (mo).

neL(P); oeL(Q)

(b) Add a further relation min P > minQ to P LI Q; denote the resulting
poset by P = Q. Then,

L(P=Q)= | | S. (m,0).

neL(P); ceL(Q)

Proof of Lemma |6.9| (sketched). Recall that we regard linear extensions of a finite
poset R as lists of elements of R. Thus, if R is a finite poset, if u and v are two
elements of R, and if w is a linear extension of R, then we have u < v in w if and
only if u appears before v in the list w.

We shall also use the following notation: If w is a list of elements of some set
U, and if V is a subset of U, then w |y means the result of removing all entries
from w that don’t belong to V. For example, (2,7,1,6,3,4) |(12456 = (2,1,6,4).

Now, consider our two posets P and Q. Recall that a linear extension of P U Q
is simply a list (wy, wo, ..., wy) of all elements of P LI Q such that no two integers
i < jsatisfy w; > w; in PUQ. In other words, a linear extension of P Q is
a list w of all elements of P LI Q such that if x and y are two elements of P LI Q
satisfying x < y in P Q, then x appears befory in the list w. By the definition
of P LI Q, this rewrites as follows: A linear extension of P LI Q is a list w of all
elements of P U Q with the following two properties:

e If x and y are two elements of P satisfying x < y in P, then x appears
before y in the list w.

o If x and y are two elements of Q satisfying x < y in Q, then x appears
before y in the list w.

74“Before” doesn’t imply “immediately before”. For example, 2 appears before 4 in the list
(1,2,3,4).
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In other words, a linear extension P LI Q is a list w of all elements of P LI Q
such that w |p is a linear extension of P and w | is a linear extension of Q.
This yields the following:

e If w is a linear extension of P U Q, then w |p is a linear extension of P,
and w |q is a linear extension of Q, and we have w € S (w |p,w |g) (since
both w |p and w |g are subsequences of w, and their sizes add up to
the size of w). Therefore, if w is a linear extension of P LI Q, then w €
Urer(p); ver(q) S (7T,0) (because w € S(m,0) for 1 = w |p € L(P) and

c=wly € L(Q).

o Conversely, any w € Urez(p); ver() S (71,0) is a linear extension of P LI Q.
Combining these two facts, we conclude the following:

Observation 1: The linear extensions of P L Q are precisely the ele-
ments of Urez(p); vec(o) S (71, 0).

Next, we notice the following;:

Observation 2: The union Urer(p); ves(o) S (70,0) is a disjoint union
(i.e., the sets S (71, 0) for distinct pairs (77, o) are disjoint).

[Proof of Observation 2: If we are given an element w € S(7m,0) for some
nm € L(P)and ¢ € L(Q), then we can uniquely reconstruct (77,0) from w
(namely, (7r,0) is given by m = w |p and ¢ = w |g). Thus, the sets S (77,0) for
distinct pairs (7t, o) are disjoint. This proves Observation 2.]

We will furthermore need a simple auxiliary claim:

Observation 3: Let R be a finite poset. Let u and v be two elements of
R. Assume that we don’t have u > v in R. Let w be a linear extension
of R. Let R’ be the poset obtained from R by adding the relation
u < v to R. Then, w is a linear extension of R’ if and only if we have
u<vinuw.

[Proof of Observation 3: The “only if” direction is obvious. The “if” direction is
easily derived from the definition of a linear extension, once you recall that any
pair (x,y) of elements of R’ that satisfies x < y in R’ must either already satisfy
x <yin R, or satisfy x < u and v < y in R. The details are left to the reader.]

(a) Observation 2 shows that the union Urecz(py; ver(g) S (71,0) is a disjoint
union. Hence, the union Urecr(p); ver(g) S< (7,0) is a disjoint union as well
(since S< (71,0) is a subset of S (77, 0) for all 7t and 0).

We don’t have min P > minQ in P U Q. Thus, applying Observation 3 to
R=PUQ,u=minP, v =minQ and R’ = P < Q, we obtain the following:
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Observation 4: Let w be a linear extension of P LI Q. Then, w is a linear
extension of P < Q if and only if we have min P < min Q in w.

Next, we claim that

L(P=<Q)C U S~ (m,0). (79)
nel(P); ceL(Q)

[Proof: Let w € L (P < Q). Thus, w is a linear extension of P < Q. Hence, w is
a linear extension of P LI Q, and we have min P < min Q in w (by Observation 4).
Since w is a linear extension of P LI Q, we have w € Urcr(p); ver() S (7,0) (by
Observation 1). In other words, w € S (71, 0) for some w € L (P) and 0 € L (Q).
Consider these 7t and .

The element min P is the minimum element of the poset P, and thus must be
the first letter of 7t (since 7t is a linear extension of P). Similarly, min Q must be
the first letter of 0. But w € S (7r, o). Hence, the first letter of w is either the first
letter of 7t or the first letter of o.

We have min P < min Q in w. In other words, min P appears before min Q in
the list w. Hence, min Q cannot be the first letter of w. In other words, the first
letter of w cannot be min Q. In other words, the first letter of w cannot be the
first letter of o (since min Q is the first letter of ). Thus, the first letter of w is the
first letter of 7t (since the first letter of w is either the first letter of 7t or the first
letter of ). In other words, w is a left shuffle of 7r and ¢ (since w € S (71, 0)). In
other words, w € S~ (7, 0) (since S~ (7, 0) is the set of all left shuffles of 7t and
o).

Now, forget that we have defined 77 and ¢. We thus have shown that w €
S~ (m,0) forsome 7 € L (P)and o € L(Q). Thus, w € Urer(p); ver(Q) S< (70, 0).
Since we have proven this for any w € £ (P < Q), we thus have proven (79).]

On the other hand, we claim that

U Ss(mo)CL(P=<Q). (80)
neL(P); ceL(Q)

[Proof: Let w € Uneﬁ(p); ceL(Q) 5- (7‘(, 0').
We have

w < U S~ (m,0o) C U S(m, o).

neL(P); ceL(Q) cS(m0) neL(P); ceL(Q)

Thus, w is a linear extension of P LI Q (by Observation 1).

Also, w € Urer(p); ver(q) S< (7,0). Thus, w € S< (7, 0) for some 7t € L (P)
and ¢ € £ (Q). Consider these 7w and ¢. From w € S (7, 0), we conclude that
w is a left shuffle of 7t and ¢. In other words, w is a shuffle of 7t and ¢ such that
the first letter of w is the first letter of 7.

The element min P is the minimum element of the poset P, and thus must be
the first letter of 7t (since 7t is a linear extension of P). In other words, min P
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is the first letter of w (since the first letter of w is the first letter of 7r). Hence,
min P appears before min Q in the list w (since min P and min Q are two distinct
letters of w). In other words, we have min P < min Q in w. Hence, Observation
4 yields that w is a linear extension of P < Q (since w is a linear extension of
PUQ). In other words, w € L (P < Q). Since we have proven this for any
w € Uner(p); ves(q) S< (71,0), we thus have proven (80).]

Combining and (80), we obtain

L(P=<Q)= U S~ (m,0) = | | S~ (m,0)

nel(P); ceL(Q) neL(P); c€L(Q)

(since the union U £(p); ver(g) S< (71,0) is a disjoint union). This proves Lemma
(a).
(b) Lemma [6.9] (b) is proven similarly to Lemma[6.9] (a). O

We can now prove Theorem First, let us rewrite Theorem |6.3|as follows@

Corollary 6.10. Let 77 and ¢ be two disjoint nonempty permutations. Assume
that 7t; > 0q. Then,
PComprr = PCompa = Z FCome
XES<(m,o)
and
FCompn > FCompU = Z FComp)(-
XESs (m,0)

Proof of Corollary [6.10] (sketched). Let n = || and m = |o|. We shall use the
notations of [GriReil8, Section 5.2]; in particular, “labelled poset” will be defined
as in [GriReil8, Definition 5.2.1].

If R is a labelled poset, and if w is a linear extension of R, then w can be re-
garded as a labelled poset itself, but also as a permutation (since w is a list of
distinct elements of R, and thus a word over the alphabet IP with no two equal
letters). The first interpretation (as a labelled poset) gives rise to a quasisym-
metric function F, (x) (defined as in [GriReil8| Definition 5.2.1]). The second
interpretation (as a permutation) leads to a composition Comp w. These two
objects are connected by the equality

Fy (x) = FCompw- (81)

(This follows from [GriReil8), Proposition 5.2.10]; but keep in mind that [GriReil8,
Proposition 5.2.10] denotes Fcomp by La in this context.)

Let P be the labelled poset whose elements are 711, 713, . . ., 71, and whose order
is the total order given by my < 7y < --- < 7. Thus, P is totally ordered, and

7>Recall that for any permutation ¢, we have let Comp ¢ denote the descent composition of ¢.

160



its minimum element is min P = 1. Also, [GriReil8| Proposition 5.2.10] yields
Fp (x) = Fcompr- (Keep in mind that [GriReil8, Proposition 5.2.10] denotes
Fcomp 7 by Lo in this context.)

Let Q be the labelled poset whose elements are 01,02, ..., 0y, and whose order
is the total order given by oy < 02 < --- < 0y,. Thus, Q is totally ordered, and
its minimum element is min Q = oy. Also, [GriReil8) Proposition 5.2.10] yields
FQ (X) = FCompU-

The posets P and Q are disjoint (since the permutations 7t and ¢ are disjoint).
Define three labelled posets PLUQ, P < Q and P > Q as in Proposition

Lemma 6.9 (a) yields £ (P < Q) = Uwer(p); wec(q) S< (7T, 0") (where we are
using the letters 77" and ¢’ for our subscripts, since the letters 77 and ¢ are already
taken). But P is totally ordered; thus, there exists only one linear extension 77’ €
L (P), namely, 7/ = 7. In other words, £ (P) = {r}. Similarly, £(Q) = {c}.
Hence,

L(P=<Q)= |_| S~ (7, o)
m'eL(P); o'eL(Q)
;L since L (P) ={n
- U ose) (i)

n'e{n}; o’'e{c}

=S.(m0). (82)

Recall that every labelled poset R satisfies
Fr(x) = Z Fy (x) (83)

weL(R)

(by [GriReil8, Theorem 5.2.11]).
Now, 11 > 01 in Z. In other words, 711 >z 07. In other words, minP >y
min Q (since min P = 711 and min Q = oy). Thus,

FComp = FCornp o
— N——

=Fp(x) =Fo(x)
= Fp(x) < Fo(x) = Fp<q (x) (by Proposition [6.8] (a))
= ) R (by (83))

wel(P<Q)
= Y k(X (by 82))

weS<(m,o) :\;C\/-/

(by (81))

= Z FCompw = Z FCompx-

weS<(m,0) XES<(m,0)

A similar argument (using Proposition (b) and Lemma (b) instead of
Proposition [6.8] (a) and Lemma [6.9] (a)) shows that

FCompn = PCompa = Z PCompx-
XESs(m,0)
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Thus, Corollary is proven.

Hence, Theorem |6.3|is proven as well (since Corollary was just a restate-

ment of Theorem [6.3).

6.3. ldeals

Definition 6.11. Let A be a k-module equipped with some binary operation *
(written infix).

(a) If B and C are two k-submodules of A, then B * C shall mean the k-
submodule of A spanned by all elements of the form b * c with b € B and
ceC.

(b) A k-submodule M of A is said to be a left x-ideal if and only if it satisfies
AxM C M.

(c) A k-submodule M of A is said to be a right *-ideal if and only if it satisfies
Mx A C M.

(d) A k-submodule M of A is said to be a *-ideal if and only if it is both a
left x-ideal and a right *-ideal.

Theorem 6.12. Let M be an ideal of QSym. Let A = QSym.
@QIfASMCM,then M < AC M.
(b)IfAXMCM,then A= MC M.

WIfAXMCMand A® M C M, then M is a <-ideal and a > -ideal of

QSym.

Proof of Theorem (@) Assume that A ¢ M C M.Ifa € Mand b € A, then

a<b=) [S <b(1)> ¢ a_| bo (by Theorem [6.1))
(b) | ~—~— eMm | S
cA €A
E(APM)ACMACM (since M is an ideal of A).
o

Thus, M < A C M. This proves Theorem ().
(b) Assumethat A X MC M. Ifae€ Mand b € A, then

b=a=)|S (b(1)> X a_| bo (by Theorem [6.2)
() | ~~—~— em | S
cA €A
EAXM)ACMACM (since M is an ideal of A).
M

Thus, A = M C M. This proves Theorem (b).
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(c) Assume that A X M C M and A ¢ M C M. Then, Theorem (b) yields
A > M C M. Thus, M is a left = -ideal.
Now, any b € M and a € A satisfy

a<b=_a b — a »=_b (by (73))
€A eM €A  eM
€ AM - A-MCM-MCM.
N N’
M M

(since M is an ideal of A)

In other words, A < M C M. In other words, M is a left <-ideal.
But Theorem (a) yields M < A C M. In other words, M is a right <-ideal.
Any a € M and b € A satisfy

a-b=_a b — a <_b (by (73))
eEM €A eM €A
€ MA - M<ACM-MCM.
S~~~ N——
M M

(since M is an ideal of A)

In other words, M = A C M. In other words, M is a right >-ideal.
Hence, M is a <-ideal (since M is a left <-ideal and a right <-ideal) and a
~-ideal (since M is a left ~-ideal and a right ~-ideal). This proves Theorem

(c). O

Another simple fact is the following:

Proposition 6.13. Let M be simultaneously a <-ideal and a > -ideal of QSym.
Then, M is an ideal of QSym.

Proof of Proposition Any a € M and b € QSym satisfy

ab=_a < b +_a = _b (by (73))
eM €QSym eM €QSym
€ M < QSym + M = QSym CM+MCM.
——— —_——

M cM
(since M is a <-ideal of QSym) (since M is a > -ideal of QSym)

In other words, M is an ideal of QSym. This proves Proposition [6.13| O

Question 6.14. Proposition says that if a Q-vector subspace M of QSym
is simultaneously a <-ideal and a >-ideal, then it is also an ideal. Similarly,
if M is an ideal and a <-ideal, then it is a >~-ideal. Can we state any other
such criteria?

6.4. Application to Kgpi

We now claim the following;:
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Theorem 6.15. The ideal Ky, of QSymis a X-ideal, a ¢-ideal, a <-ideal and
a ~-ideal of QSym.

Proof of Theorem Let A = QSym. Corollary 5.4 shows that Kgpy is an ideal
of QSym.

Let us recall the binary relation — on the set of compositions defined in Propo-
sition

Claim 1: Let | and K be two compositions satisfying | — K. Let G be
a further composition. Then, [G, J] — [G,K].

[Proof of Claim 1: Write the composition | in the form | = (j1,j2,. .., jm). Write
the composition G in the form G = (g1,82,.-.,8p)-

We have | — K. In other words, there exists an ¢ € {2,3,...,m} such that
je>2and K = (j1,j2,---,je—1, L je — L jos1,jos2 - - -, jm) (by the definition of the
relation —). Consider this ¢. Clearly, ¢ > 1 (since ¢ € {2,3,...,m}), so that
p+£> p +1>1

—~—
>0

From G = (g1,82,---,8p) and | = (j1,j2,- .., jm), we obtain
[G/]] - (glzgzz---;gp/jlerI---/jm)- (84)

From G = (gl,gz,. . "gP> and K = (jl/jZ/- . -/j€—1/ 1,jg — 1,jg+1,jg+2,. . .,jm), we
obtain

[G/ K] — (glng/ e /gp/jlsz/ s /jﬁfl/ 1/j€ - 1/j€+l/jf+2/ cee /]m) . (85)

From looking at and (85), we conclude immediately that the composition
|G, K] is obtained from [G, J] by “splitting” the entry j, > 2 into two consecutive
entries 1 and j, — 1, and that this entry j, was not the first entry (indeed, this
entry is the (p 4+ ¢)-th entry, but p +¢ > 1). Hence, [G,]| — [G, K] (by the
definition of the relation —). This proves Claim 1.]

Claim 2: We have A X Kgpi C Kgpy.

[Proof of Claim 2: We must show that a X m € /CEpk for every a € A and
m € Kgpk. So let us fixa € A and m € Kgpy.

Proposition [p.5) shows that the Q-vector space Kgpy is spanned by all differ-
ences of the form F; — Fx, where | and K are two compositions satisfying | — K.
Hence, we can WLOG assume that m is such a difference (because the relation
a X m € Kgpk, which we must prove, is Q-linear in m). Assume this. Thus,
m = Fj — Fx for some two compositions | and K satisfying | — K. Consider
these | and K.

From | — K, we easily conclude that the composition | is nonempty. Thus,
|J| # 0. But from ] — K, we also obtain |J| = |K|. Hence, |K| = |J| # 0. Thus,
the composition K is nonempty.
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Recall that the family (FL); i 4 composition 1S @ basis of the Q-vector space QSym =
A. Hence, we can WLOG assume that a belongs to this family (since the rela-
tion a X m € Kgpi, which we must prove, is Q-linear in a). Assume this. Thus,
a = F¢ for some composition G. Consider this G.

If G is the empty composition, then a = F; = 1, and therefore A XKm =

=1
1 X'm =m € Kgpy holds. Thus, for the rest of this proof, we WLOG assume that
G is not the empty composition. Thus, G is nonempty.

Recall that for any two compositions a and B, we have F, X Fg = F g
Applying this to « = G and f = ], we obtain Fg X Fj = Fig ;. Similarly,
FG >K FK - P[G,K]'

But Claim 1 yields [G, ]| — [G, K]. Hence, the difference F¢ ;) — Fig k] is one
of the differences which span the ideal Kgpy according to Proposition Thus,
in particular, this difference lies in Kgpy. In other words, Fig jj — Fig k] € Kgpk-

Now,

a X m :FGX(P]—FK):FGXP]—FGXFK

jl_{'/ _FCF N—— N’
e T =Fic,) =Fi

= Fie) ~ Fiok € Kepk-

This proves Claim 2.]

Claim 3: Let | and K be two compositions satisfying | — K. Let G be
a further composition. Then, [J, G| — [K, G].

[Proof of Claim 3: This is proven in the same way as we proved Claim 1, with
the only difference that j, is now the /-th entry of [J, G] and not the (p + ¢)-th
entry (but this is still sufficient, since ¢ > 1).]

Claim 4: We have Kgpx X A C Kppy.

[Proof of Claim 4: This is proven in the same way as we proved Claim 2, with
the only difference that now we need to use Claim 3 instead of Claim 1.]
Combining Claim 2 and Claim 4, we conclude that Kgpy is a X-ideal of A =

QSym.

Claim 5: Let ] and K be two nonempty compositions satisfying | — K.
Let G be a further nonempty composition. Then, GO ] - G® K.

[Proof of Claim 5: Write the composition | in the form | = (j1,j2,. .., jm). Write
the composition G in the form G = (g1,82,...,8p). Thus, p > 0 (since the
composition G is nonempty).

We have | — K. In other words, there exists an ¢ € {2,3,...,m} such that
jg >2and K = (jl/jZ/ .. .,jg,l, 1,]'g — 1,].g+1,]'g+2, .. /]m) (by the definition of the
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relation —). Consider this ¢. Clearly, ¢ > 2 (since ¢ € {2,3,...,m}), so that

p + ¢ —-1>0+2-1=1.
>0 >2

From G = (g1,82,---,8p) and | = (j1,j2,- .., jm), we obtain
G@]: (glng/- . '/gp—llgp +]1/]2/]3//]Tl’l) . (86)

From G = (gl,gz,. . -/gp) and K = (]'1,]'2,...,]'4,1,1,']'[ — 1,]'g+1,]'g+2,...,jm), we
obtain

GOK= (81,8 /81,8 +j1:J2 13- ji—1, L je = Ljes1,jesar- v jm)  (87)

(notice that the g, + j; term is not a ¢, + 1 term, because ¢ > 2).

From looking at and (87), we conclude immediately that the composition
G © K is obtained from G ® | by “splitting” the entry j, > 2 into two consecutive
entries 1 and j, — 1, and that this entry j, was not the first entry (indeed, this
entry is the (p + ¢ —1)-th entry, but p+ ¢ —1 > 1). Hence, GO ] - G ® K (by
the definition of the relation —). This proves Claim 5.]

Claim 6: We have A ¢ Kgpi C Kgpy.

[Proof of Claim 6: This is proven in the same way as we proved Claim 2, with
the only difference that now we need to use Claim 5 instead of Claim 1 and that
we need to use the formula F, ¢ Fg = Fyep instead of Fy X Fg = F[rx,ﬁ}']

Claim 7: Let ] and K be two nonempty compositions satisfying | — K.
Let G be a further nonempty composition. Then, ] © G — K® G.

[Proof of Claim 7: Write the composition | in the form | = (j1,j2,. .., jm). Write
the composition G in the form G = (g1,82,-..,8p). Thus, p > 0 (since the
composition G is nonempty).

We have | — K. In other words, there exists an ¢ € {2,3,...,m} such that
je>2and K = (j1,j2,-- -, je—1,1,je — 1, joes1, Joso, - - -, jm) (by the definition of the
relation —). Consider this ¢. Clearly, ¢ > 2 (since ¢ € {2,3,...,m}), so that
{>1.

From G = (g1,82,---,8p) and | = (j1,j2,- .., jm), we obtain
]® G= (jl/jZ/ .. -/jm—lzjm +g1/g2;83/ s zgp) . (88)

Now, we distinguish between the following two cases:
Case 1: We have ¢ = m.
Case 2: We have ¢ # m.
Let us first consider Case 1. In this case, we have / = m. Thus, m = ¢ >2 > 1
and]m—i—gl—\]ﬁ/—l—\g;>2.
>2 >0
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From G = (g1,82,...,8p) and

K= (jl/jZ/ .. -/jﬁflllljﬁ - 1,].(+1,jf+2, .. ,]m)
= (j11j2/ .. 'Ijm—ll 1/]m - 1) (Since /= 171) ,

we obtain

KoG= (jj-rjm-11(Gm—1)+81,8,8---,8p)
= (2 jm-1Ljm+81—1,82,83,---,8p) - (89)

From looking at and (89), we conclude immediately that the composition
K ® G is obtained from | © G by “splitting” the entry j, + g1 > 2 into two
consecutive entries 1 and j,; + g1 — 1, and that this entry j,;, + g1 was not the first
entry (indeed, this entry is the m-th entry, but m > 1). Hence, ] ©G — KOG
(by the definition of the relation —). This proves Claim 7 in Case 1.

Let us next consider Case 2. In this case, we have ¢ # m. Hence, { €
{2,3,...,m—1} (since £ € {2,3,...,m}).

From G = (81,82/---,8;;) and K = (]'11].2/---/]'671/1/].6_1/j£+1/j£+2/---zjm)/
we obtain

Ko G
- (jl/jZ/ e /jffll 1/][ - 1/j€+1/j€+2/ oo /].mflr].m + g11g21g3/ e ,gp) (90)

(notice that the j,, + g1 term is not a (j, — 1) + g1 term, because ¢ # m).

From looking at and (90), we conclude immediately that the composition
K ® G is obtained from | © G by “splitting” the entry j, > 2 into two consecutive
entries 1 and j, — 1, and that this entry j, was not the first entry (indeed, this
entry is the /-th entry, but £ > 1). Hence, ] © G — K ® G (by the definition of
the relation —). This proves Claim 7 in Case 2.

We have now proven Claim 7 in both Cases 1 and 2. Thus, Claim 7 always
holds.]

Claim 8: We have Kgpi ¢ A C Kgpy.

[Proof of Claim 8: This is proven in the same way as we proved Claim 6, with
the only difference that now we need to use Claim 7 instead of Claim 5.]

Combining Claim 6 and Claim 8, we conclude that Kgpy is a ¢-ideal of A =
QSym.

Finally, Theorem (c) (applied to M = Kgpi) shows that Kgpy is a <-ideal
and a >~ -ideal of QSym.

Thus, altogether, we have proven that ICEpk isa X-ideal, a ¢-ideal, a <-ideal
and a =-ideal of QSym. This proves Theorem [6.15 O
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Question 6.16. What other descent statistics st have the property that g is
an X-ideal, ¢-ideal, <-ideal and/or >-ideal? We will see some answers in
Subsection but a more systematic study would be interesting.

6.5. Dendriform shuffle-compatibility

We have seen (in Proposition that the kernel ICq; of a descent statistic st is an
ideal of QSym if and only if st is shuffle-compatible. It is natural to ask whether
similar combinatorial interpretations exist for when the kernel s of a descent
statistic st is a X-ideal, a ¢-ideal, a <-ideals or a >-ideal. In this section, we
shall prove such interpretations.

Now, let us define two further variants of LR-shuffle-compatibility (to be com-
pared with those introduced in Definition [3.16):

Definition 6.17. Let st be a permutation statistic.
(@) We say that st is weakly left-shuffle-compatible if for any two disjoint
nonempty permutations 7t and ¢ having the property that

each entry of 7 is greater than each entry of o, (91)

the multiset {stT | T € S~ (71,0)},,44 depends only on st 7, sto, || and |o]|.
(b) We say that st is weakly right-shuffle-compatible if for any two disjoint
nonempty permutations 7t and ¢ having the property that

each entry of 7 is greater than each entry of o,

the multiset {stt | T € S (71,0)} depends only on st 7z, sto, || and |o]|.

multi

Then, the following analogues to the first part of Proposition |5.3/hold:

Theorem 6.18. Let st be a descent statistic. Then, the following three state-
ments are equivalent:

o Statement A: The statistic st is left-shuffle-compatible.
o Statement B: The statistic st is weakly left-shuffle-compatible.

o Statement C: The set K is an <-ideal of QSym.

Theorem 6.19. Let st be a descent statistic. Then, the following three state-
ments are equivalent:

o Statement A: The statistic st is right-shuffle-compatible.

o Statement B: The statistic st is weakly right-shuffle-compatible.
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o Statement C: The set Kt is an > -ideal of QSym.

Let us prove Theorem directly, without using shuffle algebras:

Proof of Theorem (sketched). The implication A==B is obvious.

Proof of the implication B=-C: Assume that Statement B holds. Thus, the statis-
tic st is weakly left-shuffle-compatible.

Let us show that the set [Cs; is a <-ideal of QSym. Indeed, it suffices to show
that every two st-equivalent compositions | and K and every further composition
L satisfy

(P] — FK) < F € Kq and F < (F] — PK) € Kst (92)

(because of the definition of Kg). So let | and K be two st-equivalent composi-
tions, and let L be a further composition. If | = K, then follows immedi-
ately from realizing that F; — Fx = 0; thus, we WLOG assume that | # K. But
|J| = |K] (since | and K are st-equivalent). Hence, |J| = |K| > 0 (since otherwise,
we would have |J| = |K| = 0, which would imply that both | and K would be the
empty composition, contradicting | # K). Thus, the power series F; and Fg are
homogeneous of degree |J| = |K| > 0; consequently, € (F;) = 0 and ¢ (Fx) = 0.
Hence, € (F; — Fx) = € (Fy) —¢ (Fx) = 0.

The compositions | and K are nonempty (since |J| = |K| > 0). If L is empty,

then holds for easy reasons (indeed, we have F; = 1 in this case, and there-
fore yields

(F]—FK) < FL = (F]—FK) —E(FI—FK) :P]—FK € Kst,
————
=0

and similarly leads to F;, < (Fj — Fx) € Kst). Hence, we WLOG assume that
L is nonempty.

Pick three disjoint permutations ¢, 1 and ¢ having descent compositions |, K
and L, respectively, and having the property that

each entry of ¢ is greater than each entry of o

and
each entry of ¢ is greater than each entry of c.

(Such permutations ¢, 1 and ¢ exist, since the set IP is infinite.)

The permutations ¢ and ¥ are st-equivalent (since their descent compositions
J and K are st-equivalent). In other words, |¢| = |¢| and st ¢ = st ¢.

The statistic st is weakly left-shuffle-compatible. Thus, the multiset
{stt | T€S<(m,0)}uy (Where 7T is a nonempty permutation disjoint from
o and having the property that each entry of 7 is greater than each entry
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of o) depends only on st7r and |7r| (by the definition of “weakly left-shuffle-
compatible”)m Therefore, the multisets {stT | T € S<(¢,0)}, . and

{stt | T€5<(¢,0)},uu are equal (since |¢| = [¢p| and stg = stip). Hence,
there exists a bijection a : S» (¢,0) — S< (i, 0) such that each x € S (¢,0)
satisfies

st (a (x)) =stx. (93)
Consider this «. Clearly, each x € S~ (¢, o) satisfies

(x and a (x) are st-equivalent)

(because of 1i and since x| = |¢| +|o| = || + |o| = |« (x)|) and therefore
~——
=lv]

(Comp x and Comp (« (x)) are st-equivalent)

(since st is a descent statistic) and thus Feomp y — Feomp(a(y)) € Kst (by the defi-
nition of q) and therefore

FCompx = FComp(Dc()()) mod ICst- (94)
The first claim of Corollary yields

FComp(p = FCompa = Z FComp)( and
XE€S<(p0)
FCompl/) = FComp(f = 2 PComp)(-
XES<(¥,0)
Hence,
FComp(p = FCompa = Z FComp)( = Z FComp(zx(x))
XES<lgw) . T . XE5<(90)
=FComp(a(y)) MO Ast
(by ©9)
= ), Foompx
xeS<(¢,0)

here, we have substituted x for a (x) in the sum,
since the map a : S~ (¢,0) = S< (¢, 0) is a bijection

= FComplp = FCompamOd Kst.-

Since Comp ¢ = |, Compyp = K and Compc = L (by the definition of ¢, ¥
and o), this rewrites as F; < F; = Fx < Fy mod K. In other words, Fj < F —
Fx < Fi, € K. In other words, (Fj — Fx) < F; € Kst. This proves the first claim
of (92). The second is proven similarly. Altogether, we thus conclude that /Cs

76Recall that ¢ is fixed here, which is why we don’t have to say that it depends on stc and |c]|
as well.
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is a <-ideal of QSym. In other words, Statement C holds. This proves the
implication B=-C.

Proof of the implication C==-A: Assume that Statement C holds. Thus, the set
Kst is an <-ideal of QSym.

Let X be the codomain of the map st. Let Q [X] be the free Q-vector space with
basis ([x]),cx- Then, we can define a Q-linear map st : QSym — Q [X], F; —
[stJ]. This map st sends each of the generators of g to 0 (by the definition of
Kst), and therefore sends the whole g to 0. In other words, st (Cgt) = 0.

Now, consider any two disjoint nonempty permutations 77 and ¢ having the
property that 7ty > oy. Also, consider two further disjoint nonempty permuta-
tions 77’ and ¢’ having the property that 77 > ¢ and satisfying stw = st (77),
sto =st(0’), || = || and |o| = |¢’|. We shall show that

{stt | T€S<(m0)} ={stt | T€S<(7,0)}

multi multi *

This will show that the multiset {stt | T € S< (71,0)}
sto, || and |o].

From st 7t = st (7r') and || = |77’|, we conclude that 7r and 7r’ are st-equivalent.
In other words, Comp 7t and Comp (71') are st-equivalent. Hence, Fcompr —
Feomp(n'y € Kst (by the definition of Kst), so that Feompr = Feomp (/) mod Kst.
Similarly, Feompe = Fcomp(o-/) mod Ks. These two congruences, combined, yield
Fcompn < Fcompe = Fcomp(n') < Fcomp(o) mod Kg. (Indeed, we can conclude
a < ¢ =b<dmod s whenever we have 1 = bmod K¢ and ¢ = d mod Kg;; this
is because we know that ICg is a <-ideal of QSym.)

From Fcomp = < Fcompo = Fcomp(n') < Fcomp(o) mod Kst, we obtain

multi depends only on st 77,

st (FCompn = FComp(r) = st (FComp(n’) = FComp(U’)) (95)

(since st (Kgt) = 0).
The first claim of Corollary yields

FCompn = FCompa = Z PComp)(-
XES<(mo)

Applying the map st to both sides of this equality, we find

st (PCompn = FCompa) = st ( Z PCompx)
)

XES (0
= Y st (Feompy) = ), [stx].
XES<(m,0) :[m[;)d XES<(m,0)
Similarly,
st <FcOmp(n/) = FcOmp(a/)) = ), [stxl].
XES< (0"
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But the left-hand sides of the last two equalities are equal (because of (95));
therefore, the right-hand sides must be equal as well. In other words,

Y, Istxl= ), [stxl

XES<(mo) XES< (o)

This shows exactly that {stx | x € S< (7,0)}us = {Stx | x € S< (7, 0)}
In other words, {stt | T € S< (7, 0)} s = {stT | 7€ S< (7, 0')} - Thus,
we have proven that the multiset {stt | 7 € S (m,0)},,,s depends only on
st7r, sto, |7t| and |o|. Hence, the statistic st is left-shuffle-compatible. In other
words, Statement A holds. This proves the implication C=-A.

Now that we have proven all three implications A==B, B=C and C=-A,

multi-

the proof of Theorem is complete. O
Proof of Theorem The proof of Theorem is analogous to the above proof
of Theorem O

Corollary 6.20. Let st be a permutation statistic that is LR-shuffle-compatible.
Then, st is a shuffle-compatible descent statistic, and the set g is an ideal
and a <-ideal and a =-ideal of QSym.

Proof of Corollary (sketched). Proposition[3.18]yields that st is head-graft-compatible
and shuffle-compatible. Proposition shows that st is left-shuffle-compatible,
right-shuffle-compatible and head-graft-compatible (since st is LR-shuffle-compatible).
Hence, Proposition .5/ shows that st is a descent statistic. Thus, Theorem [6.1§]
yields that s is a <-ideal of QSym (since st is left-shuffle-compatible). Like-
wise, Theorem yields that Kst is a > -ideal of QSym (since st is right-shuffle-
compatible). Finally, Proposition 5.3| yields that s is an ideal of QSym (since st
is a shuffle-compatible descent statistic). This proves Corollary O

A converse of Corollary also holds:

Corollary 6.21. Let st be a descent statistic such that ICg is a <-ideal and a
>~ -ideal of QSym. Then, st is LR-shuffle-compatible and shuffle-compatible.

Proof of Corollary (sketched). Theorem [6.18)yields that st is left-shuffle-compatible
(since Ky is an <-ideal of QSym). Likewise, Theorem [6.19 yields that st is right-
shuffle-compatible (since Kt is an ~-ideal of QSym). Hence, Corollary
shows that st is LR-shuffle-compatible. Thus, Proposition yields that st is
head-graft-compatible and shuffle-compatible. This proves Corollary O

As a consequence of Theorem and Theorem we can see that any
descent statistic that is weakly left-shuffle-compatible and weakly right-shuffle-
compatible must automatically be shufﬂe-compatiblelﬂ Note that this is only

77Proof. Let st be a descent statistic that is weakly left-shuffle-compatible and weakly right-
shuffle-compatible. We must prove that st is shuffle-compatible.
The implication B=-C in Theorem [6.1§|shows that the set s is a <-ideal of QSym. Sim-
ilarly, the set Kg; is a =-ideal of QSym. Hence, Proposition [6.13| (applied to M = Kg;) yields
that st is an ideal of QSym. By Proposition this shows that st is shuffle-compatible.
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true for descent statistics! As far as arbitrary permutation statistics are con-
cerned, this is false; for example, the number of inversions is weakly left-shuffle-
compatible and weakly right-shuffle-compatible but not shuffle-compatible.
Recall that every permutation statistic that is left-shuffle-compatible and right-
shuffle-compatible must automatically be LR-shuffle-compatible (by Corollary
and therefore also shuffle-compatible (by Corollary and head-graft-
compatible (again by Corollary and therefore a descent statistic (by Propo-

sition §.5).

Corollary 6.22. The descent statistic Epk is left-shuffle-compatible and right-
shuffle-compatible.

Corollary follows by combining Theorem (c) with Theorem But
we can also give a proof using Theorem [6.18}

Proof of Corollary To prove that Epk is left-shuffle-compatible, combine The-
orem with Theorem Similarly for right-shuffle-compatibility. O

Using Theorem we can state an analogue of Theorem Let us first
define the notion of dendriform algebras:

Definition 6.23. (a) A dendriform algebra over a field k means a k-algebra A
equipped with two further k-bilinear binary operations < and > (these are
operations, not relations, despite the symbols) from A x A to A that satisfy
the four rules

a<b+4+a>b=ab;
(a<b)<c=a=<(bc);
(a=b)<c=ar(b=<c);
ar(bxc)=(ab) =c

for all a,b,c € A. (Depending on the situation, it is useful to also impose a
few axioms that relate the unity 1 of the k-algebra A with the operations <
and =. For example, we could require 1 < a = 0 for each a € A. For what
we are going to do in the following, it does not matter whether we make this
requirement.)

(b) If A and B are two dendriform algebras over k, then a dendriform algebra
homomorphism from A to B means a k-algebra homomorphism ¢ : A — B pre-
serving the operations < and > (that is, satisfying ¢ (a < b) = ¢ (a) < ¢ (b)
and ¢ (a=b) = ¢(a) = ¢ (b) for all a,b € A). (Some authors only require it
to be a k-linear map instead of being a k-algebra homomorphism; this boils
down to the question whether ¢ (1) must be 1 or not. This does not make a
difference for us here.)

Thus, QSym (with its two operations < and =) becomes a dendriform algebra
over Q.
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Notice that if A and B are two dendriform algebras over k, then the kernel
of any dendriform algebra homomorphism A — B is an <-ideal and a > -ideal
of A. Conversely, if A is a dendriform algebra over k, and I is simultaneously
a <-ideal and a >-ideal of A, then A/I canonically becomes a dendriform
algebra, and the canonical projection A — A/I becomes a dendriform algebra
homomorphism.

Therefore, Theorem and Theorem|[6.19](and the Ag = QSym /Kst isomor-
phism from Proposition yield the following:

Corollary 6.24. If a descent statistic st is left-shuffle-compatible and right-
shuffle-compatible, then its shuffle algebra At canonically becomes a dendri-
form algebra.

We furthermore have the following analogue of Theorem which easily
follows from Theorem and Theorem

Theorem 6.25. Let st be a descent statistic.

(@) The descent statistic st is left-shuffle-compatible and right-shuffle-
compatible if and only if there exist a dendriform algebra A with basis (1)
(indexed by st-equivalence classes a of compositions) and a dendriform alge-
bra homomorphism ¢ : QSym — A with the property that whenever « is an
st-equivalence class of compositions, we have

¢st (FL) = Uq for each L € a.
(b) In this case, the Q-linear map
Ase = A, (7] — ta

where « is the st-equivalence class of the composition Comp 7, is an isomor-
phism of dendriform algebras A — A.

Question 6.26. Can the Q-algebra Pow N from Definition be endowed
with two binary operations < and = that make it into a dendriform algebra?
Can we then find an analogue of Proposition along the following lines?

Let (P,7), (Q,¥) and (PUQ,¢) be as in Proposition Assume that
each of the posets P and Q has a minimum element; denote these elements
by min P and min Q, respectively. Define two posets P < Q and P = Q as in
Proposition Then, we hope to have

Iz (P,')’) =TIz (Q/é) =TIz (P =< Q,E) and
Iz (Py) =Tz(Q0) =Tz (P> Qe),

assuming a simple condition on minP and minQ (say, 7 (minP) <z

0 (min Q)).
Ideally, this would be a generalization of Proposition

174



6.6. Criteria for K. to be a stack ideal

We have so far studied the combinatorial significance of when the kernel g
of a statistic st is a <-ideal or a =-ideal of QSym. What about ¢-ideals and
X-ideals? It turns out that the answer to this question is given (on the level of
compositions) by the following (easily verified) proposition:

Proposition 6.27. Let st be a descent statistic.

(@) The set Ks; is a left ¢-ideal of QSym if and only if st has the following
property: If | and K are two st-equivalent nonempty compositions, and if G
is any nonempty composition, then G © | and G ©® K are st-equivalent.

(b) The set K¢t is a right ¢ -ideal of QSym if and only if st has the following
property: If | and K are two st-equivalent nonempty compositions, and if G
is any nonempty composition, then ] © G and K ® G are st-equivalent.

(c) The set gt is a left X-ideal of QSym if and only if st has the following
property: If | and K are two st-equivalent nonempty compositions, and if G
is any nonempty composition, then [G, J] and [G, K] are st-equivalent.

(d) The set K¢t is a right X-ideal of QSym if and only if st has the following
property: If | and K are two st-equivalent nonempty compositions, and if G
is any nonempty composition, then [J, G] and [K, G| are st-equivalent.

Proposition allows us to give a new proof of Theorem which makes
no use of Proposition Instead, it will rely on analyzing Epk ([A, B]) and
Epk (A ® B) when A and B are two nonempty compositions.

First, we introduce a notation: If S is a set of integers, and p is an integer, then
S + p shall denote the set {s+p | s € S}.

We shall use the following simple lemma:

Lemma 6.28. Let A and B be two nonempty compositions. Let n = |A|.
(a) We have Epk ([A, B]) = (Epk A) U ((EpkB+n) \ {n+1}).
(b) We have Epk (A ® B) = ((Epk A) \ {n}) U (Epk B + n).

Proof of Lemma Let m = |B|. Consider any n-permutation &« = (a1,ap,...,&,)
satisfying Compa = A. (Such « exists, since n = |A|.) Consider any m-
permutation B = (B1, B2, ..., Bm) satisfying Comp f = B. (Such B exists, since
m = |B|.) From Compa = A, we obtain Epka = Epk A. Similarly, Epk =
Epk B.

(@) WLOG assume that a; > B; for all i € [n] and j € [m]. (Indeed, we can
achieve this by choosing a positive integer ¢ that is larger than each entry of §,
and adding g to each entry of «.) Thus, in particular, the entries of « are distinct
from the entries of B. Also, a, > B1 (since a; > B; for all i € [n] and j € [m]).

Let 7 be the (n + m)-permutation (a1, &y, ..., &, B1,B2, .., Bm). Then, the de-
scents of <y are obtained as follows:

e Each descent of « is a descent of +.
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e The number 7 is a descent of y (since a, > B1).

e Adding n to each descent of B yields a descent of -y (that is, if i is a descent
of B, then i 4 n is a descent of 7).

These are all the descents of . Thus,
Desy =Desa U {n}U (Desp+n).
Hence,

Comp (Desy) = Comp (Desa U {n} U (Des B+ n))
= [Comp (Des«) ,Comp (Des )]

(because of how Comp S is defined for a set S). Since Comp (Des 77) = Comp 7
for any permutation 7, this rewrites as

Comp v = [Comp a, Comp f] .

In view of Compa = A and Comp 8 = B, this rewrites as Compy = [A, B].
Thus, Epk ([A, B]) = Epk1.

On the other hand, recall again that v = (ay,a2,...,a4,B1,B2, ..., Bm) and
ay > PB1. Thus, the exterior peaks of 7y are obtained as follows:

e Each exterior peak of « is an exterior peak of y. (This includes #, if n is an
exterior peak of «, because a;, > B1.)

e Adding n to each exterior peak of 8 yields an exterior peak of -y, except for
the number 7 + 1, which is not an exterior peak of -y (since a;, > B1).

These are all the exterior peaks of . Thus,

Epky = (Epka)U ((EpkB+n)\ {n+1}).

In view of Epka = Epk A, Epk f = Epk B and Epk ¥ = Epk ([A, B]), this rewrites
as
Epk ([A,B]) = (EpkA) U ((EpkB+n) \ {n+1}).

This proves Lemma (a).

(b) WLOG assume that a; < B; for all i € [n] and j € [m]. (Indeed, we can
achieve this by choosing a positive integer g that is larger than each entry of «,
and adding g to each entry of B.) Thus, in particular, the entries of « are distinct
from the entries of B. Also, a, < 1 (since a; < B; for all i € [n] and j € [m]).

Let 7 be the (n + m)-permutation (a1, &y, ..., &, B1,B2, ..., Bm). Then, the de-
scents of <y are obtained as follows:

e Each descent of « is a descent of +.
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e Adding n to each descent of B yields a descent of -y (that is, if i is a descent
of B, then i 4+ n is a descent of 7).

These are all the descents of 7y (in particular, n is not a descent of <y, since
ay < B1). Thus,
Desy = Desa U (Desf +n) .

Hence,

Comp (Desy) = Comp (Desa U (Des 5+ 1))
= Comp (Desa) ® Comp (Des 8)

(because of how Comp S is defined for a set S). Since Comp (Des 7) = Comp 7
for any permutation 7, this rewrites as

Comp v = Comp a © Comp B.

In view of Compa = A and Comp p = B, this rewrites as Compy = A © B.
Thus, Epk (A ® B) = Epk 7.

On the other hand, recall again that v = (a1,a2,...,an, B1,B2,---,Bm) and
ay < B1. Thus, the exterior peaks of v are obtained as follows:

e Each exterior peak of a is an exterior peak of v, except for the number n,
which is not an exterior peak of <y (since a;, < B1).

e Adding n to each exterior peak of B yields an exterior peak of 7. (This
includes n + 1, if 1 is an exterior peak of 3, because &, < B1.)

These are all the exterior peaks of . Thus,

Epky = ((Epka) \ {n}) U (EpkB +n).

In view of Epka = Epk A, Epkf = EpkB and Epky = Epk (A ©® B), this
rewrites as

Epk (A® B) = ((Epk A) \ {n}) U (EpkB +n).
This proves Lemma (b). O
We can now easily prove Theorem again:

Second proof of Theorem (sketched). Let A = QSym. Corollary [5.4) shows that
KEpx is an ideal of QSym.
We now argue the following claim@

Claim 2: We have A X Kgpi C Kgpy-

78These claims are numbered Claim 2, Claim 4, Claim 6 and Claim 8, in order to match the
numbering of the corresponding claims in the first proof of Theorem above.
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[Proof of Claim 2: We must show that Kgpy is a left X-ideal of QSym. According
to Proposition (c), this boils down to proving that if ] and K are two Epk-
equivalent nonempty compositions, and if G is any nonempty composition, then
|G, ]] and |G, K] are Epk-equivalent.

So let | and K be two Epk-equivalent nonempty compositions. Thus, |J| =
|K| > 0 and Epk ] = Epk K. Let G be any nonempty composition.

Define a positive integer n by n = |G|. Lemma (a) (applied to A = G and
B =) yields

Epk ([G,]]) = (Epk G) U ((Epk ] +n) \ {n +1}). (96)

Similarly,
Epk ([G,K]) = (Epk G) U ((EpkK + )\ {n+11). (97)
The right hand sides of and are equal (since Epk ] = EpkK). Hence,

the left hand sides are equal as well. In other words, Epk (|G, J|) = Epk (|G, K]).
Combining this with

G111 =161+ JI| = |Gl + K| = |IG.KI,
S

we conclude that [G,]J] and [G, K] are Epk-equivalent. As we have said, this
concludes the proof of Claim 2.]
Similarly to Claim 2, we can show the following three claims:

Claim 4: We have Kgpg X A C Kgpy.
Claim 6: We have A ¢ Kgpi C Kgpy.
Claim 8: We have Kgpi ¢ A C Kgpy.

(Of course, in proving Claims 4, 6 and 8, we need to use the other three parts
of Proposition instead of Proposition [6.27] (c), and we occasionally need to

use Lemma (b) instead of Lemma [6.28| (a).)
Combining Claim 2 and Claim 4, we conclude that Kgpy is a X-ideal of A.
Combining Claim 6 and Claim 8, we conclude that Kgpy is a ¢ -ideal of A.
Thus, Theorem () (applied to M = Kgpy) shows that Kgpy is a <-ideal
and a = -ideal of QSym. This proves Theorem again. O

6.7. Left/right-shuffle-compatibility of other statistics

Let us now briefly analyze the kernels s of some other descent statistics, fol-
lowing the same approach that we took in our above second proof of Theorem
again. Much of what follows will merely reproduce results from Section
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6.7.1. The descent set Des

First of all, the following is obvious:

Proposition 6.29. The ideal Kpes of QSym is the trivial ideal 0, and is a X-
ideal, a ¢-ideal, a <-ideal and a =-ideal of QSym.

Corollary 6.30. The descent statistic Des is left-shuffle-compatible and right-
shuffle-compatible.

Proof of Corollary Corollary can be derived from Proposition in the
same way as Corollary was derived from Theorem [6.15] O

6.7.2. The descent number des

The permutation statistic des (called the descent number) is defined as follows:
For each permutation 71, we set des 7w = |Des 7t| (that is, des 7t is the number of
all descents of 7). It was proven in [GesZhul7, Theorem 4.6 (a)] that this statistic
des is shuffle-compatible. Furthermore, des is clearly a descent statistic. Hence,
Proposition (applied to st = des) shows that K4es is an ideal of QSym. We
now claim the following:

Proposition 6.31. The ideal Kjes of QSym is a X-ideal, a ¢-ideal, a <-ideal
and a >=-ideal of QSym.

Corollary 6.32. The descent statistic des is left-shuffle-compatible and right-
shuffle-compatible.

The proofs rely on the following fact (similar to Lemma |6.28):
Lemma 6.33. Let A and B be two nonempty compositions. Let n = |A|.

(a) We have des ([A, B]) = des A +desB + 1.
(b) We have des (A ® B) = des A + des B.

Proof of Lemma If I is a nonempty composition, then des I equals the length

of I minus 1. Lemma follows easily from this. O
Proof of Proposition Analogous to the above second proof of Theorem [6.15
but using Lemma instead of Lemma [6.28] O
Proof of Corollary Corollary can be derived from Proposition in the
same way as Corollary was derived from Theorem [6.15 O
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6.7.3. The major index maj

The permutation statistic maj (called the major index) is defined as follows: For

each permutation 77, we set majrt = ), i (thatis, majs is the sum of all
i€Des T

descents of 7). It was proven in [GesZhul7, Theorem 3.1 (a)] that this statistic
maj is shuffle-compatible. Furthermore, maj is clearly a descent statistic. Hence,
Proposition 5.3| (applied to st = maj) shows that Ky, is an ideal of QSym. We
now claim the following:

Proposition 6.34. The ideal Ky, of QSym is a right X-ideal and a right ¢ -
ideal, but neither a <-ideal nor a >-ideal of QSym.

Corollary 6.35. The descent statistic maj is neither left-shuffle-compatible nor
right-shuffle-compatible.

The proofs rely on the following fact (similar to Lemma |6.28):
Lemma 6.36. Let A and B be two nonempty compositions. Let n = |A|.

(a) We have maj ([A,B]) =majA+majB+n-(desB+1).
(b) We have maj (A ® B) = maj A +majB +n-desB.

Proof of Lemma If I = (i1,dp, ..., 1) is a nonempty composition, then

majl =i+ (i1 +i)+ (i1 +i2+i3)+---+ (1 +i2+ - +ix1)
= (k—1)iy + (k—2)ip + -+ (k— k) iy.

Lemma follows easily from this. O]

Proof of Proposition To prove that Ky, is a right X -ideal of QSym, we pro-
ceed as in the proof of Claim 2 in the second proof of Theorem but using
Lemma instead of Lemma Similarly, we can show that Kp;; is a right
¢ -ideal of QSym.

To prove that Kpy,j is not a <-ideal of QSym (and not even a left <-ideal
of QSym), it suffices to find some m € Ky, and some a € QSym such that
a<m ¢ Kmaj. For example, we can take m = F19) — F31) and a = Fy;
then, a <m = Fq112) — F131) € Kmaj- The same values of m and a also satisty
azm¢ Kmajy m <a & Kmaj and m = a & Kugj; thus, K,y is not a =-ideal of

QSym either. Proposition is now proven. O
Proof of Corollary Again, this follows from Proposition [6.34} O

6.7.4. The joint statistic (des, maj)

The next permutation statistic we shall study is the so-called joint statistic (des, maj).
This statistic is defined as the permutation statistic that sends each permutation
7t to the ordered pair (des 77, maj 7r). (Calling it (des, maj) is thus a slight abuse
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of notation.) It was proven in [GesZhul”/, Theorem 4.5 (a)] that this statistic
(des, maj) is shuffle-compatible. Furthermore, (des, maj) is clearly a descent
statistic. Hence, Proposition 5.3| (applied to st = (des, maj)) shows that K(qges maj)
is an ideal of QSym. We now claim the following:

Proposition 6.37. The ideal KC(gesmaj) of QSym is a X-ideal, a ¢-ideal, a <-
ideal and a > -ideal of QSym.

Corollary 6.38. The descent statistic (des, maj) is left-shuffle-compatible and
right-shuffle-compatible.

Proof of Proposition Analogous to the above second proof of Theorem
but using Lemma together with Lemma instead of Lemma [6.28 O

Proof of Corollary Corollary can be derived from Proposition in the
same way as Corollary was derived from Theorem [6.15] O

6.7.5. The left peak set Lpk

Recall the permutation statistic Lpk (the left peak set) defined in Definition
It was proven in [GesZhul7, Theorem 4.9 (a)] that this statistic Lpk is shuffle-
compatible. Furthermore, Lpk is clearly a descent statistic. Hence, Proposition
(applied to st = Lpk) shows that [Cppx is an ideal of QSym. We now claim
the following:

Proposition 6.39. The ideal Ky, of QSym is a left X-ideal, a ¢-ideal, a <-
ideal and a = -ideal of QSym.

Corollary 6.40. The descent statistic Lpk is left-shuffle-compatible and right-
shuffle-compatible.

The proofs rely on the following fact (similar to Lemma |6.28):

Lemma 6.41. Let A and B be two nonempty compositions. Let n = |A|.

(@@ We have Lpk([A,B]) = (LpkA) U ((LpkB+n)\{n+1}) U
{n| n—1¢&DesA}.

(b) We have Lpk (A ® B) = (Lpk A) U (Lpk B + n).

Proof of Lemma Not unlike the proof of Lemma (but left to the reader).
O

Proof of Proposition Analogous to the above second proof of Theorem [6.15]
but using Lemma instead of Lemma This time, however, the analogue
of Claim 4 will be false (i.e., we don’t have Ki,x X A C Kppy), because the
formula for Lpk ([A, B]) in Lemma (a) depends on Des A. Thus, Kppy is
merely a left X-ideal, not a X-ideal. (But this does not prevent us from applying
Theorem (c), because that theorem does not require M X A C M.) O
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Proof of Corollary Corollary can be derived from Proposition in the
same way as Corollary was derived from Theorem [6.15] O

6.7.6. The right peak set Rpk

Recall the permutation statistic Rpk (the right peak set) defined in Definition
It follows from [GesZhul?7, Theorem 4.9 (a) and Theorem 3.5] that this
statistic Rpk is shuffle-compatible (since Lpk and Rpk are r-equivalent, using
the terminology of [GesZhul7]). Furthermore, Rpk is clearly a descent statistic.
Hence, Proposition (applied to st = Rpk) shows that Kgpy is an ideal of
QSym. We now claim the following:

Proposition 6.42. The ideal Kgpy of QSym is a X-ideal, a right ¢ -ideal, a left
<-ideal and a left ~-ideal, but neither a <-ideal nor a >-ideal of QSym.

Corollary 6.43. The descent statistic Rpk is neither left-shuffle-compatible nor
right-shuffle-compatible.

The proofs rely on the following fact (similar to Lemma |6.28):

Lemma 6.44. Let A and B be two nonempty compositions. Let n = |A| and
m = |B|.

(a) We have Rpk ([A, B]) = (Rpk A) U (Rpk B 4 n).

(b) We have Rpk(A®B) = ((RpkA)\{n}) U (RpkB+n) U
{n+1 | 1€ DesBorm=1}.

Proof of Lemma Not unlike the proof of Lemma (but left to the reader).
O]

Proof of Proposition To prove that Kgpy is a X-ideal and a right ¢ -ideal, we
proceed as in the above second proof of Theorem but using Lemma [6.44]
instead of Lemma This time, however, the analogue of Claim 6 will be false
(i.e., we don’t have A ¢ Krpx C Kgpk), because the formula for Rpk (A © B ) in
Lemma (b) depends on Des B. Thus, Krpk is merely a right ¢ -ideal, not
a ¢-ideal. This prevents us from applying Theorem (c). However, we can
apply Theorem (b) instead, and obtain QSym = Krpx € Kgpk- In other
words, Krpy is a left > -ideal of QSym. Using , we thus easily see that gy
is a left <-ideal of QSym as well.

To prove that ICRpk is not a <-ideal of QSym (and not even a right <-ideal
of QSym), it suffices to find some m € ICRpk and some a2 € QSym such that
m < a ¢ Krpk- For example, we can take m = Fy 5y — F(3) and a = F(y); then,

m < a = Fgzoy+ Foz) + Foo1) — Fuo2) — Fu3) — Fai21) € Krpk-

The same values of m and a also satisfy m = a ¢ Kgpy; thus, Kgpy is not a

> -ideal of QSym either. Proposition is now proven. O
Proof of Corollary Follows from Proposition [6.42] O

182



6.7.7. The peak set Pk

Recall the permutation statistic Pk (the peak set) defined in Definition It was
proven in [GesZhul7, Theorem 4.7 (a)] that this statistic Pk is shuffle-compatible.
Furthermore, Pk is clearly a descent statistic. Hence, Proposition [5.3| (applied to
st = Pk) shows that Kpy is an ideal of QSym. We now claim the following;:

Proposition 6.45. The ideal Kpy of QSym is a left X-ideal, a right ¢-ideal, a
left <-ideal and a left >-ideal, but neither a <-ideal nor a ~-ideal of QSym.

Corollary 6.46. The descent statistic Pk is neither left-shuffle-compatible nor
right-shuffle-compatible.

The proofs rely on the following fact (similar to Lemma [6.28):

Lemma 6.47. Let A and B be two nonempty compositions. Let n = |A| and
m = |B].

(@@ We  have Pk([A, B]) = (PkA) U (PkB+n) U
{n | n—1¢DesAandn > 1}.

(b) We have Pk (A ® B) = (PkA)U (PkB+n)U{n+1 | 1 € DesB}.

Proof of Lemma Not unlike the proof of Lemma (but left to the reader).
]

Proof of Proposition To prove that Kpy is a left X-ideal and a right ¢-ideal,
we proceed as in the above second proof of Theorem but using Lemma
6.47) instead of Lemma This time, however, the analogues of Claim 4 and
Claim 6 will be false (i.e., neither Kp, X A C KCpy nor A ¢ Kpp C Kpi will hold),
because the formula for Pk ([A, B]) in Lemma (a) depends on Des A whereas
the formula for Pk (A ® B) in Lemma [6.47] (b) depends on Des B. Again, this
prevents us from applying Theorem |6—_l—2| (c). However, we can apply Theorem
(b) instead, and obtain QSym = Kpi C Kpi. In other words, Kpy is a left
>~ -ideal of QSym. Using (73), we thus easily see that Kpy is a left <-ideal of
QSym as well.

To prove that Kpy is not a <-ideal of QSym (and not even a right <-ideal
of QSym), it suffices to find some m € Kpy and some a € QSym such that
m < a ¢ Kpg. For example, we can take m = F 5) — F(3) and a = Fy); then,

m < a = Fgzoy+Fos)+Foo1) — Fa22) — Fa3) — Faa21) € Kek

The same values of m and a also satisfy m = a ¢ Kpy; thus, Kpy is not a >-ideal

of QSym either. Proposition is now proven. O
Proof of Corollary Follows from Proposition [6.45] O
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