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The algebra of extended peaks

Darij Grinberg*! and Ekaterina A. Vassilieva'

Abstract. Building up on our previous works regarding g-deformed P-partitions, we
introduce a new family of subalgebras for the ring of quasisymmetric functions. Each
of these subalgebras admits as a basis a g-analogue to Gessel’s fundamental quasisym-
metric functions where g is equal to a complex root of unity. Interestingly, the basis
elements are indexed by sets corresponding to an intermediary statistic between peak
and descent sets of permutations that we call extended peak.

Résumé. En nous appuyant sur nos travaux précédents concernant les P-partitions
g-déformées, nous introduisons une nouvelle famille de sous-algebres pour I’anneau
des fonctions quasi-symétriques. Chacune de ces sous-algebres admet comme base un
g-analogue aux fonctions quasisymétriques fondamentales de Gessel ot q est égal a
une racine complexe de l'unité. Il est notable que les éléments de base sont indexés
par des ensembles correspondant a une statistique intermédiaire entre les ensembles
de pics et de descentes des permutations que nous appelons pic étendu.

Keywords: Quasisymmetric functions, descent set, peak set.

1 Introduction

In [4], we show that a g-deformation of the generating functions for P-partitions leads to
a unified framework between classical and enriched P-partitions. In particular, we intro-
duce our g-fundamental quasisymmetric functions that interpolate between I. Gessel’s
fundamental ([1], ¢ = 0) and J. Stembridge’s peak ([8], ¢ = 1) quasisymmetric functions.
When g is not a root of unity, g-fundamentals are a basis of QSym, the ring of quasisym-
metric functions, and are indexed by descent sets of permutations. If 4 = 1, they span
the subalgebra of QSym named the algebra of peaks. The relevant basis elements are
those indexed by peak sets. As it turns out, using other complex roots of unity for g, we
are able to build new intermediate subalgebras between the algebra of peaks and QSym,
the basis of which are g-fundamentals indexed by a new permutation statistic that lies
between peak and descent sets. We call this statistic the extended peak set and the cor-
responding subalgebras of quasisymmetric functions the algebra of extended peaks. We
begin with the required definitions and results from [4]. Then we introduce and prove
the new results regarding the algebra of extended peaks.
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1.1 Permutation statistics

Let IP be the set of positive integers. For m,n € P, write [m,n] = {m,m+1,...,n} and
simply [n] = {1,2,...,n}. We denote S, the symmetric group on [n]. Given © € S,
define its descent set

Des(t) ={1<i<n—1n(i)>n(i+1)} C[n—1]
and its peak set
Peak(m) ={2<i<n—1n(i—1) < m(i) > n(i+1)}.

The peak set of a permutation is said to be peak-lacunar, i.e. it neither contains 1 nor
contains two consecutive integers.

1.2 Enriched P-partitions and g-deformed generating functions

We recall the main definitions regarding weighted posets, enriched P-partitions and their
g-deformed generating functions. The reader is referred to [1, 3, 4, 7, 8] for more details.

Definition 1 (Labelled weighted poset, [3]). A labelled weighted poset is a triple P =
([n], <p,€) where ([n], <p) is a labelled poset, i.e., an arbitrary partial order <p on the set [n]
and € : [n] — P is a map (called the weight function).

Each node of a labelled weighted poset is marked with its label and weight (Figure 1).
/ 2,¢e(2)=5 N
3,6(3):2N /1,6(1):1H4,€(4):2
5 € =2

(5)
Figure 1: A 5-vertex labelled weighted poset. Arrows show the covering relations.

Definition 2 (Enriched P-partition, [8]). Let P* be the set of positive and negative integers
totally ordered by —1 <1 < —2 <2 < -3 <3 < .... We embed P into P* and let —IP C P+
be the set of all —n for n € P. Given a labelled weighted poset P = ([n], <p,€), an enriched
P-partition is a map f : [n] — IP* that satisfies the two following conditions:

(i) Ifi <pjandi < j, then f(i) < f(j) or f(i) = f(j) € P.
(i) If i <p jand i > j, then f(i) < f(j) or f(i) = f(j) € —P.



Extended peaks 3

We let Lp+(P) denote the set of enriched P-partitions.

Definition 3 (g-Deformed generating function, [4]). Consider the set of indeterminates X =
{x1,x2,x3,...}, the ring C[[X]] of formal power series on X where C is the set of complex
numbers, and let q € C be an additional parameter. Given a labelled weighted poset ([n], <p, €),
define its generating function TD ([n], <p,€) € C[[X]] as

rO(n,<pe)= Y T /0<%

feLpx([n],<pe) 1<i<n

where [f (i) < 0] = 1if f(i) < 0 and O otherwise.

1.3 Enriched g-monomial and g-fundamental quasisymmetric functions

We state without proofs the required definitions and propositions from [4]. The main
building block of this previous work is the g-deformed generating function for enriched
P-partitions on labelled weighted chains that we call universal quasisymmetric functions.

Definition 4 (Universal quasisymmetric functions). Given a composition, i.e. a sequence of
positive integers « = (a1, &, . .., &y ) With n entries, and a permutation T = 7y ... 7T, of Sy, we
let Pry = ([1n], <n, &) be the labelled weighted poset on the set [n], where the order relation <,
is such that 7; < 7; if and only if i < j and where w is the weight function sending the vertex
labelled mt; to a; (see Figure 2). Define the g-universal quasisymmetric function

UN‘Z,)X = F(q)([n], <, ).

Figure 2: The labelled weighted poset Py 4.

Universal quasisymmetric functions belong to the subalgebra of C [[X]] called the ring
of quasisymmetric functions (QSym), i.e. for any strictly increasing sequence of indices

k
ko

i1 <ip < --- < ipthe coefficient of xlfl x;fz -~ x, is equal to the coefficient of xﬁlxi2 i)

They are directly connected to classical bases of QSym, as L, = Ufrofln} (resp. Kp =

Ufrlfln]) is the Gessel’s fundamental ([1]) (resp. Stembridge’s peak, [8]) quasisymmetric
function indexed by 7. (As Eual, 1" denotes n consecutive 1’s: 1,1,...,1.) Moreover,
ifweletid, =12...nand id, = nn—1...1, then Ul%(x = M, is the monomial ([1]),

ul® — E, the essential ([5]) and u — 1 the enriched monomial ([6, 3]) quasisymmetric

idy,o idy,,u
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functions indexed by a. Moreover universal quasisymmetric functions satisfy the explicit
expression

q) _ i€Des (71)|i;=i; i1, eeerin M 81 00 «
un,tx = | Z | q|{] ( )‘] ]+1}‘(q+1)‘{1 2 n}|xi1 xi2 "'xinn' (11)
i1 <ip<---<iy;
jePeak(rm)=rij_1<ij1

As universal quasisymmetric functions are the generating functions of some P-partitions
on labelled chains, they admit the closed form product rule of Proposition 1.

Proposition 1 (Product rule). Let g € C, let 7w and o be two permutations in S, and S,
and let o = (aq,...,0y) and B = (B1, ..., Bm) be two compositions with n and m entries. The
product of two g-universal quasisymmetric functions is given by

ul) ug”g — y ul?). (1.2)
(17)€(ma)w(e,p)

Here (71, a) w (o, B) denote the coshuffle of (7r,a) and (o, B), i.e. the set of pairs (T,7y) where
T € Spym is a shuffleof mand n+o0 = (n+o0y,...,n+ 0w), and vy is a composition with
n + m entries, obtained by shuffling the entries of x and B using the same shuffle used to build t.

Remark 1 (Coproduct). Let n > 0 be an integer, 7t € S, and « be a composition with n entries.
The coproduct A : QSym — QSym ® QSym of the Hopf algebra QSym (see [2, §5.1]) acts on
the universal quasisymmetric functions as follows:

n

(4) (9) (9)
A(u”/‘") o Z std(my7p...71;),(@q 00, 0;) ® ustd(niﬂ7{[+2...nn),(oqﬂ,oc,-ﬂ,...,ucn)'

i=0

Here, if 7y is a sequence of non-repeating integers, std(<y) is the permutation whose values are in
the same relative order as the entries of <.

Our work relies on two significant specialisations of universal quasisymmetric func-
tions called enriched g-monomial and g-fundamental quasisymmetric functions.

Definition 5 (Enriched g-monomial quasisymmetric functions). Let ¢ € C and a be a
composition with n entries. The enriched g-monomial indexed by « is defined as
770(¢q) = Ui(jn)’a = ) (q+ 1)|{i1’i2""’i”}|x§‘11x?‘22 Xt
i1<ip <+ <ip
As compositions & = (a1, ...,ay) such that aq + - - - + a, = s are in bijection with subsets of
[s — 1], we also use the equivalent expression for I C [s — 1.

= T eyl

iy <<

jeI:>ijZZJ+1
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As an immediate consequence of Definition 5, 170(40) (resp. 17,9)) is Hoffman’s essential
([5]) (resp. enriched monomial, [3]) quasisymmetric function indexed by the composition
«. Except the degenerate case 4 = —1, g-enriched monomials are a basis of QSym.

Proposition 2. Let g € C\ {—1}. The family (175(,‘71) is a basis of QSym.

) $>0,IC[s—1]
Definition 6 (7-Fundamental quasisymmetric functions). Let 7t be a permutation in S, and
q € C. Define the g-fundamental quasisymmetric function indexed by 7t as

According to Equation (1.1), Lﬁ?) depends only on the descent set of 7. As a result, g-funda-

mentals are naturally indexed by sets and we may denote them (Lflq%) IC[n—1]-

The specialisations of Lgﬁ ) to g = 0 and g = 1 are respectively the Gessel’s fundamen-
tal [1] and Stembridge’s peak [8] quasisymmetric functions indexed by permutation 7.
The expression of g-fundamentals in the basis of enriched g-monomials is of particular
importance.

Proposition 3. Let I C [n—1] and q € C. Let also Peak(I) = I\ (I —1)\ {1}. The
g-fundamental quasisymmetric functions may be expressed in the enriched g-monomial basis as

CI
Kglj’e_ak(l)
JNK=®

Unlike g-monomials, g-fundamentals are not always a basis of QSym.

q

n,

Proposition 4. (L %)nzo,lg[n_l] is a basis of QSym if and only if g € C is not a root of unity.

2 Extended peaks

According to Proposition 4, g-fundamental quasisymmetric functions are very similar
to classical ones when g is not a root of unity and are naturally indexed by descent
sets. When q = 1, they reduce to peak quasisymmetric functions, are indexed by peak
sets and span a very significant subalgebra of QSym. Understanding what subalgebra
they span and how to index them when ¢ is another root of unity appears as a natural
question. We begin with the introduction of the appropriate sets.
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2.1 Extended peak sets

We use the following subsets with constraints on consecutive elements.

Definition 7 (Extended peak set). Let n and p be two positive integers. We say that I C
[n — 1] is a p-extended peak set if I U {0} doesn’t contain more than p consecutive elements
(as a result, 1, p] € I). We write I C,, [n — 1] for this statement.

Example 1. Set n = 9. One has {4,8} 1 [8], {1,4,5,8} C» [8], {1,2,4,5,6,8} Cs [8].
However {1,2,4,5,8} ¢, (8] as the subsequence [1,2] containing 1 has size2 > p —1 = 1.

Remark 2 (Permutation statistics). Extended peak sets look like an intermediary statistic be-
tween peak and descent sets. Any peak set is a 1-extended peak set, and any descent set on
permutations of n elements is a p-extended peak set for p > n. Moreover, given a permutation 7t
in Sy and an integer p > 1, we can define Peak,(7r) as

Peaky (1) = {i € Des(m)|i < p—10r 31 < j < psuchthati— j & Des(m)}.

On the one hand, Peak(rmr) = Peak;(mr) C Peaky,(rr) € Des(rr). On the other hand,
Peak,(rt) C, [n —1]. For instance let m = 54163287. We have Peak;(71) = Peak(7r) =
{4,7} C Peaky(7r) = {1,4,5,7} C Peaks(m) = {1,2,4,5,7} = Des(n).

We count the number of extended peak sets.

()

Proposition 5. Let n, p € IP. Define s,/ to be the number of p-extended peak sets on n elements.

Extend the definition with sép ) =0 for all positive p. One has

(p) _ {zn_l if n<p,

Sn (
p+1
ZkOnkl Zk1nk1f”>l7

Proof. The result is immediate for n < p. For n > p, there is a bijection between p-
extended peak sets on n elements and the union of p-extended peak sets on n —1 —k
elements for k € [0, p]. Indeed, given a set I C, [n — 1], define k < p as the integer such
that [n — k, n — 1] is the maximum sequence of consecutive integers in I containing n — 1.
If n —1 ¢ I we define k = 0 and assume [n,n — 1] = @. We map I to the unique element
] Cp [n —k —2] such that I = JU [n — k,n — 1]. This mapping is clearly one-to-one and
the result follows. O

2.1)

2.2 Extended peak quasisymmetric functions

We proceed with the definition of the relevant subfamilies of g-fundamentals.
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Definition 8 (Extended-peak quasisymmetric functions). Let n,p € IP, and let p, denote
the root of unity pp = e~ p=1)/(P+1) Thus, oy = 1, pp = e /3, p3 = e~ /2, ... Note that
—pp is a primitive p + 1-th root of unity, i.e., (—pp)P*t = Lbut (—p,)) #1for1 <j<p+1.
Given a subset I C [n — 1|, we define the p-extended peak quasisymmetric function indexed by I

r = (2.2)

Define PP C QSym to be the subalgebra of QSym spanned by (L, 1)n>0 1C[n—1], and let PF C
QSym,, be its subspace composed of quasisymmetric functions of degree n (that is, the vector
space spanned by ( 1)icin—1))- We call PP the algebra of p-extended peaks.

We remark that 73” is actually a Hopf subalgebra of QSym (by Remark 1).

Definition 8 gives extended peak functions over all subsets. However, we know
from Proposition 4 that they do not span QSym. As a result, for all p € P, the fam-
ily (Lj, 1)n>0 1C[n—1] is not linearly independent and some indices are redundant. We
characterise these set indices. First, for 7, p € P, if a set I is not a p-extended peak set,
then Lﬁ/ ; may be expressed in terms of other p-extended peak quasisymmetric functions.

Theorem 1 (Extended peak functions over sets that are not p-extended peaks). Let n,p €
P with n > p + 1. Let i be an integer such that 0 <i <n—1—p,and ] C [n — 1] be a subset
that satisfies [i+1,i+p+1]N] = @and i € JU{0}. Then, theset [i+1,i+p|U] €, [n—1]
as it contains either a sequence of p + 1 consecutive elements or the sequence [1, p]. Notice further
that any set that is not a p-extended peak set may be written as such. We have the equality

Y (=l =o.

IC[i+1,i+p]
Secondly, we can compute explicitly the dimension of P}, for n, p € P.

Theorem 2 (Subspaces dimension). Let n, p € IP be two positive integers. The dimension of

()

Pl is equal to s,/”, the number of p-extended peak sets on n elements:
dim P} = s,(1 ),

We postpone the proofs of Theorems 1 and 2 respectively to Sections 3.1 and 3.2.
Combining them we characterise the subalgebra P?.

Theorem 3 (Basis for algebra of extended peaks). Let p € P. The family (L, I)n>0 1C,[n—1]
is a basis of the subalgebra PP of QSym.

Proof. Fix p € IP. As p-extended peak quasisymmetric functions are special cases of
g-fundamentals, the stability by multiplication is actually a direct consequence of Equa-
tion (1.2). Then Theorem 1 shows that only p-extended peak quasisymmetric functions
indexed by p-extended peak sets may be linearly independent. Finally, Theorem 2 shows
that for all n € IP the dimension of the finite vector space containing homogeneous qua-
sisymmetric functions of degree n is exactly the number of p-extended peak sets on n
elements. O
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3 Proofs of Theorems 1 and 2

3.1 Extended peak functions indexed by generic sets

In order to show Theorem 1, compute

Y. (‘U'Il%)]

IC[i+1,i+p]

using Equation (1.3) for integers i, 11, p and set | satisfying the conditions of the theorem.
Note that for I C [i+1,i+p], i+ 1 & Peak(IU]) (eitheri+1 =1 ori € ]J) and that
Peak(I U J) N ] = Peak(J) irrelevant of the choice of I (asi+ p+1 & J). As a result, we
can decompose in Equation (1.3) any subset or peak lacunar subset (i.e. 1-extended peak
subset) of I U | as a (peak lacunar) subset of I and a (peak lacunar) subset of J. Namely,

Y (L

IC[i+1,i+p]
o ! !/ ( )
= YE"e-0 Y ol Y CoVig =D gly oo
u'cy IC[i+1,i+p] ucr
V' CPeak(]) VCPeak(I)\ {i+1}
unv’'=0 unv=e

Next, invert summation indices in the last sums.

). (_1)|I|L§IZJ)]

IC[i+1,i+p]
= Ze0Va-0t 8 CoMle -0 il oy B CD
u'c Cli,i UVCICli+1i -
v’gpeli(]) Vgl_[i+1+,iir1] e
unv'=o unv=9o

unv-1=0

The last sum is obviously 0 except when UUV = [i +1,i+ p] \ V — 1. As a result,

). (_1)“|L§{ZJ)]

IC[i+1,i+p]
e M G IO T Yl S B C) TR Ve LIS Vs
u'cy VG [i+1i+p]
V' CPeak(])
unv'=o

The summands in the sum over all 1-extended peak sets V C; [i 4+ 1,i + p| depend only
on the cardinality of V. It easy to show (left to the reader) that

v S lii+plvi=oh = (P°).
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Subsequently,
Y (ML

IC[i+1,i+p]

p
14 u'l,(q) p—v -2
’72 | | )‘ |77u'uV' 1UV/U[i+1,i+p) Z(_l)v< o >(_‘1)U(q — 1P
u'cy 0

V' CPeak(])

unv'=o
We use the following lemma.

Lemma 1 ([9]). Let n € P and x,y € C, one has

3 (A L

k=0

Denote forn € P,c € C, [n]c = (1 —¢")/(1 —c). As a direct consequence of Lemma 1,

p
/ / ( )
Y DL = Y V-0 v D
IC[i+1,i+p] ucj t:O
V/CPeak(J)
unv'=p
— 14 u'l,(9)
=[p+1 UZ](_W (q-1) |’7U/UV/ 1UV/U[i+1,i+p]"
C
V' CPeak(])
unv'=p
End the proof with
1- (_Pp)pJr1
1]y = ———F— =0.
[p+ ] Pp 1+pp

3.2 Finite subspaces dimension

For n € P and g € C, denote B,(lq) the transition matrix between (Lfﬂ%) 1cjn—1) and

(nr(lq])) jcn—1] With coefficients given by Equation (1.3). Columns and rows are indexed
by subsets I of [n — 1] sorted in reverse lexicographic order. A subset I is before subset
J iff the word obtained by writing the elements of I in decreasing order is before the
word obtained from | for the lexicographic order. The column indexed by the subset I

(q) (9)

corresponds to L,’; and the row indexed by ] to 7,,’; (as a direct consequence B,(lq) is the

(9)

transpose of the similar matrix defined in [4]). For n = 0, assume B
matrix.

to be the empty
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Example 2. For n = 4, the transition matrix Biq) between (LY’)) 1cqa) and (U}q)) jcp3) is given
by
o {13 {2y {21} {3} {31} {32} {321}
%, 1 1 1 1 1 1 1 1
{1y |0 g—1 O qg—1 0 g—1 0 g—1
{2} |0 0 g¢g-1 g-1 0 0 g—1 g—1
B = {21} [0 0 —q (4-1° 0 0 -7 (q—1)7
{3t |0 0 0 0 g—1 g-1 g—1 g—1
{3,1} |0 0 0 0 0 (g—1)7? 0 (g—1)?
{32} |10 0 0 0 —q —q (-1 (q-1)7
{32130 0 0 0 0 —q(g-1) —q(q-1) (g-1)°

(q9)

Our goal is to compute the dimension of the kernel of B,"" to get the dimension of
the vector subspace P}, as

dim P} = rank(BY) = 2"~! — dimker B{".

We show the following proposition.

Proposition 6. Let n, p € IP be two positive integers. We have

1 5. o
dim ker B,(f”) = Zifil dim ker Bnp—pli +[n>p+1)2"P72 forn > p,
0 forn <p.

Proof. The second case is a direct consequence of the fact that the matrix B,(f ?) is invertible

for n < p (see [4]). To show the general recurrence, assume that n > p. As in [4], notice

that the matrix Br(ﬂ) is block upper triangular. For each k € [n], let A](:’) denote the transi-

tion matrix from (Lfﬂ)lgn_”/ max(I)=k—1 tO (17;57]))]2[71—1}, max(J)=k—1 (Where max & := 0);
this actually does not depend on n. Note that A]((q) is a 2k=2 x 2k=2_matrix if k > 2,
(q)

whereas A" is a1 x 1-matrix. We have

qu) * * .. *
0 qu) * *
B =10 o aY "
0 *
o o0 o0 o0 AW

We have the following lemma:
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Lemma 2. The matrices <B,(ﬂ))
n > 1and n > 2, respectively):

Br(lq) — Br(lzl Br(zll) A,(ﬁ) — (q a 1)Bn@2 (q - 1)Bn@2 )
0 A —gB\,  (g-1)A}

n—1

and (A,@)n satisfy the following recurrence relations (for

n

Consider for n > 2 and coefficients a, 3 € C the kernel of the matrix ocAi(ﬂl + ,BB,(ﬂ)
Let X be1 a 2" 1 vector and denote X! and X? the two vectors of size 2" 2 such that

X = 6((2) . We compute

(71— Da+B)BY (X1 +X2) =0

3.1
geBD X1 (- Dt pATx2=0 O

(adl0, 1 BBP) X =0 {
Two cases arise from the previous equation. Either ((g — 1)a + B) # 0 and
(“A,(ﬂl n M@) X=0« {IZE”’(; (_X11 Zfzﬁ) =0 - ) 0 (3.2)
or ((—1)a+p) =0and
(A, + B ) X =04 qaB”, X! = 0 (3.3)
Consider the sequence of coefficients
(W 8- 1
<“£ﬂ1 :3;(;21) = <“:(aq) ﬁr@) (q I ! g) , forn > 0.

Solving the recurrence we have for integer n > 1

@) g — g-1 q\"

(7 B7) = 1)( 1 0)
" n+1]—g  —qlnl— )

—-1)"(0 1
e ("Ll BT
(=D)"(=lnl—q qln=1]-y),
where for integer i and complex number c recall that [i]c = (1 —c')/(1 —c). Finally
notice that for integer n > 1

V(g —1)+ YW = (—1)" (qu - q(_q)’H)

= (=1)"[n+1],.
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Get back to the case g = p;, for some positive integer p € IP. As a direct consequence of
the definition of p, in Definition 8, we have

[p+1]-p, =0;
n]—p, #0, 1 <n <p.

As a result, if 4 = p,, one may iterate the recurrence in Equation (3.1) p times with the
case of Equation (3.2) and one more time to go to the case of Equation (3.3). Recall that

ﬁ;pﬁ = pp[p]-p, # 0 to conclude the proof. n

Noticing that for n > p+1, 2" 1 = 277242773 4 ... 4 2n=P~1 4 2. 2"7P=2 we can
deduce the rank of B,(f” ) using Proposition 6. We get

2};2;1 rank (B P 2) forn > p,

rank (B,(qpp)) = 2""1 _ dim ker B,(qpp) =
21 for1<n< p.

(3.4)

We conclude that the sequence of subspace dimensions (P}), follows the same recur-
rence with the same initial conditions as the sequence of the numbers of p-extended
peak sets (s}),,. Theorem 2 follows.
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