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Abstract
We compute the joint distribution of descent and major index over permutations of {1,...,n}
with no descents in positions {n —i,n —i+1,...,n — 1} for fixed ¢ > 0. This was motivated by

the problem of enumerating symmetrically constrained compositions and generalizes Carlitz’s
g-Eulerian polynomial.

1 Introduction

In [?], S. Lee and the second author of this paper consider the problem of enumerating symmetri-
cally constrained compositions. This study was motivated by problems in [?]. These symmetrically
constrained compositions are integer sequences defined by linear constraints that are symmetric in
the variables. For example, the integer sequences (A1, A2, A3) satisfying

Ar(1) T Ar2) = An(3) (1)

for every permutation 7 of {1,2,3}, are known as integer-sided triangles [?7, 7, 7, ?]. However, in
contrast to other treatments, we are counting the number of ordered solutions, a harder problem.
Generalizing to n dimensions, one could ask for the integer sequences (A1, Aa,...,\,) satisfying
the constraint (1) for every permutation 7 of [n] = {1,2,...n}. Or, more generally, given positive
integers k, ¢, m with k > ¢, the integer sequences (A1, Ag, ..., A,) satisfying

k)\w(l) + 6)\77(2) > m)\w(3) (2)

for every permutation 7 of [n].
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If the constraints are symmetric in the A;, then the generating function

A1, A
G(z1, e, ..., g e xy? )

will be a symmetric function of the x;. The work in [?] is to show how to exploit the symmetry to
compute the generating function G, (q) = G(q,q, ..., q).

For example, the generating function for (2) has the following explicit form when m =k + ¢ — 1.

Proposition 1 [?] If m = k+{— 1, then for n > 3, the generating function for the solutions to (2)

1
Gn _ z+nb 3
(q) (1 - qn)(l - qnf 1) H +nm ﬂ;n zell;[w) ! ( )

where b; =m, 1 <i<n—2 and b,_1 =m —k and D(7r) is the set of descents of m:

D(r) = {i|1<i<nandm > T}

In order to simplify this generating function, we consider a new twist on the problem of computing
the distribution of permutation statistics. For a permutation 7, des(w) = |D(n)| is the number of
descents of 7 and the major index of m is the sum of the descent positions: maj(m) = > .cp (@
The joint distribution of des(7) and maj(w) over the set S,, of all permutations of [n] is given by
Carlitz’s g-Eulerian polynomial [?, ?]:

z,q) =y a®WgmI™ = T —2q") Y ([5]y)"a"", (4)
TESn i=0 j=1

where [j], = (1 —¢’)/(1 — q). (This distribution was also computed in [?], Vol. 2, Chapter 4.)

For i < mn—1, let S be the set of permutations of [n] that have no descent in positions

{n—i,n—i+1,..n—1}. Let i (x,q) be the joint distribution of maj and des over sS4
P = Y st ®
71-6553)

Then C" (x,q) = Cp(z,q). Now we can express G,(q) in (3) via the following.

Proposition 2

I ¢ = @™ @) +a ™ (Culg"™ q) — C ("™, ). (6)

TESy 1€D(m)

Proof. If 7 € S,, does not have a descent in position n — 1, then 7w € 5’7(11) and

Z H g = Z H g

resh i€D(r) restD i€D(x)

Z qmaj(ﬂ') (qnm)des(ﬂ')

71'6551.1)
= V("™ q).



If # € S, has a descent in position n — 1, then 7 € S,, — 5’7(11) and

i+nb; o —nk i+nm
> Il e =i s a™ I @

ﬂ'ESn—Ss) i€D(m) i€D(m)
_ —nk i+nm i+nm
= |\ > I e =2 I«
TESy i€D(m) res(V i€D(m)

= q "M (Crl(q™™, q) — CM ("™, q)).

Putting these two cases together gives the result. O

Further simplification of (6) requires computing ctV (z,q). In this paper, we compute ct (z,q),
for general ¢, in two ways. The first approach derives a recurrence for C,(f) (z,q) and solves it in
terms of Carlitz polynomials. The second, suggested by the referee, is a “P-partitions” approach.

In the last section, the results are applied to G, (q) of (3) to enumerate the sequences satisfying
the symmetric constraints (2).

Throughout the paper, the following notation is used: [n] = {1,2,...,n}; [n]y = (1—¢")/(1—q);
n . n—1 i
[n]g! =1Lz lile; and (a;q)n = [[;Zo (1 — aq").

2 The joint distribution of maj and des over Sff)

2.1 Recursive approach

In this section, we give a recursive approach to the problem of computing the joint distribution of
inv and maj over the permutations of [n] with no descent in positions {n —1,n —2,...,n —i}.

A standard approach for counting the number of permutations with k descents is to derive a
recurrence (see, for example, Béna [?], Theorem 1.7). What we need is a g-analog of this count,

refined to consider only permutations in S

Proposition 3 Define 65;,)1@(‘1) by

n—1
61:,)k(‘J)f17k _ Z Idcs(ﬂ)qmaj(ﬂ) _ Cfli)(x,q).
= resy)
Then egi)k(q) satisfies
7 7 1—1 . 7
eh(@) = alkleely (@) +en @) + (n =iy = [klg)el, 1 (0),

with initial conditions ef;kl) = ef%; es))o =1; and egi)k =0ifk>n—1.

Proof. We get a permutation in Sff) with k descents by inserting n into



(i) a permutation in S’ @ 7, with k descents, immediately following a descent; or
(ii) a permutation in Sff:ll) at the end of the permutation; or
(

iil) a permutation in Sr(fll with k—1 descents, immediately following any of the positions
0,1,...,n—¢—2 that are not descents (leaving a total of (n —i—1)—(k—1)=n—-k—1
positions for inserting n).

In (i) above, if n is inserted after the ith descent, maj increases by 1 for that descent and for
every later descent, i.e., by kK + 1 — . This gives the first term in the recurrence, with its factor
q+q*+---q*

In (ii) above, if n is inserted at the end of the permutation, maj does not increase at all, giving
the second term.

To see how (iii) glves rise to the third term in the recurrence, let 7 = w(1)7(2)...7(n — 1)
be a permutation in S 7, with £ — 1 descents. Let 0 = j1 < jo < +++ < Jp—k—i <N —14—2

be the n — k — ¢ positions where n can be inserted into 7 to create a permutation in S,(f) with k
descents. We claim that inserting n immediately following any of ji, jo,...,jn—k—i increases maj
by k,k+1,...,n—1i—1, respectively. This will give the third term of the recurrence with its factor
¢ + ¢+ g = =iy — (K

To prove this claim, let t; be the number of descents of 7 that are greater than j,. Inserting n
just after m;, creates a descent in position j, 4+ 1 and increases by 1 the position of each of the t,
descents in 7 that are greater than j,. Thus maj increases by

m=j¢+ 141,

Let d = jp+1—7j¢. Then all of the positions jy+1, j¢o+2, ..., je+d—1 are descents. So tp41 = tg—(d—1)
and inserting n just after 7(jp41) increases maj by

(evr+ 1) +tepr = (d+je+ 1)+ (e —(d—1)) =m+ 1.
Since inserting n at the front of 7 would increase maj by 1+ (k — 1) = k) the claim is proved. O

From Proposition 3, we can derive a recurrence for C’fli) (z,q). First, the i = 0 case gives the
following recurrence for C,(z,q). It is straighforward to verify that (4) satisfies the recurrence,
giving a simple proof of Carlitz’s formula.

Proposition 4

Cutg) = 0 )~ D0 (e, (7
with Co(z,q) = 1.
Proof. Let e, (q) = e ) (q) Since S\ = 8%, setting ¢ = 0 in Proposition 3 gives
€n, k(‘]) [k + 1]gen—1,k(q) + ([n]g — [klg)en—1,k-1(q) (8)
(which also appears in [?]). Multiply (8) by z* and sum over k. Substitute the definition of [..],
and (7) results immediately. O

Similarly, from Proposition 3, we get a recurrence for general i.



Proposition 5 Forn >0 and 0 <i < n,

; — X n—i i 1—=z i i—
e = (1722 ) o) - (B2 2w + €4 e

with Cr(L_l)(:zr, q) = oV (z,q) = Cpn(z,q), and ot (x,q)=11ifi>n.
To solve the recurrence of Proposition 5, first observe that it can be simplified as follows.

Proposition 6 Fori >0 andn > i

OV (@,q) — (M aq"  Crilz, q)

C{(z,q) = T

: 9)

Proof. For n = i the proposition is true, as both sides are equal to 1. For n > i, apply the
recurrence of Proposition 5 and then induction:

i q n—i— i i i—
P = 75 (=20 w0~ (- 0O (w0.0) + 5 (0)
_oql—zg" Cni:ll)(xv q) — (nzl)an7i710n7i71($7 q)

1—g¢q 1— ggn—i-t
g(1 — ) OV (wq, q) — ("7 )aq" " Coica(24.9) | i)
B — —_ n—1i + Onfl (Ia q)
1—gq 1—2xzq
Rearranging terms,
n—i i—1 i—1 i—2
Og - 4 1= G @9 - (1-0)0 60 | O @)
n 54 1—g¢q 1—zgn—t 1—zgn—

O P(x,q)
1—pgn—t

C(")re T (= 2q" )iz (2,9) — (1 — 2)Coizi (2q,q)
I—q 1—axqn—t :

+CU (2, q) —

Apply Proposition 5 to the first line, the induction hypothesis to the second line, and Proposition 7
to the last line to obtain

ci Vg  (2)xq" " Coi(z,q) ("N aq"Cri(z,q)

oW — b _ . i : .
w (#.9) 1— g 1— g 1— g

_ 01(1171) ((E, Q) - (?)an_icn—i (LL', q)
1—xgn—t '

O

Finally, iterating the recurrence (9), we can solve for i (z,q) in terms of Carlitz functions.
Theorem 1 _
: Co(x, - —&_ Cni(,
g G (1), s Gt "
(xq"~ % q)s k (2q" "5 q)imkt1



In particular, the motivating problem of computing C’,(ll)(:zr, q) is solved:

Corollary 1

On(xv Q) B n:cqn_lcn71 (Ia q)

cM(z,q) = Tp——

. (11)

Substituting (4) into (10) and simplifying gives ct) (z,q) explicitly:

Corollary 2

Remark. Let CY (q) = C,(f)(l,q). It is easy to see from Proposition 5 that Cr(fl)(q) =Y (q)
and that for i >0, CY)(q) = C""V(q) + q[n —i — 1],C” (q) if n > i and CY(q) = 1 otherwise.
Therefore we have

Corollary 3

2.2 Direct approach

Now we give a direct approach to the problem of computing the joint distribution of ¢nv and maj
over the permutations of [n] with no descent in positions {n —1,n —2,...,n —i}.

Theorem 2

—1i

; =3\ aij j— n—i—j
C(w,q) = (€3 Q)n—i < i])q" DD LR VAT
Jj=1 k=0

S

Proof. Let S\ be the set of permutations 7 of [n] with no descents in positions {n — i,n —
i+1,...,n — 1} with the additional property that m,_; = j. To obtain a permutation in Sr(fd)
we first choose a subset I C [n] of cardinality ¢ to be the values of m,—;t1,Tn—it2,...,Tn. Since
J=Tnoi < Tpiy1 < ... < m, every element of I must be greater than j, so I must be a subset
of {7+ 1,j+2,...,n}, and (mp—it1, Tn—it2,--.,7,) must consist of the elements of I arranged
in increasing order. Then (71, 7a,...,Th—;—1) may be an arbitrary permutation of [n] \ (I U {j}).



Since m has no descents in positions {n —i,n — i+ 1,...,n — 1}, the descent number and major
index of 7 are the same as for (71, 7o,...,mh—;), and these statistics are unchanged if we replace
(1,72, ..., Tp—;) with the permutation of [n — 4] in which the entries have the same relative order.
(i.e., we replace (71,72, ...,Th—;) wWith its “pattern”.) Note that this replacement does not change
Tn—i = J, since [j] C [n]\ I (so 1,2,...,7 all occur in (m1,m2,...,Tph—;).) Now let

_ des(o) ,maj(o)
Z x q 3

where the sum is over all permutations o of [m] with o, = j. Then the contribution to ct (z,q)
from permutations 7 with m,_; = j corresponding to a given i-subset I C {j + 1,57+ 2,...,n} is
Affzi(:v, q) independent of the choice of I. There are ("] J) possible choices for such a subset 1, so

summing on j gives
P =5 ("7 A2

j=1

We now derive a formula for A% (z,q) using the “P-partition” approach [?, ?]. This relies on

the observation that nonnegative integer sequences (a1, ...,a,) in which a; < k, 1 < ¢ < n have
generating function:
> =kl
max (a)<k
where |a| = a1 + -+ + an.
The approach is to count nonnegative integer sequences (as, ..., a,) such that a; =0 and a; > 0

for i > j in two different ways.
First way: First count those in which a; < k, 1 <i < n:

Yo d =Tk 1l alk])"

max (a)<k

where |a| = a; + - -+ + a,,. Then multiply by z¥ and sum over k:

o0

Z S q bt =g (k1T kb

k=0 max (a)<k k=0
If we only want those a such than max (a) = k:

Zq\a\ max (a) __ Z Z \a\xk — n J Z k+1 J 1 ]n JI (12)

k=0 max (a)=k

Second way: For a permutation 7, let D(7) be the descent set of . Now, let 7 be the unique
permutation of [n] satisfying: (i) ar(1) > ar@) >... > a w(n) and (ii) ar(;) > ar(i+1) Wwhen i € D(m).
As a; =0 and a; > 0 for ¢ > j. This implies that 7T( )=13].

Let A\i = ar(i) — Gr(igr) for 1 <i <.



Then (aq,...a,) < (7, A) is a bijection between nonnegative integer sequences of length n such
that a; = 0 and a; > 0 for ¢ > j and pairs (m, \) where 7 is a permutation of n with w(n) = j
and A is a nonnegative integer sequence of length n — 1 satisfying A; > A;;1 when ¢ € D(7). Then
S A =max (a) and |a] = Y., i\ So,

Zq\a\xmax(a) _ Z Z qu;lmixZ;‘:l i
a

{meS, :mr(n)=5} {(A1,..;An—1) : des(X)=des(m)}

_ Z qmaj(ﬂ')xdes(ﬂ) Z H .’L'q )\'

{reSn:m(n)=5} (A,

Z{wesnm(n):j} qma.i(w)xdeb(ﬂ)

(1 —2zq)(1 —xq?)--- (1 —zqn1)

Equating this with (12) gives the desired formula for A%) (z,q), namely,

A%)(x,q) _ Z qmaj(w)xdcs(rr) _ n JZ k—l—l j 1 Z jxk'
{reS,:m(n)=75} k=0

O

This also establishes the identity obtained by equating expressions for C’fli) (z,q) in Corollary 2
and Theorem 2.

3 Application
We apply the results of Section 2.1 to enumerate the sequences satisfying the constraints (2).

Theorem 3

_ Calg™ 9= ¢"") = Cua(@", g™ T (1 — g7)
e = (1—¢m)(1 - q’wil)(q"’”+1 Dn-1 ' (3

Proof. From Proposition 1,

1
@) = T e, 2 "

2 res, i€D(m)

where b, =m,1<i<n—-2and b, 1 =m—k,andm=%k+{— 1.



Start with (6), apply (11) and rearrange terms to get:

SII & = @™ a) + " (Culd™ a) - CD @ )
TESy i€D(7)
= (- @) +q *Cu(q™™, q)
(L =g ") (Cnlg"™ q) — ng"™ "1 Ch1(¢"™, )

—nk nm
= Cn )
(1 — gnm+n—1) +4q (@™, q)

R O Gl ) st i Ul i RO RO i Uik i)

n ’ (1 _ qnm-l-n—l) n— ? (1 _ qnm-l-n—l)
_ ¢ (qnm q) (1 _ q—nk-i-nm-l-n—l) 3 1(qnm q) nqnm-i-n—l(l _ q—nk)

n ’ (1 _ qnm-l-n—l) n— ! (1 _ qnm-l-n—l)

(1 _ qng—l) nqnm-l-n—l(l _ q—nk)
= Cn nm7 - C’ﬂ— nm, ’
(q q) (1 — qnm+n,1) 1(q Q) (1 — qnm+n,1)
the last since m = k + £ — 1. Substitution into (14) gives the result. O
g

For example, since Cy(z,q) = 1 + xq and Cs(x,q) = 1 + 22q + 22 + 12¢3, solutions to
{kAr) + x2) = (K + £ —=1)Ar(3), | ™€ S3}

are given by:
i Y 14 2¢% 1 + 2q3(k+e)72 + q6£+3(k71)
Gs(q) = 1—¢)(1— q3e—1)(1 _ q3k+3é—2)

When k = ¢, this becomes:

(1—¢®)(1 = ¢*1)(1 —¢%2)

and when k = 1, this gives the generating function for (ordered) integer-sided triangles:

Gs(q) =

Cala) = 1+2¢2+2¢* +¢° = 1—q+¢?
T -A(-¢) -2 -0q)

When n = 4, solutions to
{EAr) +q2) = (b + €= 1)z, | ™€ Sa}
are given by:

7 1 +3q4€—1 +3q4k+4€—3 +5q4k+4€—2 +5q8€+4k—4 +3q8€+4k—3 +3q8k+8€—5 +q12€+8k—6

Galq) (1= g4)(1 = gA-1)(1 — g4k +40=3) (1 — g4h+4l-2)

When k = ¢, this becomes:

- 1+3q4k—1 +3q8k—3 +5q8k—2 +5q12k—4 +3q12k—3 +3q16k—5 +q20k—6

Gt (=)0 = = =)
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