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Abstract

We obtain an explicit formula for the total number of descents and levels in (cyclic) tensor words of arbitrary dimension. We
also determine the maximal number of cyclic descents in cyclic tensor words. Furthermore, we establish a lower bound and
an upper bound on the maximal number of descents in tensor words.
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1. Introduction

Let & and n be two natural numbers and let [k] = {1,2,...,k}. Recall that if w = w;---w, € [k]" is a word over the
alphabet [k], then 1 < ¢ < n — 1 is a descent (respectively, level) of w if w; > w; 1 (respectively, w; = w;41). If the word
is cyclic, then also i = n is a descent (respectively, level) of w if w,, > w; (respectively, w, = w;). One possibility for a
generalization, that we pursue in this work, is to consider words in higher dimensions, thus regarding (standard) words
as one-dimensional words. For example, if m is an additional natural number, then two-dimensional words over [k] are
matrices w = (w; j)i1<i<m,1<j<n € [k]™". Here, a descent (respectively, level) of w is a pair of double indices ((i1, j1), (42, j2))
such that w;, j, > w;, ;, (respectively, w;, j, = w;, ;,) and either (is, j2) = (41 + 1, j1) or (42, j2) = (41, j1 + 1).

The primary purpose of this work is to establish a formula for the total number of descents (respectively, levels) in
multidimensional words of an arbitrary (but fixed) dimension. We refer to such words as tensor words, as formalized in
Definition 1.1.

Descents and levels in words were studied, for example, in [1,2]. Especially related to our work is the work of Mansour
and Shattuck [4], which studied common occurrences of patterns in matrix (i.e., two-dimensional) words. Nevertheless,
they have not considered vertical descents (respectively, levels), nor have they considered cyclic words. In contrast, Knopf-
macher et al. [3] considered cyclic words, but in a different context, namely that of staircase words.

Before we begin, let us introduce some notation. Vectors are written in bold font. We denote by N (respectively, R) the
set of natural (respectively, real) numbers. For n € N, let [n] = {1,2,...,n} and, for d € N and j € [d], we denote by e;
the jth vector in the standard basis of R?. If p is a condition, then 1, equals 1 if p holds and 0 otherwise. Fix k,d € N and
m(d = (my,...,my) € N% to be used throughout this work. We write pg = []

Pd,i = H m;.

JEld],j#i

jeam; and, for i € [d], we write

Definition 1.1. An m(?-tensor word over [k] is a function w: [my] X --- x [mg] — [k]. The set of all m(®-tensor words over
k] is denoted by T(m(® k). A descent (respectively, level) of an m(®-tensor word w is a pair (i,i’') € ([m1] x --- x [m4])?,
such that w(i) > w(i’) (respectively, w(i) = w(i’)) and i’ = i + e;, for some j € [d]. We denote by des(w) (respectively,
lev(w)) the number of descents (respectively, levels) of w. If the word w is regarded as cyclic, then additional cyclic descents
(respectively, cyclic levels) are allowed, namely all (i,3') € (Jm1] x --- x [ma])? where ¢ = (i1,...,iq) and &' = (i}, ... i),
such that there exists a unique j € [d] with i; = n,1; = 1, and w(i) > w(i’) (respectively, w(i) = w(i')). Finally, we denote by
cycdes(w) (respectively, cyclev(w)) the number of descents and cyclic descents (respectively, levels and cyclic levels) of w.
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Then w is a (3, 4)-tensor word over k], for every k > 3. The set of descents of w is given by

{((1,1),(1,2)), ((1,3),(1,4)), ((1,1),(2,1)), ((2,1),(3,1))}

and the set of levels of w is given by

{((2,1),(2,2)), ((2,2),(2,3)), ((2,3),(2,4)), ((3,3),(3,4)), ((2,2),(3,2)), ((1,3),(2,3))} -

Thus, des(w) = 4 and lev(w) = 6. The set of cyclic descents of w is given by

{((3,4),(3,1)), ((3,2),(1,2)), ((3,3),(1,3)), ((3,4),(1,4))}
and the set of cyclic levels of w is given by {((2,4),(2,1))}. Thus, cycdes(w) = 8 and cyclev(w) = 7.

Example 1.1. Let

D I

2. Main results

Our main results are as follows: Let a4 (respectively, b;) denote the total number of descents (respectively, levels) of all
m D _tensor words over [k]. Then

(d}?d— ZI%M) k—1)kpet

i€[d]
and by = 2a4/(k—1). Similarly, let f; (respectively, g4) denote the total number of descents and cyclic descents (respectively,
levels and cyclic levels) of all m(%)-tensor words over [k]. Then

1
fa= idpd(k‘ — l)kpd71

and g4 = 2fa/(k — 1).

In the last subsection of this section, we establish the maximal number of cyclic descents in cyclic tensor words and
obtain a lower and an upper bound on the maximal number of descents in tensor words. Namely, we prove that, for every
w € T(m® k), we have

cycdes(w Z Dd.i {ml DJ and

1€[d]
1 m; k—1
zpdzqkq_l><des<w><zpd,i mte=1)
i€[d] i€[d]
2.1. Noncyclic words
Let m4,1 € N and let / be a nonnegative integer. Set m(@+t1) = (my,...,mq,1). We denote by Dm(d)}md% , the number of

m(?+D) _tensor words w such that des(w) = £. For w € T(m®,k), we denote by D, @ ... o(w) the number of m(d+1).

tensor words w’, such that des(w’) = ¢ and such that w’(¢,1) = w(), for every i € [m4] x --- X [mg]. Let

L
Fd+1 t CU E E D (d)"detht gt

Magp1>1 >0

be the generating function for the numbers D, and, for w € T(m¥ k), we denote by

),’md+1,€’

L, Mg
FdJrl t z, w Z ZD 77Ld+17e )t z

mqy1>14£0>0

the generating function for the numbers D, () o ,(w). Notice that

€T
F, 1 P —
a1l z,w) = 1— kpag’
Lemma 2.1.1. For w € T(m(? k), we have
xtdes(w) 5 1 . ,
Fd+1(t71~7w):w (1+ Z p2ei€lmy)x - x[mg] Tw(i)>u ()Fd+1(t,$7w) .
w' €T (m® k), w'#w
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Proof. It suffices to show that the generating function F;, (¢, z, w) satisfies the equation

Fyi(t,m,w) = pdes(w) o o o Z 13e8(0)+ i (my ) x (] 11“(11)>1u/(1'.)Fd+1(t7 x, w/)' 1)
w' eT(m® k)

Indeed, let v € T(m(4+1) k) such that v(4,1) = w(4), for every i € [m;] x --- x [mg]. If mg;1 = 1 then there are no descents
in the direction of eq41. This case corresponds to the first term on the right-hand side of (1). Assume that m441 > 1 and
let w’ € T(m® k) such that v(i,2) = w’'(), for every i € [m;] x --- x [mg]. Then u, defined by u(i, j) = v(i,j + 1) for every
i€ [my] x---x[mg] and j € [mgyq — 1], is an m(4+ 1) tensor word, such that u(i, 1) = w’'(4), for every i € [my] x --- x [mg].
Now, for ¢ > 0, we have des(v) = ¢ if and only if

¢ =des(w) + Z Lu(i)>w (i) + des(u).
1€[ma]X - X [mq]

This corresponds to the second term on the right-hand side of (1) and the proof is complete. O

Theorem 2.1.1. Define ag = > @ des(w) and let A;(x) be the corresponding generating function. Then

weT(m

ag =7 | dpa— Z pai | (k—1)kpa—! 2)
i€[d]
and agr + 3 (k — 1)k?Pa=lpya?
Agir(z) = 2 . 3)

(1 — kpax)?

Proof. We proceed by induction on d. The case d = 1 is similar to the general case and the details are omitted. Assume
that (2) holds for d. In order to prove that it holds for d+ 1, we first prove (3). To this end, let w € T(m(®, k). Differentiating
(1) with respect to ¢ and substituting ¢ = 1, we obtain

Agpr(z,w) = des(w)z +a Y Agir(z,w') + [ des(w) + > Lu(ysw(s | F(1,z,0")
w €T (m D k) i€[ma] XX [mq]
22
= des(w)x + zAgq41(z) + | kPides(w) + Z Z Lu(i)>w (3) T s 4

w/ €T (m D k) 1€[ma] XX [ma]

Summing (4) over w € T(m(% k) and solving for A4, (), we obtain

2
aqx x
Ad+1(l') = 71 vy + adkpd + Z Z 1w(i)>w’(i) (1 — k;pdl')2.

w,w’ €T (mD k) 1€[m1]x -+ X [mq]

Now, due to symmetry,

Z Z Lw(@)y>w' (3) = Pd Z Z Luw(,...1)>w'(1,....1)

w,w’ €T (m D k) 1€[ma] XX [mq] w €T (m®D k) weT(m D k)

=pak® > (k—w'(1,.. 1)

w’(1,...,1)=1
]‘ 2pd71
= 50— DEPp,,

It follows that
l‘Q

(1 — kpax)2’

aqx

Aani(e) = T——

1
+ (adk;pd + 5(]{ — 1)k‘2pd_1pd)

from which (3) immediately follows.
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Now, we can prove that (2) holds for d + 1. Indeed, by (3), we have
aqz + 3(k — 1)k?Pa~1pya?

Ad+1(m) = (1 — kpd$)2
1
_ (adx + 5(]{ _ 1)k2pd_1pd$2) Z md+1k(md+1—1)pdxmd+1—1
maq12>1
1 - m
5 2= X o) s+t 1| = e tme
mg41>1 i€[d]
1 —1,_.m
= Z 5 ( pd+1 Z Pd+1,i _1)kpd+1 Lpma+r
mgy12>1 i€[d+1]
Thus,
1 _
aar1 =5 | (d+ Dpa+1 — > Parr L
1€[d+1]
and the proof is complete. O

Remark 2.1.1. For the proof of the result regarding the total number of levels, only a few minor modifications are necessary.
First, Equation (1) needs to be replaced with

1 . 1oy is —w’ (4
Fd+1(t, x, 'LU) — tlev(w)x +x Z t ev(w)‘i'Zze[ml]x»-»x[md] w(d)=w’ (i) Fd+1(t, x, w/).
w' €T (m k)

> > Loz () = kP17 pa.

w,w' €T (M k) 1€[ma]X - x[ma]

Second, it is not hard to see that

2.2. Cyclic tensor words

Let m41 € N and let £ be a nonnegative integer. Set m(#+1) = (my,...,m41). We denote by D, _, the number of

) imay
m(4+D tensor words w such that cycdes(w) = . For wi,ws € T(m¥, k), we denote by D, _o(w1,w2) the number of

D may

m(4+1)_tensor words w’, such that cycdes(w’) = ¢ and such that w’ (4, j) = w;(3), for every i € [my] x --- x [mg] and j = 1,2.

Let
‘
Fyrq(t,x) Z ZD delt g+t
mat1>1£>0
be the generating function for the numbers D, ) D and, for wy, ws € T(m(?D k), we denote by
Fd—i—l(t €T wl,wg Z ZD (d) M1, Z )texmd'*'l
map1>1€>0

the generating function for the numbers D, ) — (w1, ws). Notice that
72
1 — kpag’

The following lemma and theorem are the analogues of Lemma 2.1.1 and Theorem 2.1.1, respectively. We state them

Fd+1(1 T, W, wg)

without proof.
Lemma 2.2.1. For wi,w, € T(m D k), the generating function F(t,z,w:,w,) satisfies the equation

” . Lo (4)>wo (4 1 . N —1 . . cyedes(w’
Fo(t,z,w,we) = gevedes(wiwz) 2 4 E tztelmllx-%[m( 16> w5 ) Ty (650! (1)~ Luy (0> (5) ) Heyedes(w )Fd+1(t,m,w1,w/),

w' €T (m D k)
where wyw, is the tensor word w' € T(m 41 k), with mg1 = 2 and w'(i,5) = wj, for every i € [my] x -+ x [mg] and j = 1,2.
Theorem 2.2.1. Define g5 =3, eT(m@ k) cycdes(w) and let G4(x) be the corresponding generating function. Then
1
gd = idpd(k — 1)kpd71

and

G (o) = - (3(k = DR Ipa+ kga) 5 (5(k = DK™ 'pa + k*Pga) 4
d+1(T) = (1 — kpag)? T (1= fpaz)? T
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2.3. The maximal number of descents

In this subsection, we establish the maximal number of cyclic descents in cyclic tensor words. This yields an upper bound
on the maximal number of descents in tensor words, which we prove to be tight. First, we state the following results,
concerning descents and cyclic descents in (standard) words.

Lemma 2.3.1. We have

max {des(v) : z € [k]"} = max {cycdes(v) : z € [K]"} = V(kkl)J

Proof. Let C(n, k) denote the set of all binary sequences of length n having at most k consecutive 1s. For y € C(n, k) let
us denote by |y| the number of 1s in y. We first show that

(5)

max {ly] : y € C(n, K)} = [WJ

(see A182210 in [5]). Write n = o(k + 1) + p, where 0 < p < k + 1. We then have the sequence

o times

k times k times p times

—~ —~ =~
y=1---10---1---101---1 € C(n, k),

yl=n-o=n- L:HJ N {(iilka

If 0 = 0 then n < k and y consists solely of n 1s, which is obviously maximal. Assume that ¢ > 1. Then, treating the Os as

satisfying

separators between pigeonholes and the 1s as pigeons, for every ¢ € [o], we have

>1

n—(c—t)=(c—t+1Dk+(t—-1k+p+t.

By the pigeonhole principle, in any binary sequence consisting of o — ¢ 0s and n — (o — t) 1s, there exists at least one
subsequence of k + 1 consecutive 1s.
Having proved (5), we now show the connection to descents in words. To this end, we construct maps

o k" > Cn—1,k—1) and 0:C(n—1,k—1) — [k]"

such that |p(z)| = des(z) and des(6(y)) = |y|. Let x = 21 -- -z, € [k]™ and define a binary sequence p(z) =y = y1 - Yn—1
of length n — 1 as follows: For i € [n — 1] we set y; = 1,,54,,,. Clearly, y € C(n — 1,k — 1) and des(z) = |y|. Conversely, let
Yy=uy1- Yn-1 € C(n—1,k —1) and let z; (respectively, 0;) be the length of the ith sequence of consecutive Os (respectively,
1s) in y, where i € [r] for some r € N. We define 6(y) = z = v; - - - v,,, where

z1+1 times

—_—
or+1,...,00+1,01,00 —1,...,1 ifi=1;

vV; =
z; times

—_—
o;+1,...,0;+1,0;5,0,—1,...,1 otherwise.

First, we notice that v; is of length z; + o; + 1 and v; is of length 2; + o;, for 2 < i < r. Thus, z is of length n, since
> icp(zi +0i) =n —1. Second. 0 < o; < k — 1, for every i € [r]. Thus, « € [k]". Finally, since z; > 0 for every 2 < i < r, the
number of descents occurring in v; is o;. Notice that every v; ends with 1, so no descents occur in the transition between
v; and v;41. It follows that des(z) = >_,c;,j0; = |y|. We have thus proved that max {des(z) : z € [k]"} = |n(k —1)/k].
Trivially, max {des(z) : = € [k]"} < max{cycdes(z) : = € [k]"}. On the other hand, let « € [k]". Necessarily, there exists
i € [n] such that z; < z;, where j =i+ 1ifi < n and j = 1, otherwise. Let 2’ be the rotation of « such that the first letter
of 2’ is ;. Then cycdes(z) = cycdes(z’) = des(z’). We conclude that max {cycdes(z) : x € [k]"} < max{des(z) : z € [k]"}
and hence the proof is complete. O

Corollary 2.3.1. We have
max {cycdes(w) cwe T(m@®, k)} = Z Dd,i {ml(kk_l)J . (6)

i€[d]
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Proof. First, we show that the left-hand side of (6) is less than or equal to the right-hand side. Proceeding by induction
on d, the case d = 1 follows from Lemma 2.3.1. Assume that the inequality holds for d and let w € T(m(¢+1) k). Then

ma1(k — 1)J

cycdes(w) < mgq1 max {cycdes(w') s w' e T(m@), k:)} + pa { 3

{mi(k - 1)J g {mfd-&-lgf - 1)J

< Myl Z Pd,i A

i€[d]

= Z Pd+1,i T
i€[d+1]

as required. To prove the reversed inequality, consider the word v = k,k — 1,k —2,...,1,k,k — 1,..., of length m, that

obtains the maximal number of cyclic descents. Due to cyclicity, we may rotate v without losing cyclic descents. Writing v

and its my — 1 rotations, we obtain the matrix word of size m; x ms:

k k-1 k-2
k-1 k-2 k-3

u =

Rotating u, i.e., decreasing by 1 each of its entries, and replacing 0s with ks, we may write u and its ms3 — 1 rotations along
the third axis, obtaining an (m;, ms, ms3)-tensor word. In this manner we successively construct an m (% -tensor word over
[k] that, by induction, may be shown to have the necessary number of cyclic descents. O

Remark 2.3.1. Since the number of descents is never larger than the number of cyclic descents, the right-hand side of (6)
gives an upper bound on the maximal number of descents in tensor words. Here, the situation is more complex and the naive
approach of Corollary 2.3.1 does not work. Indeed, we have

4 3 2
des|3 2 1
2 1 4

U

4 3 4 3
=13, whiledes |3 2 3 2| =14,
2 1 2 1

which is maximal for (3,4)-tensor words over [4]. Nevertheless, by rotating the (standard) word v =k, k—1,k—2,..., 1,k k—
1,..., we lose, at most, one descent. It follows that the tensor word, constructed in the proof of Corollary 2.3.1, has at least

(22

descents.
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