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Abstract
Non-negative Łukasiewicz paths are special two-dimensional lattice paths never passing below
their starting altitude which have only one single special type of down step. They are well-known
and -studied combinatorial objects, in particular due to their bijective relation to trees with given
node degrees.
We study the asymptotic behavior of the number of ascents (i.e., the number of maximal
sequences of consecutive up steps) of given length for classical subfamilies of general non-negative
Łukasiewicz paths: those with arbitrary ending altitude, those ending on their starting altitude,
and a variation thereof. Our results include precise asymptotic expansions for the expected
number of such ascents as well as for the corresponding variance.
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Introduction

Two-dimensional lattice paths can be defined as sequences of points in the plane R2 where
for any point, the vector pointing to the succeeding point (“step”) is from a predefined finite
set, the step set. In general, lattice paths are very classical combinatorial objects with a
variety of applications in, amongst others, Biology, Physics, and Chemistry.
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Figure 1 Simple Łukasiewicz excursion of length 16 with emphasized 2-ascents where S =
{−1, 1, 2, 3}

In this paper, our focus lies on a special class of two-dimensional lattice paths: nonnegative simple Łukasiewicz paths. A lattice path is said to be simple if the horizontal
coordinate is the same (e.g. is 1) for all possible steps. In case of a simple path family, we
define the step set S as the set of allowed height differences, i.e., the respective y-coordinates
between the points of the path. If, additionally, the step set S ⊆ Z is integer-valued and
contains −1 as the single negative value (meaning that all other values in S are non-negative),
then the corresponding paths are called simple Łukasiewicz paths.
If a lattice path starts at the origin and never passes below the horizontal axis, then the
path is said to be a meander (or non-negative path). And in case such a non-negative path
ends on the horizontal axis, it is called an excursion.
Lattice path families of this type have been studied intensely, see [1] for a detailed
survey on general simple lattice paths, and, for example, [2, 9] for investigations concerning
Łukasiewicz paths.
We are interested in analyzing the number of ascents in these paths. An ascent is an
inclusion-wise maximal sequence of up steps (i.e., steps in S \ {−1}; this might also include
the horizontal step corresponding to 0). For an integer r ≥ 1, if an ascent consists of precisely
r steps, then the ascent is said to be an r-ascent. As an example, Figure 1 depicts some
non-negative Łukasiewicz excursion with emphasized 2-ascents.
In this paper, we give a precise analysis of the number of r-ascents for non-negative
simple Łukasiewicz paths of given length, as well as of variants of this class of lattice paths.
Our investigation is motivated by [6], where the number of 1-ascents in a special lattice path
class related to the classic Dyck paths was analyzed explicitly by elementary methods.

Main Results
Within this paper, three special classes of non-negative Łukasiewicz paths are of interest:
excursions, i.e., paths that end on the horizontal axis,
dispersed excursions, i.e., excursions where horizontal steps are not allowed except on the
horizontal axis,
meanders, i.e., general non-negative Łukasiewicz paths without additional restrictions.
Formally, we conduct our analysis by investigating random variables En,r , Dn,r , Mn,r which
model the number of r-ascents in a random excursion, dispersed excursion, and meander
of length n, respectively. The underlying probability models are based on equidistribution:
within a family, all paths of length n are assumed to be equally likely.
Given r ∈ N and considering n ∈ N0 with n → ∞, we prove that for excursions we have
EEn,r = µn + c0 + O(n−1/2 )

and

VEn,r = σ 2 n + O(n1/2 ),
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for some constants µ, c0 , σ 2 depending on the chosen step set S. The constants are given
explicitly in Theorem 7. Additionally, if n is not a multiple of the so-called period of the step
set, then the random variable degenerates and we have En,r = 0; see Theorem 7 for details.
For dispersed excursions, the corresponding computations get rather messy, which is
why we restrict ourselves to the investigation of dn , the number of dispersed excursions of
length n, as well as the expected value EDn,r . In particular, for all step sets S (except for
the special case of dispersed Dyck paths with S = {−1, 1}), dn satisfies
dn = c0 κn n−3/2 + O(κn n−5/2 ),
with constants c0 and κ depending on the chosen step set. For the expected number of
ascents in this particular lattice path family, we find
EDn,r = µn + O(1)
for some constant µ depending on S. Explicit values for these constants and more details
are given in Theorem 10.
In the context of meanders we are able to show that for all step sets (with two special
exceptions: Dyck meanders with S = {−1, 1}, and Motzkin meanders with S = {−1, 0, 1})
we have
EMn,r = µn + c0 + O(n5/2 κn )

and

VMn,r = σ 2 n + O(1),

for constants µ, c0 , κ ∈ (0, 1), σ 2 depending on S. Also, the random variable Mn,r is
asymptotically normally distributed; see Theorem 12 for explicit formulas for the constants
and more details.
In theory, our approach can be used to obtain arbitrarily precise asymptotic expansions
for all the quantities above. For the sake of readability we have chosen to only give the main
term as well as one additional term, wherever possible.
On a more technical note, in order to deal with general Łukasiewicz step sets in our
setting, we make use of a generating function approach (see [3, Chapter I]). In particular,
we heavily rely on the technique of singular inversion (see [3, Chapter VI.7], [8]), which
deals with finding an asymptotic expansion for the growth of the coefficients of generating
functions y(z) satisfying a functional equation of the type
y = z φ(y)
with a suitable function φ.

Notation and Special Cases
Throughout this paper, the step set is denoted as S = {−1, b1 , . . . , bm−1 } with integers bj ≥ 0
for all j and m ≥ 1. The bj are referred to as up steps – even if the step is a horizontal one.
The so-called characteristic polynomial of the lattice path class, i.e., the generating
P
function corresponding to the set S, is denoted by S (u) := s∈S us . The strongly related
P
generating function of the non-negative steps is denoted by S+ (u) := s∈S, s≥0 us .
In this context, observe that the particular step set S = {−1, 0} corresponds to a, in
some sense, pathological family of Łukasiewicz paths. In this case, there is only precisely
one non-negative Łukasiewicz path of any given length. The family of meanders and
excursions coincides, and also the random variables degenerate in the sense that we have1
1

We make use of the Iversonian notation popularized in [4, Chapter 2]: Jexpr K takes value 1 if expr is
true, and 0 otherwise.

Ao f A 2 0 1 8
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En,r = Mn,r = Jn = rK. Thus, further investigation of this case is not required – which is
why we exclude the case S = {−1, 0} from now on.
While in the case of a general step set S we are forced to deal with implicitly given
quantities, for special cases like S = {−1, 1} (Dyck paths), everything can be made completely
explicit as we will demonstrate in the course of our investigations.
Finally, we make use of the following well-established notation: For a generating function
P
f (z) = n≥0 fn z n , the coefficient belonging to z n is denoted as fn = [z n ]f (z).

Structure of this Abstract
In Section 2, we determine suitable generating functions required to analyze the number of
ascents. The approach is based on the inherent relation between Łukasiewicz paths and plane
trees with given vertex degrees. Formulas for the respective generating functions are given in
Proposition 4. Note that in the full version of this extended abstract, [5], we demonstrate
another approach (following the kernel method and the “Adding a new slice approach”) to
determine the suitable generating functions.
Section 3 contains the actual analysis of ascents for the different lattice path families
mentioned above. In particular, in Section 3.1 we investigate excursions; the main result is
stated in Theorem 7. Section 3.2 deals with the analysis of ascents in dispersed excursions.
In this case, the expected number of r-ascents for all but one given step sets is analyzed
within Theorem 10, and the analysis for the remaining one is conducted in Proposition 11.
Finally, Section 3.3 contains our results for ascents in meanders. Similarly to the previous
section, the analysis for most step sets is given in Theorem 12, and the remaining cases are
investigated in Propositions 13 and 14.
Proofs and additional details can be found in the full version of this extended abstract,
see [5]. Appendix A contains several important tools necessary for a detailed analysis of the
inverse function in the center of this abstract. In particular, with Propositions 15 and 16 we
prove useful extensions of [3, Theorem VI.6; Remark VI.17].

2

Generating Functions: A Combinatorial Approach

In this section we will introduce and discuss the preliminaries required in order to carry out
the asymptotic analysis of ascents in the different path classes. We begin by taking a closer
look at the structure of Łukasiewicz paths.
Of course, the number of excursions of given length n strongly depends on the structure
of the step set S. For example, in the case of Dyck paths, i.e., S = {−1, 1}, there cannot be
any excursions of odd length – Dyck paths are said to be periodic lattice paths.
I Definition 1 (Periodicity of lattice paths). Let S be a Łukasiewicz step set with corresponding
P
characteristic polynomial S (u) = s∈S us . Then the period of S (and the associated lattice
path family) is the largest integer p for which a polynomial Q satisfying
u S (u) = Q(up )
exists. If p = 1, then S is said to be aperiodic, otherwise S is said to be p-periodic.
I Remark. Observe that if a step set S has period p, then there are only excursions of length
n where n ≡ 0 (mod p). This can be seen by considering the generating function enumerating
unrestricted paths of length n with respect to their height, i.e., S (u)n . Obviously, the number
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of excursions of length n is at most the number of unrestricted paths ending at altitude 0,
and the latter one can be written as
[u0 ] S (u)n = [un ](u S (u))n = [un ]Q(up )n .
Hence, if n 6≡ 0 (mod p), there are no unrestricted paths ending on the horizontal axis – and
thus also no excursions.
The following proposition describes an integral relation which allows us to construct a
suitable generating function later on.
I Proposition 2. The excursions of Łukasiewicz paths of length n with respect to some step
set S correspond to rooted plane trees with n + 1 nodes and node degrees contained in the set
1 + S.
An r-ascent in a Łukasiewicz excursion with respect to the step set S corresponds to a
rooted subtree such that the leftmost leaf in this subtree has height r, and additionally the
root node of the subtree is not a leftmost child itself (in the original tree).
Proof. As pointed out in e.g. [1, Example 3], this bijection between rooted plane trees with
given node degrees and Łukasiewicz excursions is well known. See [7, Section 11.3] for an
approach using words. However, as this bijection and its consequences makes up an integral
part of the argumentation within this paper, we present a short proof ourselves. Furthermore,
proving the bijection allows us to find the substructure in the tree corresponding to an
r-ascent.
Given a rooted plane tree T consisting of n nodes whose outdegrees are contained in
1 + S, we construct a lattice path as follows: when traversing the tree in preorder2 , if passing
a node with outdegree d, take a step of height d − 1. The resulting lattice path thus consists
of n steps, and always ends on altitude −1, which follows from
X
X
(deg(v) − 1) =
deg(v) − n = (n − 1) − n = −1,
v∈T

v∈T

where deg(v) denotes the outdegree (i.e., the number of children) of a node v in the tree T .
In particular, observe that by taking the first n − 1 steps of the lattice path, we actually
end up with a Łukasiewicz excursion using the steps from S. To see this, first observe that
as the last node traversed in preorder certainly is a leaf, meaning that the nth step in the
corresponding lattice path is a down step. As the path ends on altitude −1 after n steps, we
have to arrive at the starting altitude after n − 1 steps.
Furthermore, as illustrated in Figure 2, adding one to the current height of the constructed
lattice path gives the size of the stack remembering the children that still have to be visited
while traversing the tree in preorder. Combining the two previous arguments proves that the
first n − 1 steps in the constructed lattice path form a Łukasiewicz excursion.
Similarly, by simply reversing the lattice path construction, a rooted plane tree of size
n + 1 with node degrees in 1 + S can be constructed from any Łukasiewicz excursion of length
n with respect to S. This establishes the bijection between the two combinatorial families.
Finally, Figure 3 illustrates what r-ascents in Łukasiewicz paths are mapped to by means
of the bijection above.
J

2

Traversing a tree in preorder corresponds to the order in which the nodes are visited when carrying out
a depth-first search on it.
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Figure 2 Bijection between Łukasiewicz paths and trees with given node degrees. The emphasized
nodes and edges indicate the construction of the tree after the first three steps, which illustrates
that the height of the Łukasiewicz path is one less than the number of available node positions in
the tree.

Figure 3 Plane tree with 30 nodes bijective to some Łukasiewicz excursion with respect to the
step set S = {−1, 0, 1, 2, 3} whose number of 2-ascents is 6. The edges and nodes corresponding to
the 2-ascents are emphasized.

In some sense, the bijection from Proposition 2 can be seen as a generalization of the
well-known bijection between Dyck paths and binary trees where the tree is traversed in
preorder, internal nodes correspond to up steps and leaves to down steps.
The fact that there is this bijection between Łukasiewicz excursions and these special
trees with given node degrees allows us to draw an immediate conclusion regarding the
corresponding generating functions.
I Corollary 3. Let V (z, t) be the generating function enumerating rooted plane trees with node
degrees in 1 + S where z marks the number of nodes and t marks the number of r-ascents in
the corresponding Łukasiewicz excursion. Then V (z, t)/z enumerates Łukasiewicz excursions
with respect to S based on their length (marked by z) and the number of r-ascents (marked
by t).
Additionally, V (z, t) satisfies the equations
V (0, t) = 0,

V (z, t) = zL(z, t, V (z, t)),

(1)
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P
s∈S

V

V

···

V

1+s
Figure 4 Symbolic equation for the family of plane trees V with outdegrees in 1 + S. The
generating function for V is V (z), and the root node is enumerated by z.

where
L(z, t, v) =

1
+ (t − 1)(z S+ (v))r
1 − z S+ (v)

enumerates sequences of up steps. The power series representation of V (z, t) is given by
X
V (z, t) =
gj (t)z jp+1
(2)
j≥0

where p denotes the period of S. In particular, V (z) := V (z, 1), the ordinary generating
function enumerating plane trees with node degrees in 1 + S with respect to their size, satisfies

V (0) = 0,

V (z) = zV (z) S (V (z)).

(3)

Proof. The first part of this statement is an immediate consequence of the bijection from
Proposition 2. In order to prove (1), we observe that V, the combinatorial class of plane
trees with vertex outdegrees in 1 + S, can be constructed combinatorially by means of the
symbolic equation

X 
V = × SEQ
×
Vs .
s∈S
s≥0

In a nutshell, this constructs trees in V by explicitly building the path to the leftmost leaf
(the first factor in the equation above) in the tree as a sequence of nodes. Apart from a
leftmost child, these nodes also have an additional s ∈ S branches, s ≥ 0, where again a tree
from V is attached. Considering that we obtain an r-ascent when using this construction
with a sequence of length r, this is precisely what is enumerated by L(z, t, V (z, t)). Thus,
the symbolic equation directly translates into the functional equation in (1). The condition
V (0, t) = 0 is a consequence of the fact that there are no rooted trees without nodes.
The power series representation in (2) follows immediately from the considerations on
periodicity at the beginning of this section.
Setting t = 1 in (1) leads to (3). We also want to give a combinatorial proof of (3):
The implicit equation follows from the observation that a tree with node degrees from
1 + S can be seen as a root node (enumerated by z) where 1 + s for s ∈ S such trees are
attached. Translating this into the language of generating functions via the symbolic equation
illustrated in Figure 4, yields
X
V (z) = z
V (z)1+s = zV (z) S (V (z)).
J
s∈S
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The shape of the functional equation (3), which is an immediate consequence of the
recursive structure of the underlying trees, is rather special. While it is tempting to cancel
V (z) on both sides of this equation, it is better to leave it in the present form: on the one
hand, S (u) starts with the summand 1/u – and on the other hand, we require (3) to be in
this special form y = z φ(y) such that we can use singular inversion to obtain the asymptotic
behavior of the coefficients of the generating function V (z).
I Proposition 4. Let F (z, t, v) be the trivariate ordinary generating function counting nonnegative Łukasiewicz paths with step set S starting at 0, where z marks the length of the path,
t marks the number of r-ascents, and v marks the final altitude of the path. Then F (z, t, v)
can be expressed as
F (z, t, v) =

v − V (z, t)
L(z, t, v),
v − zL(z, t, v)

(4)

where V (z, t) and L(z, t, v) are defined as in Corollary 3.
Proof. It is not hard to see that by considering a sequence of paths enumerated by L(z, t, v)
followed by a single down step (the corresponding generating function for this class is
1
1−L(z,t,v) z/v ), any unrestricted Łukasiewicz path with respect to S ending on a down step
can be constructed.
We want to subtract all paths that pass below the starting altitude in order to obtain
the trivariate generating function Φ(z, t, v) enumerating just the non-negative Łukasiewicz
paths. The paths passing below the axis can be decomposed into an excursion enumerated
by V (z, t)/z (see Corollary 3), followed by an (illegal) down step enumerated by z/v, and
ending with an unrestricted path again. Thus, the paths to be subtracted are enumerated by
V (z, t) z
1
.
z v 1 − L(z, t, v) vz
Therefore, we find
Φ(z, t, v) =

v − V (z, t)
.
v − zL(z, t, v)

Keeping in mind that Φ(z, t, v) only enumerates those non-negative Łukasiewicz paths ending
on a down step &, the generating function F (z, t, v) enumerating all such paths can be
obtained by appending another sequence of upsteps, i.e.,
F (z, t, v) = Φ(z, t, v)L(z, t, v).
This proves the statement.

J

Now, with an appropriate generating function at hand let us discuss our approach for the
asymptotic analysis of the number of ascents in a nutshell.
Basically, we set v = 0 to obtain a bivariate generating function enumerating Łukasiewicz
excursions, and we set v = 1 to obtain a generating function enumerating Łukasiewicz
meanders. The appropriate generating functions for the factorial moments of En,r and
Mn,r (from which expected value and variance can be computed) are then obtained by first
differentiating the corresponding generating function with respect to t (possibly more often
than once) and then setting t = 1 in this partial derivative. The growth of the coefficients of
this function can then be extracted by means of singularity analysis.
In particular, this means that in order to compute the asymptotic expansions for the
quantities we are interested in, we only need more information on V (z, 1).

B. Hackl, C. Heuberger, and H. Prodinger

26:9

I Notation. For the sake of simplicity, and because we will deal with these expressions
throughout the entire paper, we omit the second argument in V (z, t) in case t = 1, i.e., we
∂
∂
set V (z) := V (z, 1), Vt (z) := Vt (z, 1) = ∂t
V (z, t)|t=1 , Vz (z) := Vz (z, 1) = ∂z
V (z, t)|t=1 , and
so on.
I Example 5 (Explicit F (z, t, v)). In the case of S = {−1, 1} and r = 1 the generating
function F (z, t, v) can be computed explicitly and we find
F (z, t, v) =
p
(1 + (t − 1)vz(1 − vz))((1 − 2vz)(1 − (t − 1)z 2 ) − (1 − (t + 3)z 2 )(1 − (t − 1)z 2 )
. (5)
2z(1 − (t − 1)z 2 )(z − v + v 2 z + vz 2 (t − 1)(1 − z))
Now, as we have derived a suitable generating function, we are interested in extracting
information like, for example, asymptotic growth rates from F (z, t, v). To this end, we need
more information on the function V (z, t).
I Proposition 6. Let V (z, t) be the bivariate generating function from Corollary 3. Let
τ > 0 be the uniquely determined positive constant satisfying S 0 (τ ) = 0. Then V (z) has
radius of convergence ρ := 1/ S (τ ) with a square-root singularity for z → ρ. If S has period
p, then the dominant singularities (i.e., singularities with modulus ρ) are located at ζρ with
ζ ∈ G(p). The corresponding expansions are given by
s
z→ζρ

V (z) = ζτ − ζ

3

2 S (τ )
S 00 (τ )



z
1−
ζρ

1/2

S (τ ) S 000 (τ )
−ζ
3 S 00 (τ )2





3/2 
z
z
1−
+O
1−
. (6)
ζρ
ζρ

Analysis of Ascents

3.1

Analysis of Excursions

In this section we focus on the analysis of excursions, i.e., paths that start and end on the
horizontal axis. On the generating function level, this corresponds to setting v = 0 in F (z, t, v)
from (4). Also note that from this point on it is quite useful to replace S+ (v) = S (v) − 1/v
in F (z, t, v).
Recall that En,r is the random variable modeling the number of r-ascents in a random
non-negative Łukasiewicz excursion of length n with respect to some given step set S.
I Theorem 7. Let r ∈ N, n ∈ N0 , and p ≥ 1 be the period of the step set S. Let τ be the
structural constant, i.e., the unique positive solution of S 0 (τ ) = 0. Set c := τ S (τ ).
Then, the expected number of r-ascents in Łukasiewicz paths of length n for n ≡ 0
(mod p) as well as the corresponding variance grow with n → ∞ according to the asymptotic
expansions
EEn,r =


(c − 1)r
(c − 1)r−2  00 2 2 2
n
+
S (τ ) τ 4c − (r + 8)c + r + 4
00
r+2
2
r+2
2
c
2τ c
S (τ )
− S 00 (τ ) S (τ ) 6c2 − 6(r + 2)c + r2 + 5r + 6

− S 000 (τ )c(2c2 − (r + 4)c + r + 2)
+ O(n−1/2 )



(7)

Ao f A 2 0 1 8
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and

VEn,r =


(c − 1)r
(2c − 2r − 3)(c − 1)2r
(c − 1)2r−2 (2c − r − 2)2
n
+
−
cr+2
c2r+4
c2r+3 τ 3 S 00 (τ )
+ O(n1/2 ). (8)

Additionally, for n 6≡ 0 mod p, we have En,r = 0. All O-constants depend implicitly on r.
By means of Theorem 7 we are immediately able to determine the asymptotic behavior of
interesting special cases. We are particularly interested in the most basic setting: S = {−1, 1},
i.e., Dyck paths.
I Example 8 (r-Ascents in Dyck paths). In the case of Dyck paths, we have u S (u) = 1 + u2 .
From there, it is easy to see that τ = 1 and ρ = 1/2, and that the family of paths is 2-periodic.
By the same approach as in the proof of Theorem 7, we can determine the expected number
and variance of r-ascents in Dyck paths of length 2n with higher precision than stated in
Theorem 7, namely as
ED2n,r =

n
2r+1

−

(r + 1)(r − 4) (r2 − 11r + 22)(r + 1)r −1
+
n + O(n−2 )
2r+3
2r+6

and

VD2n,r =

1
2r+1

−


r2 − 2r + 3
n
22r+3
 2

r − 3r − 4 3r4 − 20r3 + 29r2 − 10r − 14
−
−
+ O(n−1/2 ).
2r+3
22r+5

However, as we have a closed expression for V (z), we can do even better. Because of
√
1 − 1 − 4z 2
V (z)
=
,
z
2z 2
we can also write down the generating function Vt (z)/z for the expected number of r-ascents
explicitly.
Ultimately, after extracting the corresponding coefficients of Vt (z)/z we find


1 2n − r − 1
ED2n,r =
.
Cn
n−1

3.2

Analysis of Dispersed Excursions

Let S be a Łukasiewicz step set where 0 6∈ S. In this setting, we define a dispersed Łukasiewicz
excursion to be an S-excursion where, additionally, horizontal steps can be taken whenever
the path is on its starting altitude. Observe that, by our definition of r-ascents, these
horizontal steps do not contribute towards ascents, as only the non-negative steps from S
are relevant.
The motivation to study this specific family of Łukasiewicz paths originates from [6],
where the authors investigate the total number of 1-ascents in dispersed Dyck paths using
elementary methods. Our goal in this section is to find asymptotic expansions for the number
of dispersed Łukasiewicz excursions of given length as well as for the expected number of
r-ascents in these paths.
We begin our analysis by constructing a suitable bivariate generating function enumerating
dispersed Łukasiewicz excursions with respect to their length and the number of r-ascents.

B. Hackl, C. Heuberger, and H. Prodinger
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I Proposition 9. Let r ∈ N and V (z, t) as in Corollary 3. Then the generating function
D(z, t) enumerating dispersed S-excursions where z marks the length of the excursion and t
marks the number of r-ascents is given by
D(z, t) =

1 V (z, t)
.
z 1 − V (z, t)

(9)

Proof. Let E denote the combinatorial class of S-excursions. The corresponding bivariate
generating function is given by V (z, t)/z, as proved in Corollary 3.
By the symbolic method (see [3, Chapter I]), the combinatorial class D of dispersed
excursions can be constructed as D = (E →)∗ E, where →∗ represents a (possibly empty)
sequence of horizontal steps. Translating this combinatorial construction in the language of
(bivariate) generating functions yields (9).
J
In preparation for the analysis of the generating function D(z, t), we have to investigate
the structure of the dominant singularities. In particular, it can be shown that the radius of
convergence of D(z, 1) (as well as for the corresponding partial derivatives with respect to t)
is given by ρ = 1/ S (τ ) where τ > 0 is the structural constant with respect to S.
Thus, in the general case of τ 6= 1, the singularities of D(z, 1) are of the same type as
the singularities of V (z). Therefore, the precise description of the singular structure of V (z)
given in Proposition 6 allows us to carry out the asymptotic analysis.
Recall that Dn,r is the random variable modeling the number of r-ascents in a random
dispersed Łukasiewicz excursion of length n with respect to some step set S.
I Theorem 10. Let p ≥ 1 be the period of the step set S. Assume additionally that for the
structural constant τ we have τ 6= 1.
Then dn , the number of dispersed Łukasiewicz excursions of length n, satisfies

1 pτ k (τ p (p − k − 1) + k + 1)
dn = √
(1 − τ p )2
2π

s

S (τ )3
n −3/2
+ O(S (τ )n n−5/2 )
S (τ ) n
S 00 (τ )

(10)

for n ≡ k mod p and 0 ≤ k ≤ p − 1. Furthermore, the expected number of r-ascents grows
with n → ∞ according to the asymptotic expansion
EDn,r =

(τ S (τ ) − 1)r
n + O(1).
(τ S (τ ))r+2

(11)

The O-constants depend implicitly on both r as well as on the residue class of n modulo p.
In a nutshell, the proof of this theorem involves a rigorous analysis of the generating
functions D(z, 1) (for the overall number of dispersed excursions), as well as of Dt (z, 1) =
Vt (z)
1
z (1−V (z))2 (for the expected number of ascents in these paths). Furthermore, while our
results as stated in (10) and (11) only list the asymptotic main term, expansions with higher
precision are available in the worksheet as well (they just become rather messy very quickly).
It can be shown that the only family of Łukasiewicz paths that is not covered by
Theorem 10 is S = {−1, 1}, the case of dispersed Dyck paths. However, as everything is
explicitly given, the analysis is quite straightforward.
I Proposition 11. Let dn denote the total number of dispersed Dyck paths of length n, and
let Dn,r denote the random variable modeling the number of r-ascents in a random dispersed
Dyck path of length n.
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Then, dn is given by

 r
n
2 n −1/2 2 − (−1)n n −3/2
√
2 n
+ O(2n n−5/2 ),
dn =
=
2 n
−
bn/2c
π
2 2π

(12)

and the expected number of r-ascents satisfies
EDn,r =

n
2r+2

r
−

π r − 2 1/2 (r − 1)(r − 4)
n +
2 2r+2
2r+3
r
π (r − 2)(2 − (−1)n ) −1/2
n
+ O(n−1 ). (13)
−
2
2r+4

This completes our analysis of r-ascents in dispersed Łukasiewicz excursions.

3.3

Analysis of Meanders

In this section we study ascents in meanders, i.e., non-negative Łukasiewicz paths without
further restriction. The corresponding generating function can be obtained from (4) by
setting v = 1, which allows arbitrary ending altitude of the path.
In accordance to the results from [1, Theorem 4], the behavior of meanders depends on
the sign of the drift (i.e., the quantity S 0 (1)). The following theorem handles the case of
positive drift (which, in our setting, is equivalent to τ 6= 1).
Recall that Mn,r is the random variable modeling the number of r-ascents in a random
non-negative Łukasiewicz path of length n with respect to some given step set S.
I Theorem 12. Let τ > 0 be the structural constant, i.e., the unique positive solution of
S 0 (τ ) = 0, and assume that τ 6= 1.
Then, with ξ = 1/ S (1), the expected number of r-ascents in Łukasiewicz meanders of
length n as well as the corresponding variance grow with n → ∞ according to the asymptotic
expansions
EMn,r = µn +

(S (1) − 1)r Vz (ξ)
Vt (ξ)
(S (1) − 1)r (2 S (1) − 1 − r)
+
−
r+2
r+1 (1 − V (ξ))
(1)
(1)
1
−
V (ξ)
S
S
n 


5/2 S (τ )
, (14)
+O n
S (1)

and
VMn,r = σ 2 n + O(1),

(15)

where µ and σ 2 are given by
µ=

(S (1) − 1)r
S (1)r+2

and

σ2 =

(S (1) − 1)r
(S (1) − 1)2r (2 S (1) − 3 − 2r)
+
.
r+2
S (1)
S (1)2r+4

Moreover, for n → ∞, Mn,r is asymptotically normally distributed. All O-constants depend
implicitly on r.
It can be shown that Theorem 12
S = {−1, 0, 1}. In these cases, we have
the square root singularity coming from
The following propositions close this

covers all step sets except for S = {−1, 1} and
a similar situation to what we had in Section 3.2:
V (z) combines with the zero in the denominator.
gap.
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I Proposition 13. The expected number of r-ascents in the Łukasiewicz meanders of length n
associated to S = {−1, 1} as well as the corresponding variance grow with n → ∞ according
to the asymptotic expansions
EMn,r =

n
2r+2

√
+

2π(r − 2) 1/2 r2 − r − 8
n −
+
2r+3
2r+3

√

2π((2 − (−1)n )(r − 2) −1/2
n
2r+5
+ O(n−1 ), (16)

and
VMn,r =

2r+3 − r2 (π − 2) + 4r(π − 3) − 4π + 10
n + O(n1/2 ).
22r+5

(17)

I Proposition 14. The expected number of r-ascents in the Łukasiewicz meanders of length
n associated to S = {−1, 0, 1} as well as the corresponding variance grow with n → ∞
according to the asymptotic expansions
EMn,r =

2r

3

n+
r+2

√

2r−4
3π(r − 4)2r−2 1/2
n − (3r2 − r − 96) r+2
r+2
3
3
√
3π(r − 4)2r−6 −1/2
+
n
+ O(n−1 ) (18)
3r

and
VMn,r =

3r+2 2r+4 − 22r (3r2 (π − 2) − 8r(3π − 10) + 48π − 144)
n + O(n1/2 ).
16 · 32r+4

(19)
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A

Singularity Analysis of Inverse Functions

The aim of this appendix is, on the one hand, to state and prove an extension of [3,
Remark VI.17]. In fact, we simply confirm what is announced in the footnote in [3, p. 405]
and give more details. Then, we use these results in order to derive relevant information on
the generating function V (z, t) from before.
For the following two propositions, we borrow the notation used in [3, Chapter VI.7].
I Proposition 15. Let φ(u) be analytic with radius of convergence 0 < R ≤ ∞, φ(0) 6= 0,
[un ] φ(u) ≥ 0 for all n ≥ 0 and φ(u) not affine linear. Assume that there is a positive
τ ∈ (0, R) such that τ φ0 (τ ) = φ(τ ). Finally assume that φ(u) is a p-periodic power series
for some maximal p. Denote the set of all pth roots of unity by G(p).
Then there is a unique function y(z) satisfying y(z) = z φ(y(z)) which is analytic in a
neighborhood of 0 with y(0) = 0. It has radius of convergence ρ = τ / φ(τ ) around the origin.
For |z| ≤ ρ, it has exactly singularities at z = ρζ for ζ ∈ G(p). For z → ρ, we have the
singular expansion
z→ρ

y(z) ∼

j/2

X
z
(−1)j dj 1 −
ρ
j≥0

for some computable constants dj , j ≥ 0. We have d0 = τ and d1 =
Additionally, we have [z n ]y(z) = 0 for n 6≡ 1 (mod p).

p

2 φ(τ )/ φ00 (τ ).

Proof. Existence, uniqueness, radius of convergence as well as singular expansion around
z → ρ of y(z) are shown in [3, Theorem VI.6].
As φ is a p-periodic power series and φ(0) 6= 0, there exists an aperiodic function χ such
that φ(u) = χ(up ). From the non-negativity of the coefficients of φ(u), it is clear that χ(u)
has non-negative coefficients and is analytic for |u| < Rp . We consider ψ(u) := χ(u)p . Then
ψ is again analytic for |u| < Rp , it has clearly non-negative coefficients, ψ(0) 6= 0 and ψ(u)
is not an affine linear function. If [um ]χ(u) > 0 and [un ]χ(u) > 0 for some m < n, then
[upm ]ψ(u) > 0 as well as [upm+(n−m) ]ψ(u) > 0, which implies that ψ is aperiodic.
Finally, we have
τ p ψ 0 (τ p ) = pτ p χ(τ p )p−1 χ0 (τ p ) = τ φ(τ )p−1 φ0 (τ ) = φ(τ )p = χ(τ p )p = ψ(τ p ).
Considering the functional equation Y (Z) = Zψ(Y (Z)), we see that all assumptions of
[3, Theorem VI.6] are satisfied; thus it has a unique solution Y (Z) with Y (0) = 0 which is
analytic around the origin. By the same result, Y (Z) has radius of convergence
τp
τp
=
=
p
ψ(τ )
χ(τ p )p



τ
φ(τ )

p

= ρp

and, as ψ is aperiodic, the only singularity of Y (Z) with |Z| ≤ ρp is Z = ρp .
We consider the function ye(z) := zχ(Y (z p )). By definition, it is analytic for |z| < ρ and
its only singularities with |z| ≤ ρ are those z with z p = ρp , i.e., z = ρζ for ζ ∈ G(p). It is
also clear by definition that [z n ]e
y (z) = 0 for n 6≡ 1 (mod p). We have ye(0) = 0 and
z φ(e
y (z)) = zχ((e
y (z))p ) = zχ(z p χ(Y (z p ))p ) = zχ(z p ψ(Y (z p ))) = zχ(Y (z p )) = ye(z)
because z p ψ(Y (z p )) = Y (z p ) by definition of Y . This implies that y = ye.

J
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While the following proposition is particularly useful in the context of the previous one,
it also holds in a slightly more general setting. It gives a detailed description of the singular
expansions for p-periodic power series like above.
I Proposition 16. Let p be a positive integer and let y be analytic with radius of convergence
0 < ρ ≤ ∞, where [z n ]y(z) = 0 for n 6≡ 1 (mod p). Assume that y(z) has p dominant
singularites located at ζρ for ζ ∈ G(p), and that for some L ≥ 0 and z → ρ, we have the
singular expansion
z→ρ

y(z) =

L−1
X


−αj
−αL 

z
z
+O
1−
,
dj 1 −
ρ
ρ
j=0

where α0 , α1 , . . . , αL are complex numbers such that Re(αj ) ≥ Re(αj+1 ) for all 0 ≤ j < L.
Then, for ζ ∈ G(p), the singular expansion of y(z) for z → ζρ is given by
z→ζρ

y(z) =

L−1
X


−αj

−αL 
z
z
ζdj 1 −
+O 1−
,
ζρ
ζρ
j=0

i.e., the expansion for z → ζρ can be obtained by multiplying the expansion for z → ρ with ζ
and substituting z 7→ ζ/ρ. Finally, for the coefficients of y(z) we find
−αj

−αL 
 L−1
X 
z
z
+O 1−
[z ]y(z) = Jp | 1 − nK[z ] p
dj 1 −
,
ρ
ρ
j=0
n

n

(20)

which can be made explicit easily by means of singularity analysis (cf. [3, Chapter VI.4]). In
particular,
[z n ]y(z) = Jp | 1 − nK

L−1
X
j=0




pdj αj −1 −n
n
ρ + O nRe(α0 )−2 ρ−n + O nRe(αL )−1 ρ−n .
Γ(αj )

Proof. As [z n ]y(z) = 0 for n 6≡ 1 (mod p) there is a function χ, analytic around the origin,
such that y(z) = zχ(z p ). Thus, for every ζ ∈ G(p), we have
y(ζz) = ζzχ((ζz)p ) = ζzχ(z p ) = ζy(z)
or, equivalently,
 
z
y(z) = ζy
.
ζ
Thus the singular expansion for z → ζρ follows from that for z → ρ by replacing z with z/ζ
and multiplication by ζ.
With the singular expansions at all the dominant singularities located at ζρ for ζ ∈
G(p) at hand, we are able to extract the overall growth of the coefficients of y(z) by first
applying singularity analysis to every expansion separately, and then summing up all these
contributions. When doing so, we use the well-known property of roots of unity that
X
ζ m = pJp | mK
(21)
ζ∈G(p)

P
for m ∈ Z in order to rewrite the occurring sums as ζ∈G(p) ζ 1−n = pJp | 1 − nK. Comparing
the resulting asymptotic expansion with (20) proves the statement.
J
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