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PARTIAL SKEW DYCK PATHS—A KERNEL METHOD
APPROACH

HELMUT PRODINGER

ABSTRACT. Skew Dyck are a variation of Dyck paths, where additionally to steps
(1,1) and (1,—1) a south-west step (—1,—1) is also allowed, provided that the path
does not intersect itself. Replacing the south-west step by a red south-east step, we
end up with decorated Dyck paths. We analyze partial versions of them where the
path ends on a fixed level j, not necessarily at level 0. We exclusively use generating
functions and derive them with the celebrated kernel method.

In the second part of the paper, a dual version is studied, where the paths are
read from right to left. In this way, we have two types of up-steps, not two types of
down-steps, as before.

A last section deals with the variation that the negative territory (below the z-axis)
is also allowed. Surprisingly, this is more involved in terms of computations.

1. INTRODUCTION

Skew Dyck are a variation of Dyck paths, where additionally to steps (1,1) and
(1,—1) a south-west step (—1,—1) is also allowed, provided that the path does not
intersect itself. Otherwise, like for Dyck path, it must never go below the z-axis and
end eventually (after 2n steps) on the x-axis. Here are a few references: [2] [6] [1} [7].
The enumerating sequence is

1,1, 3,10, 36, 137, 543, 2219, 9285, 39587, 171369, 751236, 3328218, 14878455, . . .,

which is A002212 in [9].

Skew Dyck appeared very briefly in our recent paper [7]; here we want to give a more
thorough analysis of them, using generating functions and the kernel method. Here is
a list of the 10 skew paths consisting of 6 steps:

FIGURE 1. All 10 skew Dyck paths of length 6 (consisting of 6 steps).

We prefer to work with the equivalent model (resembling more traditional Dyck
paths) where we replace each step (—1, —1) by (1, —1) but label it red. Here is the list
of the 10 paths again (Figure 2):

Date: April 26, 2022.
Key words and phrases. Skew Dyck paths, decorated Dyck paths, generating functions, kernel
method.
1


http://arxiv.org/abs/2108.09785v3

NN N A
AN AN NN A

F1GURE 2. The 10 paths redrawn, with red south-east edges instead of
south-west edges.

The rules to generate such decorated Dyck paths are: each edge (1, —1) may be black
or red, but /\ and N/ are forbidden.

Our interest is in particular in partial decorated Dyck paths, ending at level j, for
fixed j > 0; the instance j = 0 is the classical case.

The analysis of partial skew Dyck paths was recently started in [I] (using the notion
‘prefix of a skew Dyck path’) using Riordan arrays instead of our kernel method.
The latter gives us bivariate generating functions, from which it is easier to draw
conclusions. Two variables, z and u, are used, where z marks the length of the path
and 7 marks the end-level. We briefly mention that one can, using a third variable w,
also count the number of red edges.

Again, once all generating functions are explicitly known, many corollories can be
derived in a standard fashion. We only do this in a few instances. But we would like
to emphasize that the substitution

v

r=—7
14 3v 40?2’

which was used in [B], [7] allows to write exzplicit enumerations, using the notion of a
(weighted) trinomial coefficient:

:1,3,1
(”’ o ) = [t¥](1 + 3t + )"

The second part of the paper deals with a dual version, where the paths are read
from right to left.

2. GENERATING FUNCTIONS AND THE KERNEL METHOD

We catch the essence of a decorated Dyck path using a state-diagram:

FI1GURE 3. Three layers of states according to the type of steps leading
to them (up, down-black, down-red).

It has three types of states, with j ranging from 0 to infinity; in the drawing, only
7 = 0..8 is shown. The first layer of states refers to an up-step leading to a state,
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the second layer refers to a black down-step leading to a state and the third layer
refers to a red down-step leading to a state. We will work out generating functions
describing all paths leading to a particular state. We will use the notations f;, g;, h;
for the three respective layers, from top to bottom. Note that the syntactic rules of
forbidden patterns /\ and N/ can be clearly seen from the picture. The functions
depend on the variable z (marking the number of steps), but mostly we just write f;
instead of f;(2), etc.
The following recursions can be read off immediately from the diagram:

Jfo=1, fin==zfi+z29;, >0,
9i = 2fix1 + 2Giy1 + zhiv1, 120,
hi = ZhH_l + Z2gi+1, 1 Z 0.
And now it is time to introduce the promised bivariate generating functions:
F(Zuu) = Zfl(z)ulu G(Z,U) = Zgl(z)ul, H(Z,U) = th(’Z)uZ
i>0 i>0 i>0

Again, often we just write F'(u) instead of F(z,u) and treat z as a ‘silent’ variable.
Summing the recursions leads to

Z uifiH = Z u'zf; + Z u'zg;,

i>0 >0 i>0
E w g = E u'zfiy + E U 2giv1 + E u'zhiyq,
i>0 i>0 i>0 i>0
g uw'h; = E u'zhiy 1 + E u'2giy1.-
>0 >0 i>0

This can be rewritten as

L(F ()~ 1) = 2F(w) + 2G(u),
Glu) = =(F(u) = 1) + = (G(u) = G(0)) + = (H(u) — H(0)),

This is a typical application of the kernel method. For a gentle example-driven intro-
duction to the kernel method, see [§]. First,

22uG(0) + 22uH(0) + 2*u —u — 2° + 22

Flu) = —23 —u+ 22+ zu? — 2%u ’
_ 2(H(0) —uzH(0) + 2* + G(0) — 2uG(0) — zu)
Glu) = =23 —u+ 2z + zu? — Z2u ’
Hu) = 2(—uzH(0) — 2% — 2uG(0) + G(0) — 22H(0) + H(0) — zQG(O))'

—23 —u+ 2z + 2u? — 22u
The denominator factors as z(u — r1)(u — rg), with

1422+ V1 — 622+ 524 1422 — V1 —622 +52¢
a 2z ’ N 2z )

(A1 ()
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Note that r;79 = 2 — 2z2. Since the factor u — ry in the denominator is “bad,” it must
also cancel in the numerators. From this we conclude as a first step

~ 1-22°H(0) — 32* — V1 — 622 + 524

222 ’

G(0)
and by further simplification

1—422 + 24+ (22 — 1)V1 — 622 + 521

2 — 22
Thus (with W =1 =622+ 527 = /(1 — 22)(1 — 522))
—1-22-W 1+224+W

H(0) =

F = g
() 2z(u —1rq) 22r1 (1 —u/ry)’
G()_—1+z2+W_ 1—22-W
4= 2z(u —ry)  2zri (1 —u/ry)’
_ 2 a2
Hiu) = 1+34+W  1-3z %74

2z(u—ry) 2z (1 —u/r)
The total generating function is

3—-322-W

S(u) = F(u)+ G(u)+ H(u) = e —jry)

The coefficient of w’2" in S(u) counts the partial paths of length n, ending at level j.
We will write s; = [u/]S(u). Furthermore

= 1P = [l
05 = WIG) = W]
1—-322-W

hy = [w]H (u) = [v/]

2zr1(1 —u/ry)
At this stage, we are only interested in

3-32-W  3-32-W

227’1(1 —u/rl) N 2,27"{4_1 ’

sj=fj+ 95+ hy =[]

which is the generating function of all (partial) paths ending at level j. Parity consid-
erations give us that only coefficients [2"]s; are non-zero if n = j mod 2. To make this
more transparent, we set

14224+ V1 —622+ 524

P(z) = zr 5

and then
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Now we read off coefficients. We do this using residues and contour integration. The
path of integration, in both variables x resp. v is a small circle or an equivalent contour.

E = - =[x .
J 1
2pi+l 9 ( 1+o—I—621522 )’+
2
v 1—v?2
_ [l’m] 3 31+3v+v2 ;+3v+v2
2( v(v+2) )J-‘rl
1+3v+0v2

my (1 +0)(1+ 2v)
=" 1
vitl(v 4 2)i+
1 dr (14 v)(1+ 2v)
© 20 J oamtl pitl(y + 2)it)
1 dv (1+v)(1+2v)(1 —v?) \m14]
T 2w [ oot vitl(v 4 2)it1 (1+3v+v7)
(14 v)*(142v)(1 —v)
(v+2)itt

(1+3v+0?)?

(1+3v+ %)

_ [Um+j+1] (1 ‘l’ 37) ‘l’ 'U2)m_1+j-

Note that
(1+v)2(1+20)(1 —v) = =9+ 27(v +2) — 29(v + 2)* + 13(v + 2)® — 2(v + 2)*;
consequently

o] (1+v)%(1+2v)(1 —v)

(v+ 2)itt

- 1 [—j—1 1 [—j 1 [—j+1
__9W< I )+27W(k)—29m( I )

1 [(—j+2 1 (—j+3\

With this abbreviation we find

(14 0)2(1 + 20)(1 — . —144:1.3.1
[,Um—l—j-l—l] ( + U) ( + U)( U) (1 +3u+ U2)m—1+g _ Z )\j~k m + 754,09, ‘
(v+2)+t \Nm+j+1-k

k=0

This is not extremely pretty but it is explicit and as good as it gets. Here are the first
few generating functions:

so =1+ 2"+ 32" +102° 4 362° + 1372"° + 54322 + - .

s1= 2 +22° +62° + 2127 4+ 792° + 3112 + 12652 + - .-

so = 2% + 324 +102° + 3728 + 145210 + 589212 4+ 24552 + - - -
s3 = 2% +42° + 1527 + 5927 4+ 2412 + 10102 + 4314% 4. ..

We could also give such lists for the functions f;, g;, h;, if desired. We summarize the
essential findings of this section:
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Theorem 1. The generating function of decorated (partial) Dyck paths, consisting of
n steps, ending on level j, is given by

_3—322—\/1—6z2+5z4

S
(z,u) 2zr1(1 —u/ry)
with
1+ 224+ V1 — 622+ 52*
T = .
2z
Furthermore
; 3—322 — V1 —622 + 521
w|S(z,u) = . )
[ ] ( ) 227’{+1

3. OPEN ENDED PATHS

If we do not specify the end of the paths, in other words we sum over all 5 > 0, then
at the level of generating functions this is very easy, since we only have to set u := 1.
We find

(z+1)(224+32—2) + (2 + 2)v/1 — 622 + 52*
22(22 +22—1)
=1+ 2+222+32% 4 72% + 1125 +262% 44327 +1022% + 1752° + 4162 + - - - .

S(1) = —

4. COUNTING RED EDGES

We can use an extra variable, w, to count additionally the red edges that occur in
a path. We use the same letters for generating functions. Eventually, the coefficient
[z"ufw*]S is the number of (partial) paths consisting of n steps, leading to level j, and
having passed k red edges. The endpoint of the original skew path has then coordinates
(n — 2k, 7). The computations are very similar, and we only sketch the key steps.

fo=1, fixi==z2fi+z9, >0,
9i = 2fiy1 + 29ip1 + 2hiy1, 120,
h; = wzh;y 1 +wzgir1, 1> 0;

E(F(u) — 1) =2F(u) + zG(u),
Glu) = =(F(u) = 1) + =(G(u) = G(0)) + = (H(u) = H(0)),
H(u) = == (G(u) = G(0) + —(H(u) = G(0));

) = 22uG(0) + 22uH (0) + 2*u — u — w2® + 2 + wz
—wzd —u+ 2+ wz+ 2u? — w2y ’
_ 2(H(0) —uzH(0) + wz* + G(0) — 2uG(0) — zu)
—wzd —u+ 2+ wz+ 2u? — w2y

_ wz(—uzH(0) — 2 — 2uG(0) + G(0) — 2*H(0) + H(0) — 2*°G(0))

—wz3 —u+ 2z +wz+ 2u? —wu

Y
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The denominator factors as z(u — 1) (u — ry), with

4w+ /1 — (44 2w)2? + (4w + w?)2?

N 22 ’

14wz — 1= (44 2w)22 + (4w + w?)2*

N 22 '

Note the factorization 1— (44 2w)z%+ (4w +w?)z* = (1—2%w)(1—(4+w)z?). Since the
factor u — 79 in the denominator is “bad,” it must also cancel in the numerators. From
this we eventually find, with the abbreviation W = /1 — (4 4 2w)22 + (4w + w?)z*)

(&1

T2

—1—wz>—W
Flu) =
() 2z(u—11)
14w+ W
Glu) = 2z(u—ry)
1+ 2+ w) P+ W
Hu) = 2z(u — 1) ’

The total generating function is

S(u) = F(u) + Glu) + H(u) = —2—Y *;j (iw_ts ) £ uW

The special case u = 0 (return to the x-axis) is to be noted:

22— w4+ 2w+ w) W 1—w-W
n —227, n 222 ’

5(0)

Since there are only even powers of z in this function, we replace x = 2% and get

l—wz—/1— (44 2w)z + (4w + w?)a?
N 2z
=1+z+ (w+2)2* + (w? + 4w + 5)2% + (w® + 6w® + 15w + 14)2* + - - -

5(0)

Compare the factor (w? + 4w + 5) with the earlier drawing of the 10 paths.
There is again a substitution that allows for better results:

v
T 1+ (2+w)v+v?

Reading off coefficients can now be done using modified trinomial coefficients:

<n;1,2—|—w,1

then S(0)=1+w.

k

Again, we use contour integration to extract coefficients:

@(1 4 v) = Lf;fi(l +)

) =M1+ 2+w)t+)"

271
1 dx 1 —v?

e 1 2 2n+11
2m’fv"+1(1+(2—l—w)v+02)2( T2+ wu )T +0)

= ["](1 =) +v)* (1 + 2+ w)v +0*)"
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<n—1;1,2—|—w,1) (n—l;l,Q—l—w,l)
= +
n n—1

n—112+w,1 n—112+w,1
n—2 n—3 '
Now we want to count the average number of red edges. For that, we differentiate
S(0) w.r.t. w, followed by w := 1. This leads to

—14 6z —52% + (1 + 32)v1 — 6z + Ha?
2(1 —x)(1 — b5z) '
A simple application of singularity analysis leads to
2v/5 Vi-be I
—V/5lanyT =5z 5
So, a random path consisting of 2n steps has about n/5 red steps, on average.

For readers who are not familiar with singularity analysis of generating functions
[3, 4], we just mention that one determines the local expansion around the dominating
singularity, which is at z = % in our instance. In the denominator, we just have the
total number of skew Dyck paths, according to the sequence A002212 in [9].

In the example of Figure 2, the exact average is 6/10, which curiously is exactly the
same as 3/5.

We finish the discussion by considering fixed powers of w in S(0), counting skew
Dyck paths consisting of zero, one, two, three, ...red edges. We find

_1—\/1—4x

wijs(o) = LoV

wilsio) = L2
W15(0) = =

w50 = TE2

wS(0) = I5((11__4jx; /‘Z‘CZ), ke,

The generating function [w°]S(0) is of course the generating function of Catalan num-
bers, since no red edges just means: ordinary Dyck paths. We can also conclude that
the asymptotic behaviour is of the form n*=3/24" where the polynomial contribution
gets higher, but the exponential growth stays the same: 4™. This is compared to the
scenario of an arbitrary number of red edges, when we get an exponential growth of
the form 5".

5. DUAL SKEW DYCK PATHS

The mirrored version of skew Dyck paths with two types of up-steps, (1,1) and
(—1,1) are also cited among the objects in A002212 in [9]. We call them dual skew
paths and drop the ‘dual’” when it isn’t necessary. When the paths come back to the
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r-axis, no new enumeration is necessary, but this is no longer true for paths ending at
level j.
Here is a list of the 10 skew paths consisting of 6 steps:

FIGURE 4. All 10 dual skew Dyck paths of length 6 (consisting of 6 steps).
We prefer to work with the equivalent model (resembling more traditional Dyck

paths) where we replace each step (—1,—1) by (1,—1) but label it blue. Here is the
list of the 10 paths again (Figure 2):

N
AN

S
3)

N AN
P2 NP

FIGURE 5. All 10 dual skew Dyck paths of length 6 (consisting of 6 steps).

The rules to generate such decorated Dyck paths are: each edge (1, —1) may be black
or blue, but \" and "\ are forbidden.

Our interest is in particular in partial decorated Dyck paths, ending at level j, for
fixed j > 0; the instance j = 0 is the classical case.

The analysis of partial skew Dyck paths was recently started in [I] (using the notion
‘prefix of a skew Dyck path’) using Riordan arrays instead of our kernel method.
The latter gives us bivariate generating functions, from which it is easier to draw
conclusions. Two variables, z and u, are used, where z marks the length of the path
and j marks the end-level. We briefly mention that one can, using a third variable w,
also count the number of blue edges.

The substitution v

rT = —————-
1+ 3v + v?’
which was used in [5, [7] is the key to the success and allows to write explicit enumera-
tions, using the notion of a (weighted) trinomial coefficient:

;1,3,1
(”7 & ):: )1+ 3t + )7

6. GENERATING FUNCTIONS AND THE KERNEL METHOD

We catch the essence of a decorated (dual skew) Dyck path using a state-diagram:

It has three types of states, with j ranging from 0 to infinity; in the drawing, only
7 = 0..8 is shown. The first layer of states refers to an up-step leading to a state,
the second layer refers to a black down-step leading to a state and the third layer
refers to a blue down-step leading to a state. We will work out generating functions
describing all paths leading to a particular state. We will use the notations c;, a;, b,
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FIGURE 6. Three layers of states according to the type of steps leading
to them (down, up-black, up-blue).

for the three respective layers, from top to bottom. Note that the syntactic rules of
forbidden patterns /\ and \ can be clearly seen from the picture. The functions
depend on the variable z (marking the number of steps), but mostly we just write a;
instead of a;(2), etc.

The following recursions can be read off immediately from the diagram:
ao =1, a;1 = za; + z2b; + z¢;, i >0,
bi = zai41 + 2bip1, 120,
Ciy1 = za; + z¢;, 1 > 0.
And now it is time to introduce the promised bivariate generating functions:
A(z,u) = Zai(z)ui, B(z,u) = Z bi(z)u', C(z,u) = Zc,(z)ul
i>0 i>0 i>0

Again, often we just write A(u) instead of A(z,u) and treat z as a ‘silent’ variable.
Summing the recursions leads to

Zuiai =1+ uZui(zai + 2b; + z¢;)

i>0 i>0

=1+ uzA(u) + uzB(u) + uzC(u),

Z u'b; = Z u'(2ai41 + 2big1)

i>0 i>0
z . z .
=— E u'a; + — E u'b;,
U 4 U 4
i>1 i>1
g uci:uzg uai—l—uzg U Cj.
i>1 i>0 i>0

This can be rewritten as

A(u) =1+ uzA(u) + uzB(u) + uzC(u),

B(u) = = (A(u) - a0) + ~(B(w) — by).
C(u) = co + uzA(u) + uzC(u).

Note that ag = 1, ¢g = 0. Simplification leads to

uzA(u)

1 —wuz

C(u) =
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and
z(A(u) — 1 = B(0))

u—z

B(u) =
leaving us with just one equation
(z —u+uz® +uz?B(0)) (uz — 1)
w2 +uz? —2u?z—z+u
This is a typical application of the kernel method, [§].

w2 +uz? —2ur — 2+ u = 2(22 — 2)(u—s1)(u— s3)

Au) =

The denominator factors as 2z(2% — 2)(u — s1)(u — s2), with
1+ 224+ V1 —62% 4 524 1422 —V1—-622+521
B 22(2 — 22) A 22(2 — 22) '

Note that s;s9 = ﬁ Since the factor u — sy in the denominator is “bad,” it must

also cancel in the numerators. From this we conclude (again with the abbreviation

W =+v1-622+52%)

S1

Z89
B(0) = —2
( ) 1— 2282’

and further
(1—wuz)(1+22+W)

A = S D)
1—222-W
B(u) = 0 _2Z2>(u_81>7
Clu) = 14+224+W w

2(z2=2) u—sy’
and for the function of main interest
322 -34+W
G(u) = A(u) + B(u) + C(u) Foot

- 22(2 —22)(u—s1)

Note that

1 1422 —+/1—622+5z4

— = = 25,

S1 2z

I 142241 —-0622+521

Sy 2z ’
Then

, , 322 -34+W
WG () = [/) e T

22(22 = 2)s1(1 —u/sq)
_ 322—3—|—W _ 322_3+sz5j+1.
22(22 — 2)s7 ™ 2(22 - 2)

So [u/]G(u) contains only powers of the form 277", Now we continue
322 -3+ W
2(22-2)
3x—3+vTi%§IE§(1+x—vTiEEIE?)”l

2(x — 2) 2z

[Zj+2Nuj]G(u) — [ZZN] Sj-‘rl

= [="]
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= [2"](v + 1) (v + 2)!

which is the generating function of all (partial) paths ending at level j.
Now we read off coefficients. We do this using residues and contour integration. The

path of integration, in both variables = resp. v is a small circle or an equivalent contour;
[ T2 G (u) = [2V](v + 1) (v + 2)7

1 dx .

= % xN+1(U+1)(U+2)J

1 dv (1—12?%) ,

- 1+3v+ o)V ——— (v +1 2y

27i UN+1< +3vtv) (14—?)11—1-112)2(1“L J(v+2)

= [N+ 3v+0*)V (1 —v) (1 +v)* (0 + 2.

Note that
(1—0)(1+0)2=3—-T(+2)+5w+2)?— (v+2)%
consequently
(2N G (u) = [vV](1 + 30 + )V [3 —T(w+2)+5(v+2)°—(v+ 2)3} (v+2).
We abbreviate:
Ly = [Uk] [3(0 + 2)]’ _ 7(21 + 2)j+1 + 5(U + 2)j+2 _ (v + 2)j+3]

oI \eik _ (I i1k JH+2\isen (I3 513k
(D)ot (0 ot s{0 1o (1Pt

With this notation we get
N B (N-1;1,31
o= 5 om(M )
Here are the first few generating functions:
Go=1+ 2> +32"4+102° + 362° + 1372'° + 5432 + 2219 + . ..
G1 =2z +32° +102° + 362" + 1372° + 5432 4 22192 + 92852 + ...
Gy =422 + 82" +292° + 11128 + 4422'° + 181322 + 76092 + 3252126 4. ..

Gs = 823 4 202° + 7827 + 3152% 4 13062 4 5527213 + 237792'° + 103699217 + - - -

We could also give such lists for the functions a;, b;, ¢;, if desired. We summarize the
essential findings of this section:

Theorem 2. The generating function of decorated (partial) dual skew Dyck paths,
consisting of n steps, ending on level j, is given by
322 =34+ V1 — 622+ 524

Gl = = e s

with
2z

- 1422 —1—622+524

S1
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Furthermore
: 322 =3+ V1 —-622+521 ;..
[UJ]G(Z7 u) = 2(22 - 2) ZJS]J’_ 9

with
_ 1422 —+1—622+524

222

S

7. OPEN ENDED PATHS

If we do not specify the end of the paths, in other words we sum over all 5 > 0, then
at the level of generating functions this is very easy, since we only have to set u := 1.

We find
G(1) = (14 2)(1—3z)
22(224+22—1) — V1 — 622 + 524

=1+42z+52%+112% +272* +622° + 1512 + 35427 + 85928 + 20362° + - - - .

8. COUNTING BLUE EDGES

We can use an extra variable, w, to count additionally the blue edges that occur in
a path. We use the same letters for generating functions. Eventually, the coefficient
[z"u?w*]S is the number of (partial) paths consisting of n steps, leading to level j,
and having passed k blue edges. The endpoint of the original skew path has then
coordinates (n — 2k, j). The computations are very similar, and we only sketch the key
steps.

ag =1, a1 = za; + zb;+ z¢;, >0,
bi = za;11 + 2bip1, >0,
Ciy1 = wza; +wze;, 1> 0.
This leads to
A(u) = 14+ uzA(u) + uzB(u) + uzC(u),

B(u) = —(A(u) = ao) + = (B(u) — b).
C(u) = ¢o + wuzA(u) + wuzC(u).

Solving,

S(u) = A(u) + B(u) + C(u) = u—wuz® — zA(0) — zB(0) + uvwz*A(0) + vwz B(O)'

w2z w +u — wu?z — uz — 2z + wuz?

The denominator factors as —z(1 +w — 2%w)(u — s1)(u — s3), with

B 14 22w+ V1 — 222w + z4w? — 422 + 424w
1= 22 (1 4+ w — 2%w)
B 14 22w — V1 = 222w+ z4w? — 422 + 424w
2= 22 (1 +w — 22w) ’

Y
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Note the factorization 1— (44 2w)z%+ (4w +w?)z* = (1—2%w)(1—(4+w)z?). Since the
factor u — 79 in the denominator is “bad,” it must also cancel in the numerators. From
this we eventually find, with the abbreviation W = /1 — (4 4 2w)22 + (4w + w?)z*)

1= Zw-W
N 222 ’

G(0)
and further
w— 22w — wW + 2 — 222w
2z (—w — 1+ 22w) (u — s1)

The special case u = 0 (return to the x-axis) is to be noted:

G(u) =

GO)=14+2"+(w+2) 2"+ (W +4w+5) 2 + (w+2) (W +4w+7) 25+
Compare the factor (w? + 4w + 5) with the earlier drawing of the 10 paths. There is
again a substitution that allows for better results:

v
Z =
1+ (24 w)v+v?

Since S(u) = G(u) with S(u) from the first part of the paper, as it means the same
objects, read from left to right resp. from right to left, no new analysis is required.

then G(0)=1+w.

9. SKEW PATHS THAT CAN GO INTO NEGATIVE TERRITORY

For Dyck paths and the standard random walk on the integers, the enumeration, if
the negative territory is allowed, is easier. In our instance of paths equipped with an
additional red down-step and the usual restrictions (up-red and red—up are forbidden)
this is not so; it is rather more complicated. The paths may be described by another
directed graph Figure [7l

FIGURE 7. Three layers of states according to the type of steps leading
to them (up, down-black, down-red).

We have the following recursions,

fi=i=0]+ 2fi-1 + 2gi-1,
Gi = Zfix1 + 29iv1 + zhiga,
hi = zgiy1 + zhiyq.

For negative indices we need to introduce separate sequences,

a; = f—i, by = g—i, ¢i = h_,.
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Then we find

foi= [t =0] 4+ 2f_i1 + 291,
9—i = 2f—iy1 + 29—iy1 + 2h_iy1,
h_i=zg9_it1+ 2h_ip
and, rewriting,
a; = [Z = 0] + ZQi41 + Zbi+1,
bi = za;_1 + Zbi_l + Z2Ci—1,

C; = Zbi_l + z2c;_1.

Introducing
Z fiu', G(u Z giv', H(u Z h;ut
i>0 i>0 i>0
and
Z a;u’, B(u Z b, C(u Z
>0 >0 >0

we get the following 6 equations:
F(u) — fo = zu(F(u) + G(u)),
Glu) = =(F(w) + G(w) + H(u) = fo = g0 ho),
u) +

z

H(u) = = (G(u) + H(u) = go — ho).

Alu) = 1+ =(A(w) + B(w) = fo = g0).
B(u) - %—wmm B(u) + C(w)),
O(u) = hy = zu(B(u) + C(u))

Solving the system,
22ugy + 22uhg + 22ufo — ufy —z3f0—|—2zf0

F= —23 —u+ 22+ zu? — 22u
G:_z(zuho—z fo — g0 — ho + uzfo + zugo)
—23 —u+ 2z + 2u? — 22u ’
o _? (zuhg + 2° fo + zugo + z*ho — go + 2290 — ho)
—23 —u+ 2z + zu? — 22u ’
Ao 222ufy + 22ugo + 22uhg — 22u? — 2fy +u

Y

22u+ 2u? +u—2zu% — 2
B 2u? — 22ufy + ugo — 290 — 22ud + 2u fo + Bulgy — zulgy + 2uthg — 22uhg

22u+ Bu+u—2z2u2 — 2
O — 2203 + Bulfy + Pulgy — uho — 2ulgy + 2ulhg + zhy + 22ugo
a 22u+ 2Bu? +u—2z2u?2 — 2

)

—22 — w422 + 2 — 2Pu=2(u— 1) (u— 1)

)

15
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with

14+ 22 £ V1 — 622 + 524
2z '
As usual, the factor u — ro must cancel out. The other denominators are

2u+ 2t u— 220 — 2= 2(22 = 2)(u—s1)(u— 2,)

T2 =

and s; = 1/rg, s5 = 1/r;. The factor u — s; must cancel out as well. This leads to
2290 + Z2h0 + Z2f0 — fO

F(u) =
() roz—1—224+z2u
_ (fotgot+ho) 2’
Glu) = roz —1 — 22+ zu’
2
H(u) — < (90 + h’O)

roz —1 — 22 + zu’

2812 — 2z2fo — z2go — 2%ho — 14+ 2zu

A =
(u) $123 — 28124+ 1+ 22 +uzd3 —2z2u
X
B = — ,
() s123 — 2812+ 14 22 +uzd —2z2u
2 2 3 3 2 2 3 3 2 2
Cu) = s1°2° — s12° fo — $12°go + s1290 — s1zho + s12°u + h — 2°go — uz” fo — uz’go + zugo — zuho + 2~ u

5123 — 28124+ 14 22 +uzd — 2z2u

with X = 5,222 — 512 — 5123 fo — 5123g0 + 51290 — s12ho + s12%u + 22 fy — go + 22ho —
2u —uz fy —uzdgy + zugy — zuhy + 2*u®. The computation of fy, gy, ho requires some
care. From the equations for G and H we conclude

. 22f0 + h(]
9o = -2
and from the expression for H, as just derived, we find
A
ho = fo

rozd — 1oz + 1 — 222

So both, gy and hg are multiples of fy. As any f, would solve the first 3 equations with
the appropriate go, ho, we need to resort to A(u) since there we find that fo =1+---.
By elimination,

—22u% + u + goz*u + Z2uhg + 2fo2%u — 2 f)
Au) = .

22u—z+ 232 —22u2 +u
Substitute u = 0 and use gg and hg from before and then solve A(0) = f; leads to

fo=

It can be made explicit:

rozd —roz + 1 — 222
—20 4 2 4 2923 — 322 — gz 4+ 17

1422 =1 —-622+ 524

222(2 — 22)

fo

Now everything is explicit:
fo=1+2% 422" +6254212% + 792 4 31122 + 126521,
go = 22+ 32* +102° + 372% 4 14520 + 58922 + 24552
ho = 2* +52% 4+ 212° + 872" + 3652' + 15552,
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The expressions for gy and hg are a bit long, but
1—3224224— /1 —622+ 524
224(2 — 22)
= 14227+ 62* +212% + 7928 + 312" + 12652"% + 52752,

The coefficients 1,2,6,21,... are sequence A033321 in [9]. In the comments to this
sequence, the number of skew Dyck paths of semilength n ending with a down step
(1, —1) is mentioned, something that follows from our results for go in section 2

fo+go+ho =
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