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Abstract. We solve two problems regarding the enumeration of lattice paths in Z? with steps
(1,1) and (1, —1) with respect to the major index, defined as the sum of the positions of the
valleys, and to the number of certain crossings. The first problem considers crossings of a
single path with a fixed horizontal line. The second one counts pairs of paths with respect to
the number of times they cross each other. Our proofs introduce lattice path bijections with
convenient visual descriptions, and the answers are given by remarkably simple formulas
involving g-binomial coefficients.

Keywords. Lattice path, major index, crossing, valley, bijection

Mathematics Subject Classifications. 05A19, 05A15, 05A30

1. Introduction

1.1. Background

The enumeration of lattice paths is an important topic both in combinatorics and in mathematical
statistics, as discussed in the surveys by Mohanty [Moh79] and Krattenthaler [Kral5]. In the
particular case of lattice paths in the plane with two types of steps, common questions involve
counting paths constrained by some boundary, as well as counting paths with respect to various
statistics.

One important such statistic is the number of times that a path crosses a given line. Several
instances of the enumeration of paths by this kind of statistic have appeared in the probability
and statistics literature [Eng65, Sen65, Fel68, KW78, Spil2], often resulting in nice formulas
involving binomial coefficients. Another statistic commonly studied in the combinatorics liter-
ature is the major index of a path, which can be defined as the sum of the positions of its turns
in a given direction. This statistic on paths, which arises naturally when interpreting them as a
binary words, has been studied, for example, in [KM93, Kra97, Kra95, SS12].
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In this paper we consider the enumeration of lattice paths simultaneously by the number
of crossings and the major index. We show that, rather surprisingly, the resulting enumeration
formulas with respect to both statistics are quite simple, having closed forms in terms of ¢-
binomial coefficients. Intriguingly, the methods that have been commonly used to count paths by
the number of crossings do not give an obvious explanation for such simple formulas. However,
in all cases, we are able to prove them bijectively.

We consider two different but related problems. The first one concerns single lattice paths,
which will be enumerated with respect to the major index and the number of times that they
cross a fixed line. The second one involves pairs of lattice paths, which will be enumerated with
respect to the sum of their major indices and the number of times that they cross each other. The
tools used to solve both problems are similar, and they involve certain lattice path bijections that,
unlike classical methods such as the reflection principle and prefix-swapping operations, behave
well with respect to the major index.

In the case of zero crossings, our work relates to the important topic of non-crossing (or
non-intersecting, after a simple transformation) paths, which have been studied for decades.
The celebrated determinantal formula by Gessel and Viennot [GV85] enumerating tuples of
non-intersecting paths, previously discovered by Lindstrom [Lin73] in the context of matroid
theory, has connections to symmetric functions, tableaux, plane partitions and tilings, and even
to statistical physics [Fis84] and chemistry. A refinement of this formula that keeps track of the
sum of the major indices of the paths has been given by Krattenthaler [Kra95]. Krattenthaler’s
formula in the special case of two paths is equivalent to our formula for pairs of paths in the
special case of zero crossings. In Section 6.1, we will show how our tools also yield an alternative
proof of Krattenthaler’s formula. While the ideas behind both proofs are similar, our bijections
have simple descriptions directly in terms of paths, whereas the bijections in [Kra95] require
passing through other objects called two-rowed arrays. We point out that it is an open question
whether our formulas that enumerate pairs of paths with a given number of crossings can be
extended to k-tuples of paths for & > 2.

In the special case of pairs of paths with at least one common endpoint, there has been work
by Gessel et al. [GGST96] enumerating such pairs with respect to the number of lattice points
where the paths intersect. There is, however, no direct relationship between this statistic and
the number of crossings that we consider here, so it is no surprise that the summation formulas
obtained in [GGS196] are different from ours.

It is important to note that, even though this paper focuses exclusively on lattice paths, our
work has applications to the enumeration of integer partitions with constrained ranks. Specifi-
cally, our formula for paths crossing a line is one of the tools that is used in a forthcoming paper
by Corteel et al. [CES] to enumerate partitions with a given number of off-diagonal rank parity
blocks, which generalizes results of Seo and Yee [SY18].

Finally, another follow-up paper [Eli21] will further refine our results by another statistic:
the number of descents, which also arises naturally when interpreting paths as binary words,
and can be described as the number of turns of the path in a given direction. The proofs of the
refined version can no longer be visualized as lattice path bijections, but rather they are based on
certain two-rowed arrays that have been previously used by Krattenthaler and Mohanty [Kra97,
Kra95, KM93].
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1.2. Basic definitions

We consider simple lattice paths in Z? with steps U = (1,1) and D = (1, —1) (up and down),
although sometimes it will be convenient to consider the steps to be N = (0, 1) and £ = (1,0)
(north and east) instead. One type of paths is obtained from the other by rotating 45° and stretch-
ing by a factor of \/2; equivalently, using the substitutions U <+ N and D <> E. We will use
both settings interchangeably.

For nonnegative integers a, b, let G, ;, denote the set of paths with a steps U and b steps D,
usually starting at the origin, although later it will be convenient to allow other initial points
on the y-axis. The sequence of steps of such a path can be encoded as a binary word with a
zeros and b ones, by identifying Us with 0s and Ds with 1s'. Under this encoding, descents
of the word correspond to valleys of the path, defined as vertices that are preceded by a D and
followed by a U. The major index, which is a common statistic on words, can then be translated
to paths P € G, ;, by defining maj(P) to be the sum of z-coordinates of the valleys of P. See
Figure 1.1 for an example.

Figure 1.1: Apath P € Q;g’l with maj(P) = 1+ 3+ 7+ 10 = 21. The four valleys are marked
with teal diamonds, and the three crossings of the line y = 1 are circled in black. The middle
crossing is a downward crossing, whereas the other two are upward crossings.

When dealing with paths with NV and E steps, we denote by P4_,p the set of such paths
that start at A and end at B, where A, B € Z2. In this case, the valleys of P € P4_,p are the
vertices preceded by an £ and followed by an N, and maj(P) is the sum of the positions of the
valleys, where the position is determined by numbering the vertices of the path in increasing
order starting at A, which would be position 0, and ending at B. Note that P, ,)_,(4,.) is empty
unless * < wand y < v.

Recall the g-binomial coefficients, defined as

{n] _ (1—¢)(1 =g 1) (1 - g F)
k|, QI—g)1—¢" ) - (1—q)

if 0 < k < n, and as 0 otherwise. The following is a classical result of MacMahon.

"'We follow the convention of Fiirlinger and Hofbauer [FH85]. Other papers use a different encoding whereby
descents of the word become peaks of the path, and maj(P) is defined be the sum of the z-coordinates of the peaks
of P.
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Lemma 1.1 ([Mac60]). Fora,b > 0,

maj(P): a+b
xer= 1,

PeGayp

Equivalently, if A = (x,y) and B = (u,v), then

Z qmaj(P): U—r+v-—y
U—x q’

PePaB

The rest of the paper is structured as follows. In Section 2 we state our main theorems, after
establishing some more definitions and notation. Section 3 introduces some tools, in particular
four closely related bijections, that will play a key role in our proofs. Section 4 applies these
tools to prove our results from Section 2.1 about the enumeration of paths by the number of
crossings of a horizontal line, while Section 5 applies them to prove our results from Section 2.2
about the enumeration of pairs of paths by the number of times they cross each other. Our
proofs in the two settings have certain similarities, but Section 5 can be read independently from
Section 4. Section 6 uses our construction to give an alternative proof of Krattenthaler’s refined
enumeration of tuples of nonintersecting paths [Kra95]. We discuss possible extensions of our
work in Section 7.

2. Main results

2.1. Paths crossing a line

First we state our results about the enumeration of paths with U and D steps with respect to
the major index and to the number of times that they cross a horizontal line. For ¢,r € Z,
where r > 0, let gigvz denote the set of paths in G, that cross the line y = ¢ at least 7 times.
For this definition, a vertex of the path on the line y = ¢ is a crossing if it is either preceded and
followed by a D (in which case it is called a downward crossing), or preceded and followed by
a U (called an upward crossing). See Figure 1.1 for an example.

We are interested in the polynomials

Gl )= D ¢,
Pegzyt

The polynomials that count paths crossing the line y = ¢ exactly r times can be easily expressed
in terms of these as

G () = G2 (@) — G2 (a).
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We will provide a formula for Gigf(q) for arbitrary a,b,r,{ € Z with a,b,r > 0. The
formula is slightly different depending on whether the starting and ending points of the path are
above, below, or on the line being crossed. In each case, the resulting expressions are surprisingly
simple, consisting of a g-binomial coefficient times a power of ¢q. Despite the simple formulas,
our proof is by no means trivial. In each case, we provide a bijection from gj Z’é to a set of
paths with no requirements on the number of crossings, which can then be enumerated using
Lemma 1.1. A key property of our bijection is that it has a predictable effect on the major index
of the paths.

Let us first state the result in the case ¢ = 0, that is, when considering crossings of the z-axis.

Theorem 2.1. For any a,b,r > 0,

(1) [a+b )
g% [a N T] q ifa>b, (2.1a)
G21%q) = { 1+ {2; ;}} ifa=b, (2.1b)
q
nla+b .
\q(2) [a i T} q ifa <b. 2.1c)

In this £ = 0 case, the specialization ¢ = 1 (i.e., when we disregard the major index) has been
studied in the probability literature. The formula for ¢ = 1 has been known for over 50 years:
it first appeared in work of Engelberg [Eng65] and Sen [Sen65], and was later rediscovered by
other authors [KM93]. It refines a classical result of Feller [Fel57, Fel68] for paths without a
fixed endpoint. Some of these papers also determine the limiting distribution of the number
of crossings. The proofs in [Eng65, Sen65] consist essentially of repeatedly applying André’s
reflection principle at each crossing. Unfortunately, this method does not provide a proof of our
refinement with the variable ¢, because the major index does not behave well under reflection of
a piece of the path. Thus, proving Theorem 2.1 requires more sophisticated bijections that keep
track of the statistic maj.

The case a > b of Theorem 2.1 can be shown to be equivalent to a result of Seo and
Yee [SY18, Lemma 2.1] concering the enumeration of ballot paths with marked returns, with
respect to a different statistic that combines valleys and returns. Seo and Yee’s proof is recursive,
by induction on the length of the path, and so it does not give much insight on why the resulting
formula is so simple. Similar ideas could be used to provide a recursive proof of Theorem 2.1,
but we prefer to present a bijective proof instead (see Section 4).

Next we state the result in the case ¢ # (0. The parity of r plays a role in this case, so we
write 7 = 2m or r = 2m =£ 1 for convenience. Note that the results are trivial for » = 0,

since gjgf = G, for any ¢, and so Gig’ﬁ(q) is already given by Lemma 1.1.
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Theorem 2.2. Let a,b,m > 0, and let ¢ € Z \ {0}. If0 < £ < a — b, then

SamALl) N ~E2mlo N m(2mt14e) [ a+b ]
Ga,b (Q) Ga b (q) q _a € 2m_ , . (22)
If0 >0 >a—0, then
>2m—+1,0 _ 22md _m(2m—1-2) [ a+ b |
Ga,b (q) - Ga,b (q) =4q a— 2m_ . : (23)
If0>{¢<a—bandm > 1, then
S2ml N ~Z2mell N m(2m—1—0) a+b
Ga,b (q) Ga,b (Q) q |:CL + o'm—1— €:| , . (24)
If0 <l >a—bandm > 1, then
>2mly \ _ ~22m=100 N (m—1)(2m—1+£) a—+b
Goy (@) =G (a) = ¢ la Comal— 4 q (2.5)

If0 <l =a—0b, then

>2m,l — ,m2m+1+E) a+b >2m+1,0 _ m(2m+1+0) a+b
Gap () =4 [a +2m| - Gap (9)=1q a+2m+1] - 26)

If0>{=a—b, then

m m(2m—1— a+ b >2m m m+1— a+ b
Gt = gm0 | 0| g oo [ 980T
q q

We remark that the set gf;f is in trivial bijection with Qb2 ;’_K

the x-axis), with glf ;’Z_“er (by reflecting the paths along a vertical line and translating appropri-

ately), and with gjg’*”“*” (by composing both reflections, which is equivalent to rotating the
paths by 180°). However, none of these bijections changes maj in a consistent way unless the
number of valleys or the last step of the path are fixed. Thus, the different cases in Theorems 2.1
and 2.2 cannot be trivially derived from each other even when the sets of paths are related by
these reflections. Similarly, there is no obvious way to deduce Theorem 2.2 from Theorem 2.1
by detaching the portion of the path before the first crossing of the line y = ¢, since the removal
of this prefix affects the major index inconsitently.

We will give a bijective proof of Theorems 2.1 and 2.2 in Section 4, using some ingredients
that we introduce in Section 3.

(by reflecting the paths along

2.2. Pairs of paths crossing each other

Next we enumerate pairs of paths according to the sum of their major indices and to the number
of times that they cross each other. For convenience, we will consider paths with N and E steps
for this problem. A crossing of two paths P and () is defined to be a common vertex C' such that
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* P and () disagree in the step arriving at C, and they disagree again in some step after C';

* at the first step after C' where P and () disagree again, each path has the same type of step
(N or F) as it had when arriving at C'.

See Figure 2.1 for some examples. Note that two paths can intersect (that is, have common
vertices) without crossing. Let x (P, )) denote the number of crossings of paths P and (). See
Figure 2.2 for an example. For A, Ay, B, B, € Z* and r > 0, we use the following notation
for pairs of paths having at least 7 crossings, where {o, ¢} = {1, 2}:

>r

A1—Bo,Ay—Bs {(PvQ) 1P e PA1‘>307Q S PA2*>BQ7X(P7 Q) > T}'

Note that PifﬁBo,Arﬁ. = Pa, B, X Pa,—p.; we denote this set simply by Pa, 5, 4,-5.-

Figure 2.1: Two examples of crossings, circled in black, and a pair of paths that do not cross
(right).

__.Bl

>
i
1
L]
i
1

JrBQ
. -

i
1
L]
i
1
L]

s--
®

--e
1
1

o

=
0-(60- - ;t

&

Figure 2.2: A pair of paths with x(P, Q) = 3.

The next theorem enumerates such pairs of paths. Note that, when there is no requirement
on the number of crossings, the enumeration is trivial, since

Uo — L1 + Vo — Ue — T + Vg —
_ ( 1 ?/1)( 2 y2)7 (2.8)
Uo — T1 Ue — T2
where Ay = (z1,11), A2 = (22,92), B1 = (u1,v1) and By = (uz,v2). We use the notation
Aj < Aj toindicate that A is strictly northwest of A,, that is, v < z9 and y; > ys.

|PA1—>BO,A2—>B. - |PA1—)BO '|PA2—)B.
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Theorem 2.3. Let A; = (z1,y1), Ao = (29,92), B1 = (u1,v1), Ba = (us,vo) be points in 72,
where Ay < Ay and By < Bs. Then, for all m > 0,

‘P>2m+1 ‘ _ ‘P>2m ‘ _ (U2~ 11 F U=y [ U1 — X2+ V1 — Yo (2.9)
A1—B2,A2—B1 A1— By, As— B Uy — T + 2m Uy — Ty — 2m ?

and for allm > 1,

>2m _ Ip=2m—1 (U T T U=y Ul — T2+ U — Y2
|7DA1~>31,A24)BQ| - ‘PAlﬁBl,AzﬁBQ‘ - <u2 — 2 + 2m _ 1) (ul — Xy — 2m + 1) . (2‘10)

Let now A = (z,y) and B = (u,v) be points in Z*. Then, for all v > 0,

>r Up — T+ V2 —Y\[ur—x+v1—Y
‘PA—>Bl,A—>B2‘:( Up— T+ >( wo—xz—7 ), 2.11)
>r U—T+0V—1Y U— Lo+ — Y2
|PA1—>B,A2—>B :( w7 )( U 2y ), (2.12)
2
U—r+v—yY )
=0
( U—2x ) ifr !

\7?27“ _ | - B B _ (2.13)
A—B,A—B 22(_1)J_1<u T+ y)(u T+ y) ifr > 1.

= u—xr+r+j)\u—x—1r—7

The only case in which the formula given by Theorem 2.3 is not a product of binomial coeffi-
cients is when both endpoints of the paths coincide, i.e., Equation (2.13). An alternative expres-
sion for this case, with a different number of summands, will be provided in Equation (5.16).

As we will see in Section 6.2, Theorem 2.3 can be proved using a bijection that repeatedly
swaps the prefixes of the paths up until, and including the step right after, the first crossing. This
is similar to the prefix-swapping method in the standard proof of the Lindstrom—Gessel-Viennot
determinantal formula counting non-intersecting tuples of paths [Lin73, GV85].

As in Section 2.1, we are interested in the refined enumeration by the major index. In this
case, the relevant statistic is the sum of the major indices of the two paths, which we refer to as
the total major index. For A, Ay, By, By € 7% and r > 0, define the polynomials

2" = maj(P)+maj
HA1—>BO,A2—>B.(Q)_ Z q J(P)+ J(Q)‘

>r
(PR)EPA, By, Ay Be

The polynomials counting pairs of paths that cross each other exactly r times can be obtained
from these as

= > >r+1
HAf%Bo,AQ%B.<q> = HAT—>BO,A2—>B.(q) - A:—>BO,A2—>B. (q).
To state the expressions for these polynomials, it is convenient to define the following func-
tion of Ay = (21, y1), A2 = (22, y2), B1 = (u1,v1), By = (ug2,v2), and 7

r(r+zo—mz) |[U2 — 11 + U2 — y1:| |:U1 — T2+ U1~ Y . (214)

fT,Al,A2,B2,B1 (C]) =dq Uy — Ty + 7 Uy — To — T
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When there is no requirement on the number of crossings, Lemma 1.1 immediately gives

uo_m1+vo_y1

HiloaBo,AzﬁB. (C]> = Uo — T1 :| |:
q

U.—!L‘2+U.—y2

u. - 1'2 = f07A17A2>Bo,B. (Q) (2.15)

q

for arbitrary endpoints, since the two paths can be chosen independently.

Theorem 2.4. Let A1 = (x1,y1), As = (x2,42), B1 = (u1,v1) and By = (us,vs) be points in
72, where A, < Ay and By < Bs. Suppose additionally that

1+ = T2+ Yo (2.16)
Then, for all m > 0,
Hifﬁ;g,AgeBl(Q) = HifﬁBg,AzeBl(q) = fom. A1, A9.B5.8, (), (2.17)
and for allm > 1,
HifﬁBl,Ag—)Bg<q) = Hj?ﬁ;,AﬁBQ(Q) = fom—1,41,49,85.8:(Q). (2.18)

Let now A = (z,y) and B = (u,v) be points in Z*. Then, for all r > 0,

Hi:Bl,A%BQ(Q) = fraA.B:.8 (Q), (2.19)

Hi:‘%B,AQ%B(q> = fT,A17A2,B,B(q)7 (2.20)
foa,4,88(q) ifr=0,

H3' (@ =3&777 0 . (2.21)
AnBAnE 23 o (0 fovjanpsle) ifr>1

All the formulas in Theorem 2.4 consist of a product of two g-binomial coefficients and a
power of ¢, with the exception of Equation (2.21) for » > 1. An alternative expression for this
case will be given in Equation (5.15).

Note that condition (2.16) is equivalent to x5 — 1 = y; — ¥, and to the fact that A; and A,
lie on the same line of slope —1. When it holds, the term ¢"("**2~1) in Equation (2.14) can also
be written as ¢ (" T¥1-v2),

Similarly to how the argument based on the iterated reflection principle for paths crossing
a line does not give a proof of Theorems 2.1 and 2.2 with the refinement by major index, the
argument based on iterated prefix-swapping that can be used to prove Theorem 2.3 does not give
a proof of Theorem 2.4. This is because the statistic maj does not behave well when swapping
fragments of the paths.

3. Proof ingredients: the bijections 7, 0, 7, &

The proofs of the theorems Section 2 rely on repeated applications of certain bijections that we
describe next. An important feature of these bijections is that they allow us to keep track of the
changes in the major index of the paths.
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We first describe the bijections in terms of paths with N and E steps. Let P¥ ., 5 and P} . 5
denote the subsets of P4_,p consisting of paths that end in & and N, respectively. If we do
not specify the endpoints, the union of these sets over all possible endpoints A, B € Z? will be
denoted by P and P, respectively.

Let p be the involution on paths with N and E steps induced by reflecting Z? along the
diagonal y = =z, so that the coordinates of each point are switched. Clearly, p is a bijection
between P 1 o A0 P (-

Let A = (x,y) and B = (u,v). A key observation is that paths in P4, are uniquely
determined by the coordinates of their valleys. Specifically, there exists a path in P4_,5 whose

valleys are at coordinates (¢y,dy ), (c2,d2), . .., (ck, di) if and only if
r<c<c<---<cg<u and y<d<dy<---<dp<w.

Additionally, such a path ends in £ if and only if ¢;, < u.

Similarly, paths in P4_, p are uniquely determined by the coordinates of their peaks. There
exists a path in P4_, 5 whose peaks are at coordinates (cy,d;), (c2,dz), ..., (¢, dy) if and only
if

r< << <cg<u and y<d <ds <---<dp <.
Such a path ends in V if and only if d; < v.

Define the vectorv = (1,—1),sothat A+v=(z+1l,y—1)and A —v = (x—1,y+1).

With the above considerations, we define a map

—- . pE N
T PA—)B - PA+V~>B7

as follows. Given P € P4, let 7(P) be the path in P, ,_, 5 whose peaks are precisely at the
coordinates of the valleys of P. See the examples in Figures 3.1 and 3.2. Similarly, we define a
map

o: ’P,]élv—>B - Pf—v—)B

by letting 5(P) be the path in P¥__ ., whose valleys are precisely at the coordinates of the
peaks of P € P} 5.

Lemma 3.1. The maps

ll

. pDE N
: PA*)B - PA+V~>B

and

. DN E
g 7)A—>B — PA—V—)B

defined above are bijections. In addition, when viewed as maps between P¥ and PN, & and 7
are inverses of each other, that is, (7(P)) = P and 7(5(P)) = P for all P in the domain.

Proof. The fact that 7 is well defined and it is a bijection follows by noting that the inequalities
satisfied by the coordinates of the valleys of paths in P4 ., 5 coincide with those satisfied by the
coordinates of the peaks of paths in P, ,_, 5. Specifically, if A = (z,y), B = (u,v), and these
coordinates are (¢y,d;), (¢2,dz), ..., (ck, di), they satisfy

r<c<c<---<g<u and y<d<dy<---<dp<w,
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— B p--e--e-p B
B ; [

1
L]
i
1
L]
i
1
1]

P

7(P)

A sense A—v~--I—‘—-
Afve--b A @

Figure 3.1: Examples of the bijections 7 and &. The brown rectangle (left) is the region of the
possible locations of the valleys of paths in P%_, , equivalently the peaks of paths in Py, p.
The green rectangle (right) shows the possible locations of the peaks of paths in P4, 5, equiva-
lently the valleys of paths in P4 _ . 5.

or equivalently
r+1<g << --<g<u and y—1<d<dy<---<d<w.

Its inverse 77! : P, 5 — PE,; is the map that turns peaks into valleys, and so it
coincides with our definition of 7, with A+v playing the role of A. This completes the proof. [

Two more maps closely related to 7 and o that will be useful in our constructions are 7 = poT
and o = p o ¢. The first one is a bijection

. pE E
T P(J},y)—)(u,v) - P(y—l,x+1)—>(v,u)7

and it maps the path with valleys at (¢y,d,), ..., (cx, di) to the path with valleys at (dy, ¢), . . .,
(d, ci). Clearly, viewed as a map from PE toitself, 7 is an involution, in the sense that 7~! = 7.
The second one is a bijection

. DN N
g ,P(x,y)—>(u,v) - P(y—i—l,x—l)—)(v,u)?

and it maps the path with peaks at (ci,d;), ..., (¢, d) to the path with peaks at (dy,¢;),. ..,
(dy, ). Again, o is an involution of P¥.

See Figure 3.2 for an example of these bijections, and Figure 3.3 for a diagram of their
relationships. The next lemma describes how each of the maps affects the major index.

Lemma 3.2. If P € Py )—(uv), then

(o(P)) { maj(P)+v—y ifPendsinFE, (3.1a)
ma =
ne maj(P) —u+ax  if Pendsin N. (3.1b)
I P € Pl sy then

maj(7(P)) = maj(P) +u—x — 1, (3.2)

maj(7(P)) = maj(P). (3.3)
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v+ v+
il Ll_,— “1 _l_‘
ds + 1 ds + 1
dy + . T do +
%
o
dy + dy +
y 4
— | | — y—1 | | —
T C1 Co C3 Cqy U z+1 Co C3 Cqy U
C
T 1
o
U 1+ U 1+
Cq4 + Cq4 +
C3 + C3 +
Co + o Coy +
(f
T +1
xX
C1 + o
T + ey
i i — i —
Yy dy dy d3 dy Y y—1 dy dy d3 dy Y

Figure 3.2: An example of the relationships among the maps 7, 7, 7, 0, p, illustrating their effect
on the valleys of the paths. The path P in the upper left has valleys at (¢;, d;) for 1 < i < 4.

IfP € P{z’y)_}(w), then

maj(a(P)) = maj(P) —u + x, (3.4)
maj(o(P)) =maj(P) —u+z+v—y—1. (3.5)
Proof. Let P € P(;4)—(uv), and suppose that its valleys have coordinates (ci,d1), .. ., (cx, d).
Then i .
maj(P) = (ci+di—z—y) =Y (ci+di)—k(z+y). (3.6)
=1 =1

The path p(P) € Py z)-s(v,u) has peaks at (dy,c1), ..., (dg, cx).

If P ends in E, then p(P) ends in N, and so p(P) has valleys at (ds, 1), (d3, c2), ...,
(dk, ck—1), (v, cx), with an additional valley at (dy, z) if and only if p(P) starts with an £, which
happens precisely when y < d; (as in the example on the left of Figure 3.2). In both cases,
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maj = M maj=M+u—x—1
7__
E N
Play)-(ua) Plat1y-1-@)
valleys at (¢1,d1), - .., (¢, dk) peaks at (c1,dq), ..., (cg, di)
p p
peaks at (dy,c1),. .., (dg, ck) valleys at (dy,c1), ..., (dg, ck)
N E
Ply.ay-wa) - Ply-1a+1)-@a)
T
maj=M+v—y maj = M

Figure 3.3: Diagram of the relationships among the maps 7, o, 7, 7, and their effect on maj.

noting that the starting point of p(P) is (y, z), we have

N

maj(p(P)) = (di + 7y —2) + S (diss + ¢ —y— ) + (v 4 o —y — @)

=1

M-

(cit+di) —k(z+y)+v—y
=1
maj(P) +v —y.

Indeed, even if p(P) does not have a valley at (d;, x), then d; = y, in which case the term
dy + = — y — x does not contribute to the major index, so the above formula is still valid. This
proves Equation (3.1a).

If P ends in N, then p(P) ends in F, so we can apply Equation (3.1a) to the path p(P) €
Pl ) (v We obtain

(y,z)
maj(P) = maj(p(p(P))) = maj(p(P)) +u — «,

from where maj(p(P)) = maj(P) — u + z, proving Equation (3.1b).

Now suppose again that P € 77 (#.)—(u0)- The valleys of 7(P) have coordinates (d1, 1), . . .,
(dy, cx), and the coordinates of the starting point of 7(P) sumto (y — 1) + (x + 1) = = + y.
It follows that maj(7(P)) coincides with the right-hand side of Equation (3.6). This proves
Equation (3.3).

Equation (3.2) can be proved with an argument similar to the proof of Equation (3.1). Alter-
natively, it can be deduced from this equation using the fact that 7(P) = p~}(7(P)) = p(7(P)).

Since 7(P) € 73 (y—1.241) (0> Equations (3.1) and (3.3) give

maj(7(P)) = maj(p(r(P))) = maj(r(P)) +u— (r+ 1) =maj(P)+u—z — 1.

To deduce Equation (3.4) from Equation (3.2), suppose now that P & 73 Since

P = 7(5(P)) by Lemma 3.1, applying Equation (3.2) to the path 5 (P) € 73

(z,y)—(u,v)"

(z—1,y+1)—(u,v) gives

maj(P) =maj(c(P)) +u— (zr—1)—1,
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proving Equation (3.4).
Finally, to prove Equation (3.5), we use the fact that o(P) = p(a(P)). Since 6(P) €
P(J:Ev—l,y+1)—>(u,v)’ Equations (3.1) and (3.4) give
maj(o(P)) = maj(p(a(P))) =maj(a(P))+v—(y+1) =maj(P) —u+z+v—y—1. O

Let us illustrate Lemma 3.2 with some examples. Note that the quantities ©« — x and v — y
are simply the number of £ and N steps of P, respectively. If P is the path in the top left of
Figure 3.2, then maj(P) = 3 + 7 + 11 + 14 = 35, whereas the path p(P) in the bottom left
has maj(p(P)) = 2+ 5+ 8 + 12 + 15 = 42, so applying p increases the major index by
v —y = 7. The path 7(P) in the top right has maj(7(P)) = 5+ 10+ 13 4+ 15 = 43,s0 T
increases the major index by u — x — 1 = 8. The path 7(P) in the bottom right has major index
maj(7(P)) =3+ 7+ 11 + 14 = 35 = maj(P).

Via the straightforward correspondence described in Section 1.2 between paths with N and
E steps and paths with U and D steps, we can interpret all the maps in this section as maps on
sets of the form G, ;, where a, b > 0. For example, denoting by G, and G the subsets of G,
consisting of paths that end in D and U, respectively, we can view 7 and o as maps

T be — QIP_LGH and o : gg{b — Qg{rm_l. (3.7
It follows from Lemma 3.2 that, if P € gg , then
maj(7(P)) = maj(P), (3.8)

and if P € GY,, then

a,b’

maj(o(P)) =maj(P)+a—0b— 1. (3.9)
Additionally, if P € G, then

maj(P)+a if Pendsin D,

. (3.10)
maj(P) —b if PendsinU.

maj(p(P)) = {

These maps will play a key role in the next section.

4. Proofs for paths crossing a line

The goal of this section is to prove Theorems 2.1 and 2.2. Our bijections will be easier to
visualize if we allow the starting point of the lattice paths with U and D steps to be anywhere
on the y-axis, by identifying paths in G, ; with their vertical translations. In particular, it will be
convenient to identify gjgf with the set of paths with a steps U and b steps D that start at the
point (0, —¢) and cross the x-axis at least r times. Note that the ending point of such paths is
(a+b,—¢+ a — b), and that vertical translations do not affect the major index.

In a similar fashion, by applying vertical translations as needed, we will interpret the domain
and the range of the maps 7 and o from Equation (3.7) as consisting of paths that end on the
x-axis. With this perspective, for P € GP,, viewed as a path starting at (0, b — a) and ending at

a,b’
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(a+b,0), its image 7(P) is the path starting at (0, « — b+ 2), ending at the same point (a+b, 0),
and whose valleys are obtained by reflecting the valleys of P along the x-axis. Similarly, for
P € G, starting at (0,b — a) and ending at (a + b,0), its image o(P) is the path starting at
(0,a—b—2), ending at the same point (a +b, 0), and whose peaks are obtained by reflecting the
peaks of P along the x-axis. We will use these convenient descriptions of 7 and o throughout
this section. See Figure 4.1 for examples.

Figure 4.1: Examples of the bijections 7 and ¢ on paths that have been translated vertically so
that they end on the x-axis.

Throughout this section, we will assume that a, b, > 0 and ¢ € Z.

Definition 4.1. Given P € Qf;’g, viewed as a path from (0, —¢) to (a + b, —¢ 4+ a — b) crossing
the z-axis at least r times, label these crossings so that C'; denotes the jth crossing from the right,
for 1 < 7 < r. Decompose P as P = P,P- by splitting at C,.. If . is a downward crossing,
define

TT(P) = T(P_|)P|_.
If C. is an upward crossing, define

O‘T(P) = U(P_OP)_.

Examples of the maps 7, and o, are given in Figure 4.2.

Lemma 4.2. Let P € Qig’e. If C,. is a downward crossing, then

7(P) € G e (4.1)

and
maj(7,(P)) = maj(P).
Additionally, T, is a bijection between the subsets of gj;;‘ and Q’fj’[jﬁ 41 consisting of paths
whose rth crossing from the right is a downward crossing.
If C,. is an upward crossing, then

0,(P) € G e (4.2)

and
maj(o,(P)) = maj(P) + ¢ — 1.

Additionally, o, is a bijection between the subsets of gi;é and gffgffbi#
whose rth crossing from the right is an upward crossing.

| consisting of paths
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Figure 4.2: The bijections 75 and o applied to the path P from Figure 1.1, which has been
translated so that the line being crossed is the z-axis.

Proof. The path prefix Py starts at (0, —¢) and ends at C,., which is on the z-axis. Suppose first
that C,. is a downward crossing. Then 7(Py) starts at (0, ¢ + 2) and ends at the same point C..
Thus, 7,.(P) is a path from (0,7 + 2) to (a + b, —¢ + a — b) that crosses the z-axis at least r
times, proving (4.1). Since the map 7 preserves the last step (which is a D), the rth crossing
of 7,.(P) from the right is still a downward crossing, and in fact 7, is a bijection between the
stated subsets. Indeed, since 7 is an involution, the inverse of 7. is 7, itself applied to paths in
gff[_ﬂjf o1 whose rth crossing from the right is a downward crossing.
By Definition 4.1 and Equation (3.8), we have

maj(r,(P)) = maj(r(Ps)) + maj(R.) = maj(Ps) + maj(P.) = maj(P).

Suppose now that C,. is an upward crossing. Then o (P5) starts at (0, ¢/ — 2) and ends at C,,
and so 0,.(P) is a path from (0, { —2) to (a+b, —(+a—b) that crosses the z-axis at least r times,
proving (4.2). An analogous argument to the one used for 7, shows that o, is a bijection between
the stated subsets. By Definition 4.1 and Equation (3.9), noting that the change in y-coordinate
from the first to the last point of P, is ¢, we have

maj(o,(P)) = maj(c(Py)) + maj(P-) = maj(Py) + ¢ —1+maj(B-) =maj(P)+(—1. O

We now have all the tools to prove our formulas counting paths by the major index and the
number of crossings of a horizontal line.

Proof of Theorems 2.1 and 2.2. Let a,b,r > 0 and ¢ € Z. We will use both interpretations of
the elements of Qi v as paths from (0, 0) to (a-+b, a—b) crossing the line y = £ at least  times,
and as paths from (0, —¢) to (a + b, —¢ + a — b) crossing the x-axis at least r times. In both
cases, we call the line being crossed the reference line, and crossings refer to the points where
the path crosses the reference line. Given a path in gi;’{ we let C; denote the jth crossing from
the right, for 1 < j < r.
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The proof is divided into nine cases depending on whether the paths start below (0 < /),
on (0 = /), or above (0 > () the reference line, and whether they end below (¢ > a — b), on
(¢ = a —b), or above (¢ < a — b) this line. In each case, the goal is to determine G2M( ) by

finding a bijection between G Ze and some set of the form G, ;, with no requirement on the
number of crossings.

In Cases I-IV below, the paths neither start nor end on the reference line, and so the parity of
the number of crossings is fixed: it is even or odd according to whether the two endpoints are on

the same or on opposite sides of the line. Thus, we get equalities of the form G Z2mbt =G >2m—1¢

(if the endpoints are on the same side) or G_, ZImill 92 2mb(if they are on 0pp051te s1des).

Additionally, if the right endpoint of a path P is above (respectively below) the reference line,
then C; is an upward (resp. downward) crossing for odd j, and a downward (resp. upward)
crossing for even ;.

Case I: 0 < ¢ < a — b. Since the number of crossings of each path must be odd in this case,

we have Q22m+1 £ = 922’”’{ for all m > 0. The case m = 0 is solved in Lemma 1.1, so we

assume that m > 1. Since paths in Q/sz end above the reference line, the crossing C5,, in

these paths must be a downward crossing. Thus, by Lemma 4.2, 75, is a bijection between

>2m “and G >22” 1 f; Jj +1 Which preserves the major index. Paths in the image start and end

>2m,—0—2 >2m—1,—6—2
above the reference line, and so gajgil bt4l — gajil by~ FOT paths in this set, C5,, is again

a downward crossing and CY,,_1 is an upward crossing.

Applying Lemma 4.2 again, 05,1 is a bijection between the sets gff’g:lb;jj and gff;”bi 12’”4 =
gjﬁg};}f“ that shifts maj by (—¢ — 2) — 1 = —(¢ + 3). The resulting paths, like those in the
original set, start below and end above the reference line. Repeating the same argument, we
obtain a composition of bijections

g>2m N4 g>0,5+4i

010720 ::-009n-10 Tom : at2mb—2m — ga+2m,b72m (4.3)

with the property that, if () is the image of P, then
maj(@) =maj(P)—((+3)—((+7)—---—({l+4i—1) =maj(P) —m2m+ 1+ ).

See Figure 4.3 for an example of this composition. It follows that

>2mALL N ~22ml N m(2me146) maj(Q) _ m@m+ite | @+ D
G ) = G2 (g) = g Y @y L .

Qega+2m,b—2m

by Lemma 1.1. This proves Equation (2.2).

An equivalent description of the bijection (4.3) is obtained by repeatedly applying the maps ¢ and
7 to the appropriate path prefixes. Indeed, decomposing P € gjim" as P = PP, ... Py 1Py,
by splitting at the rightmost 2m crossings of P (so that each Pj for 7 > 1 lies entirely above or
below the reference line), its image under this bijection is

o(r(--- (o(7(Po)P1) - -+ ) Pam—2) Pay—1) Pom.
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Figure 4.3: The composition o, o 75 applied to the path P € Q; 2’1 from Figures 1.1 and 4.2.
Here maj(Q) = 17 = maj(P) — (¢ + 3).

CaseIl: 0 > ¢ > a —b. This case is similar to Case I, with the roles of ¢ and 7 reversed. Again,
>2m+1,0 _ g)?m,f >2ml

b oy | forallm = 0. For paths in G;;""", where m > 1, the crossing C,,, must
be an upward crossing. By Lemma 4.2, 05, is a bijection between Qiim’z and GZ2m 12

a—Ll+1,b+4—1
fozr_fll,;;fff that shifts maj by ¢ — 1. For paths in the image, which start and end below the

reference line, Cs,, is an upward crossing and Cy,,,_; is a downward crossing.

. . e >2m—1,—0+2 >2m—1,0—4
Applying Lemma 4.2 again, 75,1 is a bijection between the sets G~/ ; +eir1 andG. 70, 5 =

95_272”1;22’[_4 that preserves the major index. The resulting paths, like those in the original set,
start above and end below the reference line. Iterating this argument, we obtain a composition

of bijections

. =2ml >0,0—44 .
T1 ©020+--0Toyp_-1002 : ga,b — ga—Qm,b—l—Zm == ga—2m,b+2m

with the property that, if () is the image of P, then
maj(Q) =maj(P)+ (¢ —1)+({—=5)+ -+ ({ —4i+3) =maj(P) —m?2m —1-1).

It follows that

Z2m Z2m, m(2m—1— maj m(2m—1— a—+ b
o) =G @) = gty g = g {G—Qm] |
q

Qega72m,b+2m
proving Equation (2.3).

Case III: 0 > ¢ < a — b. This case is equivalent to Case I after the first application of 75,,.

. >2m, ¢ >2m—1, .
Each path must have an even number of crossings, so G_,""" = G~ " for all m > 1. Since

paths in gji”“” end above the reference line, Cs,,_; is an upward crossing. By Lemma 4.2,

. . >2m—1, >2m—1,— 042 >2m—2,— (42 . .
Oam—1 i8S a bijection between mem and ga—Z—l,b—&-;—rl = Qa_ZLbel that shifts maj by £ — 1.

Continuing as in Case I, we obtain the composition of bijections

L A22m—14 >0,—0+4i—2 -
01072000920 -30°T2m—2°02m—1 : gaﬁ — ga_g+2m_1,b+g_2m+1 = ga—€+2m—1,b+€—2m+1
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with the property that, if () is the image of P, then

maj(@Q) =maj(P)+ ({—1)+ (£ —=5)+---+ ({ —4i+3) =maj(P) —m(2m —1—1).
It follows that

>2m,€(q) _ >2m71,£(q) _ qm(2m—1—£) Z qmaj(Q)

a,b - Yab

QEGa_r12m—1,b4+0—2m+1

_ . m(2m—1-2) a+b
9 at2m—1—1(]°

proving Equation (2.4).

Case IV: 0 < ¢ > a — b. As in Case 111, Qigml = gjim‘l’ﬁ for all m > 1. For paths in

>2m—1,0 . . . . s . >2m—1,¢
G-, ", the crossing Cyy,—; is a downward crossing, and 75,1 is a bijection between G~ ;"

>2m—1,—0—2 >2m—2,—0—2 . . . .
and G 7" 0T = G o)t 1> which preserves the major index. Continuing as in Case II,

we obtain the composition of bijections

L Az2m—1 >0,——4i+2 .
T10020+-:0T2n_3002m—-29Tom—1 - gaJ, — ga_g_2m+1,b+g+2m_1 = Ga—t—2m+1,b+042m—1

with the property that, if () is the image of P, then
maj(Q) =maj(P)— ({+3)—((+7)—---—({+4i—5) =maj(P)— (m—1)2m—1+1).
It follows that

Giim,f(q) _ Giim—l,@(q) _ q(mfl)(2m71+f) Z qmaj(Q)

Q€Ga—t—2m+1,b+e+2m—1

_ mDEn=1+0 a+b
a—2m+1—1/ . ’

proving Equation (2.5).

Case V: 0 = ¢ < a — b. This is the case a > b of Theorem 2.1. Since paths in QfZ’O end above
the reference line, C),. is a downward crossing if r is even, and an upward crossing if  is odd.

Suppose first that r is even, and write » = 2m for some m > 1. The proof in this case is similar

to Case I. By Lemma 4.2, 7, is a maj-preserving bijection between gjz’"vo and G722 =

a—1,b+1
5_271”1;11’_2. Paths in this set start and end above the reference line. Continuing as in Case I with
¢ = 0, we obtain a composition of bijections

. (=2m,0 20,47 —
010720+ :-009m—-1° Tom - a,b — ga+2m,b72m - ga+2m,b—2m

that shifts maj by —m(2m + 1). It follows that

>2m,0 _ m(2m+1) a+b — (T‘Jrl) a+b
ab (9) =q LH_QmL ’ a+rq’
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proving Equation (2.1a) for even 7.

Suppose now that 7 is odd, and write » = 2m — 1 for some m > 1. By Lemma 4.2, 04,1 gives
a bijection between G, =210 and gff;?}bjf fo’lnbf ? that shifts maj by —1. Continuing as in
Case III with £ = 0, we obtain a composition of bijections

>2m—1,0 >0,4i—
010T20+:-0023—30T2m—2002m—1 g — Qa Yrm— 1 b—2m+4l — ga+2m71,b72m+1

that shifts maj by —m(2m — 1). It follows that

>2m—1,0 _ m(2m-1) a+b _ (r42-1) a-+b
Ga,b (q) q |i :| q a-+r q7

a+2m—1
q

proving Equation (2.1a) for odd r. See Figure 4.4 for an example.

Figure 4.4: The composition o, o 75 o o3 applied to a path P & gﬁfg}“. The computation

of the maps o3 and 75 is based on the examples in Figure 4.1. Note that maj(P) = 37 and
maj(Q) = 31 = maj(P) — ("}").

Case VI: 0 = / > a — b. This is the case a > b of Theorem 2.1, and it is analogous to Case V.

>r,0 . . . . . . .
For paths in ga;; , now C;. is an upward crossing if r is even, and a downward crossing if r is

odd.

If r = 2m for some m > 1, the same argument as in Case II with ¢ = 0 gives a composition of

bijections
>2m,0 >0,—4i o
T10020:--0Tyn_1002, : Q — ga_2m7b+2m = ga72m,b+2m

that shifts maj by —m(2m — 1). We deduce that

G (q) = ¢ { at? } — 42 [a i b] :

a—2m a—r
q q

proving Equation (2.1c) for even 7.
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If r = 2m — 1 for some m > 1, the same argument as in Case IV with ¢ = ( gives a composition
of bijections

>2m—1,0 >0,—4i+2 -
T1 0020+ -0Typ-3002m—-20T2m—1 : g — g;_2m+17b+2m_1 = ga—2m+1,b+2m—1

that shifts maj by —(m — 1)(2m — 1). It follows that

- - B +b "N la+b
szm 1,0(q) _ q(m 1)(2m—1) |: a :| — q(2) |: :| s

proving Equation (2.1c) for odd r.

Case VII: 0 < ¢ = a — b. Denote by QiZ’K;D and QiZ’E;U the subsets of Qigz consisting of paths
that end in D and U, respectively. Paths ending in D must have an odd number of crossings, and
SO g>2m“ G0 922’“ D for allm > 0. Assuming that m > 1 (the case m = 0 is solved in
Lemma 1.1), for paths in this set, C5,, is a downward crossing. As in Case I, and noting that the
maps from Lemma 4.2 preserve the last step of the path, we obtain a composition of bijections

L p22mA4140D  »>2ml; D >0,4+44;D
01 o] T2 O:+++0 0-277’171 o TZm . a,b — g a+2m,b—2m ga+2m b—2m (4.4)

that shifts maj by —m(2m + 1 + ¢). This map can further be composed with the bijection

. D D
T ga+2m,b72m — gb72m71,a+2m+17 (45)

which preserves maj by Equation (3.8).

On the other hand, paths ending in U must have an even number of crossings. For such paths,
Copn—1 is a downward crossing for all m > 1. As in Case IV, we obtain a bijection

>2m,6U >2m—1,6U >0, ——4i+2U AU
T10020 - 0Tym_1: G, =0, = Gt ami1bitrom—1 = Yo-2m+tatam—1 (4.0)

that shifts maj by —(m — 1)(2m — 1 + ¢). The last equality uses the fact that { = a — b. This
map can be further composed with the bijection
o gIJU72m+1,a+2mfl — gaD+2m,b72m7 4.7)

which shifts maj by —(¢ + 4i — 1), by Equation (3.9).
To prove the first formula in Equation (2.6), we construct a bijection G
combining the two bijections

>2m,l
e — ga+2m,b—2m by

010T20::-002m-19Tam - —>ga+2mb 2m>

>2m€U
00T 0020 -0Typ_1: Q —>ga+2mb 2m»

given by (4.4), and by composing (4.6) with (4.7), respectively. Both bijections shift the major
index by —m(2m + 1 + ¢). It follows that

>2mbo N m(2mt14e) maj(Q) _ m@m+ite) | @+ D
Gay (@) =q Y. q q [a +om|

Qega+2m,b—2m
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To prove the second formula in Equation (2.6), we construct a map Q >2m+1,6

by combining the two bijections

— gb—Qm—l,a+2m+1

T1 ©020:+-0Tyn—1002m C Toam41 - — gb—2m—1,a+2m+1’

g>2m+1 4D

TOO1O0T20 002, 10Ty : = Gy om—1.at2m+1s

given by (4.6) with m + 1 playing the role of m, and by composing (4.4) with (4.5). Both
bijections shift the major index by —m/(2m + 1 + ¢). Thus,

G22m+1 f(

m(2m maj m(2m CL+b
q) —q (2m+1+¢) Z q i(Q) =q (2m—+1+2) |: :|

a+2m+1 .

Qegb727nf 1,a4+2m+1

Case VIII: 0 > ¢ = a — b. This is analogous to Case VII. Paths ending in U now must have an
odd number of crossings, and for such paths, Cy,, is an upward crossing for all m > 1. As in
Case II, we have a bijection

g>2m+1 LU g>2m LU,

710020+ -0Top_1009, - ga 2m,b+2m

that shifts maj by —m(2m — 1 — ¢), which can further be composed with the bijection

.U U
g ga72m,b+2m - gb+2m+1,a72m71

that shifts maj by ¢ — 4¢ — 1, by Equation (3.9).
Paths ending in D have an even number of crossings, and C5,,_; is an upward crossing for all
m > 1. As in Case III, we have a bijection

g}?mﬁD g}?m 1,6;D

D
010T20+++002,-30T2,-2002,1: = Obhom—1,a—2m+1

that shifts maj by —m(2m — 1 — ¢), which can further be composed with the maj-preserving
bijection
T gb+2m l,a—2m+1 — ga 2m,b+2m-

To prove the first formula in Equation (2.7), we construct a bijection G >2m,¢

combining the bijections

— ga+2m,b72m by

>2m, ;U
T1 0020+ 0Top_1009n g —>Qa 2m,b+-2m>

g>2m 4D

TOO1OTe0 009, 1 : _>ga 2m,b+-2m>

both of which shift maj by —m(2m — 1 — /).
To prove the second formula in Equation (2.7), we construct a map g
by combining the bijections

>2m+1,¢
— gb+2m+1,a—2m—1

g>2m+1 4D

D
010Tg0:++0097,-30 Tom O 02mi1 ! = Gy tomt1.a—2m—1>

g22m+1 LU

U
O OT|OF9 0 ++0Tgy_ 10 To — gb+2m+17a_2m_1,

both of which shift maj by —(m + 1)(2m + 1 — ¢).
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CaseIX:0 = ¢ = a—0. This is the case a = b of Theorem 2.1. For paths thatend in D, removing
the last step gives a maj-preserving bijection between Q(ig’O;D and gi Z’El. By Equation (2.1a),
proved in Case V, we get

> 0=zt = 2] -
q

a-+r
PeGz P

For paths ending in U, the reflection p gives a bijection p : GZp%Y — GZ1%P such that
maj(p(P)) = maj(P) — a, by Equation (3.10). Using Equation (4.8),

Z g — o Z gmiP) = q(’lgl)“ [Qa N 1} . “4.9)
q

>r,0;U >r,0;D atr
PeGTo” PeGTo”

Adding Equations (4.8) and (4.9) proves Equation (2.1b). ]

5. Proofs for pairs of paths crossing each other

The goal of this section is to prove Theorems 2.3 and 2.4. While it is possible to prove The-
orem 2.3 using certain prefix-swapping bijections, as we will discuss in Section 6.2, proving
Theorem 2.4 requires more sophisticated bijections that keep track of the statistic maj. We will
use these bijections, which rely on the maps 7 and & defined in Section 3, to prove Theorems 2.3
and 2.4 simultaneously. In the rest of the paper, all paths consist of N and E steps, and the term
crossing always refers to a crossing of two paths. Let A,, Ay, By, By, C' € Z? be arbitrary points,
where A; = (x1,y1) and Ay = (29, 99), and let v = (1, —1).
We start by stating an immediate consequence of Lemma 3.2.

Lemma 5.1. If P, € PY - and Q4 € P4 ., then
maj(a(Py)) + maj(7(Q4)) = maj(Py) + maj(Q) — (r2 —x1 + 1).

Proof. Suppose that C' = (u,v). Then, by Lemma 3.2, maj(d(P5)) = maj(Py) — u + x1, and
maj(7(Q4)) = maj(Q-)+u—xzy— 1. Adding these two equations gives the stated formula. [

Our next task is to define an involution on certain pairs of intersecting paths. Let
{o,e} = {1,2}, and define N _ 5 4, p, to be the subset of Py, _,p5, 4,5, consisting of
pairs (P, Q) where C' is a common point of P and (), the step of P that ends at C'is an N, and
the step of () that ends at C' is an E.

Definition 5.2. For (P, Q) € N{ _ 5. 4,5, Write P = P, and Q = Q4Q:- by splitting both
paths at C, and let
¢o(P,Q) = (T(Q) -, 6 (P1)Qx) .

See Figure 5.1 for an example.
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dc Al_v.b.--i .

—>

AQ + Vv
Figure 5.1: An example of the bijection ¢¢.

Lemma 5.3. The map from Definition 5.2 is a bijection

. ASC C
Pc 'NA1—>BO,A2—>B. — NA2+V—>BO,A1—V—>B.~

Additionally, if condition (2.16) holds and ¢c(P, Q) = (R, S), then
maj(R) + maj(S) = maj(P) + maj(Q) — (z2 —z1 + 1). (5.1)

Proof. For (P,Q) € ./\/'f1 B, Ay B, the decomposition in Definition 5.2 yields paths P, €
Pfavﬁc and (O € Pf2_>c. Thus, by Lemma 3.1, 7(Q+) € 772;“_}0 and 7(P4) € Pfl_v_)(;. It
follows that

R=7(Q4)P- € Payivsp, and S =07(Py)Qr € Pa,—v-B.,

that C' is a common point of R and S, and that the step of R (resp. S) that ends C' is an N
(resp. E). Thus, (R, S) € N§, 15, 4, —voB.-

Next we show that the inverse of ¢« is given by the same map ¢¢ on the appropriate domain
NS, ivoB. A, —v—sp.- Indeed, for (R, S) as above, we have ¢¢ (R, S) = (P,Q), using the fact
that 7(o(P5)) = P4 and (7(Q+)) = Q4 by Lemma 3.1.

Finally, let us compare maj(R) + maj(S) to maj(P) + maj(@), assuming that condi-
tion (2.16) holds. The contributions from valleys occurring at or after C' are the same for
both sums, since both R and P end with N F-, both S and () end with £Q).-, and each of the
four starting points Ay, Ay, A; — v, Ay + v has the same coordinate sum because of con-
dition (2.16). On the other hand, the contributions from valleys occurring before C' change
according to Lemma 5.1:

maj(a(P5)) + maj(7(Q4)) = maj(Ps) + maj(Q) — (v2 — 1 + 1).
Equation (5.1) now follows. ]

Letr > 0. Given a pair (P, Q) € Pj:_,BmAr)B., let C; = C}(P, @) denote the jth crossing
of P and () starting from the right, for 1 < j < r. In the special case that B, = B, (call this
point B), we additionally define Cy = Cy( P, Q) to be the last common vertex of P and ) when
reading these paths backwards from B; in other words, Cj is such that the maximal common
suffix of P and () has endpoints Cj and B.

For r > 0, define ff;BmAr)B. (resp. gflfeBo,AzeB.) to be the subset of Pj;BmAz_}B‘
consisting of pairs (P, ()) for which C, is defined (this condition is only meaningful when r = 0),
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and such that the step of P that ends at C,. is an N (resp. an E), and the step of () that ends at
C,is an F (resp. an IV). Let ¢ be the involution on pairs of paths defined by

<(P,Q)=(Q, P). (5.2)
Note that ¢ restricts to a bijection between Z" \Bo. Ay, ANAE j;" yBa.A, B, and that it trivially

preserves the total major index.

Suppose that » > 0 if B, = B, and A; < As, and that r > 1 otherwise. Then we have the

decomposition

>r _ >r >r
PA1—>BO,A2—>B. - A1—Bo,A2— B. U 5A1—>BO,A2—>B.7 (53)

where LI denotes disjoint union. Note that, if B, < B,, then the first set in the right-hand side of

Equation (5.3) is empty for even r, and the second one is empty for odd r; if B, < B,, a similar
statement holds with the parities reversed. Now we are ready to define ,..

Definition 5.4. Let r > 0 if B, = B, and A; < A, and let » > 1 otherwise. For (P, Q) €
A Bo Ay, 1et C = Cy(P,Q), and define

0,(P,Q) = s(¢c(P,Q)).

See the examples in Figure 5.2.

-+ By v B
t—— B, t—— By
Cy — ('
-4 - =3
s 02 s
I - .
- 1Oy e
P| 1 ' '
Ay iQ iy : iQ:QH
Ag - ¢
Ay 4 v+ :

=
+
N,
<

Figure 5.2: An example of the bijection © in Case 1, as a composition (P, Q)) 22 (P, Q) N
(P",Q"). Note that condition (2.16) holds, and that maj(P)+maj(Q) = (5+11+13)+(5+8+
12) = 54, maj(P")+maj(Q’) = (2+8+12)+ (6 + 11+ 13) = 52, and maj(P”) + maj(Q") =
(1+4410+13) 4 (8 +12) = 48. Thus, 6, decreases the total major index by xo —x1 +1 = 2,
and ¢, decreases itby (zo +1) — (z; — 1) + 1 =4.

Lemma 5.5. The map from Definition 5.4 is a bijection
. >r >r
QT’ . A1—Bo,A2—B. - gAl—v—>B.,A2+v—>Bo‘

Additionally, if condition (2.16) holds and 0,.(P, Q) = (P',Q’), then

maj(F’) +maj(Q’) = maj(P) + maj(Q) — (v — 1 + 1). (5.4)
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Proof. Given a pair (P,Q) € N3, B. Ay B, @PPlying ¢ with C' = C,.(P, Q) preserves the
suffixes of the paths after C'. In particular, it preserves the rightmost r crossings C, Cy, ..., C,,
and also () in the case r = 0. Combined with Lemma 5.3, this implies that ¢~ induces a
bijection from N3,z to N3 5\ .. Composing with ¢ yields a bijection to
ijﬂ, B Ay+v_sB,- Equation (5.4) follows trivially from Equation (5.1). [

Proof of Theorems 2.3 and 2.4. We separate cases according to which endpoints of the paths
coincide. We will prove both theorems in parallel, requiring condition (2.16) only for the refined
formulas in Theorem 2.4 that keep track of maj. We use the notation C; = C;(P, @) defined
above. The right equality in Equations (2.9) and (2.17) for m = 0, as well as Equations (2.11)—
(2.13) and (2.19)—(2.21) for r = 0 are implied by Equations (2.8) and (2.15), so we will assume
that m > 1 and » > 1 when proving these.

Case 1: endpoints A; < As and By < By. If P € Py, ,p, and Q € P4, ,p,, then x(P, Q)
must be odd, because of the relative position of the endpoints of the two paths. Additionally, the
step of P that ends at C; is an N for even j, and it is an E for odd j. It follows that, for m > 1,

5>2m+1 _ >2m+1 >2m >2m (5 5)
A1—Bg,As—B1 — A1—Bs,As— By A1—Bs,As— By A1—Bs,As—B7? :

and that the first two equalities also hold for m = 0. This implies the left equality in Equa-
tions (2.9) and (2.17) for all m > 0.

Similarly, if P € P4, 5, and Q € Pa,,5,, then x (P, ()) must be even. Now the step of P that
ends at C; is an N for odd j, and it is an £ for even j. Thus, form > 1,

g}Qm _ >2m >2m—1 _ >2m—1 (5 6)
Al—)Bl,A2—>BQ - Al—)Bl,A2—>BQ Al—)Bl,A2—>BQ - A1—>Bl,A2—>B27 :

proving the left equality in Equations (2.10) and (2.18).

To prove the right equalities in these four equations, let us assume that m > 1. Setting r = 2m
and r = 2m — 1 in Lemma 5.5, respectively, and using Equations (5.5) and (5.6), which also
hold for the initial points A; — v < Ay + v, we get bijections

p>2m _ A/>2m %L g>2m _ p>2m-1
A1—Bs,As—B1 — A1—Bg,As—B1 A1—v—B1,A2+v—By — A1—v—B1,A2+v—B3y?
p>2m—1 _ A/>2m—1 921;1 £>2m—1 _ p>2m—2 :
A1—B1,As—By — A1—B1,As—Bs A1—v—B2,As+v—B1 —

A1—v—B2,A2+v—B;
Thus, the compositions ©, = #; 0 05 o - - - o ,. give bijections

. p=2m
@2m - " A1 —By,As— By — PA1—2MV—)BQ,A2+2mV—>Bl7

. >2m—1
Ogpm—1 : A1—B1,As—By 7 PAlf(2m71)v%Bg,A2+(2m71)vﬁBl

for all m > 1. An example of the bijection ©, is given in Figure 5.2. Equations (2.9) and (2.10)
immediately follow using Equation (2.8) and the fact that Ay — rv = (x; — r,y; + r) and
Ay+1rv=(ra+71ys — 7).

Let us now assume that condition (2.16) holds. This implies that the sum of the two coordinates
is the same for all the points of the form A; — jv and A, + jv. If we let ©,(P, Q) = (P, Q),
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then repeated applications of Lemma 5.5 give

~ ~

maj(P) + maj(Q)
=maj(P)+maj(Q) — (xa —x;+1) — (xg — 21 +3) — -+ — (x2a — 1 + 2r — 1)
=maj(P) + maj(Q) — r(r +xzy — x1). (5.7)

For r = 2m, this property of the bijection O,,,, together with Equation (2.15), implies that

>2m _ 2m(2m+tz2—x1) 7720
HA1—>BQ,A2—)Bl (q) =4q HA1—2mV—>B2,A2+2mV—>Bl (q)

om(2mtas—zq) |U2 — T1 + V2 — Zh} {m — T2 + U1 — Y2

—4 Uy — T1 + 2m UL — T — 2m

= fom,A,A9,B2,8,(Q)

proving Equation (2.17). A similar argument for » = 2m — 1 proves Equation (2.18).

Case 2: endpoints A and By < B,. Assume that 7 > 1, and let (P, Q) € PjLBLA_”%. The
relative position of B, and B, forces the step of P that ends at C'. to be an N if r is odd, and an
E if r is even. Thus, writing » = 2m + 1 or r = 2m accordingly, we have

>2m—+1 _ >2m—+1 >2m _eo>2m
,PA*)Bl,A*)BQ - A*)Bl,AHBz and ,PA*)Bl,A*)BQ - A*}Bl,A*}BQ.

By Lemma 5.5 and Equation (5.5) with initial points A — v < A + v, in the odd case we get a
bijection

p>2m+l >2m+1 Oomy1 o>9m1

_ . >2m
A—}Bl,A—)BQ -

A—B1,A— By A—v—Bgy,A+v—B; — A—v—B2,A+v—By*
In the even case, we first apply the swap ¢ from Equation (5.2), which gives a bijection

>2m __ o>2m S >2m
PA*}BLA*)BQ - A*}BLA*)BQ — NA*}BQ,A‘)Bl’

and then use Lemma 5.5 and Equation (5.6) to get a bijection

>2m %g}Qm _ p>2m—1
A—B2,A—B; A-v—Bj,A+v—By = " A—v—B;1,A+v—B2"

The images of the above maps 65,11 and 6, consist of pairs of paths where neither the starting
nor the final points coincide, so we can apply to these sets the bijections Oy, and O, ;1 as in
Case 1, respectively.

For r = 2m + 1, the composition O, o 05,1 yields a bijection

. p=22m+1
@2m+1 . PA_>Bl7A_)B2 — PA—(2m+1)v—>BQ,A+(2m+l)v—>B17

and for » = 2m, the composition ©,,, 1 o 05, o ¢ yields a bijection

. p=2m
@2m SR PAHBLA%BQ — PAmeVHBQ,A+2mv%B1 .

These two bijections, together with Equation (2.8), prove Equation (2.11) for both odd and even 7.

Additionally, condition (2.16) holds for the initial points in all the above sets, since all points of
the form A+ jv for j € Z have the same coordinate sum. Using Lemma 5.5, the same calculation
from Equation (5.7) shows that ©,,,,; and O,,, o ¢ shift the total major index by —r2. Hence,
by Equation (2.15), these bijections prove Equation (2.19).
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Case 3: endpoints A; < Ay and B. Given P € P4, ,p and Q € Py, 5, the relative position
of A; and A, implies that, if P arrives at C; (where j > 0) with an NV step, then there must be
another crossing to the left of ;. It follows that
>j+1
N3 bagsn = €35 B A (5.8)

for all 5 > 0.

To prove Equations (2.12) and (2.20) for » > 1, we start with the decomposition (5.3) for B, =
B, = B. For the set /\/’AﬁB A, Lemma 5.5 gives a bijection

>r 9_> >r >r—1
A1—B,Ay—B Aj—v—B A2+V—>B A1—v—B,As+v—B»

using Equation (5.8) with initial points A; — v < A, + v. Thus, the composition ©, = 6, 0650
-+ 0 0, gives a bijection
> >0
O, N3 . pa,sp— A1—rv—sB,Aotrv—B" (5.9)

On the other hand, for the set 55: B.A,— 5> Equation (5.8) and Lemma 5.5 give a bijection

e >r—1 Or1 o>r—1
A1—B, A2—>B A1—B,As—B - A1—v—B,As+v—B"

Thus, the composition ©,_; = #; 05 0--- 0 6,_; gives a bijection

>r 21
@ 5A1—>B Ao—B - f,' (r—=1)v—B,As+(r—1)v—B"

The right-hand side equals N/ 1)y B Ast(r— 1)y B
jection with £7° A1 —rvosB.Ayrrv_sp Dy Lemma 5.5 with 7 = 0. The composition yields a bijection

by Equation (5.8), and this set is in bi-

2T /0
00 © @T_l : 521—>B Ay—B - gjl—TV%B,AQ-H”V—)B' (5'10)
Combining (5.9) and (5.10), and using the decomposition (5.3) on the range and on the domain,
we get a bijection from ij B.AysB ©0 Pa,—rvsB Ay +rv— 5, Which proves Equation (2.12).

If condition (2.16) is satisfied, then Lemma 5.5 implies that Equation (5.7) holds when (]5, Q)
is the image of (P, ) by either of the maps (5.9) or (5.10). Thus, the total major index shifts by
—r(r + xs — x1) in either case, proving Equation (2.20).

Case 4: endpoints A and B. Assume thatr > 1. First observe that the map ¢ from Equation (5.2)
gives a trivial bijection between N7", p.ap and & 5.4 p Which preserves the total major
index. Using the decomposition (5.3), it follows that

Hipaspl@)=2 ), @@ (5.11)
(PvQ)ENle,A—ua
Lemma 5.5 gives a bijection

>r Or o> >r—1
AsBAsE €4 v B arvsB =N VB AvsB
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using Equation (5.8) with intial points A—v < A+v. Thus, the composition ©, = #;0650- - -00,

gives a bijection
. 2T >0
67“ : A—B,A—B — NAfrv%B,A+rv%B (512)

that shifts the total major index by —r2. Composing with 6, we get a bijection

. 2T =0
00 o @7" : Z—)B,A—)B - 527(7‘+1)V*>B,A+(T+1)V4>B (513)

that shifts the total major index by —(r + 1)

Combining (5.13) and (5.12), with 7 4 1 playing the role of r in the latter, and using the decom-
position (5.3) with » = 0, initial points A — (r + 1)v and A + (r + 1)v, and final points B for
both paths, we obtain

3 (P Hmai(@) | S (P mai(@)
(PvQ)eNj:BHq*}B (PvQ)EN§L+Bl,A~>B

_ D)2 20 _ a2 (U TtV Y| Ju—T Uy
=4 A=(r+1)v—=B,A+(r+1)v—B — ¢ v—z4r+1| lu—z—r—1]"
q q

where the last equality uses Equation (2.15). By Equations (5.11) and (2.14), this is equivalent
to

H3 pass(@) + Hi 5 4 5(0) = 2fri1,.4.48.8(q). (5.14)
Solving for H3", ; 4, 5(q) and iterating, we obtain
Hi:B,A—>8<Q) =2(frr1,44,8,8(0) — fri2,4,488(@) + fresaaB (@) — ),
which proves Equation (2.21), and hence Equation (2.13) as well by setting ¢ = 1. [

It is also possible to obtain an alternative expression for Equations (2.21) and (2.13) by
iterating the recurrence (5.14) in the other direction, by decreasing r instead. When the iteration
reaches r = 0, Equation (5.11) no longer holds, and (5.3) must be replaced by the decomposition

Paspasp={(P,P): P €Pa,p} I—legB,A%B U gfliB,AaB'

Indeed, for pairs (P, Q) in the left-hand where P # (), the paths P and () must arrive at Cj
with different steps. Enumerating each set in the decomposition by total major index, using
Lemma 1.1, and noting that the last two sets are in bijection with each other via the swap ¢, we
obtain the identity

2

lu—x+v —y} _ [u—erv—y} t2 Y g

u—z u—2x )
1 1 (P7Q)€N§3>B,A—>B

Iterating Equation (5.14) by decreasing r, and using the expression

2
maj maj - +U_y U—IE—FU—y
2 E q J(P)+ J(Q):|:u x } _{ ]
q q

u—= u—2x
>0
(PRENT B assn
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in place of H3°, 5+, 5(q), we get the alternative formula

HiLB,AﬁB(Q)

r—1 2
=2Z<—1>J'fr]-,A,A,B,B<q>+<—1>r({“‘“”‘y] —[“‘“”‘y} ) G5.15)
j=0 q q?

u—x u—ax

for r > 1. Setting ¢ = 1, we obtain

r—1
N fu—r+v— U—r+v-—
‘PjﬁB,A%B =2 E :(_1>j( y) < y) (516)
J=0

u—c+r—j)\u—c—r+j
2
, U—r+v—yY U—r+v—yY
+(=1) (( u—x ) _( u—x ))

6. Connections to non-intersecting paths

6.1. Enumerating tuples of non-intersecting paths by major index

In this section we apply some of the above constructions to give an alternative proof of Krat-
tenthaler’s beautiful refinement [Kra95, Thm. 2] by total major index of the Lindstrom—Gessel—-
Viennot determinantal formula enumerating k-tuples of non-intersecting lattice paths [Lin73,
GV85]. For a tuple P = (P, P, ..., P) of paths with N and E steps, define maj(P) =
Zle maj(P;). We say that P is intersecting if some point in Z? is shared by more than one path
in P, and that it is non-intersecting otherwise, namely, if all the paths are disjoint.

Theorem 6.1 ([Kra95]). Let I; = (z;,y;) and F; = (u;,v;) be points in Z* for 1 < i < k, with
LT <, <---<Ipand I < F;, < --- < F}. Suppose additionally that x; + vy; is constant for
all i. Let B° be the set of non-intersecting tuples P = (P, Ps, ..., Py) such that P, € P,
for 1 < i < k. Then

Z qmaj(P) — det qz(acl—xj) Ui — Ty + v — Yj .
1<i,5<k U; — ZL’j q

Pege

Let us introduce some notation for the proof. For a path P € P;_, 5, where I, F' € Z?, and
a two-dimensional vector u with integer coordinates, define P + u € Py 1y to be the path
obtained by translating P by u. Consider the vectors e = (1,0) and n = (0, 1), and define the
bijection
T: Pisrr—r — PriesFtel'+n—F'4n 6.1)
(P,Q) — (P+eQ+n). '

Proof of Theorem 6.1. As in [Kra95], let &, denote the symmetric group, and consider the
larger set

P = U (P, Py Py) By € Pr—F; for all ¢}

ceSy
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of all tuples, whether intersecting or not. To each P € 3, assign a weight

b i(zi—a, () ;maj(P)
b

w(P) = sgn(0) ¢ q

and note that w(P) = ¢™(") if P € 5B°, since in this case o must be the identity. The weighted
sum of all tuples, using Lemma 1.1, is

k
i U; — To@) TV — Y
— i(zi—mo() | Y T Lo(d) i — Yo(i)
> seno) [ o [ AR ]
ceBy =1 q

1<i,j<k Ui — T; ’
q

which equals the determinant in the statement.

Thus, it suffices to show that the contributions of all intersecting tuples to the weighted sum
cancel out, leaving only > pcyo w(P) = 3 pcyo ¢™(P) " This key step is achieved by con-
structing an involution ® on the set > = P \ B° of intersecting tuples, having the property
that w(®(P)) = —w(P). Such an involution is given in [Kra95], based on a four-step bijection
described in [Kra95, Prop. 27] in terms of two-rowed arrays. Instead, here we present an invo-
lution @ that relies on the map ¢ from Definition 5.2, and so it has a simple visualization in
terms of paths.

LetP = (P, P, ..., Py) € ™ be an intersecting tuple, where P; € 73[0@)_@ forl <i <k,
for some 0 € Gj. As in [Kra95], of all intersection points between neighboring paths (i.e., F;
and P, for some i), consider the ones with largest x-coordinate and, among them, let D be
the one with largest y-coordinate. Let j be the smallest index such that P; and P, intersect at
point D. Let

(P} Ply) = T 66T (P, Pran), (62)

where C' = D + e + n and 7' is defined in (6.1), and let
q)(P) = (P17' s 7Pj—17]D;aPJ{+1,Pj+2,. . 7Pk>

See Figure 6.1 for an example.

Let us show that & is well defined and it is an involution on*B*. Let (P, Q) = T'(P;, Pj41) €
731(,(3->+e—> Fj+e,l,(j+1)+n—F; 1+n- Since D is the last intersection point of P; and P;, and F; <
F}j 11, the steps of PP; and P;; that start at D must be an NV and an E, respectively. The endpoints
of these steps, namely D +nin P; and D + e in P;,;, become a common point C' = D +e+n
of the translated paths P and (). Note that the step of P ending at C' is an /N and the step of ()
ending at C'is an E, i.e., (P,Q) € ./\/'&j)+e_>Fj+e’[g(j+1)+n_>Fj+1+n.

Applying the map

. C C
¢C . Nla(j>+e—>Fj+e,Id(j+1)+n—>Fj+1+n — NIU(j+1)+e—>Fj+e,IG(j)+n—>Fj+1+n
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Fg—f-e
F3—|—1’l

S 1
fb_c) Il—i—n~-~-' .

Ig+e

Figure 6.1: An example of the involution ®. The tuple P = (P, P, P3) in the top left has
o = 213, and the point D is an intersection of P, and Ps. Applying 7' to this pair gives the pair
(P, Q) in the bottom left, to which we apply ¢¢, followed by 7~?, to obtain the pair (Pj, Pj) in
the top right.

from Definition 5.2 and Lemma 5.3, we obtain a pair (R, S) = ¢c (P, Q). Here I,(;) + e plays
the role of A, in the definition, and Ay — v = I,(;y + e — v = I,(;y + n. Similarly, /,(;41) +n
plays the role of Ay, and Ay +v = I;(j11) +n+ Vv = I,1) +e.

Finally, (P}, Pj,;) = T"'(R,S) = (R—e,S —n) € Py, 51, +F, Since the
step of I ending at C' is an N and the step of S ending at C' is an F, the translated paths P
and P/, intersect at the point D = C' — e — n. It follows that ®(P) € ‘B*. Additionally,
since the map ¢¢ does not change the steps ending at C' nor all the subsequent steps of either
path, all the steps lying north or east of D remain unchanged in ®(P). Thus, to compute the
image by ® of the tuple ®(P), one would apply ¢ to the pair T'(P}, P/, ,) = (R, S), recovering
(P, Q) (since ¢¢ is an involution by Lemma 5.3), and then apply 7! to this pair, obtaining
T '¢cT (P, P/,,) = (P}, Pjy1), so that ®(®(P)) = P. This proves that ® is an involution
on B

It remains to show that & is sign-reversing. Let 0’ € & be the permutation with ¢/(j) =
o(j+1),0(j+1) =0(j),and o’(i) = o(i) for i ¢ {j,j + 1}, so that the ith component of
®(P) is a path in Pr, o—Fi for 1 < < k. By Lemma 5.3, and noting that the z-coordinates of
the initial points of ” and () are x,(;y + 1 and z,(;;1), respectively, we have

maj(P;) + maj(P;,,) = maj(R) + maj(S)
= maj (P) + maJ(Q) (xrf(a—irl (xo(j) + 1) +1)
= maj( ) + maj(Pj1) — (Toi+1) — To(j))-
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We conclude that
W(B(P)) = sgn(c’) g=i=1 {@i=2ar(p) gmai(2(P))
= —sgn(0) qXim 1@ T @) () o) gmal(P) = (o (1) ~2a ()
= —w(P). -

6.2. A different bijective proof of Theorem 2.3

The standard proof of the Lindstrom—Gessel-Viennot formula, which is the ¢ = 1 special-
ization of Theorem 6.1, uses a simpler involution based on prefix-swapping. Specifically, let
P B..A,p, be the subset of Pa, .5, 4, .5, consisting of intersecting pairs, and define an
involution
5 : ,leaBo,Agﬁ\B. - /PEQHBO,AlﬂB.

by cutting the paths at their last intersection point and simply swapping the resulting prefixes.
In the standard proof, the involution £ plays the role of T~'¢<T in Equation (6.2). Note that &
does not behave well with respect to the total major index, which is why it was not used in the
proof of Theorem 6.1.

In this subsection, we sketch how a similar prefix-swapping bijection can be used instead
of ¢¢ in order to prove Theorem 2.3, which enumerates pairs of paths by their number of cross-
ings without tracking the major index. Define a variation of £ by cutting the paths at their first
intersection point, instead of the last, and then swapping the resulting prefixes; denote this invo-
lution by

fl : leﬁBo,AQ*}B. - ’PADAGZ*)BO,AI‘)BO'
Now let (P, Q) € Pa,— B, 4, 5., and suppose that P and () have a common point from where P
leaves with an F step and () leaves with an N step. Define

w(P,Q) =TT (P, Q).

Note that the condition on (P, Q) guarantees that the pair 7' (P, Q) = (P—e, Q—n) intersects,
so w is well defined.

In the case that A; < Ay or A; = A,, one can also define w(P, Q) directly as follows.
Consider the first common point of P and () from where P leaves with an £ step and () leaves
with an NV step. Call the vertices of P and () immediately after this step the cutting vertices,
and write P = P,F, and ) = Q),Q), by splitting each path at its cutting vertex. Now swap the
prefixes P, and ), to obtain a pair w(P, Q) = (R, S) where

R=Q.F € Pyyyvsp, and S = P.Q, € Pa,—v_p,-

The condition A; < Ay or A; = A, guarantees that the cutting vertices of P and () correspond
to the first intersection point of P — e and () — n. See Figure 6.2 for an example.
Let W = cw, with ¢ given by Equation (5.2). Note that W(P, Q) € Pa,—v—B.. Astv—Bo-

Lemma 6.2. Suppose that A; < As. Letr > 1if B, = B,, and let r > 2 otherwise. Then the

map w defined above is a bijection

— . pD2r 2r—1
W PA1—>BO,A2—>B. — /PAl—V—)BhAQ-i-V—LBo'
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T
B, —e B,—e
Be —n By —n
Al—e H - Al—e"‘
s
AQ—II‘ AQ—II

Figure 6.2: The bijection w and its relationship with the prefix-swapping involution £’. The
crosses indicate the cutting vertices in P and (), which correspond to the first intersection point
of the translated paths.

Proof. Let (P,Q) € PZ—>BO,A2—>B.’ and let (S, R) = wW(P, Q). Since A; < As, the cutting
vertices of P and () precede all the crossings except for the first one, and so S and R have the
same crossings as P and @ minus the first one. It follows that (S, R) € P5' ) B AgtvsBo

Next we show that w is a bijection by describing its inverse. = Given any pair
(S,R) € Pif:}, B, Ay iv_sB,» We can determine the cutting vertices in each path by finding
the first intersection of R — e and S — n (see Figure 6.2). The fact that this intersection exists
is clear if » > 2, since S and R cross in this case, and in the case r = 1 it is implied by the
conditions B, = B, and A; < A,.

Cutting R and S at these vertices and swapping their prefixes, so that the resulting paths start

at A; and A,, we recover the unique pair (P, Q) such that W(P, Q) = (S, R). O

The proof of Theorem 2.3 that we gave in Section 5 can now be modified as follows. In
Case 1, the bijections ©,,, and O,,, ; can be replaced with the following simpler bijections that
repeatedly apply w:

p>2m+1 _ p>2m i p>1 _p
A1—Bo,As—B; — A1 =By, Ay—B) A1 —2mv— By, As+2mv—B; — T Ai1—2mv—By,As+2mv—B1)

’P?Zm >9m—1 wZanl

= — P!
A1—B1,As—B2 — 7 A1—B1,42—B; A1—(2m—1)v—Ba,As+(2m—1)v—B1
= PAl—(2m—1)v—>Bg,A2+(2m—1)v—>Bl7

from where Equations (2.9) and (2.10) follow, using Equation (2.8). See Figure 6.3 for an ex-
ample.
In Case 3, we can use the bijection

—r . >r >0
w PA1—>B,A2—>B — PAl—rv—>B,A2+rv—>B

to prove Equation (2.12). Equation (2.11), corresponding to Case 2, follows now by symmetry,
rotating the paths by 180°. Note that rotation does not preserve the major index, so this argument
would not allow us to combine Cases 2 and 3 in the proof of the refined version.



COMBINATORIAL THEORY 2 (2) (2022), #14 35

v B

4
1

_r'— B2
. o

x-E---- [_._I—l— l——r ;
NN |

AQ‘

L&l

LT S -

Ag+v

LY ST

A2+2V

Figure 6.3: The bijection w? applied to the pair of paths from the left of Figure 5.2.

It is also possible to modify the proof of Case 4 using a variation of the map w. However,
the resulting argument is not significantly simpler than our proof using the maps 6,..

7. Further research

The enumeration of lattice paths by major index is intertwined with their enumeration by the
number of valleys; equivalently, the number of peaks, the number of turns, or the number of
descents, depending on terminology. In [Kra97, Thm. 3.6.1], Krattenthaler enumerates k-tuples
of non-intersecting paths by the number of peaks, giving another refinement of the Lindstrom—
Gessel-Viennot determinantal formula. And in [KM93], Krattenthaler and Mohanty give for-
mulas counting lattice paths that lie between two given lines with respect to the major index and
the number of peaks.

In a follow-up paper [Eli21], we will refine Theorems 2.1, 2.2, and 2.4 by adding a variable
that keeps track of the number of valleys of the paths. Unfortunately, our bijective proofs above
do not yield refinements by the number of valleys, since the effect of the bijections 7, & and o
on this statistic is not the same for all paths. For example, if P € PY . 5, the number of valleys
of (P) and P are equal unless P starts with an £, in which case 7(P) has one fewer valley
than P. Worse still, the number of valleys of P and o(P) can differ by 0, 1 or —1 depending
on how P starts. To circumvent this challenge, a different approach will be taken in [Eli21], by
instead constructing bijections in terms of two-rowed arrays like those used by Krattenthaler and
Mohanty [Kra97, Kra95, KM93]. While these bijections do not have a natural description in
terms of paths, they are suitable to track the number of valleys, in addition to the major index.

Finally, an open problem which is unlikely to have a simple solution would be to generalize
Theorem 2.3 (or the refined Theorem 2.4) from pairs of paths to k-tuples of paths, for arbitrary £,
enumerating them by the total number of crossings. By a simple translation of the paths, similar
to the map 7' from Section 6, tuples of non-crossing paths are in bijection with tuples of non-
intersecting paths, so the special case of zero crossings is solved by the Lindstrom—Gessel—-
Viennot determinant.
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