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Abstract

The Novelli-Pak—Stoyanovskii algorithm is a sorting algorithm for Young tableaux
of a fixed shape that was originally devised to give a bijective proof of the hook-
length formula. We obtain new asymptotic results on the average case and worst
case complexity of this algorithm as the underlying shape tends to a fixed limit curve.
Furthermore, using the summation package Sigma we prove an exact formula for
the average case complexity when the underlying shape consists of only two rows.
We thereby answer questions posed by Krattenthaler and Miiller.

1 Introduction

The Novelli-Pak—Stoyanovskii algorithm (NPS algorithm) transforms (sorts) an arbitrary
filling of a Young diagram \ of size n with the numbers {1,2,...,n} into a standard Young
tableau of the shape A. From a sorters point of view, the algorithm is best described as
a “two-dimensional insertion sort”. Following certain rules, at each step two entries of
adjacent cells are compared and possibly exchanged. The remarkable property of the
NPS algorithm is that, when applied to all possible fillings of a fixed diagram, it produces
every standard Young tableau of this shape equally often as an output. Thus it provides
a uniformly distributed random sampler for standard Young tableaux of a given shape.
The algorithm was originally defined by Novelli, Pak and Stoyanovskii in [11, 12] to give
a bijective proof of the hook-length formula due to Frame, Robinson and Thrall [4].

The study of the complexity of the NPS algorithm on a partition A\ was initiated by
Krattenthaler and Miiller. They define the average case complexity C'(A) and the worst
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case complexity W (A) as the average, respectively the maximal number of exchanges
performed by the NPS algorithm applied to an arbitrary filling of shape A. Their analysis
lead to multiple interesting conjectures that are the main motivation for the present paper.
Three of these conjectures, which were presented to us in private communication [7], are
listed below. The first two conjectures concern the asymptotic behavior of C'(A™) and
W(A™), where (A™),cy is a sequence of partitions that approach a fixed limit curve ~
after a suitable rescaling. (This is made precise in Section 3.)

Conjecture 1. The order of magnitude of C(A\™) lies between })\(”)}3/2 and |>\(")|2 where
})\(")} denotes the size of \™.

Conjecture 2. The average case complexity C(A\™) is asymptotically one half of the
worst case complexity W(A™).

The third conjecture that we are interested in is an exact formula for the average case
complexity when the partition A = (A1, A2) consists of two parts.

Conjecture 3. The average case complexity of the NPS algorithm on A = (A1, \2) is
given byt

Ao k(op
e R M () T

In this paper we prove Conjectures 1 and 3. While we were unable to prove Conjec-
ture 2 in full generality, we do provide a proof for a large class of sequences of partitions,
adding further evidence to its validity. The article is structured as follows:

In Section 2 we review the combinatorics of the NPS algorithm.

In Sections 3-5 we engage sequences of partitions that converge under a balanced scal-
ing, that is, by a factor of \/n in both dimensions. Section 3 contains mostly preparatory
results and includes a precise definition of convergence. Section 4 treats the worst case
complexity. We derive an exact combinatorial formula for W (A) for any partition A in
Proposition 4.1 by proving that a trivial upper bound is tight. Moreover Theorem 4.2
provides an asymptotic result on W(A™) in the balanced case. Section 5 treats the av-
erage case complexity in the balanced case. Here we give an asymptotic lower bound for

C(A™) in Theorem 5.3. It is a consequence of our results that both C'(A(™) and W (A™)

are of order |)\(") |3/ 2, which is in accordance with Conjecture 1.

In Section 6 we turn to sequences that converge when subjected to an imbalanced
scaling, that is, by a factor of n'/? in one direction and a factor of n!/? in another.
Theorem 6.1 verifies both Conjectures 1 and 2 in the imbalanced setting. More precisely,
we show that C(A™) and W (A™) are both of order nP*Y/P if p < ¢ and of order n(@+1)/a
if p > ¢, and that the leading coefficient of the average case complexity is one half of the
leading coefficient of the worst case complexity.

'Here () stands for the Pochhammer symbol which is 1 for £ = 0 and which equals z(z+1)...(z +
k — 1) for positive integers k.
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In Section 7 we prove Conjecture 3 employing the summation package Sigma [16] in a
non-trivial fashion. Here we first provide an alternative representation C'(\) in terms of
five non-trivial double sums and show that this expression corresponds to the single sum
expression given in Conjecture 3. The underlying machinery is based on the summation
paradigms of creative telescoping, recurrence solving and the zero-recognition problem for
the class of (indefinite) nested sums over hypergeometric products. As a by-product we
provide alternative representations of C'(\) = C'(A\1, A2) that enable one to calculate C'())
efficiently if one keeps A; symbolic and specializes Ay to a concrete value, or if one keeps
A1 symbolic and specializes the distance A\; — Ay to a specific non-negative integer. In
particular, we discover a particularly nice formula for the special case A\; = As.

2 The NPS algorithm

12
2
13[4
8
6
- 3

Figure 1: The partition A = (4,4,2,1,1,1) in English convention, and a tableau of shape A.

In this section we recall some definitions concerning partitions and Young tableaux as
well as the needed facts about the NPS algorithm.

Let n € N be a non-negative integer. A partition \ of n is a weakly decreasing sequence
AL = A2 = ... = A\ > 0 of positive integers such that |A| = >_\; = n. We call |A| the
size of A. The length [(\) is the number of summands ;. We identify a partition with its
Young diagram A = {(i,7) : 1 < i < I(N\),1 <7 < A\;}. The elements (i, j) are called the
cells of the partition A.

The conjugate partition X of X is given by the Young diagram {(j,4) : (i,7) € A}.
Visually we imagine a partition as a left justified array of n boxes, with \; boxes in the
i-th row counting from top to bottom as in Figure 1. Thus )\’ is obtained from \ by a flip
along the main diagonal.

Define the arm of a cell arm,(i,j) = A; — j as the number of cells in the same row as
(4,7) and strictly to the right of (4,7). Define the leg of a cell legy(i,7) = N} — i as the
number of cells in the same column as (7, j) and strictly below (i, j). Furthermore, define
the hook length of a cell as hy(i,j) = A + A; —i — j + 1. We call a cell (i, j) a corner of
Aif hy(i,7) = 1.

An integer filling of a partition is a map T : A — 7Z assigning an entry 7'(i,j) to
each cell (i,7). The partition A\ is called the shape of T. A tableau is a bijection T :
A= {1,2,...,n}. A standard Young tableau (SYT) is a tableau that increases along
rows from left to right as well as down columns, that is, T'(¢,7) < T'(¢',7') whenever
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Figure 2: The NPS algorithm in action.

i <7 and j < j'. A hook tableau is a map H : A — Z such that for each cell (7, j) we
have —leg,(7,7) < H(i,j) < army(7,j). Note that somewhat counter-intuitively a hook
tableau is not a tableau. We denote the set of all tableaux, standard Young tableaux and
hook tableaux of shape A by T(X), SYT(\) and H(\), respectively.

The celebrated hook-length formula [4] determines the number of standard Young
tableaux of a fixed shape:
n!
#SYT(N) = ——"—. (2.1)
h/\ (27])

(4,5)EX

Since # T(A) = n! and # H(A) = ] j)er ha(i, j) it is possible to prove (2.1) bijectively
by constructing a bijection

& : T(A\) = SYT(A) x H(\).

Such a construction was found by Novelli, Pak and Stoyanovskii [12, 11]. We are now
going to describe the map ®. See Figure 2 for an example.

First note that given a permutation o € &,, and a tableau 7' € T()), we obtain a
new tableau 7" = o o T' by setting 7"(i,j) = o(T'(4,)). In particular if o = (k,m) is a
transposition, then (k,m) o T arises from T by exchanging the two entries k and m.

Impose the reverse lexicographic order < on the cells of A, that is, (i,7) < (¢/,7') if
j<jorifj=j andi <. Let (i1,71) > (i2,j2) = -+ > (in,Jn) be the cells of A in
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decreasing order and set k. = T'(i,, j.). Moreover, set Ty = T and let Hy be the hook
tableau with all entries equal to zero.
Given a pair tableau (7,_1, H,_1) we first construct the tableau 7, from 7, _; as follows:

EO Set T'="1T,_;.

E1 Set (i,7) = T-'(k,).

E2 If (4,7) is a corner of A, then return 7, = 7.

E3 Otherwise set m = min T '\ N {(i + 1,7), (i, + 1)}).
E4 If k., < m then return T, = T.

E5 Otherwise m < k.. In this case exchange the entries m and k,, that is, set T =
(ky,m) o T, and return to step E1.

Note that T, is obtained from T,_; by applying a jeu-de-taquin-like move to the entry k,.
Next we construct H, from H,_; as follows:

HO Set H = H,_y, (i,7) = T, (k,) and (7, 5") = T, *(k,).
H1 For each s =14,...,i' — 1 set H(s,j) = H._1(s+1,7) — 1.
H2 Set H(i,j) = j' — j.

H3 Return H, = H.

These rules give rise to a sequence (T, Hy), (11, H1), ..., (T,, Hy,) of pairs of a tableau
and a hook tableau. We define ®(7T") = (7,,, H,). While it is not too difficult to show that
T, is a standard Young tableau and that H,, is a hook tableau, it takes considerably more
effort to prove that ® is a bijection. For details we refer to [6, 11, 15].

Given a tableau T" we denote by n(7) the number of exchanges performed during
the application of the NPS algorithm, that is, the number of times step E5 is visited
during the construction of all tableaux Ti,...,T,,. The average case complexity of the
NPS algorithm is now defined as

The worst case complexity is defined as

W(\) = TIél%())(\) n(T).

We remark that due to the chosen order of the cells of A the defined algorithm is also
called the column-wise NPS algorithm. In principle, other orders can be chosen and some
will result in bijections. Another result anticipated by Krattenthaler and Miiller is that
the average case complexities of the column-wise and the row-wise NPS algorithms on a
fixed shape A are the same. In other words C'(A\) = C()\). See [10] for a proof of this
result and more details in this direction.

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(2) (2017), #P2.28 5



X

Figure 3: The partition A = (4,4,2,1,1,1) depicted in Russian convention.

3 Convergence and hook coordinates

We shall work with the following coordinate system corresponding to a rotation by 7/2
and a rescaling by v/n

umuea) =it o=eea) =Yy, g0 G
Given a partition A\ of n define
Dy={(z,y) eR*: 0 <v,0 <u< Apy) or 0<u,0< v,uv=0}. (3.2)
We define the boundary function v : R — R of A via
v(z) =sup{y € R: (z,y) € Dy}. (3.3)

The set D) and function 7 describe the (rescaled) partition A in the so-called Russian
convention.

Let (A™),cy be a sequence of partitions, such that A™ is a partition of n and has the
boundary function ~,. Denote by I' the set of all 1-Lipschitz functions v : R — R such
that there exists an interval (a,b) with v(z) = |z| for all ¢ (a,b). Moreover, denote by
I'; the set of all functions v € I' such that

/Ry(x) — || dz = 1.

Clearly v, € Ty for all n € N. We say the sequence A\ converges uniformly to a limit
curve v € I'y if

lim sup |[y(z) =y (z)] =0

n—o0 z€R

and there exists a uniform interval (a,b) such that v, (z) = |z| for all x ¢ (a,b) and all
n € N.
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For any v € I set

Dy ={(z,y) eR*: 2] <y <y(@)},

and let (x,y) be an interior point of D,. We define three functions via

ay(z,y) = V2sup{t eR: (z +t,y+1) € D,},
0(z,y) =V2sup{t e R: (z —t,y +1t) € D,},
dy(z,y) = V2sup{s +t:s5t>0 (r+s—t,y+s+t) € D,}.

Geometrically a,(z,y) is the distance from (z,y) to the curve ~ in u-direction, ¢, (x,y) is
the distance from (z,y) to the curve v in v-direction, and d,(z,y) is half of the maximal
perimeter among all rectangles confined in D, with sides parallel to the u- and v-axes,
whose lower corner is (x,y). Extend a,,f, and d, from the interior of D, to R?* by
assigning zero to all other points.

With regard to the subsequent sections we need to give the following question some
thought. Suppose v,n € I' are close with respect to the supremum norm, then what can
be said about the relationship between a, and a, on their common domain D,ND,? The
following example demonstrates that ||a, — a,||o does not need to be small. Let

V2n +x if—%ga:g—%(n—l),
1

=2 e Lol <r<d and () =)
|| else,
Then ||y = nl|o = 72 but [|ay — ayllec = [|€y = lyl[ec =71 — %

We show, however, in Lemma 3.2 that when v and 71 agree outside of a fixed interval
(a,b), then the exceptional set of points on which a, and a, diverge is small when ||y —7||
is small. The proof of Lemma 3.2 is based on a geometric argument. In Lemma 3.3 and
Lemma 3.4 we deduce analogous results for £, and d,, which causes little effort once
Lemma 3.2 is established.

For a (measurable) subset A of R", let |A| denote the Lebesgue measure of A.

Lemma 3.1. Let v,n € ' such that v(x) = |z| = n(z) for all x ¢ (a,b). Then the
Lebesgue measure of the symmetric difference of the sets D, and D, is bounded by

‘(D“/ - Dn) U (Dn - Dv)‘ < (b—=a)ll7 = nlle-

Proof. It follows immediately from the definition of D., that

(D, = D) u(D, = D)| = [ hia) = n(@)]de < (b= @}y = 1]

The inequality is strict since v and 1 agree at a and b and are continuous. O
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Lemma 3.2. Let ¢ > 0 and (a,b) be an interval. Then there exists a constant K such
that for all functions v,n € I' with y(x) = |x| = n(x) for all x & (a,b) we have

K
[{(@.y) € Dy Dy ay(2,y) — ay(z,9)l > e} < —lly = nll.

Proof. Let ||7 — nl|eo = 9.
We first prove the claim under the assumption that v(z) < n(z) for all x € (a,b). To

this end let k = [I’TT“] and g, x1, ..., be a subdivision of the interval [a, b] such that
To=a, vy = band r; — ;1 = ”_T“ < 0. Furthermore, subdivide the curve of 7 into
segments o1, ..., o0 such that

oi = {(z,7(x)) 1 x € [w;_1, 3]} forie{1,... k}.
Define
Ti:{(x,fy(x)+6):x€[xi,l,xi]} fori e {1... k},

and add 7o = {(z,a+9) : z € [a — §,a]} and 7.1 = {(x,b+ ) : x € [b,b+ ]}

A crucial observation is that vy(z) < n(x) < 7(x) for all x € R and consequently
ay(z,y) < ay(z,y) < ar(z,y) for all (xz,y) € D,. Here 7 € I" denotes the concatenation
of the segments 7; extended by 7(z) = |z| for all x & (a — 0,b + 0).

Let P : R*> — R? be the orthogonal projection onto the line {(z,—z) : € R}. Set
P(o;) = {P(x,y) : (z,y) € 0;} and define P(7;) analogously. If (z,y), (2/,y’) are points
in D, such that P(z,y) = P(2/,y’) then it follows that a.(z,y) — a,(z,y) = a, (2, y") —
a,(z',y"). Thus we should investigate the set of points {(z,|z|) : « < = < 0}. Note that
the sets P(0;) cover the set {(z,|z|) : @ < z < 0} in such a way that P(o;) N P(0i41)
consists of a single point, and P(c;) N P(0;) is empty unless all sets P(0;41), ..., P(0;_1)
collapse to a single point.

Suppose that (z, |z]) € P(0;) with |a,(z, |z|) — a,(z,|z|)| > € then (z, |z|) € P(o;) N
P(Tiym) for some m with

mv20 > e. (3.4)
In this case observe that
=0 V2

Choose sequences (i1,1ig,...) and (my, mg,...) as follows. Let i; be the minimal i €
{1,...,k} such that for some (z, |z|) € P(0;) we have |a,(z, |z]) — a,(z, |z])| > . Given
i; let m; be maximal such that P(oy,) N P(7,1m,;) # 0. Given i; and my, if there is an
i€ {i; +m;+1,...,k} such that |a,(z,|z|) — a,(z,|x|)| > € for some (z, |z|) € P(0;),
then let 7;,; be the minimal ¢ with this property. Otherwise terminate both sequences.

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(2) (2017), #P2.28 8



Clearly the sequence (i1, s, ...,1%,) is finite. Because of (3.4) we have m; > 55 for all
7, and hence
b—a-+1
-1 <i; <k < —F—.
(] )5\/_ Z] 5
In particular,
2(b — 1
poY2b—atl) (3.6)

3

By definition of the sequences (i;); and (m;); for every point (z,y) € D., with |a,(z,y) —
an(x,y)| > € the projection P(x,y) is contained in P(oy) U -+ U P(04m,) for some
j €{1,...,r}. But now, using (3.5) and (3.6) we obtain

‘{(l’,y) : |a7(x,y) - %(x,y)| > €}|
< H(%y) : P(x,y) € P(oy,)U---UP(0i,4m,) for some 1 < j < r}‘

5
<rbv2—¢
A
- 14 5b(b—a+1)v2
&

6. (3.7)

Now drop the condition v < 7, and assume ||y —7||w < %. Consider the function p defined

by p(z) = max{y(z) — 3, |z[}. Clearly p <7, [[p = 7|l <8 and p <1, [|p = 1llo < 0.
Thus, appealing to (3.7) twice, the inclusion

{($ay) Hay (2, y) — ag(z,y)| > 5}
< {(37734) : \ap(xay) av(x y)| > 5} U{ |@p< Y) — an(x,y)] > 5}
U(DP_DW)U(DW Dp) (Dp Dn) (Dn_Dp)

holds and Lemma 3.1 completes the proof. O
The analogous result on ¢, follows easily.

Lemma 3.3. Let ¢ > 0 and (a,b) be an interval. Then there exists a constant K such
that for all v,n € T with v(x) = |z| = n(x) for all x ¢ (a,b) we have

{(2.9) € Dy Dy - 16y 9) — byl )] > €}] < by =l
Proof. The claim follows directly from Lemma 3.2 and the symmetry
ay(2,y) = Lo(—2, ),
where p € I' is the function defined by p(z) = vy(—z). O

Finally there is a similar result for the function d,.
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Lemma 3.4. Let ¢ > 0 and (a,b) be an interval. Then there exists a constant K such

that for all v,n € ' with v(x) = |x| = n(x) for all x ¢ (a,b) we have

K
’{(3373/) €D,NDy,: |d'y(37>y) - dn($ay>’ > 5}| < ?H”Y = N[oo-
Proof. The claim follows from Lemma 3.2 and Lemma 3.3 and the estimation

|dy (2, y) — dy(z,y)| < lay(z,y) — an(z,y)| + 16 (2,y) — €y(z, y)| + V2|7 — 0]

™ 1
N 4

s t

Figure 4: The hook coordinates (s,t) of an interior point (z,y) € Dj.

O

We conclude this section by introducing the so-called hook coordinates, which were
named (to the best of the authors’ knowledge) by Dan Romik, and appear naturally in

the study of limit shapes of partitions, see for example [8]. Namely, we set

Note that

which yields

and

_ %(1 +4'(s)(1 =+ (1),

‘ 0(z,y) ‘
(s, 1)

where the derivative v’ is defined almost everywhere since «y is 1-Lipschitz.
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Figure 5: Three tableaux that exhibit the worst case complexity of the NPS algorithm on their respective
shapes.

4 Worst case complexity

In this section we analyze the asymptotic behavior of the worst case complexity of the
NPS algorithm. We first demonstrate in Proposition 4.1 that a trivial combinatorial upper
bound for the worst case complexity of the NPS algorithm on a fixed shape W () is in
fact tight. Furthermore, Theorem 4.2 provides the first order asymptotics of W (AM™),
where (A™),en converges uniformly, in terms of the limit curve ~.

For a cell (7,7) € A denote by
w(i,j) =max {i' —i+j —j:(,j)eNi<i and j<j'} (4.1)

the maximal distance of the cell (7, 7) to a cell (¢, j') € A South-East of (,7). Let W(\)
denote the worst case complexity of the NPS algorithm on A. Clearly

W) < > wiijg).
(i.3) €A
We first show that this upper bound is tight.

Proposition 4.1. Let \ be a partition. Then

W) =Y wli,j) (4.2)

(3,7)EAN

Proof. We construct an explicit tableau 7' € T(A) such that the number of exchanges
n(T) equals the right hand side of (4.2).

If X is a rectangle, that is, A has only one corner, then let (i1,71) = -+ > (in,jn) be
the cells of A\. Define the tableau T by setting T'(i,, j,,) = r. During the application of the
NPS algorithm to T" every entry is moved to the corner of A and (4.2) holds.

If A is of general form we construct 7' and a sequence of cells (i1, 71),. .., (i1, i) as
follows. Set (i1,71) = (1,1). Given (i, j,) let

X, = {(Zaj) EANiip < ivjr gjaw(irajr) =i—1i+] _jr}

denote the set of corners South-East of (i,, j,) with maximal distance to (i,,j,). Fix any
corner (i,,7j.) € X, and let

R, ={(i,j) €eX1i, <i<i,jr <j<j}
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denote the rectangle inside A that contains (i,,j,) and (i/,j.). Now define 7" on R, by
assigning the numbers

{<§(z’;—z’k+1)<j;—jk+1>) +1,._.,i(i;—Z’Hl)Ufﬁj’““)}

to the cells in the rectangle R, using the reverse lexicographic order as above. If T is
not defined on all cells of A then let (i,.1,j,+1) be a cell of A\ with maximal hook-length
among all cells for which 7" is not yet defined. Compare to Figure 5.

By construction each entry 7'(i,j) of a cell (i,j) € R, drops to the corner (i, j.) of
the rectangle R, during the application of the NPS algorithm. Thus n(7') is given by the
right hand side of (4.2). O

Approximating the right hand side of (4.1) by an integral and making use of the
preparatory results in Section 3 we are able to draw conclusions on the asymptotics of
the worst case complexity.

Theorem 4.2. Let (A\™),cy be a sequence of partitions converging uniformly to the limit
shape v € I'y. Then

W(AM) = p?/? // dy(z,y)dzdy + o(n®?) as n — oo. (4.3)
Dy

Before we turn to the proof let us state some remarks.
First, let us argue the existence of the integral in (4.3). Since d,(x,y) is bounded and
D, is the union of a compact set and a null set, the integral is proper. Furthermore, the

function d.(x,y) is decreasing in y and hence integrable. The function f‘lfm) d(x,y)dy is
even continuous in x.

Secondly, since the right hand side of (4.3) is a priori not straight forward to compute,
we offer the estimation

/\/D“/ dy(,y)drdy < g/: /:O(t — ) (1+~/(s)) (1 = +/(1)) dt ds,

which is obtained from d,(z,y) < a,(x,y)+4,(z,y) by a substitution of hook coordinates.

Proof of Theorem 4.2. First rewrite W (A(™) as an integral as follows: A cell (i,5) € A
corresponds to the square

2(i.j) = {(z.y) i - 1<w<i,j - 1<u<j} € Dy
Let (z,y) be an interior point of Z(i,j). Then

Vvnd,, (z,y) =w(i,j) +i+j—u—v.
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Hence

n3/2// d%(x,y)da:dy:n// w(i,j)+i+j—u—vdedy
Z(i,5) w)
/ / w(i,j)+i+j—u—vdudv
i—1Jj—1

= w 1 ]
and
N 3/2
Z w(lhj) - _n+n // d'Yn(‘/'B? y) dx dy
(i,5)EX) "

Now fix € > 0. It suffices to show that

// dy(z,y)drdy — // d., dz dy
D, Da

for all sufficiently large n. In order to do so choose an interval (a,b) such that v, (z) = |z|
for all z ¢ (a,b) and all n € N. It follows that also y(z) = |z| outside of (a,b). By
Lemma 3.1 the Lebesgue measure of the symmetric difference of the sets D, and D,
tends to zero as n tends to infinity. Since both d, and d,, are bounded by the constant

(b - CL)\/?,
// d, (z,y)dxdy + // dy(z,y)dedy < e
n=Ds Dy—Dn,

when |7 — Ynlloo < €/((b — @)?>v/2). On the other hand by Lemma 3.4 there exist sets A
and B and a constant K such that D, N D, = AU B, |d,(z,y) —d,, (z,y)| <e/2 for all
(x,y) € A and |B| < K||7 — Vn||e/e. Hence,

Kl — vl
// dy(,y) — d, (2,)] dydz < =+ (b— a)\/iM o
D,NDy, 92

€

<é€

if || — Vnlloo s sufficiently small. O

5 Average case complexity

The main result of this section is an asymptotic lower bound for the average case complex-
ity of the NPS algorithm, which we obtain in three steps. Proposition 5.1 obtains a com-
binatorial bound for the average case complexity of the NPS algorithm on a fixed shape
C(X). Proposition 5.2 approximates this combinatorial bound by an integral. Finally,
in Theorem 5.3 we derive an asymptotic bound for C(A™), where (A(),cn converges
uniformly, in terms of the limit curve ~.

Given a hook tableau H of shape A denote

H| = > [H(,j)l.

(4,9)EN
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Proposition 5.1. Let A be a partition of n, and H be a hook tableau of shape \ chosen

uniformly at random. Then
C(A) > E(|H]).

Proof. During the application of the NPS algorithm to a tableau T' of shape A a hook
tableau of the same shape is built from the zero tableau, that is, the hook tableau with
|H| = 0. This is done by applying the following transformations. Suppose the entry of the
cell (7, 7) drops to the cell (¢', 7). Then H(s,j)is set to H(s+1,j)—1for s =4,...,i' —1,
and H (7, j) is set to j'— j. Thereby |H| is increased by no more than i’ — i+ j' — j which
is exactly the number of performed exchanges. Since the NPS algorithm produces each
hook tableau equally often as T' ranges over all possible tableaux of shape A\, we conclude
the following lower bound on the average number of exchanges

A
> HZW’ (5.1)
H

where the sum is taken over all hook tableaux of shape A\. The number of hook tableaux
is given by the hook product
IT G, i).

(1,7)EX

By use of the hook-length formula, the right hand side of (5.1) is just the expected value
of the random variable |H]|. O

In a next step we replace the combinatorial lower bound C(\) > E(|H|) by an integral.

Proposition 5.2. Let A\ be a partition of n with boundary v € I'y. Then

n3/2 2
// G@ Y+ L@ g T
ay(z,y) + 0 (z,y) + 7= 2

Proof. Recall that C(\) > E(|H|), where H ranges over the hook tableaux of shape A by
Proposition 5.1. By linearity

E(H|) = ) E(H(,j)|)

(3,7)EN
B Z arm(i, 7)* + arm(i, j) + leg(i, j)* + leg(i, )
S 2h(i, j)
B ( 3 arm(i, j)* 4 leg(i, j) ) n_ Z
vy 2h(i,7) 2h (4,7)

For any cell (,7) € Aet Z(4,j) = {(z,y) :i—1< v <i,j—1<u<j} asin the proof
of Theorem 4.2. If (x,y) is an interior point of Z(i, j) then

a,(x,y)v/n = arm(i,j) +j —u and 0, (z,y)v/n =leg(i,j) +i — v.
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Throughout the remainder of this proof denote a;; = arm(i, j), l;; = leg(t, §), hi; = h(i, j),
w=1—uvand z = j —u. A straightforward computation yields

n av(ﬂf y)? a; _ (ay+2)°  a
\/_ (l‘ y) (l’, y) + \/Lﬁ hij hij +w+z hij

(CLZ‘j + lij + 1)(&% + 2@2']'2 + 22) — (aij + lij +w+z+ 1)0,12]»

hij (hU +w + Z)
CL?]-Z + Clij22 -+ 2aijlijz + lijZZ -+ 2aijz + 22 — a?jw
hij(hij +w + Z)
_ Qj; Z—w aijlij -+ Qij 2z Q5 + lij +1 Z
hijhij+w+2 hij hw+w—|—z h,’j hw—i—w+z

a’ a?.
. =n — dx dy
hij //Z(i,j) hij
2
_ TL3/2 // a’Y(x y) dz dy
2.9 @(T,y) + (2, y) + o=

—n YT dzd 5.2
n //Z(” hw+w+z vy (5:2)

2

Thus

i‘li‘ i 2h;
_na“—;raj // MR gy (5.3)
i 20.9) hig +w+ 2
2
Z
-n ————dzdy. 5.4

The error term (5.2) vanishes by symmetry in z and w. We have

dydx = dd:O
n//”h”%-w-l-zym//h” zdw

The other two error terms, (5.3) and (5.4), could be neglected as the integrands are non-
negative. However, there is no harm in showing that they are also small. This can be
seen easily since the integrands converge uniformly to 2z and 0 respectively. Thus

1 1 1 pl 2

2
lim//Ldzdwzl, lim//z—dzdwzo.
m—oo Jo Jo mt+w—+ 2 m=oo Jo Jo Mt w+ 2

In particular, the integrals in (5.3) and (5.4) are uniformly bounded no matter how large

hij is.
Approximating ¢? / hi; by an analogous integral and summing over all cells of A yields
the claim. O

Using the preparatory results of Section 3, we obtain the main theorem of this section.
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Theorem 5.3. Let (A\™),cn be a sequence of partitions converging uniformly to the limit
curve v € I'y. Then

™) > f””/ / <t—s o) - ”S( ))2>(1+7’(s))(1—fy’(t))dtds
2)

t

L o(n? (5.5)

as n — Q.

Before we give a proof let us argue that the right hand side of (5.5) is well-defined.
First note that the integral is really taken over a compact set. Suppose that v(z) = |x| for
all x ¢ (a,b) then 7/(s) = —1 for all s < a and 7/(t) = 1 for all ¢ > b, and the integrand
vanishes. Because 7 is LlpSChltZ continuous, its derivative exists almost everywhere, is
Lebesgue integrable and fulfils f '(s)ds = 7(b) v(a). Thus the limit of the quotient
(v(t) —v(s))/(t — s) as t tends to s exists almost everywhere. The integrand is therefore
essentially bounded and integrable.

Proof of Theorem 5.3. Let 7, € I'; be the boundary function of A and choose an interval
(a,b) such that 7, (z) = |z| for all x ¢ (a,b). We begin by noting that

g 2
‘// G (7, Y)* + b, (2, 9)° 1 dx dy — // 052, 9)° + (2, ) dedy| =0 (5.6)
D,, @

%xy —l—ﬁ%(a:y) avmy -|-€( Y)

as n tends to infinity. To see this, first note that the functions a.,, a,, {,, and £, are all
non-negative and bounded by (b—a)v/2. Thus also the integrands in (5.6) are non-negative
and bounded. By Lemma 3.1 it suffices to consider the common domain D, N D,. It
then follows from the Lemmata 3.2 and 3.3 that

n3/2 2
)\(n // ay(2,y)? + £y (z,y) dzdy + 0(n3/2) as n — oo. (5.7)
a(x,y) + 0, (x,y)

To finish the proof we use our hook coordinates. Substitution gives
(x,y) + L, (x
/ / Y Gy a
D, Oy(z y )+ 4 (w 0)

Y/ = TR

STROR ())2 n (S+t+v(8)77(t) _ S>2

\/_// _ P— 2 dx dy

R ((t =)+ (1) = 7(s))" + ((t = 8) — (4(t) — 7(5)))
gLt

t—s

VI [[ 2t = s +200(8) = 1(5))?
= ?//Dv — dz dy
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-2 [ (0= + DO ey - ) avas.

t—s

Perhaps the only step that needs comment is the last one. Fach pair (s,¢) with s <t
gives rise to a unique point (x,y) € D., unless 7/(s) = —1 or 7/(¢) = 1. This follows from
the Lipschitz property of 7. However, the integrand vanishes when either of the two cases
v'(s) = —1 or 7/(t) = 1 occurs. Hence, we can relax the limits of the integral without
altering its evaluation. O

6 Imbalanced scaling

Some types of partitions, for example partitions with a fixed number of parts, do not
converge to a limit curve v € I'y in the sense of Section 3. However, they might converge
if an alternative scaling, that is, not by a factor of y/n in both u- and v-direction, is
chosen. In this section we study the asymptotic behaviour of the average case and worst
case complexity of the NPS algorithm when the partitions under consideration converge
after an imbalanced scaling.

For p,q € Q U {oo} such that p,q > 0 and

1 1
__|__:1
b q

consider the coordinates given by

ni/p nl/a

u:u(x,y)zﬁ(ﬂf"‘?/)’ UZU(m’y):Ww_x)’ ‘(9@,31)

=n. (6.1)

To each partition A of n we associate a set D) and a p, g-boundary function -, defined
exactly as in (3.2) and (3.3) but with u and v now given by (6.1).

Let (A™),cn be a sequence of partitions such that A is a partition of n and has
p, ¢-boundary v,. We say (A\™),en converges p, g-uniformly to the limit curve vy € I'y if

lim sup [y(z) = (z)] = 0

n—o0 z€R

and there exists an interval (a, b) such that 7, (x) = |z| for all = ¢ (a,b) and all n € N.

The main result of this section provides the first order asymptotics of C'(A™) and
W(A™), where (A™), oy converges p, g-uniformly, in terms of the limit curve . They
turn out to be of order n!tmax{1/p1/a} 55 n tends to infinity.

Theorem 6.1. Let (A\™),en be a sequence of partitions converging p, g-uniformly to the
limit curve v € I'y. If p < q then

C(AM) = n(p“)/p% + o(n®tH/P) as n — oo, (6.2)
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and

WAM) = neHD/PL 4 o(n@HD/p) as n — oo, (6.3)
where

— _ \/§ OO OO / /
I = ay(z,y)dedy = == (t—s+7(t) = ()1 +7(s))(1 —~(¢)) dt ds.
Dy —o0 Js
On the other hand, if p > q then
I
C(AM) = n(p“)/”g + o(n®tH/P) as n — 0o, (6.4)

and
W(/\(")) — n®t/rL, o o(n(p+1)/p) as n — 0o, (6.5)

where

e
= // bley)dedy = I/ / (t =5 —7(t) + ()L + ()1 = (1)) dt ds.
Dy —o0 Js
Proof. Suppose that p < ¢. Recall from the proof of Proposition 5.2 that

1 arm(i, 7)? +leg(i, j)*  n

- § ’ ’ — < E(|H]) < C(AM). 6.6

2(' rwrd )arm(z',j)—l—leg(i,j)—l—l + 2 (1) ( ) (6.6)
2,7)EAT

For any cell (7,7) € A™ let Z(i,7) = {(z,y) i —1 <v <i,j—1<u<j} If (x,y) is an
interior point of Z(i,j) then

n'Pa, (x,y) = arm(i, j) +j —u and n'/, (x,y) =leg(i,j) +i—w,

where 7, denotes the p, g-boundary of A(™). The asymptotically dominant term in the left
hand side of (6.6) can be approximated by an integral

Z arm(ivj)z n(p—l—l)/p // Qry,, (.T7 y)2 dzr d
= ua .
2h(i, ) 2 S, an )+l (o)t Y

(4,7)EX

By use of the Lemmata 3.1 and 3.2 it follows that

a'Yn (I‘ y)2 //
drdy — dxd
|/\/D“/n a"Yn z y + nl/q l/pg (.I', y) + n*l/p vy D &7@’ y) o

as n — o0o. This establishes the asymptotic lower bound

—0

(p+1)/p
oy >

// a(z,y) dz dy 4 o(n@+H/P) as n — 0o.
Dy
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In order to obtain an upper bound for the average case complexity, recall the algorithm
for constructing the hook tableau during the application of the NPS algorithm described
in Section 2. The reason why |H| can be less than C(A™) is that there might be a
canﬁelilation in step H1. However, the total cancellation cannot exceed Z(i, Heam leg(i, 5)
such that

COAM) <E(H)+ > leg(i,j).
(4,5)EA™
Since the term

> leg(i, j) = nlrt/a // ly, (2,y) dz dy +g

) Dan

is of order less than n®*)/? as n — oo, we conclude (6.2).
Our starting point for the analysis of the worst case complexity is the inequality

Z arm(i, j) < W(A™) < Z arm(z, j) + leg(i, 7), (6.7)

(6,5) €A (1.5)EA™

which is a trivial consequence of Proposition 4.1. The right hand side of (6.7) equals

n@+/p // ar, (2,9) da dy 4 nlat/a // 0, (x,y)dzdy + n.
D

n D"/n

Again the term corresponding to the leg function is of lower order and can be dropped.
Thus W (A™) is asymptotically equivalent to the left hand side of (6.7). Lemmata 3.1
and 3.2 imply that

// (z,y)dedy — // ay(x,y)dzdy
D D,

which yields (6.3). The alternative formula in terms of hook coordinates is simply obtained
by substitution, which completes the first part of the proof. The second part, that is, the
case p > ¢, follows similarly. O

— 0 as n — 00,

n

7 Partitions with two parts

The main result of this section is a nice formula for the average case complexity of the
NPS algorithm when the partition consists of only two rows.

Theorem 7.1. Let A = (A, \a) be a partition with two parts. Then the average case
complezity of the NPS algorithm on X\ is given by

C(A):AI(A1—1)+A _22( ) 1)5(2k — 2)! )

4 — X+ 2ok 1
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Our starting point for proving Theorem 7.1 is the following formula for the average
case complexity of the NPS algorithm for general partitions.

Theorem 7.2. ([20, Thm 2.4]) Let n € N and X be a partition of n. Then

D ILE

zeX k=1

) (H, — Hy - 1), (7.2)

where the outer sum is taken over all cells x of the Young diagram of A\, |x| =i+ j — 2
denotes the distance of a cell x = (i, j) to the top left cell, f» denotes the number of SYT
of shape \, fM(x,k) denotes the number of SYT of shape \ such that the cell x contains
the entry k, and H, =Y _,_, % denotes the n-th harmonic number.

While the appearance of harmonic numbers in (7.2) is quite surprising, the most
challenging expressions are the numbers f*(x, k). For partitions with only two parts we
derive a first explicit expression for the average case complexity in terms of five double
sums, each of which contains a harmonic number in the summand.

Lemma 7.3. Let A = (A1, \2) be a partition with two parts. Then

M= +1/A+ X
A +1 A2

CON) = ((Azl) + (&; 1)) (Hyor, — 1) (7.3)

Ao 25—1
(7—1) 2j— EN (A1 + A
—EY Y [

Jj=1 k=j

)\2 2] 1
(j—1) 2]— EN (A1 + A
f)‘ Z Z (g) ( /\12 —32— 1 ot

Jj=1 k=j

i Mi A 2]_ <k)<)\1+)\2 >H>\ Ao—k
j )\1_] 1+A2—

Jj=X2+1 k=j

Ao A1+j .
1 ](k:—2j+2 AL+ Ag —
‘FEZ GE)(ET s
] —2j+2 k )\1"‘)\2—]{
H k.
ﬁZZ (j—l)(xl—wl) S

Proof. The formula for f* is a simple consequence of the hook-length formula (2.1) Next
note that

=

and

n A ,k
ngi ):1’
k=1
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and therefore

>3k P, 1y = -0 St = -0 () (1)

z€EX k=1 TEA

Thus only the terms involving a harmonic numbers that depends on k£ remain. For a cell
x € X\ let S(z) denote the set of all values k € [n] such that f*(x,k) > 0. We observe
three cases,

S((1,5) = {G,...,2j — 1} for j € [Aa],
S(1,5) = {j, . ho + 4} for j € [\] — [ho] and
S((2,9)) =A{24,-- s M + i} for j € [Ag].

Suppose x = (1,7) is a cell of A\, k € S(z), and let T' be a SYT of shape A with T'(x) = k.
Then the cells y € A with T'(y) < k constitute the partition i = (j — 1,k — j). On the
other hand the cells y € A with T'(y) > k form the skew shape A/u where p = (j,k — j).
Moreover note that the set of SYT of shape A in which the cell # contains the entry k is
in bijection with pairs of a SYT of shape i and a SYT of skew shape \/u. Consequently

fra k) = frFAe.

While f# is given by the hook-length formula, the number of SYT of skew shape f** can
be computed using Aitken’s determinant formula [3]

P = (A = )t -det (1/(h =y =i+ 3)1).

In the present case

i _ VOa=g)t 1/ —k+ 1)l
f/ _()\1+)\2—k)!'det(1/()\2_j11)! 1/()\2;71-]'—/6)! )

_(A1+>\2—k)_(A1+A2—k>
AL —J —j—1)

BN/ 1 K
Z m%jm)

Summing

(—Hx 1x0-k)
keS(x)

over all cells x = (1, 7) of the first row of A, accounts for the first three double sums in
(7.3). The case where x = (2,7) is a cell of the second row of A is treated in the same
way, except that now g = (k— 7,7 — 1) and u = (k — j,J), and accounts for the fourth
and fifth double sums in (7.3). O
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While the proof of Lemma 7.3 is not too complicated, we begin to appreciate how
remarkably simple the expression in (7.1) really is, consisting of a single sum devoid of
harmonic numbers.

In the following we will prove Theorem 7.1. More precisely, denoting the right hand
sides of (7.1) and (7.3) by A(A1, A2) and B(Aq, A2), respectively, we will show that

A(A, A2) = B(A1, o) (7.4)

holds for all A\, Ay € N with 0 < Ay < Ay

Looking at the given problem, one could be tempted to try the following rather general
summation tactic: compute for each of the sums a homogeneous recurrence relation in one
of the discrete parameters, say A\ (using, e.g., the package MultiSum [21]), and combine
the found recurrences to one linear homogeneous recurrence for the expression

T()\l, )\2) = A()\l, )\2) - B(/\l, /\2) (75)

(using, e.g., the Mathematica package GeneratingFunctions [9]). However, in this par-
ticular situation this tactic seems rather clumsy: already the calculation of the linear
recurrences for each single sum is a hard nut, and assembling the recurrences to a big
recurrence for (7.5) is rather hopeless.

Therefore we will follow an alternative tactic: Given such an expression in terms of
complicated multi-sums, try to simplify the involved sums, and try to show that this
identity holds in terms of these simpler objects. For definite hypergeometric sums this
strategy has been worked out in the well known summation book A = B [14]. E.g.,
suppose that we are given the definite sum on the left hand side of

A2 .

S o (Z * A2) ok, (7.6)
1

=1

which we denote by S()\y). Then one can find the right hand side by computing a linear
recurrence for S(\y) using Zeilberger’s summation paradigm of creative telescoping. We
postpone any details and just present the found recurrence

S(Aa+1)—25(\) = 1.

Now one can read off the solution 2*2 — 1, and with the first initial value S(1) = 1
the identity (7.6) is established. For more involved examples, one might start with a
hypergeometric sum and obtains a linear recurrence of higher order (and not just of order
one as above). Then one can use in addition, e.g., Petkovsek’s recurrence solver [14] to
find all hypergeometric solutions. In the end, one can possibly express the definite sum
in terms of these objects.

However, the types of sums arising in (7.4) are not as simple as the one in (7.6),
in particular the hypergeometric technology from [14] is not general enough to prove
identity (7.4). To overcome this situation, we will utilize the summation algorithms in the
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setting of difference rings [5, 18, 19]. Namely, instead of working only with hypergeometric
products, we will apply symbolic summation tools that are tuned for expressions in terms
indefinite nested sums defined over hypergeometric products. This more general class of
summation objects can be defined as follows.

Definition. Let f(n) be an expression that evaluates at non-negative integers (from a
certain point on) to elements of a field K containing the rational numbers Q. Then f(n)
is called an expression in terms of indefinite nested sums over hypergeometric products
w.r.t. n if it is composed by elements from the rational function field K(n), by the three
operations (+,—,), by hypergeometric products of the form [[,_, h(k) with I € N and
a rational function h(k) € K(k) \ {0}, and by sums of the form Y ,_, F(k) with [ € N
and where F'(k), being free of n, is an expression in terms of indefinite nested sums over
hypergeometric products w.r.t. k.

More precisely, the summation package Sigma [16] based on the algorithmic difference
ring theory [5, 18, 19] can tackle the following definite summation problem.

Problem T: Transformation of a definite sum to indefinite nested sums.
Giwen a definite sum, say S(n) = ,_, f(n, k), where f(n, k) is given in terms of indefinite
nested sums over hypergeometric products w.r.t.* k

find an expression T'(n) in terms of indefinite nested sums over hypergeometric products
w.r.t. n and find a A € N such that S(v) = T(v) holds for all v € N with v > A.

%Here n is considered as a parameter which does not occur in any summation bound of the indefinite
nested sums of f(n, k).

In order to tackle Problem T, the following summation steps can be carried out in Sigma.
1. Compute a linear recurrence of S(n) in n, say of order d.

2. Solve the recurrence in terms of d’Alembertian solutions [2], i.e., in terms of all
solutions that are expressible in terms of indefinite nested sums over hypergeometric
products w.r.t. n.

3. Combine the derived solutions yielding an expression 7'(n) in terms of indefinite
nested sums over hypergeometric products such that S(v) = T'(v) holds for v =
A A+ 1,... X+ d for some appropriately chosen A € N.

If one succeeds in this strategy, it follows with some mild side conditions that S(v) = T'(v)
holds for all ¥ > A. In other words, one has solved Problem T. Otherwise, if one succeeds
in computing a recurrence, but fails to combine the solutions accordingly, it follows that
there does not exist such a representation of S(n) in terms of indefinite nested sums.

We remark that not any definite sum as specified in Problem T can be transformed to a
representation in terms of indefinite nested sums over hypergeometric products. But as it
will turn out below, Sigma’s summation toolbox, in particular its solution for Problem T,
can be used iteratively to handle the multi-sums arising in (7.1).
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Now suppose that we derived an alternative representation of (7.5) in terms of our
class of indefinite nested sums defined over hypergeometric products. Then we will be in
the position to utilize the following very special feature [19, Prop. 7.3].

Problem S: Simplification of indefinite nested sums.

Given an expression T'(n) in terms of indefinite nested sums over hypergeometric products;
find an expression T (n) in terms of indefinite nested sums over hypergeometric products and
find a § € N with the following properties:

1. T(v) = T(v) for all v € N with v > §;
2. the nested sums and hypergeometric products in T'(k) (except products of the form o

with « being a root of unity) are algebraically independent among each other.

We emphasize that such a computed T(n) has the following special property: If T'(v) =0
holds for all v > 6 for some § € N, then T'(n) is the zero-expression (or it can be simpli-
fied to 0 by simple polynomial arithmetic). Precisely this will happen to our expression
in (7.5), after we transformed it to indefinite nested sums and eliminated all algebraic
relations among the arising summation objects.

Summarizing, we will prove that 7'(A1, A2) from (7.5) evaluates to zero for any Aj, Ay €
N with 0 < Ay < Ay by executing the following two main steps.

(DEF) Using Sigma’s definite summation toolbox (see Problem T), we will find alter-
native sum representations where the occurring sums are indefinite nested w.r.t. to
the discrete parameter Ag. In a nutshell, we will rewrite the expression T'(A1, A2)
given in terms of 6 definite sums to an expression in terms of indefinite nested sums
w.r.t. Ag.

(IND) Using Sigma’s indefinite summation toolbox (see Problem S), we will rewrite
the expression (7.5) further such that no algebraic relations exist among the arising
indefinite nested sums and products. As we will see below, the derived expression
of T(A1, Xs) will collapse to zero, which will prove (7.4) and thus will establish
Theorem 7.1.

We start our proposed summation tactic by loading in the package

In[1:= << Sigma.m

Sigma - A summation package by Carsten Schneider (¢) RISC-Linz

into the Mathematica system. First we tackle the definite sum

Solhide) = 3 (A/f) (<—1> (2K — 2)!

1 /\1 — /\2 + 2)2k—1
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given in A(A1, A2), i.e., given in the right hand side of (7.1). After entering this sum into
Mathematica

(—1)*SigmaBinomial[Az, k](—2 + 2k)!
SigmaPochhammer[2 + A1 — A2, —1 + 2K]

In[2l:= SO = SigmaSum[ ’ {k, 1, )\2}]

A A
2 (—1)% () (—2 + 2k)!
Out[2]= E (2 T )\2)

k=1

—142k

we use Sigma’s recurrence finder to calculate the following recurrence relation:
In[3]:= rec = GenerateRecurrence[S0, A2][[1]]

A1 — A2 —2

outl= 2(Az2 + 1)SUM[A2] + (— 3 — A1 — 3X2)SUM[A2 + 1] + (2 + A1 + A2)SUM[A2 + 2] = SV
1 — A2

This means that So(A1, Ay) = SO = SUM[)s] is a solution of Out[3]. Internally, the creative
telescoping paradigm is used: given the summand

A\ (—1)F(2k —2)!
F(A1, A0, k) = (k‘) (A1 — Ao+ 2)2p1

of So(A1, Ag), Sigma computes the constants co(Ay, Ag) = 2(>\2 + 1), (A, Ag) = =3—=X\ —
32 and ca(Aq, Ag) = 2+ A1 + A together with the expression

k(,\2+1) (2k+,\1—,\2) (—1+2k+)\1—>\2) (2+,\1+,\2) (—1)k-1 (’\lf) (2k — 2)!
(—2k=20) (1h=22) (=Aa020) (F1-n+02) (24 A — o)

g(A1, A2, k) =

2k—1

such that the summand recurrence

co(A1, A2) f(A1, Az, k) + er(Aa, A2) f(Ar, A2 + 1 k) + ca(Ar, Aa) f(Ar, A + 2, K)
:g()\17/\27k+1) _g<)\17)\27k) (77>

holds. Note that the special case \; = Aq is problematic and will be treated separately.
For all other cases, i.e., for all Ay, Ao, k& € N with Ay > Ay > k£ > 0 the correctness of this
relation can be checked easily by simple polynomial arithmetic. Hence summing (7.7) over
k yields the recurrence Out[3]. In particular, since (7.7) has been verified, we proved that
So(A1, A2) is a solution of Out[3] for all A, Ay € N with A\; > Ay. We remark further that in
this particular instance also simpler algorithms, like the Mathematica implementation [13]
of Zeilberger’s creative telescoping algorithm [14] for hypergeometric terms, could have
been used.

Next, we exploit Sigma’s recurrence solver to compute all d’Alembertian solutions |2,
14] by executing the function call

In[4]:= recSol = SolveRecurrence[rec, SUM[Az2]]//ToSpecialFunction

A2

Tl f,\)ZL
2 P (2 )

i

o2 Ao!

ut[4]= 0,—1— A1+ A 0, —M—
Out[4] {{ ) 1 2}7{ ) ()\1 2))\
2

Ao
1
}7{177(717A1+A2) N
;171+)\1
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1 d2, 240305 (QHI)J Man,! QR 27H(24 M) L
2: 1 i
+5(_1_>\1+>\2)Z 1(2+>\1) _()\1-1—2))\2 = il 2 AQ Z 1

This means that

hi(Ar, A2) = =1 = AL+ As,

)l 1 o~ 2l
ha(Ms o) = m——im + (T H A = Xo) ) o=
R R K P P CR )

are two linearly independent solutions of the homogeneous version of the recurrence Out[3]
and that

2+)\1>
A2 A2 2121 Z] . (j! j
p(>\17)\2) — 1—Z+/\1 Z Z 2_|_)\1) >

220l QN2 (24 A1),
(M +2) 2

I
—~
|
—
|
>
flart
+
>

[N}
~—
/N
|

A2 =1

is a particular solution of the recurrence Out[3] itself. In other words, letting d;(\;) and
dy(A1) be arbitrary constants we obtain the general solution

dl()\l) h1<)\1, )\2) + dz(/\1> hg()\l, )\2) + p()\l, )\2> (78)

of the recurrence Out[3]. By the underlying algorithms the d’Alembertian solutions are
produced in a rather complicated form and Sigma’s built in simplifier worked hard to
drop the nice solutions. In addition, the arising sums within the output are algebraically
independent among each other. For further details on these aspects we refer to [17, 18, 19]
and references therein. We emphasize further that one can verify straightforwardly with
simple polynomial arithmetic that (7.8) is indeed a solution of the recurrence Out[3] for
all /\1,/\2 € N with A\; > ;.

Finally, we determine the values di (A1) = =577 L and dy(A\1) = —1 such that Sp(Aq, Az)
and (7.8) agree for Ay = 1,2. Since both expressions are a solution of Out[3] by con-
struction, it follows that they agree for all A\ € N. This last step can be performed by
computing the first two initial values at Ay = 1,2, namely

In[s]:= initial = Table[S0, {A2, 1, 2}]

1 2(A2 4 3) +1)

oul= { - T T N ) et )

and using Sigma’s function call to combine the solutions accordingly:

in[6]:= FindLinearCombination[recSol, {1, initial}, A2, 2]

_ .27 (240),
A2 gijlyt 2 A5 A2 ! Aoyl Q2 o A
1 j=1 3T 1 2%l 232 )1 2724 A1),
outl= =(—1— A1+ +2(=1=A 42
ut[6] 2( 1 2) ; i(2+)‘1)i 2( 1 2) Z 2+)\1 ()\1 +2)>\2 12:1 il
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22 1 1

232 )51
+(1+)\1—)\2);m+5(1+)\1—>\2) -+

(>‘1 + 2) A2

Summarizing, we showed that Sy(A1, A2) equals the expression calculated in Out[6] for all
)\1,)\2 € Nwith 1 < Ay < Aq.

This “hand calculation” with the computer is reasonable if one treats the simplest
of the sums in (7.5). However, if one is faced with one of the double sums in (7.3),
this mechanical task gets more and more tedious. Luckily, we can use the package
EvaluateMultiSums [17] that has been originally designed for similar and even worse
expressions arising in the field of particle physics, see [1] and references therein. Namely,
after loading in the package

In[7:= << EvaluateMultiSums.m
l EvaluateMultiSums by Carsten Schneider (¢) RISC-Linz |

we can carry out the above calculations completely automatically using internally the
functionality of Sigma. For instance, typing in the command

(=1)*(32) (=2 + 2Kk)!
2+ — >‘2)_1+2k

In[8]:= solSumO0 = EvaluateMultiSum|

9 {{k7 1’ A2}}5 {A2’ A1}5 {17 1}5 {Al, OO}]

273 (24 A1)

A2 gijIyt 2 A5 iq) Aoyl Q2 o A
1 j=1 I 1 213! 222! 2724 A1),
= S(=1-A1+2A S(=1—21+ A -
Out[8] 2( 1+ 2); i(2+)‘1)i + 2( 1+ 2)2 2+)\ ()\1+2)>\2 12:1 il
222 ),! A2 1 22 142 — )\2

m+(1+A1—A2);m+%(1+A1 Az);1+ Nl
we arrive at an equivalent result solSumO in terms of factorials and the Pochhammer
symbol. Within the function call the input {Ag, A1}, {1, 1}, {\1, 00} specifies that the
discrete parameters Aj, Ay fulfill the constraints 1 < Ay < A; and 1 < )\ < oc.
Finally, we rewrite the objects in solSumO in terms of the harmonic numbers and the
binomial coefficient. This rewriting can be accomplished by the function call

A1+ A
! 2)7HA1+A2aHA1—>\2,H>\2}]
A2

x 5230

(;Tﬂvf;w(iw),1)#(,141%2#%( Him)z

In[9]:= solSumO0 = SigmaReduce[solSumO0, A2, Tower — {(

Out[9]=
i=1 1

1
(7 1— A\ +/\2)H)\1,>\2 + (1+)\1 — AQ)HAl + 5(1+)\1 — )\Q)sz +1

Remark 7.4. Internally, the underlying difference ring machinery of Sigma is activated [17].
Loosely speaking, the Pochhammer symbols and harmonic numbers arising in Out[8] are
rewritten in terms of (’\12)‘2) and as a consequence also the arising sums are then rephrased

in terms of ()‘11.“) and (’\Ijﬂ' ) Here any polynomial in terms of the summation variables
1 or j that occurs in the summands of the numerators or denominators is expanded
using partial fraction decomposition. This might lead to several new sums with simpler
summands. Inside of this construction also Problem S is carried out: a subset of these
sums is taken whose elements are algebraically independent among each other, and the
other sums are rewritten in terms of these algebraic independent sums. This finally leads
to the output in Out[9].
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Summarizing, we end up at the following alternative representation

‘ M)

L 225

2)\2 A2 (if)q)

—-1- )\1 + )\2 j=1
So(Ai, As) = — 1) |
0(A1, A2) (M;;AQ) 2. +1)+ 5 ZZI i(z?l)
_ A2 i
1+ )\; e g z'(ih) (1A= A (+ Ha, + %HAQ CHya) £ 1 (7.9)
i=1 i

where all the sums are indefinite nested w.r.t. the outer most summation index \s.

Finally, we have to address the special case \; = Ay. In this particular case the sum
So(Az2, A2) simplifies to
(—1)*(2)(2k — 2)!
(2)2x—1

In[10]:= solSumOEqual = EvaluateMultiSum|

’ {{ka 1a >\2}}’ {)\2}’ {1}’ {OO}]

2222),12 H
242224y

Out[10]= — (2)\2)| 5

which can be easily rewritten in terms of the binomial coefficient:
In[11]:= SigmaReduce[solSumOEqual, A2, Tower — {(2:‘22)]

92X

(32)

Hy,

Out[ll]= — + e

Hence we calculated the nice simplification

2)\2 H>\2
)2
2
Note further that our result solSum0, i.e., the right hand side of (7.9) is a well defined
expression for Ay = \y. More precisely, we get

In[12]:= solSumOSubst = solSum0/.A1 — A2

Az iy o—j J‘+'>\2 A A2 . A2 i A
D (M I DR L
i=1 i( i ) AQ) . i( i ) ()\2)

i=1 i=1

+1

Observe further that the arising sums in solSumOSubst can be simplified with our ma-
chinery (see Problem T). Namely, for all Ay € N we calculate the right hand sides of the
identities given in (7.6) and

A2 oi A2 54
= =9 —,
A2 : i . Ao i
2 . + A B 2
z'(”’\?)ZQ J(J j 2):_2 /\2274_2}[&.
i=1 i ) =1 i=1
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Inserting these simplifications in solSumOSubst we arrive at the same result as given
in Out[10]. Note that the described calculations can be carried out straightforwardly by
simply typing in

In[13]:= EvaluateMultiSum[solSumOEqual, {}, {A2}, {1}, {cc}];

2\, Hy,
CONER

Out[13]= —

Since this result is precisely the same expression as given on the right hand side of (7.10),
it follows that our identity (7.9) holds also for the special case Ay = Ay, i.e., it holds for
all Aj, Ao € N with 1 < Ay < Ay

Next, we turn to the first double sum

)\2 2] 1
(j—1) 2]—k:) E\ (A + X —k
)\17 )\2 Z Z . ! Al _QJ H)\l—‘r)\z—k

Jj=1 k=j J

of the expression B(A, \y), i.e., of the right hand side of (7.3). For convenience, we adapt
the sum so that the lower bounds of the summation quantifiers are non-negative integers.
This yields
A2
S1(A1, A2) = Z h(A1, Az, j) (7.11)

j=1
with

—1+4j N . )

: (—1+j)(j—k)(y+k:)<—]—k:+>\1+)\2>
h(A, A = E H_._ .
( 15 273) £ itk j i+ G—k4+A1 A2

Here we apply iteratively our summation machinery for Problem T. We start with the
inner sum h(Aq, A9, 7). First, we compute a linear recurrence of h(Aq, Az, j) in j of order 2,
and afterwards we compute two linearly independent solutions plus one particular solutlon
of the found recurrence. Finally, taking the first two initial values yields a rather huge
expression (which is too big to be printed here) in terms of indefinite nested sums w.r.t. the
integer parameter j. Precisely this form enables one to apply Sigma’s summation toolbox
again to solve Problem T for the definite sum (7.11) where j is the main summation
variable: we can calculate a linear recurrence of (7.11) in Ag, solve the recurrence in terms
of d’Alembertian solutions, and obtain finally a representation where the occurring sums
are indefinite nested w.r.t. the parameter \,. In order to carry out all the calculations
steps automatically, we execute simply the function call
(-1 +j)(.i-§k) (—j—k+>\1+>\2

=3 0 —K)H_j_ki4x,4+2
in[14]:= solSum1 = EvaluateMultiSum][ J+>:1 ) ) e

itk
{{k, 0,3}, {i, 1, A2}}, {A2, A1}, {1, 1}, {A1, 00}
and get the result in terms of Pochhammer symbols and factorials. As explained in
Remark 7.4 this result (which we did not print here) can be rewritten in terms of the
A”;’\z) by executing the following command:

binomial coefficient ( N

In[15:= solSum1 = SigmaReduce[solSuml, A2, Tower — {(A1;‘l-2>\2)}]
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A2 oi i —j (it Ao X
A+ A 28yt 270N 2i

outts (M) g5 =¥ = ana g (- ZW*‘*AZ‘Zﬁ)
i=1 i

2 i=1 i

+22274 (=84 30 + A2 — A — 2\ + A2) (HA1(1 - 222— (lth))

A2 i A2 Ao+1 A2 . A2 .

2 /it A 222 /it A2 iAo

+(;i(1“1));2 s )+(M;ﬂ\2)<1+>\1+>\2)(;2 L) +2Zz QAL
2
CREERTIN) (any $PTRTI 2 ()
. 1+)\1) — i — 4(1+)\1 1+)\1 1+1+)\1)
1+ A2 () MIA)(_ gy, +H
—HAQ(Z( ) 1)+Z 1“1>+( X2 )(8(/\1111;2 )\1)(3>\1+4)\f+)\f—3>\2+5>\1)\2—9>\§—

A2 .
BAIAS +423) — 222 7% (14 — BA\1 +3A] + Ao — 6Ai o +3M3) (D 27! (1 + Al) +1)
i=1 1

(/\1;—2)\2) 1
+1)°3

(14 +3AT + A3(3—16X2) — 52 — 51AZ 4 2473 + AT (5A2 — 52 + 11) + A1 (8A3 — 30A3 + 38Xz + 25))

(A1
( 1+A2)

N1 16 = (845X — 4A2 — AT+ 72 — 9Ot A2 + 1703 + 9A1 A3 — 8A3)Hy, 4,
We emphasize that each calculation step of this transformation can be verified in the
same fashion as it has been worked out for the sum Sy(A1, A2) from above. Completely,
analogously we obtain the representations solSum2, solSum3, solSum4, solSumb (together
with correctness proofs) of the remaining four sums in (7.3) in terms of indefinite nested
sums over hypergeometric products which are all valid for all Ay, Ay with 1 < Ay < Ay,
This completes step (DEF) of our summation tactic.
Now we are ready to carry out step (IND). With the function call
In[16]:= {solSumO0, solSum1l, solSumz2, solSum3, solSum4, solSum5} =

SigmaReduce[{solSum0, solSum1, solSum2, solSum3, solSum4, solSum5}, A2];

we synchronize the arising sums and products within the representations of the six sums.
More precisely, after this transformation all expressions depend only on the following
indefinite nested sums defined over hypergeometric products

A+ A 1+ N\ T+ A
2/\27 ( 1)\ 2> H)\lqu\l )\27H)\27H)\1+/\27Z2 ( ) 22 ( 1>H’i+)\17
2

i+ >\ A2 21 222 92— ]( +>\1) A2 21(2] . ( +)\1))2
22 < )HiJr/\la;i(iJri)\l)’; Z(eriAl) 7; <z+/\1) (1 +Z+)\ )
(7.12)

whose sequences produced by the objects in (7.12) are algebraically independent among
each other.

Putting all the building blocks together
In[17]:= T= Al()\; —1) + )‘2()‘1_ 3) — 2s0lSumO0 — < (()\21) + ()\2; 1)) Hx, 42, — 1) +

)\1—>\2+1<>\1+>\2
A1 41 A2

) ( — solSum1 + solSum2 — solSum3 — solSum4 + solSum5)>;

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(2) (2017), #P2.28 30



yields an alternative representation 1" of our expression T'(Ay, \y) given in terms of (7.5)
which is valid for all A, Ay € N with 1 < Ay < A. In a nutshell, we solved Problem S
and obtained the simplification 7" where all arising sums and products are algebraically
independent among each other. Finally, we consider all the sums and products in this
expression as variables, put them over a common denominator and expand the derived
numerator. More precisely, we apply the standard Mathematica command Together to
T and obtain by simple polynomial arithmetic the answer

In18]:= Together[T]

Out[18]= O

This implies that T'(A;, A\2) = 0 holds or equivalently that (7.4) holds for all A;, Ao € N
with 1 < Ay < Ay, This completes the proof of Theorem 7.1.

As a reward for all our calculations we obtain besides a proof of Conjecture 3 in
addition new representations of C'(\). Using (7.1) together with (7.9) yields

CO) = O = =D A =3)

4 4 , i (+2)
A2 A2 (i+i>\1) ST A4 A A2 — 27
IS 1O T S A B P
D P W R 1
B ; : Z Z'(H_)‘l) T <1 ™ )\1 o )\2) (H)\l + §H)\2 - H)\1*)\2) + 1)
i=1 i

This expression is of particular interest if one wants to calculate C'(Ay, Ag) efficiently for
A = 0,1,2,3,... and keeping A; symbolic. In addition, we obtain the specially nice

formula Na(hg—2) e
C(A2, A2) = %—2(—m+ 2)\2 +1>
A2

using the identity (7.10). Similarly, if one is interested in an efficient evaluation of C'(\)
for a symbolic Ay and a fixed distance 6 = Ay — Ay > 0, we can derive with our summation
toolbox the following representation for the sum Sy(A1, A2):
(=D*(32) (=2 + 2)!
2+ — >‘2)_1+2k

{{k, 1, A2}}, {6, A2}, {0, 1}, {o0, 00}];
6+>\2)’ <5+2>\2

In[19]:= resDelta = EvaluateMultiSum|

/A1 — 6+ A2,

In[20]:= SigmaReduce[resDelta, §, Tower — { ( ) yHs 1, Hsp2x,, Hs }]

S ]
(6 +1)22% 2t (1) 24146+ 2) ) O 271 ()
outol= (—1-d+ (2>\2) )Z (i+2A2) (1+i+2x 512, 5 [ P
Ao i=1 i 2) ( 5 )(1+ +2)‘2) 1:1( i )(1+2>‘2)
i 2—j(j+2kz)

2L o e

5 i = (J+J 2) (j +2>\2) 2222 (§ 4 1) 25+1(1+5+/\2) (é-s-éxz)
—2(6+ Ao Z it2Xig . 2X, 5+F2X2\ (2h2 X

& PYriran) Gty CP)E) (e 2x)
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2\ 0+1 1
« (722)\2 + ()\22)) v + (6 + 1)Hspon, + 5(5+ 1Hy, — (6 + 1)Hon, — (6 + 1)Hs

This yields

CA) = C(A, A) =

A1(A — 1) . Aa(Ag — 3)
4 4
(5 +1) 22>\2 4 9i (z+>\2)
21 (—1-96
(1 S s e
25+2)\2(1 +5+)\ 6+)\2 i
(P22 (146 + 2)\2 — (722) (i + 2))

i (A2 : ) 2" J<J+J2/\2)
U 2 T )
20+ 1A Y __J

= (T Fi2n)

(1-1-2)\2)

2222(§ 4-1) 146+ 0) (5 (2%
* =) (20 +1) () (R2) (140 +2x) ( * ( Ao ))
§+1

_ S 1 1 -+ ((5 + 1)H5+2>\2 + 5(5 -+ 1)H/\2 — (5 + 1)H2)\2 — (5 + 1)H5>

with Ay = Ay + ¢ for a positive integer parameter A\, and a non-negative integer ¢.
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