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Abstract

The alternating sign matrices-descending plane partitions (ASM-DPP) bijec-
tion problem is one of the most intriguing open problems in bijective combina-
torics, which is also relevant to integrable combinatorics. The notion of a signed
set and a signed bijection is used in [Fischer, I. & Konvalinka, M., Electron. J.
Comb., 27 (2020) 3-35.] to construct a bijection between ASM,, x DPP,,_; and
DPP,, x ASM,,_;. Here, we shall construct a more natural alternative to a signed
bijection between alternating sign matrices and shifted Gelfand-Tsetlin patterns
which is presented in that paper, based on the notion of compatibility which we
introduce to measure the naturalness of a signed bijection. In addition, we give a
bijective proof for the refined enumeration of an extension of alternating sign matri-
ces with n + 3 statistics, first proved in [Fischer, I. & Schreier-Aigner, F., Advances
in Mathematics 413 (2023) 108831.].
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1 Introduction

An alternating sign matrix with rank n is defined as an n x n matrix that satisfies the
conditions:

e cach entry is —1, 0 or 1,
e for each row and column the sum is 1,
e for each row and column the nonzero entries alternate in sign.

Below is an example of a rank 4 alternating sign matrix:

00 1 0
10 -1 1
01 0 0 (1)
00 1 0
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Combinatorics concerning alternating sign matrices provides one of the most intriguing
open problems in bijective combinatorics, which is called the ASM-DPP bijection problem
13, 13]. Here, DPP stands for descending plane partitions, which are plane partitions
subject to some conditions and equipped with the notion of rank. It has been known for
some time that for any n € Z-( the number of alternating sign matrices with rank n is
equal to that of descending plane partitions with rank n (conjectured in 1983 by W. H.
Mills, David P. Robbins and Howard Rumsey, Jr. [11], and proved in 1996 first by Doron
Zeilberger [14] and then by Greg Kuperberg [10] independently). However, no explicit
bijections between them have been found so far.

Ilse Fischer and Matjaz Konvalinka use the notions of a signed set and a signed bijec-
tion (which we shall call a sijection in the style of Fischer and Konvalinka) to tackle the
problem in [7, 8]. These are defined as follows:

e A signed set is a pair of disjoint finite sets,

e Asijection from a signed set S = (S*,57) to asigned set T'= (T, T7) is a bijection
between ST UT~ and S~ UTT.

For more details, see §2. Fischer and Konvalinka did not construct the desired bijection,
but they did construct a bijection between ASM,, x DPP,,_; and DPP,, x ASM,, _;, where
ASM,, and DPP,, are the set of alternating sign matrices and descending plane partitions
with rank n, respectively. In §5, we will investigate the sijections constructed in [7], be-
tween alternating sign matrices and so-called shifted Gelfand-Tsetlin patterns, and obtain
some new combinatorial results. A shifted Gelfand-Tsetlin pattern is a combinatorial ob-
ject defined in [7] to clarify the combinatorial meaning of the operator formula for the
enumeration of alternating sign matrices. For more details, see §5.

Before explaining our method of investigation, let us introduce some other previ-
ous works on the ASM-DPP bijection problem, done by Roger E. Behrend, Philippe Di
Francesco and Paul Zinn-Justin [1, 2]. Their research concerns refined enumerations of
these two objects, and they prove that the two refined enumerations with respect to cer-
tain quadruplets of statistics coincide with each other. Note that the results on three of
these statistics were conjectured by W. H. Mills, David P Robbins and Howard Rumsey
Jr. [11] The statistics on alternating sign matrices they consider are:

e the column number of the 1 in the first row (note that only one 1 exists in that
row),

e the (generalized) inversion number (for a detailed definition see §5),
e the number of —1 in the matrix,
e the number of 0’s to the right of the 1 in the last row

For example, the statistics are 3, 2, 1 and 1 of the example (1).
The main idea of the present paper is the notion of compatibility, which is defined as
follows:
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A sijection ¢ from S = (ST,57) to T = (T, T7) is compatible with a statistic
function n: ST LU ST UTYUT- — Z%if it holds that:

Vs e STUT™, n(e(s)) =n(s).

This means that the statistic n is preserved under the action of ¢. In §4, we interpret
the sijections relevant to Gelfand-Tsetlin patterns that are constructed in [7] in the light
of the notion of compatibility. This interpretation gives us some new knowledge about
these objects. With the notion of integrable systems of combinatorial objects, which will
also be defined in that section, we will describe the combinatorial structure of Gelfand-
Tsetlin patterns. This result leads us to a new computational proof of the enumeration of
Gelfand-Tsetlin patterns with a bottom row that is not strictly increasing. Furthermore,
inspired by this new proof, we obtain a new generalization of Gelfand-Tsetlin patterns
and a signed enumeration of the objects.

The notion of compatibility also helps us to import Di Francesco et al.’s results to
Fischer and Konvalinka’s work. We know the meaningful statistics according to the
refined enumerations, so with these statistics and the notion of compatibility, we are
able to measure the naturalness of constructed sijections. In §5, we will extend the
definition of two of the four statistics to shifted Gelfand-Tsetlin patterns and discuss the
compatibility with these two statistics. In fact, Fischer and Konvalinka’s construction is
not compatible with one of these statistics. We will construct a new sijection between
the two objects which is compatible with both of the statistics. Therefore, according to
the notion of compatibility, our construction can be considered more natural than Fischer
and Konvalinka’s.

In fact, in [9] Fischer and Schreier-Aigner obtain a more elaborate result to do with a re-
fined enumeration of alternating sign matrices and descending plane partitions. Amongst
others, they provide a refined enumeration of some extensions of alternating sign matrices
with n + 3 statistics. With a slight modification, this result can be recognized as a refined
enumeration of generalized monotone triangles, which is defined in §5. It is expressed as
follows (for detailed definitions, see §5):

H (uXi +uX; !+ w)
=1
H (uEkp + ’UEkill + WE]CPE]:;) g(kn7kn71,...’k1)(X1, XQ, PN ,Xn) (2)

I<p<g<n

We recognize this expression as a refined enumeration of the Cartesian product of arrow
rows and shifted Gelfand-Tsetlin patterns, where arrow rows will be defined in §5. Then,
we give a bijective proof for the refined enumeration of generalized monotone triangles
by appropriately defining the n + 3 statistics on the Cartesian product and constructing
a sijection between generalized monotone triangles and the Cartesian product that is
compatible with these statistics. For more details, see §5.6.

As a last remark in this section we explain the choice of title captions in this paper,
in which we construct many sijections. On the one hand, such constructions constitute
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proof of the existence of the sijections, but on the other hand the constructions themselves
also become objects that will be used in later propositions and/or theorems. Therefore,
not only the existence but also the explicit construction of each sijection is important.
Thus, when we describe a construction of a sijection in detail we will use “Construction”
as a title caption instead of “Proposition”, “Theorem” or “Proof”. This convention is
partially derived from Fischer and Konvalinka’s papers [7, 8].

2 Preliminaries

2.1 Signed Sets

A signed set is a pair of disjoint finite sets. For a signed set S, we call its first (resp.
second) element the plus part (resp. minus part) of S and denote it by ST (resp. S7).
Namely, S = (S*,57). For a signed set S, we call the set ST LI S~ the support of S and
denote it by supp (S). The size of a signed set S is defined by #S5 = #ST — #5~, where
we denote the size of a set X by #X.

Next, we define some basic notions relevant to signed sets. (See also [7].)

e The opposite of a signed set S is —S := (S, S™).
e The disjoint union of two signed sets S and T'is SUT := (STUTT, S~ UT").
e The Cartesian product of two signed sets S and T is

SxT = (StxTTuS xT,StTxT-uS xT").

We define the disjoint union and the Cartesian product of a finite number of signed sets
in the same manner. In addition, we can define a disjoint union with signed index of a
family of signed sets indexed by a signed set (to be rigorous, indexed by the support of
the signed set) in the following way.

Definition 1. Let T" be a signed set and {S} }+csupp(r) @ family of signed sets. The disjoint
union with signed index in 7" of {S; }equpp(r) 18

s ( Ll s s <s¢>) |

teT teT+ teT— teT+ teT—

We denote an element of | |, Sy as (s, t) for s, € supp (S¢). For simplicity, we will
sometimes denote an element of | | .. | |,cr Stu as (54, t, u) instead of ((s4,1),u).

Let us define a signed interval, which is the most basic example of a signed set. For
any two integers a and b, a signed interval [a, b) is defined by,
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It is noteworthy that we use half-open intervals to describe signed intervals instead of
closed intervals as in [7, 8]. Because of this, we have [b,a) = —[a,b). This relation is

crucial and many properties of Gelfand-Tsetlin patterns are easier to establish using this
notation. For more information, see §4.

2.2 Sijections

A sijection ¢ from a signed set S to a signed set 7" is an involution on supp (.S) Usupp (')
such that (STUT ™) = S~UT™T, namely a sijection ¢ is a bijection between STUT~ and
S~ UTT. We denote it by S o==o T'. If there is a sijection from S to T', then #S = #T
holds. This relation is an analogy of the relation between ordinary sets and a bijection.
In particular, if S~ = T~ = (), then we can interpret S and T as ordinary sets and a
sijection between them as an ordinary bijection.

A sijection ¢ can be also recognized as a triplet of a sign-preserving bijection from a
subset of S to a subset of T', a sign-reversing involution on the remaining part of S, and
a sign-reversing involution on the remaining part of 7. Figure 1 below illustrates this
interpretation of a sijection. In the figure, the upper-left square represents the set S,
and similarly for the other three squares. The symbol c==0 was inspired by Figure 1.

S T

TN
| -
TN
|

Figure 1: An illustration of a sijection.

Since a sijection ¢: S o==o0 T is an involution, we can use the notion “p(s)” for an
element s not only of S but also of 7. On the other hand, it is sometimes important
to distinguish between the domain and the codomain, especially when we consider a
composition of sijections. Thus, we define an inversion ¢ ~!: T' o==0 S of ¢ by

¢ ' = (as an involution),

and distinguish =1 from ¢ as a sijection.
The simplest example of a sijection is the identity sijection idg, defined by

S =0 §
§ +—— s

for any signed set S. Let us introduce a few more examples which we shall use in later
sections.
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Example 2. For any integers a, b and ¢, there exists a sijection ¢: [a,b) c==0 [a,c)U[c, b).
In fact, each integer in [min{a, b, c}, max{a,b,c}) U Z appears twice as an element, and
when we let one correspond to the other, we obtain the sijection.

Example 3. Let A, B be ordinary sets and f: A — B a bijection. In this situation, we
can interpret f as a sijection between S = (A, B) and (), 0).

Example 4. Let S, T be signed sets and ¢: S o=0 T a sijection. Then, we have a
sijection S —T o==o ((), ). In fact, ¢ is also a bijection between ST UT™ and S~ UT™.
Therefore, this is also a sijection between (ST UT~, S~ UTH) = SU—T and (0,0) by
the previous example. Conversely, a sijection between S LU —T can be interpreted as a
sijection between S and T

In particular, we have

S —S o==o (,0)

derived from the identity sijection on .S for any signed set .S.

2.2.1 Composition of sijections

A composition of sijections is defined as follows [7].

Lemma & Definition 5 ([7, Proposition 2 (1)]). Let S, T', U be signed sets and p: S o==0
T, ¢: T o==0 U sijections. For s € supp (S), we define 1) o ¢(s) as the last well-defined
element in the sequence

s, (), Y(@(s)), p(P(p(s))), -

Similarly, for v € supp (U), we define 1 o p(u) as the last well-defined element in the
sequence

u, p(u), p((u)), v(e(P(w)), .. ..
Then, 1 o ¢ is a sijection from S to U, and we call it the composition of ¢ and 1.

First we should clarify what we mean by “the last well-defined element in the sequence

s, o(s), w(p(s)), p(¥(e(s))), ...”7. For example if p(s) belongs to supp (5), then 1 (p(s))
is not defined because the domain of + is supp (7") Usupp (U). Therefore, (og)(s) is ¢(s)

in this case. For the original proof of the lemma, see [4]. Here, we give an alternative proof
of this fact using the language of graphs. A graph in the proof might have multiple edges,
so we fix notations relevant to multisets. We use double braces to describe a multiset,
and use the symbol “4+” to describe a sum of multisets.

Proof of Lemma & Definition 5. Consider a graph with vertices V' = supp (S)Usupp (7")L
supp (U) and edges F = R + B, where

R={{v,o()}|veSTuT },
B ={{v,o@)}[veTTUU }}.
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Note that the graph is an undirected bipartite finite graph, where one part is STUT - LU ™
and the other part is S~ LT " LU U~. We consider painting edges in R with red and those
in B with blue. Then, by the definitions, each vertex belongs to at most one red edge
and at most one blue edge. Because of the degrees of the vertices and the finiteness of
the graph, the graph consists of finitely many line graphs and cycles. Moreover, all the
endpoints of these line graphs belong to supp (S) U supp (U) and for each line graph or
cycle the color of the edges alternate. Please refer to Figure 2 below for an example:
dashed edges represent those in B and the others those in R. In addition, the shape of a
node corresponds to which part it belongs to.

S o==0 T =0 U

Figure 2: A composition of sijections.

Consider s € supp (S). The degree of s is 1, so it is an endpoint of a line graph.
Therefore, 1 o ¢(s) is the other endpoint of the line graph. If ¥ o ¢(s) € supp (S5), the
first edge and the last edge in the line graph are both red, so its length is odd. Thus, s
and ¥ o ¢(s) belong to different parts of G as a bipartite graph. Therefore, the sign of
1 o (s) is different from that of s. In the other case, namely when ¢ o ¢(s) € supp (U),
the length of the line graph is even and v o p(s) belongs to the same part as s, so the
sign of ¥ o ¢(s) is equal to that of s.

For u € supp (U), we can give a similar proof. Therefore, 1) o ¢ is a well-defined
sijection from S to U. O

Relating to this proof we define a graph G = (V| E) of a sijection ¢: S o==0o T as
follows:

V' :=supp (5) Usupp (1),
E:={{v,o(v)} |veSTuT }}.
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This notion is useful to prove some lemmas and to understand properties of sijections.
For example, with this language, the sijection ¢: [1,3) L [3,2) c==0 [1,2) in Example 2 is
described as:

Remark 6. There are two reasons why we impose finiteness on signed sets. One of them is
because, without the finiteness it could simply be meaningless since (N, N) is in sijection
to arbitrary signed sets (and any infinite “signed set”). The other reason is because it is
needed for the well-definedness of compositions of sijections. For example, let S = ({1}, 0),
T =(2N,2N+1),U = (0,0), p(2x — 1) = 2z and ¥(2z) = 2z + 1. If we define a graph in
the same way as in finite cases, the connected component that 1 € ST belongs to is still
a line graph but not finite since we have

Thus, the proof and the definition are broken in infinite cases.

Last, we prove that compositions of sijections have the associative property.

Proposition 7 ([4], Corollary 3). Let S, T, U and V be signed sets and ¢: S o==o T,
Y: T oo U, and &: U o==0 V sijections. Then,

Eo(op)= (o) oy

Proof. Consider a graph with vertices supp (S) U supp (7") U supp (U) U supp (V) and

edges {{{v,p(v)} [v e STUT™ }+{{v,0(w)} |ve T LU} +{{{v.s()} |ve
Ut UV~ }}. This graph consists of line graphs and cycles. Moreover, for any endpoint v
of a line graph the other endpoint of the line graph is (o (o)) (v) = ((£op)op)(v). O

2.2.2 Cartesian products of sijections

The definition of the Cartesian product of sijections is a bit more complicated. For
sijections ¢;: S; o==0 T; (i = 1,2), we can construct a sijection ¢; X o between S; X Sy
and 717 x T5 as follows:

For s = (1, $2) € supp (57 X Sz) = supp (S1) X supp (52),
(p1(s1), 52) ¢1(s1) € supp (51),

(1 X @2)(s) = q (51, 02(52)) ¢1(s1) € supp (T1) and ¢y (s2) € supp (S2),
(p1(51), 02(s2))  w1(s1) € supp (T1) and @a(s2) € supp (13),
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and for t = (t1,t2) € supp (T} x T3) = supp (11) x supp (12),

(p1(t1),t2) ¢1(t1) € supp (T1),
(1 X @2)(t) = ¢ (t1, palta)) @1(t1) € supp (S1) and ps(t2) € supp (12),
(1(t1), w2(t2))  w1(t1) € supp (Si)and @s(tz) € supp (Sa) .

It is easy to check that this sijection is an involution on supp (S x Sz) U supp (7} x T3)
and that it meets the sign conditions:

o if (1 X ¢o)(s) € supp (S7 x S3), the sign of (1 X p9)(s) is different from the sign
of s,

e if (1 X p2)(s) € supp (T1 x T3), the sign of (¢1 X p2)(s) is equal to the sign of s,
e and similar results are true for ¢ € supp (77 x T3).
Therefore, it is indeed a sijection. Additionally, this definition has the associative property.

Proposition 8. Let p;: S; o==0T; be a sijection for 1 =1,2,3. Then, we have

(01 X @2) X 3 = 1 X (P2 X P3).

Proof. Regardless of how one puts the parentheses, if all ¢; send s; to T}, then s =
(s1, S2, 83) corresponds to (p1(s1), p2(s2), ¥3(s3)). Otherwise, only the leftmost element s;
of s such that o;(s;) € S; is replaced with @;(s;). O

Thus, we can define the Cartesian product of a finite number of sijections as follows.
(See also Proposition 2(2) of [7].)

Definition 9. Let 51,55, ...,Sk, 11,15, ..., T, be signed sets and let ¢;: S; ==0 T; be a
sijection for 1 = 1,2,..., k. We define

Pr X pa X X pp = (- (1 X @) X pg) X o) X
Let s = (s1,82,...,5k) € supp (51 X Sy X -+ X S) = supp (S1) x supp (Sz) X -+ X
supp (Sk). Then, according to the proof of Proposition 8, when ;(s;) € supp (7;) for all
1=1,2,...,k, we have
(1 X g2 X -+ X i) () = (pr(s1), pa(s2), - - s or(si))-
Otherwise, we have
(01 X pa X - X ) (8) = (51,82, -+ 851,95 (85), 5415+ ),

where j is the minimum index such that ¢;(s;) € supp (5;).
For an element of supp (77 X Ty X - -+ X T}), a similar expression can be given.
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Remark 10. We remark on a disadvantageous feature of this Cartesian product of sijec-
tions. Let ;: S; =0 T; and v;: T; o==0 U, be sijections for + = 1,2. In general, it does
not hold that

(11 X 12) 0 (o1 X p2) = (Y10 ¢1) X (P20 ¢2). (3)
For example, let S = ({A},0), T = ({A, B}, {B'}) and define a sijection ¢ as

22 S =0 T

If the relation (3) is always true, it must hold that
(idy xp) o (p x idg) = ¢ X ¢ = (¢ x idy) o (idg X ).
However, we have by a simple calculation that
((idr %) o (¢ x ids))((B, B)) = (B, BY) # (B", B) = ((¢ x idr) o (ids x¢))((B, B)),

so we have a contradiction. Thus, the relation (3) is not always true.

This feature is inevitable, namely it is not due to a defect in the definition. For
instance, in the above situation, we cannot determine which of (B, Bf) and (BT, B) should
be (¢ x ¢)((B, B)) a priori because of symmetry.

2.2.3 Disjoint unions of sijections

For sijections ¢;: S; =0 T; (i = 1,2), the disjoint union ¢ Ll ¢y: Sy LSy o==0 T3 U T is
defined by
(901 L 902)(3) _ ¥1 (S) s € supp (Sl) U supp (Tl) )
¢2(s) s € supp (S2) Usupp (T2).
We define the disjoint union of a finite number of sijections in the same manner. Con-
sidering the graph of sijections, the disjoint union is just a juxtaposition, so we have
(01 U 02) Loz = o1 U (2 U ip3).

Next, we define the disjoint union with signed index of a family of sijections.
Definition 11 (Proposition 2(3) in [7]). Let T, T be signed sets and ¢: T oo T a
sijection. Assume that we have signed sets {S;} tesupp(T)Lisupp(T) and sijections {p;: S; o==0
Su) hrer+u7-- Let o = go(’wl(t)) for t € T~ UT". Then, we have a sijction ¢ from L ier St
to | |,c7S¢ defined by

(¢i(se),t) if pi(s¢) € S,
(pe(se),9(1)  if pi(se) € Syry-
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We denote it by
|_| Pt or I_I Pt
ti: Tes=oT t;y
Considering the graphs of sijections, the disjoint union of this type is also a juxtapo-
sition. Therefore, it is indeed a sijection. When T' = T and i = idy hold, the situation
becomes simple. B
Let {¢;: Sy o==0 St hicqupp(r) be sijections, then we have

(= L) Lscos LS.

teT t;idy teT teT
We shall construct another four canonical sijections.
Construction 12. Let S, T) and T be signed sets. Then, we have a canonical sijection
S x (Ty UTy) o==0 (S xT1) U (S x Ty),
which 1s derived from the identities
(Sx (TYUT))" = (S xTy) U (S xTy)*"
=(STxTHUSTxTHU(S™ xTy)U(S™ xTy),
(Sx (ThHUT)” =({(SxT)U(SxTy))"
= (STxT)U(STxTy)U(S™ x T U (S~ x Ty).

Construction 13. Let S and T be signed sets and {S;}iesupp(r) @ family of signed sets.
Then, we have a canonical sijection

S X UStO#OU(SXSt)
teT teT

which 1s derived from the identities.

Construction 14. Let T, U be signed sets and {S, }vesupp(r)usupp(y @ family of signed
sets. Then, we have a canonical sijection

| |siu] ] Sueso | ] S
terT uelU veTUU

which is derived from the identities.

Construction 15. Let S; and Sy be signed sets and {Ty, s, }s, csupp(St),szcsupp(Ss) @ family
of signed sets. Then, we have a canonical sijection

L L Tas == [ [ Taee:
51€51 82€852 52€S52 81€51
which 1s derived from bijections of the form
L L] Can = || ] Car: ((,0),0) = ((c;a),b),
acAbeB beBacA

where A, B and C,y (for each a € A and b € B) are ordinary sets.
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Construction 16. Let U be a signed set and {1, }uesupp(tr)s {Stu tucsupp(U) tesupp(ty) fam-
ilies of signed sets. Then, we have a canonical sijection

L[] Swoeso || Siw

ueU teTy, t€|_|u€UTu

which 1s derived from bijections of the form

L] ] Cas— || Can: ((c.0),0) = (c, (b,a)).

a€A beB, bel—laeA B

These constructions can be decomposed to bijections, which are almost identities. In
these cases, we shall identify the domain with the codomain and use “=" to describe these
sijections.

Lastly, we explain the operator precedence for signed sets. The operators should be
evaluated in the order:

1. taking the opposite (—),
2. the Cartesian products (X ),
3. disjoint unions (L).

For example, we can write S x 71 LIS x Ty instead of (S x T7)LI (S x Ty), but not S x 71 LUT,
instead of S x (11 U T5).

3 Compatibility
We introduce the notion of compatibility, the most important idea in this paper.

Definition 17. A statistic of a signed set is a function on (at least) its support. Let S,
T be signed sets and let n be a statistic of SUT. A sijection ¢: S o==0 T is compatible
with n if

Vs € supp (SUT), n(¢(s)) = n(s).

The codomain of statistics does not matter, so we will not pay attention to it. For

simplicity, we will sometimes write s € S instead of s € supp ().

Compatibility is a generalization of the notion of normality which is used in [7]. For
example, let us consider the sijection ¢ in Example 2, which is normal in the language
of [7]. We can define a canonical Z-valued statistic of [a,b) LI ([a,c) U [c, b)), because we
can recognize each element of the support of [a,b) U ([a,c) Ll [¢,b)) as an integer in the
canonical way. The sijection ¢ is compatible with this statistic. We call statistics of this
type normal statistics. The precise definition is given in Definition 22.

Compatibility is preserved under compositions and so is normality.

Lemma 18. Let ¢: S =0T, ¢: T o==0 U be syections and n a statistic of SUT LU U.
If ¢ and ¢ are compatible with n, then 1 o ¢ is compatible with n.
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Proof. For any s € S, n(s) = n(¢(s)) = n(Y(4(s))) = --- while they are well-defined.
Therefore, n(s) = n( o ¢(s)). The same is true for an element of supp (U). O

As well as for compositions, compatibility is preserved under disjoint unions and Carte-
sian products.

Lemma 19. Let ¢;: S; o==0 T; be a sijection compatible with a statistic n; for 1 = 1,2.
When we define a statistic n = ny; Ung by

m(u)  (u e S uT)

n(u) = (m Un)(u) = {m(u) (wESUT)

w1 Uy s compatible with ny U ns.

Lemma 20. Let ¢;: S; ==0 T; be a sijection compatible with a statistic n; for 1 = 1,2.
When we define a statistic n = ny X 1y by

n((ur, u2)) = (m x m2)(w) = (m(wr), n2(u2)),
1 X g is compatible with 1y X ns.

By these definitions, a disjoint union and the Cartesian product of more than two
sijections can be treated in the same manner. Furthermore, in the situation of Definition
11, if all the sijections {¢;} are compatible with some statistic n, then | |,., ¢ is also
compatible with 7. Proofs can be given either by considering the graphs of sijections or
by using the definitions. The following lemma is a special case of this.

Lemma 21. Let ¢: T o=0 T be a sijection compatible with a statistic n and let
{Sa}aen(supp(T)usupp(T)) be a family of signed sets. Then the sijection obtained by applying
the Definition 11:
I_l idg, 1) |_| Si(t) o==0 |_| Sht) (4)
tip: To=oT teT teT

18 compatible with the statistic:

supp [ | | Sy U] Sor | — U supp (S) ; {EEzvti,(l); > <8777Et)),

teT teT aEn(supp(T)LIsupp(T))

Definition 22. A normal signed set is a signed interval or a signed set that is made by
finite operations of disjoint union or Cartesian product of signed intervals. For a signed
interval, its normal statistic is the inclusion map to Z. For two pairs of normal signed
sets and their normal statistics (S1,71), (S2,72), we define the normal statistic of S; LI Sy
by m; Une as in Lemma 19 and the normal statistic of S; x Sy by 11 X 12 as in Lemma 20.

Remark 23. These definitions are similar to those of elementary signed sets and normality
in [7].
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We prepare one notation for later use.

Definition 24. Let S be a signed set and 7 a statistic of S. For an element a €
n(supp (5)), we define the restriction of S as follows:

Slya=({s € 5" [n(s) =a}, {s € S |n(s) =a}).

Let us explain the motivation for introducing the notion of compatibility. In bijective
combinatorics, we like to think that the more natural a bijection (or a sijection for that
matter), the better. However, whether one particular bijection (or sijection) is more
natural than another can be controversial. The notion of compatibility is intended to offer
an answer to this problem. More specifically, a bijection (or a sijection) is considered to
be ‘more natural’ if it is compatible with a finer statistic, where the size of the image
of a statistic determines how fine it is. Unfortunately however, for any given sijection
[': S o==0 T, we can always construct one of the finest possible statistics which, at the
same time, is also entirely trivial: n: supp (SUT) — ST U T~ such that

Vse STuT, n(s)=s,
Vs € ST UT™, n(s) =T(s).

Nevertheless, we believe that the notion of compatibility is useful because it allows us to
translate a sense of ‘naturalness’ (as opposed to ‘contrivedness’) of a sijection into the
naturalness of a statistic. When a ‘natural looking’ sijection is given, we can explain why it
can truly be regarded as natural using the notion of compatibility. This process sometimes
leads us to novel combinatorial structures. Our first application of compatibility concerns
Gelfand-Tsetlin patterns. It is an example of this type of application of compatibility.
For more details, see §4.

In another interpretation, a construction of a sijection with compatibility gives a bijec-
tive proof of a refined enumeration. In this context, first, a seemingly natural statistic is
given according to a computational proof of a refined enumeration. After that, we can try
to construct a sijection compatible with that statistic. In fact, the existence is guaranteed
through the computational proof but we need to find an algorithm to construct it. Our
second application of compatibility is of this type. We define statistics on alternating
sign matrices and shifted Gelfand-Tsetlin patterns by referring to refined enumerations
for alternating sign matrices [1, 2], and construct a sijection which is compatible with
the statistics. The construction is similar to Fischer and Konvalinka’s work [7], but our
construction is more elementary. For more details, see §5.

In the first type of application we make a statistic referring to a sijection and vice
versa in the second type of application. Either way, we have to obtain a pair of a natural
looking statistic and a natural sijection compatible with the statistic to state that they
are truly natural in the sense explained above.
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4  About Gelfand-Tsetlin patterns

4.1 Definitions

A Gelfand-Tsetlin pattern is a triangular array (a;;)1<j<i<n Of integers such that for any
1<j<i<n—1,it holds that a;11; < a;; < @;41,;+1. When the elements are arranged
as follows
ay1
21 as 2
as i asz.2 as;3

an,]_ ... PR DY PR PR .« .. DY an7n7

each element is greater than or equal to the element left-below and is less than or equal
to the element right-below. We call the sequence (a1, anz2, ..., ay,) the bottom row of
a Gelfand-Tsetlin pattern (a; ;);;. For reasons that will become clear afterwards, we shall
modify this definition a bit. We impose the condition

Ai+1,5 < Qi < Qj41,5+1, for all 1 <j<1<n— 1, (5)

instead of a;11,; < a;; < @iq1,;41. We call triangular arrays subject to this new conditions
modified Gelfand-Tsetlin patterns. Clearly, Gelfand-Tsetlin patterns with bottom row
(k1, ko, ..., k,) are in one-to-one correspondence with modified Gelfand-Tsetlin patterns
with bottom row (ki, k2 +1,...,k, +n —1). Indeed, a Gelfand-Tsetlin pattern (a;;);;
corresponds to a modified Gelfand-Tsetlin pattern (a; ; + j — 1);;. For example,

3 3
1 3 —> 1 4
1 3 4 1 4 0.

A generalization of Gelfand-Tsetlin patterns for bottom rows that are not monoton-
ically increasing is introduced in [7]. The signed set of the generalization is defined as
follows.

Definition 25 (Definition 5 in [7]). For k € Z, define GT* (k) = ({0},0), and for
k = (ki, ko, ..., k) €Z" n > 2, define GT® (k) recursively as

le[k‘l,kz} X X [k"n—l,kn}

Here, [a,b] is a variant of a signed interval and is equal to [a,b+ 1). (Please pay
attention to the closing parenthesis.) As well as this definition, the signed set of modified
Gelfand-Tsetlin patterns is defined as follows.

Definition 26. For k € Z, define GT(k) = ({0},0), and for k = (k1,ko,..., k,) € Z",
n > 2, define GT(k) recursively as

GT(k) = GT(ky, ko, ... kn) = | | GT(1).
le[k‘l,kz)X"'X[k‘n—l,kn)
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The only difference between the two definitions is the closing parenthesis. As well as
in the unsigned case, for k = (ky, k..., k,) € Z" and K = (k1, ko +1,... k, + n — 1),
two signed sets GT¥® (k) and GT(k’) are essentially the same. In fact, we can make

1= (11,12, C.. ,ln,1> c [k’l,k’Q] X - X [knflakn]

correspond to

1,:(ll,lg—f—l,...,ln_l—l—n—Q)E [kl,kig—f—l) X e X [kn_1+n—2,k:n+n—1)

Therefore, we can check recursively
#GTH(K) T = #GT(K)" and #GT™ (k)™ = #GT(K)".
Example 27. For example, ((2,(1,3)),(3,1,4)) is an element of GT((7,1,3,5)) because

2€(1,3), (1,3)€[3,1)x[1,4), (3,1,4)€[7,1)x [1,3) x [3,5).

This sign is plus because there is an even number of © >’ in the following:
1<3, 3>1<4, 7T>1<3<5h.

We can interpret an element of GT(k) (or GT*(k)) as a triangular array. For the above
example, we can draw it as

7 1 3 D.

Accordingly, it is clear that the formal definition of GT(k) is indeed identical to the
triangular array-based definition of modified Gelfand-Tsetlin patterns when the bottom
row k is monotonically increasing. From this correspondence, we call 1 the second bottom

row of T'= (T",1) € GT(k). For instance, the second bottom row of our running example
is (3,1,4).

4.2 Known sijections relevant to Gelfand-Tsetlin patterns

Fischer and Konvalinka construct some sijections relevant to Gelfand-Tsetlin pattern in
[7]. In this subsection, we explain these known results. Using our notations, it is easy to
describe the results and the constructions become transparent, which is why we choose to
give considerable details for them although they are essentially the same as Fischer and
Konvalinka’s work.

Construction 28 (Problem 4 in [7]). Let a = (a1, as,...,a,) € Z", b = (b1, by, ..., b,) €
Z" and x € Z. We construct a sijection

P = Pabu: I_I GT(1) o==0 |_| GT(m, z),

1€[a1,b1)>< [ag,bz)X---X [an,bn) meS; X So XX Sy,

where S; = ({a;},{b:}), m = (my,ma,...,my) and GT(m,z) = GT(my,ma,...,m,,x).
First, we construct the following sijection.

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 17



Subconstruction 28.1 (Problem 2. in [7]). We construct a sijection

6 = Ba,b,x: [alabl) X [Clg,bz) Xoee X [anabn)

o==0 |_| [mq, mg) X [ma,mg) X [my,_1,my,) X [my,, ),

meSy xS X XSy,

which 1s compatible with the normal statistic. The construction is by induction on n.
If n = 1, it coincides with Example 2. In fact, we have [ai,b;) =0 [ay,x) U [x,b) =
lar, ) U —=[b,2) = |, e, M1, 7). If n > 1, we have, by induction,

[al,bl) X [ag,bg) X+ X [an,bn)

ind.
=0 [aj,by) X |_| [ma, m3) X [Mp_1,mp) X [My, x)

(mz,m3,...,mn)652><53><---><Sn

C. 13
o==0 |_| [a1,b1) X [ma,m3) X [My—1, M) X [y, T).

(m2,m3,...,mp)ES2 X S3 XX Sy

Here, we have [a1,b1) o==0 ||, g [m1,ma) by substituting my for x in the result of
base step, then the construction is completed. The compatibility is induced in the obvious

way. [

We return to the construction of p. By applying Lemma 21, where we use ¥: [3,
n: the normal statistic, and {S,}q: {GT(1)}h, we obtain the sijection

| ] GT()

16[(11,bl)X[az,bg)X---X[an,bn)

L. 5 id
"o || aT(l).

lel—lmesl X Sg XX Sp [m17m2)X[m27m3)><"'><[mnfl,mn)>< [mnyz)

Furthermore, we have a sijection

|| GT(1)

lel_lmesl X Sg XX Sn [m1,m2) X [m2,m3) X [mn—1,mn) X [Mn,2)

= | | | | GT(1)

meS] XS2 X+ XSy \1€[m1,m2) X [ma,m3) X [mn—_1,mn)X[mn,z)

P20 |_| GT(m,z),

meS; XS XX Sy

which completes the construction. ]

Construction 29 (Problem 5 in [7]). We construct the following sijections:
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1. for any k = (ky, ko, ... kn) €Z" and i € {1,2,...,n— 1},

T = Tk, : GT(kl,]{?Q, c.. 7kn) o=>=0 — GT(k’l,k’Q, .. 7ki—17ki+1aki7ki+2; .. .,k’n),

2. for any a = (a1, a9,...,a,),b = (b1,ba, ..., b,) € Z" satisfying a; = b; and a;y1 =
biv1 for somei € {1,2,...,n— 1},

0= Oabi: |_| GT(1) o==0 (0,0).

le[al,bl)X[ag,bg)XmX[an,bn)

The construction is by induction on n. First, we construct o from w for the same n.
We have the decomposition

| ] GT(1) = | ] CT(1)

IE[al,bl)X [a2,b2)>< s X [an,bn) 16[(11 ,bl) X [az,bg) XX [an,bn) s.t. l¢<ll‘+1

L || GT(1)

1€[a1,b1)X[ag,bg)XmX[an,bn) st Ui>lig

L | | GT(1).

l€[a1,b1)><[a2,b2)><~~~><[an,bn) s.t. li:li+1

The last term is the empty signed set, by the definition of Gelfand-Tsetlin patterns. From
the assumption, we have

n ™

le[al,bl) X [(12,62) X X [an,bn) st Li<liya

| ] GT(1) o=0 — | ] GT(1),

16[&17b1)><[a2,b2)><-~><[an,bn) st li<liga 1€[a1,b1)><[a2,bg)><~~-><[an,bn) st Ui>lig

which, combined with Example 4, completes the construction.

On the other hand, we can construct w from o for one smaller n. Note that when
n = 1 there is nothing to prove. Because the construction is too long, we shall describe it
in Appendiz A. We only describe the proof for the casen =5 andi = 3. Forxy,x9, 23,14 €
Z, we have sijections compatible with the normal statistics

(1, x9) X [X9, x3) X [X3,24)
o==0 ([z1,23) U [13,72)) X —[x3,23) X ([23,72) U [22,24))

Oo==0 —[xl,x3) X [ZE3,I’2) X [ZL’3,I2) L —[Il,l'g) X [(L’g,.rg) X [I2,$4)

L —[[E3,J]2) X [l’g,l’g) X [173,1'2) L —[1'3,1‘2) X [l‘g,ffg) X [I2,$4).
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Then, we have

GT(1) = | | GT(m)
mE[ll,lz)X[l2713)><[l3,l4)><[l47l5)
L. 21, C. 14
e | | GT(m) L | | GT(m)
mE—[lhlz)X[lg,l4)><[l4,l3)>([l4,l3) mG—[l1,l2)X[l2,l4)><[l4,l3)><[lg,ls)
L | ] GT(m) U | ] CGT(m)
me—[h,lQ)X[l4,lg)><[l4,l3)><[l4,l3) me—[h,lz)x[l4,l3)><[l4,l3)><[l37l5)
olid UoUo
o==0 (},0)— | ] GT(m) U (0,0) L (0, 0)
me(ly,l2) X [l2,l4) % [14,13) X [I3,l5)
= — | ] GT(m) = —GT(,ls 1y l3,15). O

me[ll,lg) X [12,l4)>< [l4,l3) X [l3,l5)

Construction 30 (Problem 6 in [7]). Let k = (ky,ko,... k) € Z" and v € Z. We
construct a sijection

T=Tieat GT(ki ko, ... ky) 050 | |GT(ky ko, kimy, 2 ki, K.
=1

When n =1, it is trivial. In the following we assume that n > 2. First, we construct the
following sijection.

Subconstruction 30.1 (Problem 3. in [7]). We construct a sijection compatible with the
normal statistic

Y= Ykt [lﬁ,kz) X [kz,k:’,) X X [/fn—l,kn)

o==0 |_| [k‘l,kQ) X [k?g,k?g) X - X [ki—27ki—1) X [k?i_l,l’) X [I, ki—l—l) X - X [kn—lykn)
i=1

n—2
u |_| k1, ko) X -+ X [kic1, ki) X [kig1, @) X [Kig1, @) X [Kivo, kigg) X -+ X [kn_1, kp),
i=1

where we replaced k; with x in the first term and [k;, kiv1) and [kiy1, kivo) with [kiq, )
in the second term. The construction is by induction on n. If n = 2, it coincides with
Ezxample 2. For n > 2, we shall calculate the difference of the right hand side from that
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for n — 1 multiplied by [k,_1,ky). First, we have

n

|_| ki ko) x oo X [ki—o, kicq) X [kic1, @) X (@, kig1) X -+ X [kp_1, ky)

=1

<|_| k’l,k'z [ki—2>k‘i—1) X [k‘i—l,fv)

X [x7ki+1) XX [kn27kn1)) X [k'nflakn)

=1

0=>=0 (ﬁ [, k‘i+1)>

X <[kn_2,x) % [, Kon) U [y K1) X [k, %) U —[kn_a, 27) X [k;n_l,kn))

|_| (b1, ko) X oo X [kiz1, ki) X [kig1, @) X [Kig1, @) X [kipo, kigs) X -+ X [kp_1, ky)

<|_| (K1, ko) X oo X (ki1 ki) X [Kigr, @) X [Kig1, @)

X [ki+27ki+3) X X [kn—Zykn—1)> X [kn—lakn)

o0 <1:[ [kl-,kl-ﬂ)) % ety ) X [kner, ).

i=1

Here, we have a sijection

[k‘n_z,ﬁ) X [l’, k’n) LJ [k’n_g, kn—l) X [k’n_l,l') L [l{n_l,ﬂf) X []Cn_l,l')

o==0 [k.nf%x) X [xakn) U [kn,2,$) X [knflax) 0==0 [kn,2,$) X [knflakn)a

which means [kn—2, ) X [x, kp)U[kn—g, kn—1) X [kn_1, ) U—[kn_2, ) X [kn_1, kn)U[kn_1, ) X
[kn_1,2) is in sijection to (0,0) by Example 4. Therefore, the difference is also in sijection

to the empty signed set. By Fxample 4, we thus obtain the result. The compatibility can
be checked step by step. [

We return to the construction of 7. By using Lemma 21, Construction 14, the sijection
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v and the syjection o constructed in Construction 29, we have

GT(k) = || GT(1)

le[k17k2)><[k27k3)><"'><[knflakn)

L. 21: Uy.~id
Lyidar) |—| GT(])
16L|?:1 [kl,kg)><[kz,k3)><~-~><[ki_g,ki_l)X[ki_l,x)X[x,ki_‘_l)XmX[kn,l,kn)
U | | GT(1)

1€l 772 (k1 k2) XX [k 1K) X [Ri1,@) X [Kig 1,2) X [kig2,kiea) XX [kn—1,kn)

n

(C. 14)uo

O0=0 I_lGT(klyk%‘-'7ki—17$7ki+17-"7kn)|—|(®7®>
i=1
= | |GT (R ko, oo kimy 2 i, K.
i=1
The construction is thus completed. [

4.3 New compatibility properties

We define a statistic 7,4, of Gelfand-Tsetlin patterns. First, we define a set of multisets
MS(Z,H) = {{{l{fl,kg, NN kn}} | /{31 < ]{?2 < s < kn} ~ Zn/Gn,

where we use double braces to describe a multiset. We define A, by

= MS(Z,1) x MS(Z,2) x --- x MS(Z,1).

TOW ) ToOwW

Arow = G Al Al
=1

Then, we define 7,4, as follows.
e For ) € GT(k), neow (D) = {{k}} € MS(Z,1) = AL

e For T € GT(k), where k € Z" and n > 2, we have 1 € Z"~! and 7" € GT(l) such
that 7= (7",1). Then, we define

Teow(T) = (o ("), Lk, Kooy - ka1 € A™L x MS(Z, 1) = A"

For example, let T'= (4,(2,5)) € GT((2,5,7)), then
Mow (1) = ({43}, {2,531}, {{2,5,73}) -
The following theorem is the main result of this section.

Theorem 31. The sijections m and o in Construction 29 are compatible with the statistic

771”0’[1} .

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 22



Proof. The proof is by tracing the constructions. First, the compatibility of o follows
from the compatibility of m. Next, the compatibility of 7 follows from the compatibility
of o without the bottom row. The sijection 7w acts on the bottom row as swapping an
element with the next element, so it does not affect the value of 7,.,. Therefore, m and o
are compatible with the statistic 7;y- O

The theorem means that the sijection 7 acts on GT(k) as a permutation of elements in
each row. This result is one of the most important reasons why we use half-open intervals
to describe signed intervals and Gelfand-Tsetlin patterns. Based on the theorem, we can
decompose the equinumerous relation of Gelfand-Tsetlin patterns by using the statistic
Nhow- Namely, we have

GT(ky, ko, ..., k)

=AO=>0 — GT<k17 k27 ) ki—la ki+17 ki7 ki+27 ) kn)

nroW:A

Trow

from the compatibility with 7., of the sijection 7. When 1 is a permutation of k, we have
# GT(k) |pow=a=sgns - # GT(1) |,..=4, where s is a permutation of {1,2,...,n} such
that [; = ky(;) and sgn s means the sign of 5. Let (a;;)1<j<i<n be the elements of A as

A= {a1}}, {aza, a2}, {ant, anz, - ann}}), a;; < a;j1(V1<j<i<n),

and let a = (an 1, an2, ..., 0nyn). When (a;;);; form an unsigned modified Gelfand-Tsetlin
pattern, namely when for any 1 < j < ¢ < n—1, aiy1; < a;j < @iy1,41 holds, we
have # GT(a) —4= 1. Therefore, we have # GT(a) |,,.,—a= sgn s, where s € &,
and a; = a,(;). Otherwise, when (a;;);; do not form a classical Gelfand-Tsetlin pattern,
#GT(Q) |;p,=a= 0 for any a € Z". To describe what occurs in this situation, we need
some new notions.

MNrow

Definition 32. A system of combinatorial objects consists of
e a family {Ay},ea of combinatorial objects,
e a set M, a source function s: M — A and a target function ¢t: M — A,
o a family {¢,: Ay =0 Ay tuenm of sijections between combinatorial objects,

where the term “a combinatorial object” refers to a signed set A, rather than an element
of Ay. We define an integrability condition for a pair of combinatorial objects (Ay, Ay)
as follows:

There exists a path of sijections from Ay to Ay, namely (u1, pia, . . ., px) € M*
such that s(uq) = A, t(p;) = s(pir1) forany 1 <i < k—1and t(ux) = N. In
addition, the composition ¢,, © ¢, , o--- o, is independent to the choice
of the path.

When any pair of combinatorial objects meets the integrability condition, we say the
system is integrable, and when any pair (Ay, Ay) of combinatorial objects such that
Ay = A}, = () meets the integrability condition, we say the system is partially integrable.
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The following lemma is useful to prove a system is partially integrable.

Lemma 33. Let ({Ax}ren, {@utuem, s, t) be a system of combinatorial objects. When
the system is strongly connected, namely for any pair (\,\') € A? there exists a path
of sijections from Ay to Ay, the system is partially integrable if it meets the following
condition:

There exists A € A such that Ay, = 0 and (Ax, Ay) meets the integrability
condition.

Proof. Let A;, Ay € A such that Ay = A} = (). Since the system is strongly connected,

there is a path of sijections from Ay, to A,,. Let 9, @Z be compositions of sijections from
Ay, to Ay, along two different paths. Since Ay = A; =0, they are ordinary bijections.
Similarly, we can take sijections ¢;: Ay o==0 A, , po: A\ =0 A,, along some paths in
the system and they are also bijections. From the integrability condition for (Ay, Ay), we
have ;" 0 1) 0 oy = ;" 01 o @1, namely 1) = . Since this means that (A, , A,,) meets
the integrability condition, the system is partially integrable. O

Remark 34. In this lemma, if the system has an ordinary set as its objects, the converse
of the lemma holds by definition.

Remark 35. In general, it does not holds that
feg=foh=g=h

for sijections f, g and h, unlike the case of bijections. For example, let f and g be
sijections from (0,0) to ({a, b}, {c,d}) such that f(a) = ¢, f(b) =d, g(a) = d, g(b) = c.
Then, flog= f"tof:(0,0) c==o (0,0) holds, but f # g.

In bijective (as well as in sijective) combinatorics, our goal is to construct larger (par-
tially) integrable systems of combinatorial objects. In this sense, to construct a compatible
sijection is a weak goal. For a strongly connected system ({Ax}xea, {¢u}uem,s,t) and
a statistic 7 on | |,., supp (A,), we say the system is compatible with 7 when each ¢,
is compatible with 7. If the statistic n is injective on supp (A,) (note that this requires
Ay =0), according to the lemma, the system is partially integrable.

For instance, in the case of Gelfand-Tsetlin patterns the system with k € Z" is de-
scribed as

e a set of combinatorial objects: {GT(1) | 1 is a permutation of k},
e a set of sijections: {m,; | 1is a permutation of k and i € {1,2,...,n}}.

Then the system is compatible with 7oy Since 7,0y is injective on supp (GT(k)) when k
is increasing, the system is partially integrable. Therefore, the above discussion results in
the following corollary.

Corollary 36. Let k € Z" and &k = {1 | 1 is a permutation of k}. Then, {GT(1) heex
and {7T]7i}166k7i€{1’2’“_’n} form a partially integrable system of combinatorial objects.
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Remark 37. In this remark, we explain why the definition of “partially integrable” is
needed, or in other words why “integrable” is too strict. For this purpose, we give an
example of a partially integrable system of combinatorial objects which is not integrable.
Let ¢: S o==0 T be the sijection constructed in Remark 10. We consider the system
described as

) SxT Z3

'@25%) id,,
S xS . . TxT
Cé(jd& B
TxS 7

Here, when we define a system by a diagram like as above, “i): U c==0 V" in a diagram
implies that the system includes not only ¢: U c==o V but also ¢y ': V o==0 U . We
showed that (id7 x¢) o (¢ X idg) # (¢ X idr) o (idg x¢) in the remark. Therefore, the
system is not integrable. However, by Lemma 33, this system is partially integrable
because of #(S x S)* =1 and #(S x S)” =0.

This example is very simple and a similar situation occurs in general when we take
the Cartesian product of two or more sijection that have some cancellations. Therefore,
there are no integrable systems that do not involve at least some trivial cases.

Last, we give two proofs of the signed enumeration of the Gelfand-Tsetlin patterns,
one of which is combinatorial and the other is partially computational. The enumeration
for a strictly increasing k € Z™ is known to be (for example, see [12])

#GT(k)= ][ b — ks

- )
—1
I<i<y<sn J

and we shall prove that the result is true for general cases. First, let us prepare some
definitions. For k € Z", we define sgn(k) as the sign of a permutation s € &,, such
that kyq) < kg2) < -+ < kgn) when all elements of k are distinct. Otherwise, we define
sgn(k) = 0. Let k™ be a weakly increasing sequence such that {{k}} = {{k™}}. For a
signed set S and numbers {a; }sesupp(s), we define

Se=Ya-Y a

seS seSt SES™

Proof. We provide a combinatorial proof of the signed enumeration. When sgn(k) # 0,
we have a sijection GT (k) o==0 sgn(k) GT (k™) according to Construction 29. Therefore,

kj — ks

#GT(k) =sgn(k) - #GT(K") = [] i

1<i<j<n

When sgn(k) = 0, similarly we have a sijection GT(k) o==0 GT(k™™) and since k has

duplicate elements, we have

kj —k;
i

#GT(k)=0=]]

1<i<j<n

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 25



Proof. We provide a computational proof of the signed enumeration. It is sufficient to
prove the following claim.

Claim 38. Let A = (A, As,..., A,) € A

row

such that {k}} = A,. Then, we have

# GT(k) |7h‘ow:A
B {sgn(k) when A forms an unsigned modified Gelfand-Tsetlin pattern,

0 otherwise.

The proof is given by induction on n. For n = 1, this is trivial. For n > 1, let
A e A% 1 such that A = (A, {{k}}). Then, we have

Mrow=A—" Z # GT(I)

IE[kl,kZ)X[k27k53)><"'><[kn71akn)

#GT(k)

Mow=A" +

Let a; < as < -+ < a,_1 be the elements of A,,_;. If they are not distinct, A" does not
form an unsigned modified Gelfand-Tsetlin pattern and neither does A. Therefore, in
this case we obtain the result that # GT(k) —a= 0. In the following, we assume that
A < ag < -+ < Qp_q.

Now, with the assumption of the induction, we have

Nrow=A — Z # GT(I)

l€[k1,k2) X [k2,k3) XX [kn—1,kn)

— > # GT(1)

16[k21,k2)>< [kz,k’g) X X [kn—lykn) s.t. {{1}}=An_1

Trow

# GT(k)

Nrow=A"

!

MNrow =A

1A’ forms a classical Gelfand-Tsetlin pattern

X Z sgn(l).

1€[k‘1,k2) X [k’g,kg) X oo X [kTL—lyk’ﬂ) s.t. {{1}}=An_1

For i € {1,2,...,n}, let t; be the integer such that a;,_1 < k; < ay,, where we define

ag = —oo and a, = +o00. Then, it is sufficient to show that
sgn(k) if ty,1q,...,t, are distinct,
2 send) =1 therwi
1€[kr ko) X [k k3 ) X oo X [kr—1,kn) 5.t I =An_1 otherwise,

because A forms an unsigned modified Gelfand-Tsetlin pattern if and only if A" does
and ty,%9,...,t, are distinct. Let ey, es,...,e,-1 be the canonical basis of R ! and
fi= Z;;ll e; for i € {1,2,...,n}. Then, we have

> sgn(l) = det (fi, = fir, fis = frar oo fru = frn ) -

le[kl,k‘z)x [kg,kg) X X [kn—l,kn) s.t. {{1}}=An_1

The reason why this determinant formula holds is the following:

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 26



Taking an element 1 of [k, ko) X [kg, k3) X -+ X [k,_1, k,) such that {{1}} =
A,,_1, is equivalent to assigning each element of A, = {{a1,a9,...,a,-1}} to
an element of 1 = (Iy,ls,...,l,—1) one-to-one, such that a; corresponds to [;
with a; € [kj, kj11), including its sign. By the definition of ¢; and ¢;41, a; €
|kj, kj11) means that i € [t;,t;41). From the viewpoint of I; this assignment
is identical to a bijection o € &,,_1;j — i = o(j) such that o(j) € [t;,tj41).
Furthermore, sgn(l) is equal to sgn(o) by the definition of sgn(l), and we
obtain the determinant formula.

If t; = t; for some 1 < i < j < n, then fi,,, — fo,, fron — frivs -5 Jt; — Ji;_, are
not linearly independent. Thus, if ¢1,1,,...,%, are not distinct, the determinant is equal
to zero. Otherwise, we will show that the determinant is equal to the sign of T =
(t1,t2,...,t,), which is equal to sgn(k). First, let

F(Qfl,l’g, s 7an) = det (fxl - fxzafxz - fxg; ‘. '7fxn_1 - fxn) )

and then F' has the anti-symmetric property. In fact, we have

F(:Bl,{ljg,...,lﬂn) = det (fu’h - fxzvfxz - fx:;’*v . '7*)
= det (f;m - fCC27 (f:c1 - fasz) + (fm - fz3)7*7 e '7*>
= —det (fzz - fwufm - fﬂcsv*a - '7*)

= —F(x9,21,23,...,T,),

F(-’L'l,x% ce ,-Tn) = det (*7 . -7*7fxn_2 - fﬂ?n—l’fxn—l o fx")
= det (*’ cey K, (fxn—Q — fl’n—l) + (fxn_l - fxn>7fa:n_1 - fxn)
= —det (*, .. .7*7fxn_2 - fxnafftn - fxn—l)

- _F('Tl:' .. axn—%x’rhxn—l))
and for alli € {2,3,...,n— 2}

F(xy,z9,...,2,)
= det (*, o fois = fais for = foipss fore — fmi+2,*,...,*)
= det(*, .., %, (fary = fur) + (far = fain)s
fer = Ferers (Feiis = Jaipn) + (for = Joi) o0 %)
= det (*,...,*,fzi_l — forirs Joo = fooprs for — f$i+2,*,...,*)
= —det (*,...,*,fxi_l = forirs Jron — Joir far — f$i+2,*,...,*)

= —F(21, .., Tic1, Tig1, Ti, Tiga, - -, Tp).
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Now, the determinant is evaluated as follows:

det (ftQ - ft17 fta - ft27 R ftn - ftn71) = (_1)n_1F(t17 lo, ... >tn)
= sgn(T) - (—1)"'F(1,2,...,n)
" the anti-symmetry of F)

(
=sgn(T) -det (fo — fi, fs— fo, .- s fu = fa1)
= sgn(T) - det (e1,e9,...,€,-1)

= sgn(T). O

4.4  Gelfand-Tsetlin Graph sequences

In this subsection, we will define a generalization of modified Gelfand-Tsetlin patterns
and we extend the scope of the results in the previous subsection to these objects. The
generalization is also a generalization of the notion of Gelfand-Tsetlin tree sequences,
which is introduced in [5]. In particular, we prove a generalization of Claim 38 and a signed
enumeration of the generalized Gelfand-Tsetlin patterns, which leads us to the notion of
“Gelfand-Tsetlin graph sequences”, a more generalized version of Gelfand-Tsetlin tree
sequences.

Definition 39. Let n be a positive integer and k € Z", and for 1 < j < i< n—1
let p;;,q. ; be positive integers less than or equal to ¢ + 1. Then, we define the signed
set GGT (k; {pi;},{q }) of generalized Gelfand-Tsetlin patterns with bottom row k and

parameters {p; ; },{q:;} as:
o when n =1, GGT (k; {pi;}, {a:;}) = ({0}, 0),

e otherwise,

GGT (k; {pi;} {ai;})
= |_| GGT (I; {pi; }1<jcicn—2, 14,5 F1<i<i<n—2) 5

leK

where K = [k‘pn_l,l,kqn_l,l) X [k;pn_lmk;qn_l,z) X - X []{;

Pn—1,n—1"

k

Qn—l,n—l) °

When we set p;; = j and ¢;; = 7+ 1forall 1 <¢ < j <n—1, then this definition
coincides with the definition of modified Gelfand-Tsetlin patterns GT(k). This definition
is also a generalization of (modified) Gelfand-Tsetlin tree sequences. We consider the
graph G; for i € {1,2,...,n} with vertices {1,2,...,74 1} and (named) edges {j: p;; —
Qi j | 1 < j < i}, where s — t denotes a directed edge from s to t. When all G; are trees
(note that here the directions of edges do not matter), the definition of the generalized
Gelfand-Tsetlin patterns coincides with a signed set of Gelfand-Tsetlin tree sequences
with some parameters, or its opposite. To explain the relation between them, we define
the sign of parameters {p; ;},{q;}-
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Definition 40. Let n be a positive integer and for 1 < j <i<n —1let p;; and ¢; ; be
positive integers less than or equal to i + 1. Let G; be the graph described above. We
define the sign of ({p;;},{q:;}) as follows and denote it by sgn({p;;},{¢.;}):

e when G; is not a tree for some i € {1,2,...,n — 1}, the sign is 0.

e otherwise, the sign is [[/=, (—1)#UN<i<iris=ri)} . son(r,), where r; is a bijection
from {0,1,...,i} to {1,2,...,i+ 1} constructed as below and its sign is defined by
sgn(r;) = sgn(r; — 1) (note that r; — 1 is a permutation of {0,1,...,i}):

We choose r;(0) € {1,2,...,i+ 1} arbitrarily. For j € {1,2,... i}, if
pij is further from r;(0) than ¢; ; in G; with respect to the shortest path
distance, let 7;(j) = p;; and otherwise let 7;(j) = g; ;.

In fact, the sign of r; is independent of the choice of r;(0). For a proof, see [5, after
equation (2.1)].

When the sign is +1, the definition of the generalized Gelfand-Tsetlin patterns coin-
cides with the signed set of Gelfand-Tsetlin tree sequences and when the sign is —1 it
coincides with the opposite. Conversely, Gelfand-Tsetlin tree sequences are always ex-
pressed as generalized Gelfand-Tsetlin patterns with some parameters. The notion of
generalized Gelfand-Tsetlin patterns is a true generalization of Gelfand-Tsetlin tree se-
quences, but we will prove that # GGT (k; {pi;}.{¢.;}) = 0 when some G, is not a tree
(See Proposition 41).

We define the statistic 7,0 in a similar way for Gelfand-Tsetlin patterns, namely
o for k € GGT(k;0,0), now(k) = {k}} € MS(Z,1) = A!

TOW *

o for T' € GGT (k;{pi;},{¢.;}), where k € Z" and n > 2, we have 7" € GGT (l;
{pij}1<j<i<n—2s {qi,j}lgj@gn,g) and 1 € Z"! such that T = (7",1). Then, we define

nrOW(T) = (nrOW<T/)7 {{klv k27 SRR kn}}) < A:Lo;vl X MS<27 n) = A:Low‘
Proposition 41 (cf. Claim 38 and the enumeration of modified Gelfand-Tsetlin pat-
terns). Let n be a positive integer and k € Z", and for 1 < j<i<n—1letp;; and ¢;;

be positive integers less than or equal to i+ 1. Moreover, let A be an element of A}, such
that {{k}} = A,, € MS(Z,n). Then, we have

#GGT (k;{pij}, {Gis}) lnow=a= sen(k) - sgn({pi;}, {q}),

when A forms an unsigned modified Gelfand-Tsetlin pattern, and otherwise

#GGT (k; {pi;},{as})

777'0’111:14 = O .
In particular,

# GGT (k; {pi;}, {¢i;}) = sen(k) -sgn({pi }, {a:,}) - # GT(K™)
=sen({pi;}t {as}) - |1 @

—q
1<i<j<n
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Proof. When all G; are trees, the proof runs parallel to the proof of Claim 38, and we
therefore defer the details of the first step to Appendix B. As a result, it is sufficient to
show that for n > 2

> sgn(l)

le[kpn—1,1 Kan_1,1 ) X [kpn—1,2 7’“%-1,2) XX [kpn—l,n—l Kan_1n-1 ) st {I=An—1

{sgn(k) e hggisna G hggiony) -y t1,t2,...,t, are distinct,

sen({pi,;j 1<i<isn—2:{%i,5 h1<i<i<n—2) (6)

0 otherwise,

instead of

Z sgn(l) = {sgn(k) if t1,1,,...,t, are distinct,
n) st {{I}=An—1

0 otherwise.
lG[k:l,k‘Q) X [k:z,k‘g) X oo X [k:n_l,k’

(For the definition of the invariants, see the proof of Claim 38.) Here, the LHS is equal
to

det (ftqn71,1 - ft?n71,1 ’ ftqn71,2 - ft?n71,2’ Tt ftqn71,n71 - ftpnfl,n71> : (7)
Here, each row of the matrix in (7) is of the form £(fparw) — fu), where par(v) is the
parent of the vertex v in G with root 0. Furthermore, each v € {1,2,...,n — 1} appears

exactly once. Therefore, when we consider treating vertices of G in postorder (with root
0), the determinant (7) is equal to

(_1)#{]"1<j<n—1,pn71,j:7‘(j)} . det (ftr(l)’ ftr(2)’ e ftr(n71)>
— (1ML, g (T) - sgn(r).

Note that we defined sgn(T) = 0 when T has duplicates. It immediately implies (6)
by the definition of the sign of parameters.

When some Gj is not a tree, let ¢ be the minimum such index. When ¢ < n — 1, by
the induction, the statement becomes trivial because it is holds that

# GGT(; {psj hr<jci<n—2, 145 f1<j<i<n—2) = 0

independent of 1. Otherwise, it is sufficient to show that the determinant (7) is equal to 0.
Now, G,,_1 has n vertices and n — 1 edges but it is not a tree. Therefore, GG,,_; has at least
one cycle. (Here, we forget the direction of the edges.) When the edges ji, j2, . . ., je form
a cycle, then f%—l,jl — ftpn_u1 , ftqn—l,jQ — ftpn_1,j2’ ey ftqn_w — ftpn_l,jg are not linearly
independent, which implies that the determinant is 0. O

This proposition is an answer to Fischer’s question relevant to the notion of Gelfand-
Tsetlin Graph sequences in [5]:
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“we want to mention an obvious generalization of Gelfand-Tsetlin tree se-
quences, which we do not consider in this article, but might be interesting to
look at: the notion of admissibility makes perfect sense if the tree T is replaced
by any other graph. Are there any nice assertions to be made on “Gelfand-
Tsetlin graph sequences”? ”

We can also interpret the proposition via the notions of signed sets, sijections and com-
patibility. This interpretation results in the following corollary.

Corollary 42. Let n, k, {pi;}, {q¢;} and A be the parameters defined in the above
proposition. Then, there exists a sijection between GGT (k;{pi;},{¢i;}) |nw=a and the
signed set S defined by

—~

0,0) when sgn({pi;},{¢.;}) =0,
S = GT(k) |y,,,=a  when sgn({pi;},{¢,;}) = +1,
—GT(k) |y,=a when sgn({pi;},{q;}) = —1,

which s compatible with 1oy

This corollary states only the existence of such sijections. It should be possible to
construct them explicitly by generalizing the constructions in this section with the com-
binatorial operations illustrated in [5].

4.5 Preparation for §5

For use in §5 we check the compatibilities of the sijections constructed in the present
section. First, we define statistics nyow,; as the i-th component of 7,4y, on Gelfand-Tsetlin
patterns with a bottom row of length at least i. Moreover, we define a Z-valued statistic
Nwop Of Gelfand-Tsetlin patterns as the value of the unique element of 7oy 1-

For example,

4 4
nrow,l 2 5 = {{4}}7 771“0W,3 2 5 = {{27 57 7}}7
2 ) 7 2 ) 7
and
4
o 2 5 — 4,
2 5 7

In addition, we define 7, for a signed set which is in the form of | | .4 GT(ks) by

Mop: (T.8) € | | GT(ky) = niop(T).

seS

We extend the statistics 7,0y, to such signed sets analogously. Note that the signed sets
of Gelfand-Tsetlin patterns themselves are in the form stated above and the extended
definitions of these statistics are consistent with the original definitions.
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Proposition 43. The sijection p in Construction 28 is compatible with Niop, Nrow1; Mrow,2;

ooy Nrown -

Proof. The sijection is constructed as a disjoint union of idgrq). Therefore, the top n
rows are preserved under p. In particular, p is compatible with the statistics. O

Proposition 44. The sijections w, o in Construction 29 are compatible with Miop, Mrow,1,

Nrow,2; -+ -5 Nrown-

Proof. 1t follows directly from Theorem 31. O

Proposition 45. The sijection 7 in Construction 30 is compatible With Nrow 1, Mrow2; - - -5
Nrown—1- I particular, it is compatible with 14, when n = 2.

Proof. As in the proof of Proposition 43, a disjoint union of idgr(yy is compatible with the
statistics. The sijection o is also compatible, so the sijection 7, which is constructed by
composing them, is also compatible. O

5 New sijections pertaining to monotone triangles

In this section, we simplify the sijection between alternating sign matrices and shifted
Gelfand-Tsetlin patterns that is constructed in [7], and using the notion of compatibility
we argue that it is more natural than the conventional one. First, in §5.1 we give definitions
of some combinatorial objects. After that we define generalized inversion numbers for
these combinatorial objects in §5.2. In §5.3 and §5.4 we construct a sijection and prove
the compatibility of our construction with two statistics, one of which is the generalized
inversion numbers we defined.

5.1 Definitions
5.1.1 Monotone Triangles

A monotone triangle is a Gelfand-Tsetlin pattern satisfying a; ; < a; j+1 for any 1 < j <
1 < n—1,ie., the entries are strictly increasing in each row. Note that we do not impose
the condition on the bottom row. We define a modified monotone triangle as a modified
Gelfand-Tsetlin pattern such that for any 1 < j <¢ < n -1, a;; < a;;41 — 1 holds.
Here, the “—17 in the RHS is needed for consistency with our notation using half-open
intervals.

There is a well-known bijection between alternating sign matrices and monotone tri-
angles. (For example, see [7].) Here, we illustrate a bijection between alternating sign
matrices and modified monotone triangles without bothering with the details of the proof.
First, for an alternating sign matrix, we calculate the cumulative sum along columuns from
above. Next, row by row, we pick up the indices of columns where the element is 1. Last,
we add to each element the number of elements on the left of it, to use half-open in-
tervals (cf. the bijection between Gelfand-Tsetlin patterns and modified Gelfand-Tsetlin
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patterns).

00 1 O 0010
10 -1 1 1 001
00 1 0 - 1011
01 0 O 1111
alternating sign matrices (cumulative sum)
3 3
_ 1 4 _ 1 )
1 3 4 1 4 6
1 2 3 4 1 3 ) 7
monotone triangles modified monotone triangles

In general, there is a one-to-one correspondence between alternating sign matrices with
rank n and monotone triangles with bottom row (1,2,...,n) and therefore between them
and modified monotone triangles with bottom row (1,3,...,2n — 1).

Last, we define the top of a modified monotone triangle A = (a; ;)ij as Niop(A4) = a11.
This statistic corresponds to Behrend, Di Francesco and Zinn-Justin’s first statistic for
alternating sign matrices, the column number of the 1 in the first row.

5.1.2 Generalized Monotone Triangles

We denote the signed set of modified monotone triangles with bottom row k, by MT(k).
Namely, we define

MT (k)" = {modified monotone triangles with bottom row k},  MT(k)™ = 0,

for a strictly increasing sequence k € Z". For the case that k is not strictly increasing,
see Remark 52.

Before explaining our definition of a generalized monotone triangle, some preparation
is needed. An arrow row is a sequence of {\, 7, X}, and as an element of a signed
set its sign is (—1)#°/X. More formally, the signed set of arrow rows with length n is
AR, = ({N, 7} {2X})"™. An arrow row p with length n acts on k € Z" as follows:

p(k) = [k +0 2(pn), kg = Ox (p2)) X -+ X [kn1 4+ 6 p(pn-1), bn = Ox (1n)) ~ (8)

Fischer and Konvalinka prove some recursive relation of monotone triangles (with their
generalized definition of (modified) monotone triangles [7, Problem 7]. This result can be
translated to the following recursive relation:

3= MT(k) o= | | | | MT(Q).

PEARy, 1€ (k)

We shall adopt the RHS of this relation as a definition of generalized monotone triangles.
Namely, our variant of the definition is described as follows.
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Definition 46. For k € Z", a generalized monotone triangle with bottom row k is a
sequence

(™ k=D =D kW ) € ZM < AR, x 27 x AR,y X -+ X ZF x ARy,

such that for 1 < i < n — 1, k® € p@(KED). More formally, the signed set of
generalized monotone triangles with bottom row k is

GMT(k) = | | | ] | | | ]

p(MEAR, k(n=D () (k) u(n=1D AR, 1 k(n=2) gy(n=1) (k(n—1))

| ] || AR

u( AR, k(W ep (2 (k(2))

Another interpretation of a generalized monotone triangle is given by the (extented)
arrowed monotone triangles which are introduced in [9]. An arrowed monotone triangle
is a triangular array of integers such that each entry is decorated by \_, * or "' with
some condition. The condition used in our variant is described as follows:

For each entry a that is not in bottom row, let b, ¢ be the left-below and
the right-below entry and let py, p. be the decoration of b, ¢. Then, a €

[0+ 6 (), ¢ — 0x (f1c)) holds.

For (p™, k=0 p0= kW M) e GMT(k), (KW, k@, ... k""V k) is an arrowed
monotone triangle when it is decorated by (1, fto, - - ., ptn). In particular, when k is strictly
increasing, (k(l), k@ . k(D) k) is a monotone triangle with bottom row k.

Example 47. Let k = (1,3,5) and p = (\,’X, /). Then, we have

p(k) = [1,2) x [4,5) = ({(1,4)},0).

Next, let k@ = (1,4) and p® = (X, <), we have u? (k®) = [2,3). From the above, for
example we have

(), (2), (32,53), (1,4), (N, 5, ) € GMT((1,3,5)),

and its sign is —1. With the interpretation as an arrowed monotone triangle, we sometimes
describe it by

2 N

1 4 LR ) € GMT((1,3,5)).
1 3 5 N A

To see that our generalized monotone triangle is indeed a generalization of a (modi-
fied) monotone triangle, we first construct a sijection tyr: MT (k) e==0 GMT (k) for a
strictly increasing k € Z".
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Construction 48. We construct a sijection vy : MT(k) o==o GMT (k) for a strictly
increasing k € Z".  Forn = 1, MT(k) = ({k1},0) and GMT(k) = AR;. We define
IMT(k) aS

iz MT(k) o=o GMT(k)

Forn > 1, it is sufficient to construct a sijection Ex: MT(k) o==0 | | cag. e, 00 MT(D).
Indeed, the construction is completed by induction on n:

kjoso | | || MT() o= || [ ]| GMT()=GMT(k). (9)

HEARN lepu(k) HEARL lepu(k)

Note that for any u € AR, and a strictly increasing k € Z", every element of p(k) is
weakly increasing. For anl € u(k) that is not strictly increasing, it holds that l; = l; 41 for
some 1 < i< n—1, and thus MT(1) = (0,0) holds. Therefore, we can obtain the result
for general n by the induction.

Let us now construct Zy. First, we decompose MT (k) with respect to the second bottom
row. We define a signed set MT(k,1) by

MT(k, 1) = {T € MT (k)" | the second bottom row of T is 1},  MT(k)~ = 0.

Then, we have
MT(k) = | | MT(k,1),
162”71

where Z"1 is identified with the signed set (Z"~',0), and the same identification shall be
used in the following without mentioning. Here, in case 1 € |, car, supp (u(k)) we have
MT(k,1) = MT(1). In the other case, we have MT(k,1) = (0,0), because with an arrow
row [y satisfying

(10)

(1); = S wheni =2 and k; = 1,1 + 1,
= N otherwise,

we have 1 € supp (u(k)) if MT(k,1)* is not empty. Consequently, we have

MT (k) = | ] MT(1).

IGUHeARn supp(p(k))

Let A be a signed set defined by A = {pn € ARE |1 € supp (u(k))}. Then, we have

L [ Mty = || || ™MTO) = | ] | | MT(1

HEARN 1ep(k) lezn=1 pesh leU, e ar,, supp(u(k)) pes
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Therefore, it suffices to construct a sijection ({-},0) o==0 . for1€ g, supp (u(k)).
Now, supp (#)) is described as follows, when it is not empty (equivalently when 1 €

UueARn supp (u(k)) holds):
i =\ wheni<n—1andk; =1;,
supp () = S p € AR, | i =,/ wheni>2 and k; = 1,1 + 1
otherwz'se, 12 € {\7 /(7%}
Then, the following rule defines a sijection ({-},0) c==0 .

The arrow row py € " defined by (10) corresponds to a unique element

on the LHS of the sijection. For any other element i of #,, there exists

a minimum index i such that p; # (w);. The counterpart of u is obtained

by adding or removing a \_ at p;; that is, by replacing / with 7' and vice

versa. [
Remark 49. This construction is similar to Problem 7 in [7]. The most important differ-

ence with that reference is the definition of (y4),, which is crucial from the viewpoint of
compatibility. For more details, see Proposition 57.

Next, we define some statistics.

Definition 50. Let k € Z™. Define 7 as the triangular array-valued statistic of GMT (k)
such that

Vs = (p™ kD 7D kW u®) € GMT(k), nrals) = (kW k@, k7Y k)
In addition, for a triangular array 7', define nra (7)) = T.

Last, the following proposition shows that the generalized monotone triangles are
indeed a generalization of monotone triangles.

Proposition 51. Letk € Z" such that k is strictly increasing. Then, tyray: MT (k) o==o
GMT(k) in Construction 48 is compatible with nra.

Proof. For n = 1, this is trivial. For n > 1, the second bottom row is preserved, because
both sides are first decomposed by the second bottom row in the construction. Therefore,
according to (9), the proof is completed by induction on n. O

The top of a generalized monotone triangle 7" is defined by nop = Ntop(Nra(T)). Ac-
cording to Proposition 51, the sijection tyrr(k) in Construction 48 is compatible with 7.

Remark 52. In [7], the definition of a monotone triangle with general bottom row is given
as a triangular array. Accordingly, one can extend the definition of a modified monotone
triangle for general bottom row as follows. First one defines a binary relation 1 < k for
1€ 2" ! and k € Z" as:

l; € [kiykivg — 1], forall 1 <i<n—1

ki1 <ki<ky,2<i<n—1=1;_1#k —1orl; #k;,
ki>li=kwn—1,1<i<n—-1=1<n—2and l;;1 = k11,

ki=lL 2>k, 1<i<n—1=1:>2andl; =k — 1.

I<k&
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Then, a modified monotone triangle with bottom row k is defined as a triangular array
(ki,koy... ky) € Zx Z? x -+ x Z" such that k; < ky < -+ < k, = k. The sign of a
modified monotone triangle (kq, ko, ..., k) is (—1)", where 7 is the sum of:

e the number of (7,7) such that 1 < j <i<nandk;; > k; 1,

e the number of (i,j) such that 1 < j +2 < i < n, kij = kijo1 = Kijyo, kii1j =
Kijy1—1and ki—yji1 = Kijq1-

Let MTFK) (k) be the signed set of modified monotone triangles with bottom row k
according to this definition. This definition might seem strange but it is in fact correct.
The purpose of this remark is to explain why, by showing uniqueness in a certain sense.
Let us extend the definition of modified monotone triangles independently of Fischer and
Konvalinka’s work, but rather according to Construction 48. First, we define .#y as:

o supp (A1) = {p € supp (ARy) | 1 € supp (u(k))},
e The sign of p € supp (.#,) is the product of:

— the sign of 1 as an element of AR,

— the sign of 1 as an element of (k).

In addition, we define 1 <" k & #.#; # 0 and define a modified monotone triangle
with bottom row k as a triangular array (ki, ko, ..., k,) € Z x Z% x -+ x Z" such that
ki <" ko <" --- <"k, = k. Note that when k is strictly increasing, this definition coincides
with the original one. For k € Z", let X (k) denote the set of modified monotone triangles
with bottom row k removed, that is, the collection of all triangular arrays (ki, ks, ..., k,—1)
satisfying ky <’ kg <" -++ <" k1 <" k. If #.4, = 0,£1 holds for any 1 € Z"! and
k € Z" such that X(I) # (), then there exists a way to assign signs to the monotone
triangles such that one can construct the sijection

MT(k)es=o | | || MT(QD) |= || [] MTQ)].

HEARN 1ep(k) leZn—1 pely

in the way similar to Construction 48, where MT(k) is a signed set derived from X (k)
with that signs. The explicit way to attach signs to elements of X (k) is as follows:

Let T € X (k), and 1 the second bottom row of T'. Let 7" be a triangular array
obtained by removing 1 from 7. Since 7" € X (1), we have X (1) # (), therefore
#.M) = 0,£1 by the assumption. Since 1 <’ k, it holds that #.#x; # 0, we
thus have #.#4) = £1. Then, the sign of T is the sign of 7" € X (1) multiplied
by #. M.

We prove that when X (1) # 0 it holds that #.#4; = 0,%1. First, we define a function
f: supp (AR,) — {0,1}*" by

= (Ox (1), 6 (1), 0= (p2), 6 2 (p2), - - -5 Ox (ttn), 0 A1) -
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Then, the image of f is
{(al,()a CLl,la (1270, a?,la ) 7a’n,07 an,l) S {07 1}271 | VZ S {17 27 v 7n}7 a’i,U + ai,l > ]-} .

We fix 1 € Z"! and k € Z". We established the necessary and sufficient condition for
i € supp (AR,,) to satisty 1 € supp (A, ) in terms of a = f(p). In detail, the conditions
are described as follows:

conditions on a trans. mat.

kivi =2 ki+2, l;=F a;; =0 Ay
li =kiza —1 air1,0 =0 Ay
k’z‘ < lz < ki—i—l -1 True Ag
otherwise False @)

kipn=ki+1, Li=ki=ki1i—1 a1 =ag1p Ay
otherwise False @)

ki1 < ks, li =k a;; =1 —As
li=kipa—1 aiy10 =1 —Ag
kivi—1<l; <k True —As
otherwise False @)

where i € {1,2,...,n — 1}, (a10,a11,020,021,--.,0n0,0n1) = f(u) and the data in the
last column will be explained later. For j € {1,2,...,n} and ¢t € {0, 1}, we define signed
sets Bj; by

supp (Bj¢) =
#{(CLL(), al,l, CL270, (I2’1, e ,(Ij’0> - {0, 1}2j71 | CLj,() =t and fOI' 7 c {1, 2, e ,j — 1}7
it meets the condition described above and a;p + a;; > 1 },
with the sign of (a1, a11,a20,a21,...,a;0) being (—1)", where r is the sum of:
e the number of integers i € {1,2,...,5 — 1} such that a;0 = a;1 = 1,
e the number of integers i € {1,2,...,5 — 1} such that k; + a;1 > kit1 — aiy10-

We denote the size of Bj; by b;,;. For each a € supp (B;;), the number of pairs (z,y) € Z?
satisfying (a,x,y) € supp (Bji14) is determined by ¢, ', k;, k;+1 and [;. Therefore, we
introduce a transition matrix 7} such that

bjt10 bjo
0 — . (Y
(bj+1,1) ! (bj 1) ’

where j € {1,2,...,n — 1}. The explicit values of T" are given in the last column of the
above table, where

0 1 10 1 0
Al - <0 1) ) A2 - (0 0) ) A3 - <1 O) 3

0 1 1 -1 00
w=(Gy) w-0a) ()
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Then the value of #.#y, is expressed as

1
#%k,l = (1 0) Ty Ty Ty (1) .

Here, in order to use the condition X (1) # (), we prove the following lemma. For
m = (my;); € Z?if there exists an integer 1 < i < d—2 such that m; = Mir1—1 = m;0—2,
we say it is partially successive.

Lemma 53. For a partially successive sequence m € Z%, we have X (m) = ().

Proof. We assume, for the sake of contradiction, that there exists a sequence m®) <’

m® < ... <’ m@ = m. Let i be the minimum index such that m® is partially suc-
cessive and j the minimum index such that my) = mﬁl —1= mgi)LQ — 2. We calculate

H M) mi-»- We set (k1) = (m®, m=Y) in the above context and consider the transi-

tion matrices. First, we have T; = T}, = A4 if they are not O because of the choice of j.

Furthermore, we have my_l) = m§i) = m§:11) —1= mgl — 1. Therefore, m§:21) + mﬁ

if it exists because of the choice of . Thus, we have T 5 = Ay, £ A3, —As,0 or 1 +2 =i.
Similarly, if j # 1 then T,y = Ay, £A3, — A5, 0. Here, we can decompose Ay, As, Ag, O
as

A2:<é>(1 0), A?,:G)u 0), A6:<(1)>(1 0), 0:(8)(1 0),

and thus 7)1, can be expressed as (:) (1 0). Similarly, we can decompose A;, A3, As, O

as

AlzG)(o 1), Ag,:G)(l 0), Ag,:G)(l -1), 0:(})(0 0),

and thus Tj_; = <i> (>|< *) Therefore, we have

1
#%m(i),m(i—l) = (1 0) TiaTi2---hh (1) = 0.

because T; = O, Tj41 = O, or (1 0) Tj1T; G) = (1 0) A} (1) = (. This means that
mCY 24" m® and it contradicts the assumption. Finally, we obtain X (m) = (), for a
partially successive sequence m. O

Coming back to the purpose of this remark, according to this lemma, it is sufficient
to show that #.#y; = 0,£1 when 1 is not partially successive. We assume that 1 is
not partially successive and T; = A4 for some j. Then, we have k; = ; = kjiq1 — 1,
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soj=1n—1orlj_y # kj —1or lj;; # kjy1. Therefore, we have j = 1,n — 1 or
T;1 = Ay, £A35,—A5,0 or Tj = Ay, £A3, —Ag, O. Here, we have

(1 0)A,=(0 1), A4 G):G))

01 01 0 0
A2A4 = (O 0) = A77 A3A4 = (0 1) = Al; A6A4 = (O 1) = Ag,

01 10 1 -1
A4A1 = (O 0) = A7’ A4A3 == (0 0) e AQ, A4A5 = (0 O ) = Ag.

Therefore, because the set { (8) .t <(1)) .t (é) , (1) } is closed under the action of

:l:Al, :l:AQ, :EAg, :i:Ag,, :i:AG, :i:A7, :i:Ag, :I:Ag, O, we obtain

and

# M= (1 0)T, 1T, Th G) =0, +£1.

From the above, we can define the signed set MT(k) of modified monotone triangles
with bottom row k as follows:

e supp (MT(k)) = X (k),
e the sign of an element (ki, ko, ..., ky,) e MT(k) is

H My s FE My ey T My 1y -

With this definition, we can construct a sijection ¢: MT (k) o==0 GMT (k) which is com-
patible with 7ra in a way similar to Construction 48. In [7], Fischer and Konvalinka
construct the sijection equivalent to t: MTFK) (k) o==0 GMT (k). We can check it is also
compatible with nra. Since the restrictions of nra to X (k) or to supp <MT(FK) (k)) are

injective, the two definitions of modified monotone triangles coincide.
In fact, the binary relation 1 <’ k is a bit different from the original one 1 < k. After
some cumbersome calculations, we obtain

1<'k<1<kand for any i € {1,2,...,n— 3}, it does not hold that
li=kipn—1=lip1—1=kipp—2=1,—2.

However, if 1 £" k and 1 < k, then 1 is partially successive. Therefore, the difference
does not matter in the definition of modified monotone triangles. Also, we can recover
the explicit (namely, without the language of .#'s) definition of the sign of an element of
MT (k) through direct calculation.
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5.1.3 Shifted Gelfand-Tsetlin Patterns

Next, we define a shifted Gelfand-Tsetlin pattern. An arrow pattern T = (t; ;)1<i<j<n 1S
a triangular arrangement of {\,//, X} that is indexed as below:

751,77,
tin-1 tan
b1 n—2 ton—1 t3n

tig cer e R A

The sign of an arrow pattern is defined as (—1)#°/%< or more formally, the signed set of
arrow patterns with size n is

AP, = ({\n \/}’ {X})n_l X ({\17 1/}7 {X})n_Q X X ({\M \/}7 {X})l
~ (1 X)),
where APy = ({0},0). An arrow pattern T' = (¢, j)1<i<j<n acts on k € Z" as:
a(T) =Y 0(ti;) — 25\(%)

j=i+1

T(k) = (k‘l + Cl(T), ko + CQ(T), RN k, + Cn(T)) € Zn, (11)

where o\ (\) = 0, (X) =1, &\, (/) =0 and 0,(") = 0,(X) = 1, 6, (\) = 0. Lastly,
the signed set of shifted Gelfand-Tsetlin patterns with bottom row k € Z" is defined as

SGT(k) = | | GT(T(k)).

TEAP,
We define the top of a shifted Gelfand-Tsetlin pattern (A, T") e SGT (k) by

Mop((A; T')) = Thop(A).
Note that A is an element of supp (GT(7'(k))).

Example 54. Let 7' = (\(, X "), (X)), () € AP,. When we arrange its elements

as
e
X

X
O O O O

¢;(T') is the number of arrows on the anti-diagonal line of the i-th square from the left and
pointing at it, minus the number of arrows on the diagonal line pointing at the square.
Then, we have

a(T)=2-0=2, (T)=2-1=1, (T)=1-2=—1, (T)=0-0=0.
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Therefore, when let k = (3,1,4,1), then T'(k) = (5,2,3,1). Thus, for example we have

31 e .
PR N & SGT((3,1,4,1)),
5 2 3 1 oK

and its sign is (—1)% - (—1)® = 1. Last, the value of 1, on this element is 2.

Remark 55. A shifted Gelfand-Tsetlin pattern is introduced in [7] to explain the combi-
natorial meaning of an ‘operator formula’ stating that

MT® (k)= [ (B, + B - BB ]

1<p<gsn 1<i<jsn

kj — ki
j—i

where E, denotes the shift operator, i.e., E,p(z) = p(x+1) (This is cited from the theorem
in the induction of [7]). It holds that GT(k) = [],;;<, ;—:f, and the action of an arrow
pattern on k corresponds to the operator part [, ., (Ek, + Ek_q1 - Ekak_ql). In this
sense, shifted Gelfand-Tsetlin patterns are a combinatorial realization of this operator

formula.

5.2 Generalized Inversion Numbers

In this subsection, we define generalized inversion numbers of alternating sign matrices,
modified monotone triangles, generalized monotone triangles and shifted Gelfand-Tsetlin
patterns. First, we recall the definition of an inversion number of a permutation and a
permutation matrix. For a permutation p = (p1,p2,...,pn) € 6, its inversion number is
the number of pairs (7, j) such that 1 <7 < j < n and p(i) > p(j). A permutation matrix
A = (ay;);; corresponding to p is defined by a;; = d;,(;), and its inversion number is that
of p itself. In fact, the inversion number 7;,,(A) can be described by using the elements
of A as below [1]:
ninv(A) = Z Qg5 7.
1<i<i’<n, 15/ <j<n

This is also the definition of the inversion number for alternating sign matrices. Namely,
for an alternating sign matrix A = (a;;);;, we define its inversion number by the above
equation.

Remark 56. This statistic is one of four statistics in Behrend, Di Francesco and Zinn-
Justin’s refined enumeration of alternating sign matrices and descending plane partitions
[1, 2], as well as one of three statistics in Mills, Robbins and Rumsey Jr.’s conjecture
[11]. As stated in [1], there exists a variant of an inversion number for alternating sign
matrices,
Ninv (A) = Z Qij Q-
1<i<i'<n, 1</ <j<n

However, we adopt the former definition because the corresponding statistic for shifted
Gelfand-Tsetlin patterns can be described simply (See §5.2.3).
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5.2.1 Generalized Inversion Numbers for Modified Monotone Triangles

We define the inversion number 7;,,(B) of a modified monotone triangle B = (b;;)1<j<i<n
by
Ninv(B) = #{(1,7) | 1 <j<i<n—1, biy1; <bij =bip1,41 — 1}

This definition is given in [6] without details. In the rest of §5.2.1, we will show that
this definition is compatible with the bijection introduced in §5.1.1. Namely, let A be an
alternating sign matrix and B the modified monotone triangle corresponding to A. We
shall prove that 7;,,(A) = iy (B). First, we have

iy (A) = > iy

1<i<i'<n, 1<j/<j<n

SO S Sl SR

1</ <n 1<5<n 1<i<i! 1<5/'<5

y oy () (5 e)

1</ <n 1<j<n. \1<i<d’ 1<5/<)

Let ¢;; = Z ayj and d;; = b;; — (j — 1). Note that these coincide with elements
1</ <i

of intermediate products in the bijection between alternating sign matrices and modi-

fied monotone triangles (See §5.1.1). Here, we have ¢;; € {0,1} by the definition of an

alternating sign matrix. Then, we have

Y aj=leca=1eIje{l2. . i—1}d, ;=]

1<i<i!
Therefore, we have

Ma(A) = ) > (Z ai,j,>

I<i'sn je{dy_y 1,dir_q g5y 1} \1SG'SY

= E E @i'+1,5'

1<G<i'<n—1 \1<J'<dy5

= E E @it1,5

1<g<isn—1 \ 1<5/<d;;

We fix (7,7) such that 1 < j <i<n—1andlet k= d,;;. We prove

Z Aipr,50 = 1 & dip1; < dij = dig1 41, (12)

1<y'<k
by considering the following two possibilities.
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e Case 1: Assume that a;41;, = —1. By the definition of an alternating sign matrix,

we have E ait1 = 0and ¢;p1 5 = 0. In particular, ¢;41 5 = 0 means d;y1 j41 # k.
1<5/<k

Therefore both the RHS and the LHS of (12) are false.

e Case 2: Assume that a;11; € {0,1}. Since k = d; j, we have ¢; , = 1. Therefore, we
have cl+1 r =1 and a;4+1; = 0. In particular, the RHS of (12) is equivalent to #{j’ |
1< j' <k, ¢iy15 =1} = j+1, and then it is equivalent to ZZH ,

jr=1 @iy = J+1.
Since Zi’:l Zj,:1 Qirjr = Zf,zl c¢ijo = J, it is equivalent to the LHS.

From the above, we have

1<

dij = di—l—l,j—‘rl}
= #{(w') b

i,j T bi+1,j+1 - 1} = ninv<B)'
5.2.2 Generalized Inversion Numbers for Generalized Monotone Triangles

We define the inversion number of a generalized monotone triangle as the number of
' and ™ it includes. More formally, we define the inversion number of a generalized
monotone triangle

T = (p™ k"0 =D kD M) € GMT(k)
by
Man(T) = # {(6.) | 1< <i <mop) =7 or -

The following proposition guarantees that this definition is indeed a generalization of the
inversion number for modified monotone triangles. For this proof, we define the inversion
number of an arrow row u € AR, as the number of * and "X it includes.

Proposition 57. Let n € Z and let k € Z" be strictly increasing. The sijection
tyr: MT(k) o==0 GMT(k) in Construction 48 is compatible with the inversion number.

Proof. The sijection is constructed by induction on n. When n = 1, the compatibility
can be checked easily. For n > 1, it is constructed along the following relation (see
Construction 48):

)o==o | | |_| MT(1) o= | | || GMT(1) = GMT(k). (13)

MGARH IEM MEARn IEM(k

We define the inversion number of (7,1, ) U U MT(1

HEARR 1€ (k)

Tinv ((T’ 17 VJ)) = ninv(ﬂ) + ninv(T>a

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 44



and the inversion number of (7,1, u) e |_| I_l GMT(1) by

MEARn IEM(k)
Ninv ((Ta 1, N)) = Tinv (N) + iy (T).

Note that the trivial sijection |_| I_l GMT(1) = GMT(k) in (13) is compatible with
HEARN 1ep(k)
the inversion number. In addition, the compatibility of the sijection

|| |_|MT oo | | |_|GMT

HEARL 1epu(k HEARN lep(k

follows from the results for smaller n. According to Lemma 18, it is sufficient to show

that the sijection MT (k) c==o |_| |_| MT(1) is compatible with the inversion number.
HEARN lepu(k)

Let @ be the sijection MT(k) o=o |_| |_| MT(1). Because MT(k)™ = 0, it is

sufficient to show that

Ninv ((Tv lv :u)) = Tinv ((I)((T 1 N))) (14)
for any (T,Lp) € | | | ] MTQ). When ®((T,1L,)) € | | || MT(1), (14) follows
1EARN 1ep(k) nEARN lepu(k)

from the fact that ®((7,1, 1)) is obtained by adding or removing \_at p of (T',1, u); that
is, by replacing p =, with ' and vice versa. In the other case p must be p;, where
is defined in Construction 48 as follows:

()i = " wheni>2and k; = 1,1 + 1,
= . otherwise.

Let 7" = ®((T,1,)) € supp (MT(k)). Since k is strictly increasing, ki1 < l;-1 =
k; — 1 holds if and only if (y); = . Therefore, the number of  in y; coincides with
771nv<T,) - 771nv<T)' Il

Remark 58. We extended the definition of (modified) monotone triangles as pure trian-
gular arrays to general bottom rows in Remark 52, but we cannot define the inversion
number for them for the sijection t: MT o=0 GMT to become compatible with it. For
example, let k = (3,1) and 1 = (0), then we have

Ay = (N 71 KE) < (N AXD).

Then the unsigned distribution of 7, on supp (A1) is

Thinv = 0 Thinv = 1 Thinv = 2
1 3 2 '

Because the sijection ¢ is compatible with nra, it cannot be compatible with 7.
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5.2.3 Generalized Inversion Numbers for Shifted Gelfand-Tsetlin Patterns

We define the inversion number of a shifted Gelfand-Tsetlin pattern (A, T) € SGT(k) =
|lrcap, GT(T'(k)) as the number of " and X in 7. For example, the inversion number
of

/ °
14 € SGT(0,5,3),
1 5 2 p bt

is 2. This definition is simple so it is meaningful to ask for compatibility with it. However,
Fischer and Konvalinka’s construction is not compatible with this statistic. For example,
according to their paper [7],

corresponds to

2 4 ,\// € SGT(1,3,5),
2 3 5

but the inversion number of the former is 1, which is different from that of the latter, which
is 2. The rest of this section is devoted to the construction of a sijection GMT(k) o==o
SGT (k) compatible with these inversion numbers.

5.3 A sijection GMT (k) o==0 SGT(k)

Fischer and Konvalinka construct a sijection between GMT (k) and SGT (k) in [7]. They
first construct a sijection @z [, car, Lheyao SGT(1) o0 SGT(k), and then construct
the desired sijection by induction on n as (cf. Construction 48):

GMT(k)= || || GMT@) o= || [ ] SGT(l) e==o SGT(K).
)

PEAR, 1ep(K) PEARS 1ep(k
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For more details, see Problem 10 in [7]. Their construction of ® is given by composing
the four sijections:

|| ] sGT

nEARN lepu(k)

[
o=x0 |_| |_| |_| GT(my + 1 (T),mo+ co(T),...,mp_1 + cn1(T),x)
BHEARL TEAP,.1 meS] XSaXx--Sp_1
]
= || |] | | GT(my + c1(T), my + co(T), ..., Mp_1 + cor(T), )

UEARn TEAP, mES] X Sa X+ Sn_1

o=t L] | |i|GT(k1+(5/(u1)+cl(T),...,k;i_1+5/(ui-1)+ci_1(T),

PEAR, TEAP, i=1
Ty kipr — Ox (iv1) + (1), oo by — 0x (fn) + a1 (1))
o2t SGT(K).

Here, S; = ({ki + 0 ~(1:)}, {kiz1 — 0x (ti41)}). Note that we have slightly modified
their result following our use of half-open intervals. Our goal is to obtain a sijection
compatible with the statistics 7, and 7, by modifying the construction. To describe
our construction, we prepare some notations.

e Let Q be a signed set ({0}, {1}).
e We define a function m;: supp (AR,) X supp (AP,.1) x supp (2) — Z by

e We define an involution r on arrows that acts on them as reversing the direction.
Namely,

r(N) =, r(/) =v", r(X) = X,
r(N) =", r() =/, r(x) =X

Our construction consists of ®;, a modified ¢35 and a modified ®,:

|| ] scT@

nEARN lepu(k)

= || || | QT +e(T)me+es(T),. .. myy + cor(T), )

nEAR, TEAP, 1 meS] X Sox---Sp_1

o, "
oo | | || [ GTmi(p,T.0),...,mi (. T,0),
i=1 p€ARy TE€AP, 1
l‘7mi(/j'7 Ta 1)a s 7mn—1(,ua T7 1))

o)
=0 SGT(k).
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The sijection @} is essentially the same as @3, but the difference between ®) and @,
plays a key role for compatibility of ®. Therefore, we explain the constructions of &
and @4 in this subsection as essentially known results and we explain @) in the next
subsection. The results in this subsection are established in [7]. As was the case in §4,
our explanation is more transparent than the original one because of the use of half-open
intervals.

Construction 59 (See also Problem 9 in [7]). We construct ®,. By the definition of
shifted Gelfand-Tsetlin patterns and by applying Construction 15, we have

|_||_|SGT = || || ] &T(

HEAR, 1€p(k HEARy 1€4(k) TEAP,

-1 U Uora

HEARL TEAP, 1 1ep(k)

=] | | | GT(1).

HEAR, TEAPw1 Vel e, 0o {T)},0)

Since

|| T}, 0) = (k1 + 6 2(1) + 1 (T), by — 0x (1) + a(T))
lep(k)

X [t 405 (an1) + ura (T), b = 35 (1) + cama (1)),

using p from Construction 28, we obtain the construction. ]

Construction 60 (See also Problem 9 in [7]). We construct ®. Here, we have

|_| |_| |_| GT(my + 1 (T),mg + co(T),...,mp_1+ cp_1(T), x)

nEAR, TEAP,.1 meS] XSox---Sp_1

= |_| |_| |_| GT(m1<,u7T7w1)7m2<,u7T7w2)?' - 7mn71(,uaT> wn71>:$)

MGARH TeAPy.1 weQn—1

= |_| |_| |_| GT(m1<:uaTaw1)>m2(:uaT>w2)7'"7mn—1(M’T7wn—1)>$)'

UJEQ’"’71 UEARH TeAPn—l

| i 0 i< -

For 1 < i < n, we define w® € supp (") by wj(-) = {1 ],> Z Note that its sign
J =1

as an element of Q"' is (1)), Let Q) = ({wn, Wn_2, ...}, {Wno1,Wn_3,...}), where

supp (1) = {wi,wa, ..., wyp}. Furthermore, we define Qy by QF = (1) \ QF. Then,
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using w from Construction 29, we have

|_| |_| I_I GT(ml(/‘LvTa wl)amQ(MvTa w2)7"'amn—1(”7Ta wn—l)ax)

weN pEAR, TEAP, 1

=Ll Ll |l 0" ?GTn(p,T,0),. .. ,mi_1(p,T.0),

i=1 uEARy TEAP, 1
ml(l% T7 1)7 s >mn71(,u7 T7 1)7 iL')

o0 |_| |_| |_| GT(my(u, T,0),...,m;_1(u, T,0),

=1 /LGARn TEAPH—l
2ymi(, To1), .o e (1, T, 1))

It is therefore sufficient to construct a sijection

|_| I_l |_| GT(my(p, T, w1), ma(p, Tywa), ..oy my_1 (g, Ty wp 1), x) o==0 (0, ).

wE ,LLEARD TeAPy1

If we fir w e Qq then, by the definition of )y, there is a minimum index ig < n — 2 such
that w;, = 1 and w;y+1 = 0. We define an involution on AR, x AP, 1: (u,T) < (1, T")
as follows:

/

/ _
e Forl< o j,i0+1) = (tjio+15 jiio)-

J <io—1, swap tj;, andt;;,+1. Namely, (t
o Forig+2<j<n, swap t;,; and t; 41 ;. Namely, (t;oﬁj,t;ﬁl’j) = (tig+1,5, tio.j)-
o Letti ;o1 =7 (1igr1) and pi oy = 7(tigi011)-

o Other elements are left unchanged.

For example, when n =5 and ig = 2 the involution can be illustrated as

b5
14 las
X
t13 o4 t35
P h
12 a3 34 tas
)
M1 H2 H3 Ha Hs

Then, we have
Mo (1, Ty 1) = Kig 1 — Ox (fig41) + i (T)
= Kigr1 + 0 (1) + Cigr1(T') = mig 1 (1, T, 0),
Mig+1 (1, T, 0) = Kig 1 + 6 a(ftig+1) + Cigs1(T)
= ki0+1 - 6’\(”20—',-1) + Cig (T/) = My, (,U/a Tla 1)a

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 49



and since the involution acts on (u, T) as permuting elements it preserves the sign. There-
fore, from Construction 29, we have

GT(ma(p, T, wr), ma(p, Tywa), .o ymy 1 (g, Ty wy1), )
o==0 — GT(my (¢, T",w1), ma(p', T yw2), .. .,mp 1 (1, Ty wp1), ).

This completes the construction. [

5.4 A more natural sijection GMT (k) o==0 SGT(k)

In this section we construct @ to complete the construction of the sijection between
GMT(k) and SGT (k). After that, we prove its compatibility with the top and the inver-
sion number statistics.

Construction 61. We shall construct ®). First, we construct a bijection supp (AR,) X
supp (AP,1) — supp (AR;) x supp (AP,); (i, T) — (W', T") as follows (cf. [7, Problem
8]):

(

tpq p<q<i
tp.g—1 p<i<gq
t;,q =qtp-14-1 1<p<gq

T(Mp) p<i=gq
\T(Mq) p - 7/ < q
py = Hi.

Note that this byjection depends on i. For example, when n =5 and i = 3 we have
t14

l13 2.4

w o= (M3)7 T/ - 7
r(p1) ta3 r(ps)
t12 r(p2) ey ts.4

Since this bijection only rearranges and reverses arrows, it preserves the sign. There-
fore, it can be recognized as a sijection AR, X AP, o==0 AR; x AP,. In addition we
have a sijection pagr,: ARy o==o ({-},0) defined by

PAR; AR, 0==0 <{}7 (Z))

O—0O
(O
&Y
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so we get a sijection ¥, ;: AR, X AP, o==0 AP, such that
m;(p, T,0) = k;j + ¢; (W, (1, T)) if § <1,
mj(:uvT7 1) = Kjt1 + Cj+1(\:[]n,i(H7T)) if =i

By applying this result and Definition 11, we have

L] L] ] G, T,0),...omica(u, T,0), 2, mi(p, T, 1), . ..y mp 1 (, T, 1))

i=1 p€ARy TEAP,

°$O|_| |_| GT (ki +a(T), ... ki + ciea(T), @, kigr + ¢ (T), .- by + ().

i=1TeAP,

Then, using Construction 15 and 7 in Construction 30, we have

I—I I—I GT([fl + 01<T), Ce ,]{?7;_1 + Ci_l(T),.T, ki-l—l + Ci+1(T)7 P k’n + Cn(T))

i=1T€eAP,

= |_| |_| GT(ky +ci(T), ... kicy + cia(T), @, kir + cia(T), - b + ¢a(T)

TEAP, i=1
o0 | | GT(ky+cr(T) ko + ca(T), ... ko + ca(T)) = SGT(K),
TEAP,
which completes the construction. [

Finally, we obtain the desired sijection.

Construction 62. We construct a sijection I': GMT(k) o=0 SGT(k) for any k €
Z", n € Z Whenn =1, GMT(k) = ARy and SGT(k) = ({k1},0). Therefore, the

construction is given as:

p: GMT(k) o== SGT(k)

)
- &Y

When n > 1, the construction is given by induction on n:

GMT(k) = | | || GMTM) oo | | | ] SGTA) 3o SGT(K),

HEARN lepu(k) HEARN lepu(k)
where @' = @) o ®f 0 Py. O

THE ELECTRONIC JOURNAL OF COMBINATORICS 33(1) (2026), #P1.9 51



Last, we check the compatibility of the sijection T'.

Proposition 63. The sijection I' in Construction 62 is compatible with the two statistics
Ntop AN Niny. In particular, it is compatible with the statistic (Niop, Ninv)-

Proof. When n = 1, this is trivial. In the following, we assume that n > 1. First,

we define the statistics for the intermediates. For (7,1, y1) e L, ear, Lheuay GMT(1), we
define

ntop((Ta 17 M)) = ntop(T)>
ninv((Tv 17 H)) = inv(T) + Uinv(ﬂ),

and for (T, 1, u) € L iear, e SGT(1), we define

ntop((Tv 17 M)) = ntop(T)7

The trivial sijection GMT(k) = | | cag, e, GMT(1) is compatible with these statis-
tics and the compatibility of the second sijection follows from the cases for smaller n.
Therefore, it is sufficient to check the compatibility of ®’.

e ®;: The compatibility with 7, follows from the compatibility of p (Proposition
43). The sijection does not act on arrows, and hence it is compatible with inversion
numbers.

e ®4: The compatibility with ., follows from the compatibility of 7 (Proposition 44).
The sijection acts on arrows as reversing and permuting, and hence it is compatible
with inversion numbers.

e @): The compatibility with 7., follows from the compatibility of idgr and 7 (Propo-
sition 45). The sijection acts on arrows as a permutation except for the actions of
YAR,- Oince the actions of par, do not affect the inversion number, the sijection is
compatible with it.

According to Lemma 18, the compatibility of & = &/ 0} o ®, follows from the above. [

Remark 64. One of the advantages of proving refined enumerations with compatibility
appears in the way one proves doubly-refined enumerations. If a sijection is compatible
with two statistics 74 and np then it is also compatible with the pair statistic (na,n5).
On the other hand, without compatibility, the result of doubly-refined enumeration with
respect to (na,np) does not follow immediately from the results of refined enumeration
with respect to each of 174 and np separately.
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5.5 About the choice of the parameter x in the construction

Fischer and Konvalinka’s construction as well as ours depends on a parameter x which,
in fact, can be made to depend on the other parameters in each sijection that appears in
the construction, by induction, notably on k. Here we show that there exists a choice of
x that has particularly nice properties at the level of the sijections. We discuss how to
choose the parameter in this subsection. In particular we prove the following proposition.

Proposition 65. Let k € Z™. Then, there exist X, X_ € Z such that

Ve 2 Xy, vy =l x, s
Vo g X,, Fk:E = Fk,X )

where I'y ,: GMT (k) o==0 SGT (k) is the sijection constructed in Construction 62.

According to the proposition, we define I'y 1o, = I'k x,.. Note that X, depend on k.
Let f;: Z — Z;k — k + 1 be a translation. The definition of f; is extended to Z", GMT
and SGT in a natural way. The choice of parameters in I'y 1 is good in the sense that
it satisfies

Jto Tk 400 = I'f k), 400 © fi (15)

The rest of this subsection is devoted to prove the proposition and the above relation.
First we define inclusion relations of signed sets and sijections. Let S and T be signed
sets. We say S is included in T" and denote it by S C T if ST C T+ and S~ C T~ hold.
Let ¢;: S; o==0 T; (i = 1,2) be sijections. We say ¢; is included in 2 and denote it by
p1 C o if all of the following conditions are met:

S; C Sy, Ty C Ty, Vs € supp (S1 UTY), pi1(s) = wa(s).
We also define the difference of signed sets and sijections as follows:
e When S C T, the signed set 7'\ S'is (T"F\ ST, 7\ S7).
e When ¢;: §; o==0 T; (i = 1, 2) meet 1 C o, the sijection o\ p1: 52\ S; o==0 TH\T;
is a restriction of (5.

Then, we have SU(T'\ S) =T and @9 = @1 (g2 \ ¢1). The converse is also true. Namely,
we have S C SUT and (SUT)\ S =T for any signed sets S and T and ¢ C p L
and (¢ U) \ ¢ = 9 for any sijections ¢ and . In particular, when ¢;: S; o==0 T},
Wi T; o==0 U;, (i = 1,2) satisfy ¢1 C 9, 11 C 1hy, we have

Yo 0y = (Y1 U (2 \ ¥1)) o (w1 U (g2 \ 1)) = (Y1 0p1) U((¥h2 \ 1) 0 (02 \ ¢1)).

Therefore, we have 11 o ¢; C 1y 0 . Particularly, if S; = Sy and 77 = T5, then

Y10 @1 =10 .
Let {p,}zcz be a sequence of sijections. We say {@;}rez makes a chain in x > X,
when

Yx CYx41 CPxyp2 CT-or

Similarly, we say {©;}zez makes a chain in x < X, when
ox Cox—1Cpx—2C- .
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Proposition 66. Let a, b, x be integers and p,: [a,b) o==0 [a,x) U [x,b) the sijection
constructed in Example 2. Then, {¢y}rez makes a chain in x > max(a,b) and in x <
min(a, b).

Proof. For x > max(a,b), we have ¢,.1 = @, U1, where 1, is the unique sijection
between (0,0) and ({z},{z}). Therefore, {¢,}.cz makes a chain in x > max(a,b). We
can prove the case x < min(a,b) similarly. O

We prepare some lemmas to prove Proposition 65.

Lemma 67. Let S and T be signed sets such that S C T. Then, we have idg C idp. In
addition, let pg: S U —S o==o ((),D) be the sijection induced by ids as in Example 4. We
define o1 similarly. Then, we have g C pr.

Proof. The proof follows immediately from the definitions. O]

Lemma 68. Let p;: S; o==0 T; be sijections for i = 1,2 and ¥: U o==0 V a sijection.
Then, we have

P1 C o2 =P U CpUeps.
and

1 C 2= 1 X1 CY X P

Proof. The proof follows immediately from the definitions. O]

When ;: S; o==0 T} and v;: U; o==0 V; are sijections for ¢ = 1,2 such that ¢; C ¢
and ¥ C 15, then we have from this lemma that

1 X o1 C 1 X g C Pg X Pa.

Furthermore, for a disjoint union with signed index, the following lemma holds.

Lemma 69. Let ¢;: T; o==0 T, be sijections for i € Zsy such that i C 1y C ---. Also,
for S =z, (T ulUz, <i‘), let {¢s: Us o==0 Vi} o be a family of sijections. Then
we have
] wc || wc
tiapr: Tyos=oTy ti1a: ThosoTh
Proof. The proof follows immediately from the definitions. O]

Proof of Proposition 65. The following claims can be checked by tracing the correspond-
ing construction.

1. The sijection § in Subconstruction 28.1 makes a chain in > max(a,,b,) and in
x < min(ay, b,). This follows from Proposition 66, Lemma 68 and the induction.

2. The sijection p in Construction 28 makes a chain in = > max(a,,b,) and in x <
min(ay, b,). This follows from the property of 5 and Lemma 69.
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3. The sijection 7 in Construction 29 makes a chain in k; > max(ky, ko, ..., kj_1, kji1,

.., ky) and in k; < min(ky, ko, ... ki1, ki, ... k) for j o€ {1,2,...,n}. Also,

the sijection o in Construction 29 makes a chain in a; > b;, in a; < bj, in b; >

aj and in b; < a; for j € {1,2,...,i — 1,4+ 2,...,n}. Furthermore, let &' =

(al, ag,...,Q;_1, L, Ty Aj42,... ,CLn) and b’ = (bl, bg, S ,bi_l,I'?I, bi+2, e ,bn) Then,

Oa' b, Makes a chain in x > max(b;, b;+1) and in x < min(b;, b;11) and a1y, makes

a chain in z > max(a;, a;+1) and in < min(a;, a;41). These properties follow from
Lemma 67 and the constructions of the sijections 7 and o.

4. The sijection 7 in Subconstruction 30.1 makes a chain in z > max(k) and in = <
min (k). This follows from the lemmas.

5. The sijection 7 in Subconstruction 30 makes a chain in z > max(k) and in z <
min(k). This follows from the properties of v and o.

6. The sijection ®; in Construction 59 makes a chain in x > max(k) + n and in
x < min(k) — n. This follows from the property p.

7. The sijection @4 in Construction 60 makes a chain in z > max(k) + n and in
x < min(k) — n. This follows from the property of .

8. The sijection @/ in Construction 61 makes a chain in x > max(k) + n and in
x < min(k) — n. This follows from the Lemma 69 and the property of 7.

9. Thesijection ®’ = ®)odLod; makes a chain in z > max(k)+n and in z < min(k)—n.
This follows from the properties of ®;, ¢ and /.

10. The sijection I' in Construction 62 makes a chain in # > max(k) + n and in = <

min(k) — n. This follows from the property of ®'.

Since the domain and codomain of I' (GMT (k) and SGT(k)) are independent of the
parameter x, we have

I'x, =Tx, ;1 =Tx,y0="--, where X, = max(k) + n,
I'x

=I'x 1 =Tx o=+, where X_ = min(k) — n.

Last, we check the property of .., with respect to translations:
JioTk 400 = I'f k), 400 © fi-
By the constructions, we have
ftoTke = Tpa. 0 © fr-
Considering a parameter x > max(X, (k), X4 (fi(k))), we have
fto Fk,+oo = Fft(k),+oo o fi.

We can prove a similar result for —oo.

ot
ot
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5.6 A natural sijection GMT (k) o==0 AR, X SGT(k)

In this subsection, we start with the weighted enumeration formula of a variant of mono-
tone triangles, which is proved in [9]. From this formula, we construct a sijection that
is compatible with n + 3 statistics between GMT(k) and AR, x SGT (k). This serves
as a good example of transforming a non-constructive proof for a weighted enumeration
formula into a constructive one using the concept of compatibility. First, to align with the
terms of [9], we will slightly modify the definitions of the combinatorial objects introduced
so far.

o Let m = ({N\, X} 0)". The action of an element of m on k € Z" is
defined as in (8). The definition of generalized monotone triangles is also modified
accordingly:

O N B I |

,u(")EA/PTn k(=D ¢cpn) (k) H("_UEA/R\H k(n=2) gy (n—1)(k(n—1))

U U

,u(2>EA/\R2 k(W epu@ (k2)

o Let AP, = ({N\oo/ s 250" x (1N /s 3 0772 x -+ % ({No /s 3 ). The

i

action of an element of AP, on k € Z" is defined as in (11). The definition of Shifted
Gelfand-Tsetlin patterns is also modified accordingly:

SGT(k) = | | GT(T(k)).

TEA/PTII

This modification just changes the signs of *X' and X. Therefore, except for the parts
involving cancellations with < X' and <> X, the constructions of the sijection
described thus far remain unaffected. In [9], weighted enumerations of several variants of
monotone triangles are provided. When rewritten in accordance with the definitions and
terminology of this paper, we obtain the following result for the weighted enumeration
of generalized monotone triangles. Here, the weighted enumeration of a signed set S is

defined as:
Z weight(s) — Z weight(s).

seS+ seS—
Theorem 70 (Theorem 2.2 and 3.2 in [9]). For
T = (k(”), M(n)7 k(n—l)7 M(n—1)7 o ,k(l), M(I)) é a\/I\T(k),
we define its weight as follows:

o Let ny(T), no(T) and ny,(T) be the number of 7, . and X respectively in uV, u®),
(n)
St
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o Let e, (T) = S kO — KD 4 (# of A in u) — (# of N in ), where ¥k
0

means the summation of entries of k) and we define Zk(o) =
o Then, the weight of T is um My Ty T, X”X

As a result, the weighted enumeration of GMT(k) is

I (uxi+oX; +w) ] (uEk + 0B + wEka;ql) St 1ot (X1, Xy X),

i=1 1<p<gsn

n—1s-s

where E, is a shift operator such that E,p(x) = p(x+1) and 54, x
Schur polynomial.

k) 45 a transformed

The relation between the transformed Schur polynomial § and the extended Schur
polynomial s defined in [9] is

S(knkn—1y0k1) = S(kn—(n—1)kn—1—(n—2),....k1—0)-

This difference is the result of our change in convention from closed intervals to half-
open ones. For the definition of extended Schur polynomials, which we omit here as it
is not necessary for this paper, please see [9]. What is important in this paper is that
S(knykn—1,...,k1) (X1, Xa, ..., X,) is the weighted enumeration of GT(k) with appropri-

ate weight. In fact, for A € GT(k) we define ¥;(A) = Zézl (Mhow(A)i);, which means
that 3;(A) is the sum of elements in the i-th row when considering A as a triangular
array. Then, we can assign the weight as weight(A4) = X/ Xi(A), where 1y, (A) = X;(A) —
¥;—1(A). Based on the observation and the definition of the shift operator, the part of
H1gp<q<n (uEkp + ka_ql + wEka,;:) (e fon1,k1) (X1, X2, ..., Xy,) in the weighted enu-
meration of @/I\T(k) is identified with a weighted enumeration of @(k) which will be
explained in Corollary 71. Furthermore, the remaining part is recognized as a weighted
enumeration of AR with appropriate weight. To summarize the above discussion, the

following corollary can be obtained.

Corollary 71. There exists a sijection G/I\ﬁ(k) =0 AR, x @(k) which is compatible
with the following n + 3 statistics Nu, Nv, Mws Nx1s NXar - -5 1NX,, -

o For GMT side, the definitions of statistics are the same in Theorem 70.

o For (u, (AT)) € AR, x S/G\T(k), where A € GT(T(k)), we define its statistics as

follows:
(1, (A, T))) = (# of /in p) + (# of v/ in T),
(1, (A, T))) = (# of \in p) + (# of \y in T),
(1, (A, T))) = (# of X in p) + (# of X in T),
nx, (1, (A, T)) = nx, (A) + 0 (i) — 0x ()
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The rest of this subsection is devoted to actually constructing this sijection.

Construction 72. We shall construct a sijection which satisfies the conditions described
in Corollary 71. The construction is by induction on n. If n = 1, it is trivial since we

have m(k) = AR; and S/G\T(k) =GT(k) = ({0},0). If n > 1, it is given as follows:

GMT(k |_| |_| GMT(1

wEAR, lep(k)

oo || || (/ﬁ; x s/G\T(l))
HEAR,, 1€p(k)
=AR.. x || || SGT(Q)
pEAR, 1€p(k)
id oz, ><<f>\1/\
e v S I
uGA/\Rn TEA/P\M meSy X SaX-+-Sp_1
GT(mq + c(T),ma+ c2(T),...,mp_1+ cn1(T), )
dg— x®____ 7"
s v N
=1 e ARn TEAP,,
GT(my(p, T,0), ... ,my—1(u, T,0), 2, mi(p, T, 1), oo ym—1(p, T, 1))

//
—

o=x0AR,; X K\Rl X S/C?F(k)
=AR, x SGT(k),

where the assumption of induction is used in the seggnd line. For the definition of S; and
my;, refer to Subsection 5.3. The sijections C/D\l and % are slightly modified versions of ®4
and ®} constructed in Subsection 5.3. In fact, since the constructions of ®1 and @} do
not involve the cancellations /< " and /<> X, these sijections can be applied directly
in the present case. On the other hand, since pagr, does involve such cancellations in the
construction of ¥, this construction should be modified. However, the modification is not
difficult. The bijection supp (AR,) xsupp (AP,.1) — Supp (ARl) X supp (AP ) constructed

wn Construction 61 can be considered as a sijection AR X APn ] ==0 AR1 X AP Using
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this sijection instead of V,,; : AR,, X AP, o==0 AP,, we obtain

I_I |_| |_| GT ml H?T O) amifl(ﬂaTa O>7$7mi(M7T71)7' c amnfl(,uyTa 1))

=1 ,cAR, TeAPn 1

0==0 |—| |_| GT(kfl + Cl(T), ce 7ki—1 + Ci_l(T>,
=1 (, T)e AR, xAP,
T, kivr 4 cip1 (1), ... kn +cu(T))

= A/-\m X I—I I—I GT(’Cl + Cl(T), R 7ki—1 + Ci_l(T),
=1 7eAP,
T ki + e (T), .. kn 4 cn(T)),

and the construction of @] can be completed as in Construction 61.

Next, we will verify that the sijection satisfies the compatibility conditions in Corollary
71. First, all the sijections used in the construction act on arrows as reversing and
permuting, and hence the sijection is compatible with n,, n, and n,. In addition, it s
compatible with nx,,Nx,,--.,Nx,_, for the same reason as Proposition 63:

o &, is compatible thanks to the construction and Proposition 43,
o O is compatible thanks to the construction and Proposition 44.

o O is compatible thanks to the construction.

Last, we will prove the sijection is compatible with nx, . In fact, the value of > 7"  nx, —
Ny + 1y @5 const. Indeed,

o forT e a/[\T(k), we have

(Z Nx; = Nu T+ m) (T) = Zk, where Zk = Z(k)

i=1

o and for (u, (A, T)) € AR, x S/C?F(k), we have

Here, ¥,(A) = > T(k) from the definition of g}}\T(k) Thus, the value is equal to
>k, based on the definition of T'(k).

Therefore, the value of

n n—1 n—1
X, = <Z?7xi — 1 +m> - (ani — 1 +m) = k- (ani — 7 +m) ,
=1 i=1 i=1

1s preserved under the action of the sijection. Thus, the sijection is compatible with all
n + 3 statistics in Corollary 71. [
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Remark 73. Since we have supp (CT]\E”(k)) = supp (GMT(k)), supp <S/G\T(k)> =

supp (SGT(k)), supp <A/§n> = supp (AR,), supp (Kﬁl) = supp (AP,) and the compat-

ibility with respect to 7,, we can construct a sijection GMT(k) o==0 AR, x SGT(k) in
the same manner.

Remark 74. In Corollary 71, we say there are n + 3 statistics with which the sijection is
compatible, but some of them are degenerate, as can be understood from the proof of the
compatibility in Construction 72. In addition to the relation Y, nx, —n,+n, = Y_ k, we
have 0, +n, +1, = (g) Thus, there are at most n+1 independent statistics, where we say
statistics are independent if there are no relations between them. Note that the number
of independent statistics is not essentially meaningful. While it may be considered that
the appropriateness of a family of statistics can be measured by how fine it is, we will not
delve further into this as it is beyond the scope of this paper.

6 Conclusions

In this paper, we introduce the notion of compatibility of sijections and give transparent
proofs of basic properties relevant to signed sets, sijections and the notion of compatibility.
In addition, we explain some combinatorial results by means of compatibility. Our main
contributions are as follows.

e We find and describe in detail the canonical one-to-one correspondences between
Gelfand-Tsetlin patterns with a bottom row and that with a permuted bottom row.
This leads us to a new computational proof of the signed enumeration of Gelfand-
Tsetlin patterns. In addition, inspired by this proof, we define Gelfand-Tsetlin
Graph sequences as a generalization of Gelfand-Tsetlin patterns and extend the
signed enumeration to them.

e We extend the definition of inversion numbers for shifted Gelfand-Tsetlin patterns
and construct a more natural sijection than the conventional one between (general-
ized) monotone triangles and shifted Gelfand-Tsetlin patterns, through the notion
of compatibility with the inversion numbers.

e We give a bijective proof for the refined enumeration of an extension of alternating
sign matrices with n + 3 statistics, first proved in [9)].

We would also like to discuss the possibility of future applications of the notion of
compatibility. In fact, we believe it could be applied to many topics in integrable combi-
natorics. On the one hand we have many determinant formulae in this field. (For example,
those derived from the Lindstrom-Gessel-Viennot lemma, the Yang-Baxter equation, etc.)
As mentioned in [8], the theory of signed sets and sijections is closely related to linear al-
gebra. Therefore, known computational proofs of determinant formulae can be translated
into bijective proofs. On the other hand we have many results about refined enumerations
in this field. We should import these results into the bijective proofs through the notion
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of compatibility, since this may offer hints to construct more natural (or completely new)
sijections, as in Section 5. In addition, considering compatibility can lead us to novel
combinatorial results, as in Section 4.

Besides the above, the knowledge of this paper could be applied to the results obtained
in [8], which is the sequel of the paper we mainly based our paper upon. This might lead
to the discovery of novel relations between alternating sign matrices and descending plane
partitions.
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A The details of Construction 29

In this section, we will describe the details of the construction of 7 in Construction 29. We
construct 7 from o for one smaller n. For x1, o, 3, x4 € Z, we have sijections compatible
with the normal statistics

[T1,22) X [X9,x3) 0=0 —[xg,x1) X ([x2,z1) U [21,23))

o==0 —[mQ,xl) X [xg,xl) U —[m,m) X [$1,$3), (Al)

[, X2) X |29, x3) o==0 ([x1,x3) U [x3,22)) X —[T3,22)

o==0 —[x1,x3) X [13,22) U —[x3,22) X [T3,X2) (A2)

and

[T1,29) X [T2,23) X [x3,24)

o==0 ([x1,23) U [r3,22)) X —[x3,22) X ([x3,22) U [72,24))

o==0 —[x1,x3) X [T3,X2) X [X3,22) U —[1,23) X [x3,22) X [T2,24) (A3)

L —{$3,$2> X [%3,%2) X [1’3,372) L —[$3,x2) X [I‘g,xg) X [LUQ,SL’4>.
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When i = 1, we have from (Al)

GT(1) = | ] GT(m)
mé[ll,lg)X[lg,l3)><"'><[ln711ln)
C. 14
o==0 | ] GT(m) L | ] GT(m)
mG—[lg,ll)X[lg,ll)X[lg,l4)><~~~><[ln,1,ln) mE—[lg,ll)X[ll,lg)X[lg,l4)><~~~><[ln,1,ln)
ollid
o==o ((},0) U — |_| GT(m)

me—[lg,l1) % [l1,13) X [13,04) XX [ln—1,In)

= — GT(ly, 1y, 15, .., 1)

When i = n — 1, we have from (A2)
GT(1) = | | CGT(m)

mE[ll,lz)X [lz,l3)><~~><[ln_1,ln)

et |_| GT(m)

mE[ll,lQ) X oo X [lnfg,lnfg) X —[lnfz,ln) X [ln,ln71)

L | | GT(m)

me([ly,lo) X X[ln_3,ln—2)X—=[ln,dn—1)X[ln,ln_1)

=5 | | GT(m) L (0,0)

mE[llle) XX [ln—Byln—Q) X [ln—Q:ln)X [lnyln—l)

- — GT(ll, l2, ey ln,Q, ln, lnfl).

Otherwise, we have from (A3)

GT(1) = | ] CGT(m)
me[h,lg)X[lz,lg)X---X[lnfl,ln)

Sro | | GT(m)

me([ly,lo) XX [li—2,li—1) X —[li—1,lip1) X [Lig1,0i) X [Lig1,0i) X [Lig2,lig3) XX [ln—1,ln)
U || GT(m)
me(ly,l) X x[li—o,li—1) X =[li—1,lip1) X [Lip1,06) X [Li,lig2) X [l 2,li43) X X [ln—1,ln)
L || GT(m)
me([ly,l2) X x[li—2,li—1) X —[lig1,ls) X [Lig1,ls) X [Lig1,l:) X [Lig2,li 4 3) XX [ln—1,ln)
U | | GT(m)
me|(ly,le) XX [li—o,li—1) X =[lig1,li) < ig1,li) < [l lig2) X [Lig2,lig3) X X [ln—1,In)
o
o==o (), 0) U — | ] GT(m)
me([ly,l2) X x[li—2,li—1) % [li—1,lip1) X [Lag1,0s) X [Lg,lip2) X [Li2,li13) XX [In—1,ln)

L (0,0) L (0,0)

=—GT(l,lo, . limy, i, Ly Loy 2 1y). O
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B The details of the proof of Proposition 41

In this section, we implement the first step in the proof of Proposition 41, namely, we
prove that it is sufficient to show that (6) holds. The proof is given by induction on n.
For n = 1, this is trivial. For n > 1, let A" € A% ! such that A = (4’, {{k}}). Then, we
have

#GGT (k; {pi;}, {¢5})

Mrow=A = Z # GGT (L; {pi j }1<jci<n—2, {Gij h1<jcicn—2)

leK

nrow:A/ .

where K = [ky, 1 kg 11) X [Kpnvoskgn12) X+ X [kpoviskgn 1) Let a; < ag <
-+ < ay_1 be the elements of A,,_;. If they are not distinct, A" does not form an unsigned
modified Gelfand-Tsetlin pattern and neither does A. Therefore, in this case we obtain
the result that # GGT (k; {p:;},{q;}) —a= 0. In the following, we assume that
ar < ag < - < Qp—1-

Now, with the assumption of the induction, we have

# GGT (ki {pij}, {¢i}) lnow=a
= Z # GGT (L {pij h1<jcicn—2, 1005 F1<j<icn—2)

leK

= > # GGT (L {pi; hi<jcicn—2: {@ij 1<jcicn—2)

€K st. {1} =An_,

TMrow

Nrow=A"

Trow =A’

= 1A’ forms a classical Gelfand-Tsetlin pattern

X > sgn(l) - sgn({pi; h<jcicn—2: {@ij h1<j<i<n—2)-
1K s.t. {{I}=An_1

For ¢ € {1,2,...,n}, let t; be the integer such that a;,_1 < k; < ay,, where we define
ap = —oo and a,, = +00. Then, it is sufficient to show (6) because A forms an unsigned
modified Gelfand-Tsetlin pattern if and only if A’ does and t,t,,...,t, are distinct.
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