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Abstract. The cyclic sieving phenomenon of Reiner, Stanton, and White says that we can
often count the fixed points of elements of a cyclic group acting on a combinatorial set by
plugging roots of unity into a polynomial related to this set. One of the most impressive
instances of the cyclic sieving phenomenon is a theorem of Rhoades asserting that the set of
plane partitions in a rectangular box under the action of promotion exhibits cyclic sieving.
In Rhoades’s result the sieving polynomial is the size generating function for these plane
partitions, which has a well-known product formula due to MacMahon. We extend Rhoades’s
result by also considering symmetries of plane partitions: specifically, complementation and
transposition. The relevant polynomial here is the size generating function for symmetric
plane partitions, whose product formula was conjectured by MacMahon and proved by
Andrews and Macdonald. Finally, we explain how these symmetry results also apply to the
rowmotion operator on plane partitions, which is closely related to promotion.
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1 Introduction and statement of results

1.1 Plane partitions

An a x b plane partition of height m is an a x b array ™ = (m; j)1<i<q, of nonnegative integers
1<j<b

mi; € N which is weakly decreasing in rows and columns (i.e., m; j > m41,; and m; ; > m; j41 for

all 4, j) and for which the largest entry is less than or equal to m (i.e., w11 < m). We denote

the set of such plane partitions by PP (a x b). For a plane partition 7 € PP™(a x b), we define

its size to be |7| =) i<i<a, i ;-
1<j<b
MacMahon’s celebrated product formula [53, Section 495] for the size generating function for

a X b plane partitions of height m is:

(1 _ qi+j+m71)

Mac(a, b,m; q) = Z qlﬂ = H (1 _ i+j—1)
7E€PP™ (axb) 1<i<a, 1

1<j<b

See [82, Theorem 7.21.7] for a modern presentation of this result. Note Mac(a, b, m; q) is (essen-
tially) a principal specialization of a Schur polynomial sy(x1,x2, ..., Tq1p):

K(m®) a+b—1> 7

Mac(a,b,m;q) = q~ Sma (17 q, q27 - q

where m® is the a x m rectangle shape, and k(A) = 0A\; + 1Ag + 23 + - - -. The Schur polyno-
mials s) occur in many contexts, but of particular relevance is the fact that they are characters
of general linear group representations.
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1.2 Promotion

Promotion is a certain invertible operator acting on the set of these plane partitions. It can be
defined as a composition of piecewise-linear involutions, as follows. We define the piecewise-linear
toggle 7; j: PP™(a x b) = PP™(a xb) for 1 <i<a,1<j<bby

) _ )Tk if (k1) # (4,7),
(Tz,]Tr)k,l = . o

Min (7 -1, Ti—1,7) + max(mip 1,5, 7 j1) = ;i (k1) = (0, 7),

with the convention that g ; = m 0 = m and 7441, = mp41 = 0. The 7;; are involutions.
Also, toggles 7;; and 7y ; commute unless (4,7) and (¢, ') are directly adjacent, where by
“directly adjacent” we mean that |i — /| + |j — j'| = 1.

Then for —a+1 < k < b—1 we define F}, := [[i<i<a, 7i,; to be the composition of all the
1<5<b,
j:Ji;k
toggles along the “kth diagonal” of our array (note that all these toggles commute).
Finally, we define promotion Pro: PP™(a x b) — PP™(a x b) as the composition of these

diagonal toggles Fj, from left to right:
Pro=Fy 1 - Fp2 - Foar2 - Fat1-

Example 1.1. Suppose a := 2, b :== 2, and m := 4. We can compute an application of promotion
on a plane partition m € PP4(2 x 2) as follows:

po|2]2| P22 e [2]2 | na 42 e 43 ] _poy
o 110 11 11 11

This description of promotion in terms of piecewise-linear involutions goes back to Berenstein
and Kirillov [42] and Berenstein and Zelevinsky [8], building on work of Bender and Knuth [7]
and Gansner [27]. More recently, interest in these piecewise-linear toggles has been rekindled in
connection with another related operator called rowmotion (see, e.g., [16] or the survey [67]).
We will discuss rowmotion later.

It is more common, following the seminal work of Schiitzenberger [73, 74, 75] (see also
Haiman [34]), to consider promotion as an operator on semistandard Young tableaux defined in
terms of “jeu de taquin” sliding moves. But in fact, via a simple change of coordinates using
Gelfand—Tsetlin patterns, promotion of plane partitions in PP™(a x b) as we have just defined
it exactly corresponds to the usual promotion of semistandard tableaux of shape a x m with
entries in the set {1,...,a + b} (see Appendix A for the details of this correspondence).

1.3 The sieving phenomenon

The sieving phenomenon of Reiner, Stanton, and White [61] is, loosely speaking, the philosophy
that we can often count fixed points for a nice group action on a set of combinatorial objects
by plugging roots of unity into a polynomial related to this set. Initially the philosophy was
considered only for cyclic group actions, and in this context it is usually called the cyclic sieving
phenomenon; but there has also been interest in broadening the philosophy to include other
groups as well [6, 60]. In fact, as we explain below, the sieving phenomenon grew out of
Stembridge’s “g = —1” phenomenon, which is basically the case where the group has order two.

Sieving phenomena involving polynomials which have simple product formulas in terms of
ratios of g-numbers (like the MacMahon formula) are especially valuable, because these imply
that every symmetry class has a product formula.

One of the most impressive such examples of the cyclic sieving phenomenon is:
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Theorem 1.2 ([63, Theorem 1.4], [79, Theorem 1.3]). For any k € Z, we have
#{7‘( € PP™(a x b): Pro*(n) = 7T} = Mac(a, b,m;q— Ck),
where ¢ = 2™/ (@+b) 45 g primitive (a + b)th root of unity.

Theorem 1.2 says that promotion acting on plane partitions has a very regular orbit structure.
For instance, note that one consequence of Theorem 1.2 is that Pro acting on PP (a x b) has
order dividing a + b. But, as mentioned, Theorem 1.2 implies much more than this: it also
means that every symmetry class has a product formula.

Theorem 1.2 was first proved by Rhoades [63]. To prove this theorem he used Kazhdan—
Lusztig theory and the related theory of quantum groups. In particular, he employed the dual
canonical basis for representations of the general linear group [41, 49]. More recently, Shen and
Weng [79] gave a different proof of Theorem 1.2. Their approach was from the perspective of
cluster algebras and the “cluster duality” conjecture of Fock and Goncharov [18]. Specifically,
their proof employed the Gross—Hacking—Keel-Kontsevich [33] canonical basis (or “theta basis”)
for cluster algebras, in the particular case of the coordinate ring of the Grassmannian.

In either case, the proof of Theorem 1.2 followed the “linear algebraic” paradigm. This
means that the desired equality is established by computing the trace of a linear operator on a
vector space in two different bases. The first basis should be indexed by the combinatorial set in
question, and the linear operator should permute this basis according to the cyclic action, so that
its trace computes the number of fixed points of the action. The second basis is an eigenbasis
where we can compute trace by considering eigenvalues. See, e.g., [62] or [70, Section 4].

In both the Rhoades [63] and Shen—Weng [79] proofs the vector space in question actually
carries more structure: it is a GL(a + b) representation. And in both proofs the linear operator
corresponding to promotion is the action of a particular lift to the general linear group of the long
cycle (a.k.a. standard Cozeter element) ¢ € G444 in the symmetric group. Geometrically, this
map is the twisted cyclic shift x € GL(a + b) acting on the Grassmannian Gr(a,a + b).

1.4 Symmetries of plane partitions

In the present paper, we extend Theorem 1.2 by considering symmetries of plane partitions. The
study of plane partitions with symmetry goes back to MacMahon [52], but really took off in the
1970s and 80s: see for instance the seminal paper of Stanley [81] which identified 10 symmetry
classes of plane partitions, and see [44] for a modern update to Stanley’s paper. Here we will be
concerned exclusively with the involutive symmetries of plane partitions.

The first symmetry we consider is complementation Co: PP™(a x b) — PP™(a x b), which is
defined by Co(7);j == m — ma41-ip+1—j- A plane partition 7 € PP™(a x b) can be viewed as the
3-dimensional stack of cubes inside of an a x b x m rectangular box which has 7; ; cubes stacked
at position (7,7), in which case complementation is set-theoretic complementation inside this
box.

Plane partitions 7 € PP™(a x b) with Co(w) = 7 are called self-complementary. Stan-
ley [81] was the first to enumerate self-complementary plane partitions. The enumeration of self-
complementary plane partitions is one of the prototypical examples of Stembridge’s ‘¢ = —1”

phenomenon [85, 87|, the precursor to the cyclic sieving phenomenon. Namely:

Theorem 1.3 ([86, Theorem 1.1], [85, Theorem 4.1], [45, Theorem 3.1]). We have
#{77 € PP™(a x b): Co(m) = 7r} = Mac(a, b,m;q — —1).

Stembridge [85] (and, independently, Kuperberg [45]) gave a “linear algebraic” proof of Theo-
rem 1.3, computing the trace of a linear operator in two ways. The linear operator correspond-
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ing to complementation is the action of a particular lift wy € GL(a + b) of the longest ele-
ment wg € S,1p in the symmetric group. Geometrically, this map is the twisted reflection on
the Grassmannian.

Complementation and promotion together generate a dihedral group: Co-Pro = Pro~!- Co.
(In the context of tableaux, complementation is more often referred to as the “Schiitzenberger
involution” or “evacuation”; see for instance Stanley’s survey paper [83].) This means that
Co - Pro* is conjugate to Co - Pro’ whenever k and j have the same parity. So if we want to
count the number of fixed points of Co-Pro¥, there are only two cases to consider: k even (which
is addressed by Theorem 1.3 above), and k odd.

Recently there has been interest in sieving for dihedral group actions [60, 88], where fixed
points of both the rotations and reflections are counted by plugging roots of unity into a polyno-
mial. And in fact a “dihedral sieving” result for the action of (Pro, Co) on plane partitions has
already been considered by Abuzzahab-Korson-Li-Meyer [1] and obtained by Rhoades [63]:

Theorem 1.4 ([1, Theorem 1.2 and Conjecture 1.3|, [63, Theorem 7.6]). For any even k € Z,
we have #{m € PP™(a x b): Co- Prof(n) = 7} = Mac(a,b,m;q — —1). For any odd k € Z, we
have

4 {W € PP™(a x b);} - Mac(a, b, m; q »—>a—jl)771 o if a or b is even,
Co-Prof(m)=m[ . A
o Prom) =7 (_1)H(m )sma(l, -1,1,...,—-1,1,1) ifa and b are odd.

We note that there are product formulas for the Schur function evaluation appearing in
Theorem 1.4: see [1, Lemma 8.2]. However, Theorem 1.4 is certainly not quite as clean a result
as Theorem 1.2. By considering additional plane partition symmetries, we will actually discover
fixed point enumerations which are as pleasant as Theorem 1.2.

The next symmetry we consider is transposition, or in other words, reflection across the main
diagonal. In order for transposition to act on a fixed set of plane partitions, we need a = b.
So let n := a = b. Then Tp: PP™(n x n) — PP™(n x n) is defined by Tp(w); ; := m;;. Plane
partitions 7 € PP™(n x n) with Tp(n) = 7 are usually just called symmetric plane partitions.
In 1899 MacMahon conjectured [52], and in 1978 Andrews [4] proved, the following product
formula for the size generating function for symmetric plane partitions:

(1 _ q2(i+j+m—1)) (1 _ q2i+m—1)

SymMac(n, m; q) = Z g = H —— . —_—
— g2(i+5-1 _ q2i—1
TePP™(nxn), 1<i<j<n (1 q Gt )) 1<i<n (1 qa )
Tp(m)=m

Macdonald [51, Example 17, p. 52] also proved MacMahon’s conjecture independently and es-
sentially simultaneously. See also [29] and [58] for other proofs of MacMahon’s conjecture.

Transposition and complementation commute, and so together generate a group isomorphic
to Z/27 x 7./27Z. We will refer to their composition Tp - Co as transpose-complementation.
Plane partitions 7 € PP™(n x n) with Tp - Co(m) = 7 are called transpose-complementary.
Proctor [59] was the first to count transpose-complementary plane partitions. Later, Stem-
bridge observed [86], and Kuperberg [45] explained, the following ¢ = —1 phenomenon for the
enumeration of transpose-complementary plane partitions:

Theorem 1.5 ([86, Theorem 1.2], [45, Theorem 5.1]). We have

#{m € PP"(n x n): Tp- Co(r) = n} = SymMac(n, m;q — —1).

1'We stated this result in a somewhat more compact way than it is stated in [63, Theorem 7.6].



Cyclic Sieving for Plane Partitions and Symmetry 5

Kuperberg [45] gave a linear algebraic proof of Theorem 1.5 where transposition corresponds
to the outer automorphism of GL(2n) induced by the symmetry of the Dynkin diagram of
type As,_1. Geometrically, the outer automorphism is the symplectic orthogonal complement
on the Grassmannian.

There is another g-analog for the symmetric plane partitions. For 7 € PP™(n x n), set
|m|" = > 1<i<j<n Tij» which roughly speaking is the ‘size of 7/Tp’. Bender and Knuth [7]
conjectured that:

(1 o qi+j+m—1)

SymMac'(n, m; q) == Z g™ = H

-~ 1
TEPP™(nxn), 1<i<j<n (
Tp(m)=n

In [3], Andrews showed that in fact the MacMahon and Bender—Knuth conjectures are equiva-
lent, and in doing so proved the Bender—Knuth conjecture.

This second g-analog of symmetric plane partitions also has an associated ¢ = —1 re-
sult, this time enumerating symmetric self-complementary plane partitions. Symmetric self-
complementary plane partitions were again first enumerated by Proctor [57]. Later, Stem-
bridge [85, 86] interpreted this enumeration as a ¢ = —1 result:

Theorem 1.6 ([85, Theorem 4.1, Example 4.3], [86, Theorem 1.1]). We have
#{m € PP"(n x n): Tp(r) = m, Co(r) = 7} = SymMac'(n, m;q — —1).

Stembridge [85] gave a linear algebraic proof of Theorem 1.6, but this time using represen-
tations of the special orthogonal group SO(2n + 1) (or at least its Lie algebra) instead of the
general linear group.

1.5 New sieving results

To summarize the above, the interaction of promotion and complementation of plane partitions,
and also the interaction of transposition and complementation, are understood. The main
undertaking of this paper is to understand how promotion and transposition, and promotion
and transpose-complementation, interact.

Transposition and promotion together generate a dihedral group: Tp - Pro = Pro~! . Tp.
Our first main result is the following “dihedral sieving”-style result concerning fixed points for
elements of (Pro, Tp):

Theorem 1.7. For any k € 7Z, we have
#{mr € PP"(n xn): Tp- Prof(r) = 7} = SymMac(n,m;q — (—1)’“).

To prove Theorem 1.7, we note that the evaluation SymMac(n, m; g +— —1) is nonzero if and

only if m = 2M is even, and in this case is equal to
i+ 7+ 2M
SymMac(n,2M;q — —1) = H L
iy 1+
1<i<j<n—1

Using algebraic techniques, Proctor [59] demonstrated that a couple of different combinatorial

sets of plane partition flavor are enumerated by ngz‘g j<n—1 Z+giJ2M . We will establish that the
set {1 € PP?M(p x n): Tp - Pro(r) = 7} is in bijection with one of the sets Proctor showed is
i+j+2M
counted by [ <;<jcp 1 =5
Transpose-complementation and promotion commute. Hence the group they generate is

a product of two cyclic groups: (Pro, Tp - Co) ~ Z/2nZ x 7Z/27. Enumerating fixed points for
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elements of a cyclic group times Z/27Z is a bit more interesting than for elements of a dihedral
group because there are more conjugacy classes. Barcelo, Reiner, and Stanton [6] considered an
extension of cyclic sieving to products of two cyclic groups, which they called “bicyclic sieving”.
Our second main result is the following “bicyclic sieving”-style result concerning fixed points for
elements of (Pro, Tp - Co):

Theorem 1.8. For any k € Z, we have
#{77 € PP™(n x n): (Tp - Co) - Pro" ™ (x) = 7['} = SymMac(n, m;q — Ck),

where ¢ == e™/™ is a primitive (2n)th root of unity.

The proof of Theorem 1.8 is more involved than the proof of Theorem 1.7. We use a linear
algebraic approach, extending the work of Rhoades [63]. Basically, we show that wg € GL(2n)
(corresponding to complementation) and the outer automorphism of GL(2n) (corresponding
to transposition) behave in the appropriate way on the dual canonical basis of the relevant
GL(2n) representation. In fact, this has essentially already been done: Berenstein—Zelevinsky [8]
and Stembridge [87] showed that wy behaves as evacuation on the dual canonical basis of any
irreducible general linear group representation; and Berenstein—Zelevinsky [8] also described the
effect of the outer automorphism on the dual canonical basis. (General results of Lusztig [50]
imply that these automorphisms permute the canonical basis in some way.) We just have to
put all these results together and compute the trace of the appropriate composition of these
operators.

Theorems 1.2, 1.4, 1.7 and 1.8 together imply that for any element g € (Pro, Co, Tp), the
number of plane partitions in PP™(n x n) fixed by ¢ is given by some kind of evaluation at
a root of unity of a polynomial which has a nice product formula representation as a rational
expression. However, it is unclear how to package all of these results together into one theorem.

Example 1.9. In this example we consider the case m = 1.
For a subset I C {1,2,...,a + b} and a permutation o € S,y in the symmetric group on
a+ b letters, we write o(I) :== {o(i): i € I'}. We also use the notation —I :== {1,2,...,a+b}\ I.

For us, two significant elements of &, are the long cycle ¢ .= (; g . aj;j’rgl aJ{b) and the longest

) 1 2 .. atb
element wo = (a+b at+b—1 ... aJlr )

We define a bijection ¥: PPY(a x b) = {I C {1,...,a+ b} of size a} in Appendix A. Under
this bijection we have ¥(Pro(w)) = ¢(¥(x)), ¥(Co(m)) = wo(¥(7)), and (in the case a = b =n)
U(Tp(r)) = —wo(¥ (7)) for all 7 € PPY(a x b). Hence, when m = 1, the results described above
reduce to formulas counting the fixed points of rotation, reversal, and complementation acting
on subsets.

For instance, Theorem 1.2 says that

#{I C{1,...,a+ b} of size a: () =TI} =Mac(a,b,1;q — Ck)v

where ¢ = e?™/(a+b) is a primitive (a + b)th root of unity, and Mac(a,b,1;q) is the usual
q-binomial coefficient:

Mac(a, b, 1;q) = |:a T b:| = q*a(a+1)/2 . Z qzieli _ H
a

a IC{1,....a+b}, 1<i<a (1-4)
#I1=a

(1 _ qa+b+1—i)

This is one of the most prototypical cyclic sieving results, going back to the original Reiner—
Stanton—White paper [61, Theorem 1.1(b)]. Theorem 1.4 offers a dihedral extension of this
prototypical cyclic sieving result. This dihedral extension, which combines rotation of subsets
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with reversal of subsets, is less well known, but is discussed for instance in [60, Proposition 4.1]
(at least for a + b odd).

Now let us assume a = b = n so that we can also consider what Theorems 1.7 and 1.8 say
about the case m = 1. Actually, Theorem 1.7 is not so interesting in this case because, as
mentioned, SymMac(n, m;q — —1) = 0 when m is odd, and moreover it is clear that there are
no I with —wo(I) = ¢(I) since 1 € ¢(I) <= n € [ while 1 € —wo(l) <= n ¢ I. But
Theorem 1.8 is quite interesting in this case. It says that

#{I C{1,...,2n} of size n: AR = —I} = SymMac(n, 1;q — Ck)v

where ¢ == e™/" is a primitive (2n)th root of unity, and SymMac(n, 1; ¢) has the simple form

SymMac(n, 1;q) = Z qicrt = H (1 _|_q2i—1)'

IC{1,3,5,...,2n—1} 1<i<n
For example, taking n = 2, we have
SymMac(2,1;q) = 1+ g+ ¢° + ¢*.
The relevant evaluations are
SymMac(2,1;q +— 1) =4, SymMac(2,1;q — i) = 2, SymMac(2,1;¢g — —1) = 0.

In agreement with these evaluations: the I C {1,2,3,4} of size 2 with ¢*(I) = —I are {1,2},
{2,3}, {3,4}, and {1,4}; while the I for which ¢(I) = —I (and also the ones with ¢*(I) = —1I)
are {1,3} and {2,4}; and there are no I with I = —1I.

It is worth contrasting the previous paragraph with a known “type B” version of cyclic sieving
for subsets under rotation. For a subset I C {1,2,...,n}, we define ¢(I) := c¢(I)A{1}, where
here ¢ = (1 2..n-l ”) € 6,, and A denotes symmetric difference. This ¢ action might be

23... n 1
called twisted rotation, and its order is 2n. We have

#{I C{1,...,n}: E(I) = I} = SymMac' (n, ;¢ — ¢*),

where ¢ := ¢™/™ is a primitive (2n)th root of unity, and SymMac’(n, 1;¢) has the simple form:

SymMac'(n, 1;q) = Z gliert = H (1+4").

1C{1,2,...,n} 1<i<n

This result also appears in the original Reiner-Stanton-White paper [61, Corollary 8.5], and
is further discussed in [2, Section 6.1]. Work of Rush and Shi [69] implies that subsets under

twisted rotation are in equivariant bijection with PPl(Dn) under Row (these notions are defined
in Section 5); hence, this result can be seen as the case m = 1 of Conjecture 5.1 as well. While
evidently quite similar, we know of no direct connection between counting subsets fixed by powers
of twisted rotation, and counting subsets whose rotations are equal to their complements.

Remark 1.10. Some of the root of unity evaluations of polynomials appearing in Rhoades’s
paper [63] had prior combinatorial interpretations, for instance in terms of border-strip tableaux
(see [47]). However, we are not aware of any prior combinatorial interpretations of the evaluations
appearing in Theorems 1.7 and 1.8.
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1.6 Rowmotion

In the last sections of the paper we consider another invertible operator on plane partitions
called rowmotion, Row: PP™(a x b) — PP™(a x b). Rowmotion and promotion are closely
related. Rowmotion is, like promotion, a composition of all of the piecewise-linear toggles acting
on PP™(axb). However, whereas promotion is a composition of these toggles “from left to right”,
rowmotion is a composition “from top to bottom”. Striker and Williams [89] explained that the
actions of promotion and rowmotion are conjugate; in particular, there is some composition D
of toggles so that D - Row - D! = Pro. We show that this conjugating map D behaves nicely
with respect to complementation and transposition. We conclude that versions of Theorems 1.2,
1.4, 1.7 and 1.8 hold for Row (but with slight differences since, e.g., Row commutes with Tp,
while (Tp - Co) - Row = Row ! - (Tp - Co), et cetera). In particular, for any g € (Row, Co, Tp),
we can again count the number of plane partitions in PP™(n x n) fixed by ¢g by some kind of
sieving phenomenon evaluation.

One reason to consider rowmotion instead of promotion is because rowmotion makes sense
acting on any partially ordered set (not all posets have a notion of left and right, but they all
have a notion of top and bottom). Our original motivation for studying the way symmetries
interact with rowmotion was a series of cyclic sieving conjectures we made in [35] concerning
rowmotion acting on the P-partitions of other posets P besides the rectangle poset. Many of
the posets with conjectured cyclic sieving for rowmotion are “triangular” posets which can be
obtained from the rectangle by enforcing certain symmetries. More precisely, in the final section
we show, following Grinberg and Roby [30], that the P-partitions for these various triangular
posets P are in rowmotion-equivariant bijection with the set of plane partitions in PP™(n x n)
fixed by various subgroups of (Row, Tp). While our results concerning plane partitions fixed
by elements of (Row, Tp) do not directly imply anything about rowmotion for these triangular
posets, they do lend credence to the idea that there are nice sieving phenomenon formulas
counting plane partitions fixed by many subgroups of (Row, Tp).

2 Promotion and transposition

In this section we prove Theorem 1.7. First we recall a combinatorial interpretation of the quan-
tity H1§i§ j<n—1 ”ZLQ.M which appeared in the aforementioned paper of Proctor [59]. Consider
a triangular array m = (7 ;)1<i<j<n of nonnegative integers m;; € N like so (we depict the

case n = 4):

T2 71,3 T14
T3 T24
T34

Suppose further that 7 satisfies the following conditions:

e 7 is weakly decreasing in rows and columns (i.e., m; ; > w11 j, ™ j > 7 j41 for all 4, j),
e the largest entry is less than or equal to m (i.e., 12 < m),

e m = 2 is even, and moreover every entry along the first diagonal is even (i.e., m; ;41 is
even for all 7).

Denote the set of such triangular arrays = by CY (n,2M). Proctor [59, Theorem 1, formula ‘CYT’]
showed that #CY (n,2M) = [];<;<j<pn—1 Z+gi]2M (and see also the addendum of that paper for
other references for this formula).

With this result in hand we are now ready to prove Theorem 1.7.
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Proof of Theorem 1.7. Since (Pro, Tp) is a dihedral group, we have that Tp-Pro is conjugate
to Tp-Pro’ as long as k and j have the same parity, so there are only two cases of the theorem we
need to address: k = 0 and k = 1. The case k = 0 is clear from the definition of SymMac(n, m; q).
So now let us count plane partitions in PP™(n x n) fixed by Tp - Pro.

As mentioned in Section 1, we have

o
I1 PHI AN e = 2M s even,

SymMac(n, m;q — —1) = < 1<i<j<n—1 i+
0 otherwise.
We want to show that this quantity is also #{m € PP?M (5, x n): Tp - Pro(n) = =7}
Recall the diagonal toggles Fj = H1<u<n 1ij for —n+1 < k < n — 1 which make up
j—i=k
promotion. Let us also use the notation ]-"_ =F 1 Fpyo-Fopy1 and Fy = Fp_1---F1, 50

that Pro = F - Fp - F—. We claim that there is a leeCtiOIl

{m € PP"(n xn): Tp-Pro(w) =m} = {m € PP™(n x n): Tp(r) =7, Fo(r) =7},
T F_(m).

An example of this map in the case n =3, m =4 is

The key point to showing this map is a bijection is that for all # € PP™(n x n), and all
—n+1<k<n-—1, Tp(F(n)) = F_i(Tp(r)); so that in particular Tp(F_(r)) = F ' (Tp(n)).

First let us show that for 7 € PP™(n xn) with Pro(w) = Tp(x), we have Tp(F_(w)) = F_(x)
and Fo(F_ (7)) = F_(m). Indeed, if Fy acts nontrivially on F_(7) then Pro = F - Fy - F_ will
alter the main diagonal of 7 and so we cannot have Pro(7) = Tp(w). And if Fo(F_ (7)) = F_(n)
and Pro(m) = Tp(n), then Fy(F_(m)) = Fy(Fo(F-(m)) = Pro(mw) = Tp(w), which means that
F—(m) = F ' (Tp(m)) = Tp(F-()).

Next let’s show that if 7 € PP™(nxn) satisfies Tp(F_ (7)) = F_(n) and Fo(F_ (7)) = F_(7),
then Pro(m) = Tp(w). The argument is basically the same. The assumptions imply that

Pro(m) = Fy (Fo(F-(m))) = F(F-(7)) = Fo(Tp(F-(x)))
= Fi (F{(Tp(m))) = Tp(n),

as required.

So indeed the map 7 — F_(7) is a bijection between the claimed sets. Thus we reduced the
problem to counting #{m € PP™(n x n): Tp(n) = =, Fo(mw) = 7}.

Now for # € PP™(n x n) with Tp(wr) = w, we have that Fo(wr) = 7 if and only if we
have m;; = %(m’i_l + 7 541) for all 1 <@ < n (where we recall the conventions that mg ; = m
and 7,41 = 0). Because m has integer entries, this can only happen if 7; ;1 and m; ;41 have
the same parity for all 1 <14 < n; since 7, p+1 = 0, this means we need all the 7; ;11 to be even,
including 7o 1 = m. So if m is odd then #{m € PP™(n x n): Tp(n) = m, Fo(r) =7} = 0. And
moreover, it follows from what we have just explained that if m = 2M is even then there is a
bijection from {m € PP™(n x n): Tp(w) = 7, Fo(mw) = 7} to CY(n,2M) which takes the square
array (m;j)i<ij<n to the triangular array (m;;)i<i<j<n of entries in the upper right corner.
Together with Proctor’s formula for #CY (n,2M ), this completes the proof. |
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3 Promotion and transpose-complementation

In this section we prove Theorem 1.8. We do this by extending Rhoades’s [63] approach to
cyclic sieving for tableaux using the dual canonical basis of GL(a + b) representations. But
actually, rather than hew closely to Rhoades’s presentation, we instead follow the presentation
of Lam [46]. Lam explained how the relevant GL(a + b) representation is the coordinate ring
of the Grassmannian Gr(a,a + b). We find this geometric perspective useful. Also, as hinted
at in Section 1, we owe a great debt to the papers of Stembridge [85, 87] and especially Kuper-
berg [45] for explaining how involutive symmetries of plane partitions can be realized as algebra
automorphisms on these coordinate rings.

In this section we work with semistandard tableaux rather than plane partitions. We recall
that the correspondence between plane partitions and tableaux of rectangular shape is explained
in Appendix A. For a partition A we use SSYT(A, k) to denote the set of semistandard Young
tableaux of shape A with entries less than or equal to k. We will freely use the bijection
U: PP"(a x b) = SSYT(m?,a + b) defined in the appendix. Via this bijection promotion Pro
and complementation Co are viewed as operators on SSYT(m% a + b) and transposition Tp
is viewed as an operator on SSYT(m™,2n). The behavior of these operators on tableaux is
explained in Proposition A.9.

3.1 Background on Grassmannian coordinate rings

Before we can prove Theorem 1.8 we have to review a bit about Grassmannians and the repre-
sentation theory arising from their study. We start with the Grassmannian.

The Grassmannian Gr(a,a+b) is the space of a-dimensional subspaces of the complex vector
space V = C**?. There is a very well-known system of coordinates on the Grassmannian called
the Pliicker coordinates. Let U € Gr(a,a + b) and choose an ordered basis vy, ...,v, € C**°
of Uslet I = {iy,ia,...,ia} € {1,2,...,a+ b} be a subset of size a; then the Plicker coordinate
Ar(U) is equal to the maximal minor of the (a + b) x a matrix with column vectors vy,..., v,
given by selecting rows i1, ...,4,. The Grassmannian is a projective variety and the map

U [Ar(U): I C{1,...,a+ b} of size d]

is an embedding of Gr(a,a + b) into P(a:b)fl known as the Plicker embedding. We use the
— a+b
notation Gr(a, a+b) C C(“2") to denote the affine cone over Gr(a, a+b) in its Pliicker embedding.

And we use R(a,a+ b) to denote the coordinate ring of (/i(a, a+0b). In other words, R(a,a+b)
is the commutative ring

R(a,a+b) =C[Ar: I C{1,...,a+ b} of size a]/(Pliicker relations),

where the Plicker relations are the well-known relations cutting out Gr(a,a + b) as a subset

of P(azb)_l. Equivalently we may think of R(a,a + b) as the homogeneous coordinate ring of
Gr(a,a +b).

See for instance [77, Chapter 1] for the basics concerning the coordinate ring of the Grass-
mannian. We use R(a,a + b),, to denote the functions in R(a,a + b) of homogeneous degree m.
For T € SSYT(m®, a + b) we set M(T') := A, Ay, ---Ayp,,, where I1, Iy, ..., I, are the columns
of T. Note M(T) belongs to R(a,a + b)m,. The set {M(T): T € SSYT(m® a + b)} is the
standard monomial basis of R(a,a + b),,. It is a classical result, going back to Young, that
{M(T): T € SSYT(m" a+b)} is indeed a linear basis of R(a,a + b)p,.

Now we review representations of the general linear group and canonical bases.

We will find the following notation for matrices useful: diag(z1,z2,...,z)) is the diagonal
k x k matrix with diagonal entries 1 to xj, from upper-left to lower-right; antidiag(zy, zo, ..., xx)
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is the anti-diagonal k£ x k matrix with anti-diagonal entries z; to x; from upper-right to lower-
k

——
left; and of course Idy = diag(1l,1,...,1) is the k& x k identity matrix. We also often write
matrices in block form.

The general linear group GL(a + b) is the group of invertible linear transformations acting
on V = C. We usually think of the elements of the general linear group as (a + b) x (a + b)
C-matrices with nonzero determinant, having implicitly chosen an ordered basis ey, e, ..., eqtp
of V. The special linear group SL(a+b) C GL(a+b) is the subgroup of matrices in GL(a+b) of
determinant one. The Lie algebra corresponding to the Lie group SL(a+b) is the Lie algebra sl, 1y,
of (a+b) x (a+ b) C-matrices with trace zero, with Lie bracket given by the commutator. The
Lie algebra s, is simple.

Inside of GL(a + b) is the algebraic torus 7' of diagonal matrices diag(xi,...,Zq1p) With
Hfilb x; # 0. The torus of SL(a+b) is the subgroup of those diagonal matrices with Hf;rlb x; = 1.
The symmetric group S,44 on a + b letters is the quotient of the normalizer in GL(a + b) of T’
by T. In other words, &,y is the Weyl group of GL(a + b). The symmetric group is also the
Weyl group of SL(a+b). Thus elements of the symmetric group can be lifted to the general linear
group in various ways; but conjugation by elements of the symmetric group gives a well-defined
action on the torus of GL(a + b), and on the torus of SL(a + b).

See for instance [25, Chapter 15] for the basics concerning the representation theory of
GL(a+10b). If V is a GL(a + b) representation, then a vector v € V is said to be a weight

vector with weight o = (v, ..., aqp) if every torus element diag(z1,z2,...,2q41p) € GL(a + b)
sends the vector v to z{* - ~:U3fgb -v. For any partition A = (A1 > g > -+ > Ag4p > 0) with at

most a + b parts we have an irreducible, finite-dimensional representation V() of GL(a + b) of

highest weight A. Each of these GL(a + b) representations V() is also an irreducible SL(a + b)

representation, and hence an irreducible sl,; representation. For 0 < ¢ < a + b we define the
i a+b—1

partition w; = (1,1,...,1,0,...,0). The V(w;) for 0 < ¢ < a + b are the fundamental repre-

sentations of sl,.p. Because SL(a + b) is connected and simply connected, representations of

SL(a + b) and sl are in exact correspondence.

Lusztig [49] and Kashiwara [41] constructed a canonical (or global) basis of the irreducible
Uq(slg4p)-module V,(A) (and their two constructions are known to give the same basis [32]). Here
Uq(sla4p) is the quantized universal enveloping algebra of sl,44, a deformation of the universal
enveloping algebra U (sl,1p). By setting ¢ — 1 in their work, and by fixing a particular highest
weight vector vy of V(A), we have a canonical basis {G(T): T € SSYT(X\,a+b)} of V(A). For
a tableau T' € SSYT (A, a+b), the weight of T is wt(T') := (au, . .., @q1p) Where «; is the number
of i’s in T'. The canonical basis vector G(T") is a weight vector of V() with weight wt(T"). We
use {H(T): T € SSYT(A\,a+b)} to denote the dual basis to {G(T): T € SSYT(A,a+b)}; to be
clear, this is a basis of the dual space V(\)*. We refer to {H(T"): T € SSYT(\,a + b)} as the
dual canonical basis of V(A)*.

We can view the Grassmannian as a quotient Gr(a,a + b) = Mat®(a + b,a)/GL(a), where
Mat®(a + b, a) is the space of (a + b) x a C-matrices of rank a, and GL(a) acts on Mat®*(a + b, a)
on the right in the obvious way. This space of matrices Mat®(a + b,a) caries an obvious left
action of GL(a + b) which commutes with the right GL(a) action, and in this way we obtain an
action of GL(a + b) on Gr(a,a + b). Similarly, we can view é\r(a, a+b)\ {0} as the quotient
é\r(a,a +0) \ {0} = Mat®*(a + b,a)/SL(a), and in this way we obtain an action of GL(a + b)
on é\r(a,a + b) \ {0} which is compatible with the action of GL(a + b) on Gr(a,a + b). We
extend this action to an action of GL(a + b) on all of (/ﬁ(a, a +b) by declaring g - 0 = 0 for all
g € GL(a+b). We then get an action of GL(a+b) on R(a,a+ b) via algebra automorphisms by
inverting and pulling back: for g € GL(a + b) and f € R(a,a +b) we set (g- f)(U) = f(g_lU)
for all U € (/}\r(a,a +b). It is well known, for instance via the classical Borel-Weil theorem,
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that as GL(a + b) representations we have R(a,a + b)y, =~ V(mwg)*, where V (mw,)* is the dual
of the irreducible representation V(mw,). (Recall that if p: G — GL(V) is a representation of
a group G, then the dual representation p*: G — GL(V™*) is the representation where g € G acts
on the dual space V* by p(¢g~")”, with the T superscript denoting transpose.) This means we
can consider the dual canonical basis {H(T): T € SSYT(m® a+ )} as a basis of R(a,a + b),.

3.2 Grassmannian coordinate ring automophisms

We now define several algebra automorphisms of R(a,a + b). These automorphisms are at the
heart of our proof of Theorem 1.8: they will correspond to promotion, complementation, and
transposition of plane partitions.

Some of these automorphisms are (the actions of) elements of GL(a + b). First we define the
twisted cyclic shift x € GL(a + b):

0 (—1)ot

X = € GL(a + ).
Ida+b—1 0 ( )

The matrix x is a lift of the long cycle ¢ = (% g - “Zj’rgl “Tb) € G44p. Note that x has order

a+ b acting on (/}\r(a, a+b) because x**t° multiplies each vector in C**? by (—1)(*~1) and hence
each Pliicker coordinate by (—1)*@~1) =1,
We next define the twisted reflection wy € GL(a + b):

wo =iV - antidiag(1,1,...,1) € GL(a + b).

We denote this element of GL(a + b) by wg because it is a particular lift of the longest element
wo = (cHl»b aﬁ)—l - aJ{b) € G4yp in the symmetric group. Note that wg is an involution acting
on Gr(a, a + b) because w? multiplies each vector in C**® by (—1)(@~1) and hence each Pliicker
coordinate by (—1)4e=1 =1,

For the next several paragraphs we suppose that a = b = n. Let B be the following skew-
symmetric 2n X 2n matrix:

B := antidiag(1,-1,1,—1,...,—1) € GL(2n).

Then B defines a symplectic form (-, -)g on V = C?" by (x,y)p = 27 -B-y for all z, y € C?*. This
symplectic form defines an outer automorphism ¢p of GL(2n) where a linear transformation is
sent by ¢p to the inverse of its transpose with respect to the identification of V and V* induced
by (-,-)p. At the level of matrices we have

¢p: GL(2n) — GL(2n),
A B1(AT) N B,

where the superscript T denotes usual matrix transposition. Clearly ¢p is an involution. And ¢p
restricts to an involutive outer automorphism ¢p: SL(2n) — SL(2n) of the special linear group.

The symplectic group Sp(2n) C GL(2n) is the subgroup of GL(2n) consisting of those matrices
A € GL(2n) with ¢p(A) = A. In fact Sp(2n) C SL(2n) (this can be seen by consideration of
Pfaffians). Inside of Sp(2n) we have the algebraic torus consisting of those diagonal matrices
D = diag(z1,z2,. .., Toy) with z; = x;nlﬂ_i for all 7. The analog of the symmetric group here is
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the hyperoctahedral group. The hyperoctahedral group (Z/2Z)1&,, is the subset of the symmetric
group Sy, consisting of those permutations o € &g, for which o(i) = (2n+1) —o((2n+1) —4)
for all 1 < i < 2n. The hyperoctahedral group is the Weyl group of Sp(2n). Thus, elements
of (Z/27) 1 &,, act on the torus of Sp(2n) by conjugation.

The symplectic form (-, ) g also gives rise to the following automorphism (of projective alge-
braic varieties) on the middle-dimensional Grassmannian Gr(n,2n):

op: Gr(n,2n) — Gr(n,2n),
U~ U,

where UL is the orthogonal complement of the subspace U with respect to (-,-)p, that is,

L= {3: c C?: <:lf y)B = 0 for all 1y e U} Clearly ¢p is an involution. We extend QSB to
an automorphism ¢p: Gr(n, 2n) — Gr(n, 2n) (of affine algebraic varieties) in a unique way by
requiring that Ag o 1 (U) = Aga ) (¢~$B( )) for all U € C/‘;r(n 2n). By abuse of notation
we also use (;5 B to denote the induced algebra automorphlsm on the coordinate ring R(n,2n) of
Gr(n 2n) given by pulling back qu All of these qu remain involutions.

The essential property connecting ¢B and ¢p is that for any A € GL(2n), we have for
all U € Gr(n,2n) that ¢p(A-U) = ¢g(A) - ¢p(U). This is easy to see from the fact that
(Az, pp(A)y)p = (z,y)p for all z,y € C**. Moreover, the amount that the action of a matrix
A € GL(2n) scales Ag o 3 (U) for U € (/i"(n, 2n) is given by the principal n x n minor
of A; a simple computation with block matrices shows that for A € SL(2n) this principal
minor is the same for A and for ¢p(A). Hence for any A € SL(2n), we in fact have that
dp(A-U) = ¢p(A) - p(U) for all U € Gr(n,2n). That is to say, for any A € SL(2n) we have
the following equality of automorphisms of the coordinate ring R(n,2n): 53 A =0¢p(A)- 5 B.

3.3 Behavior of coordinate ring automorphisms on bases

Now we study how these automorphisms behave on the various bases of R(a,a + b).
As in Example 1.9, for a permutation o0 € &,y and a subset I C {1,...,a + b} we
write o(I) = {o(i): i € I}; and we also write —1 := {1,...,a+ b} \ I.

Lemma 3.1. The actions of the above automorphisms on the Pliicker coordinates generating
the coordinate ring R(a,a + b) are:

e (A1) = Ay,
e Wo(Ar) = Ayy(n)s

o (ifa=b=n)¢p(Ar) = A1)

Proof. The first two bulleted items are stating simple facts about how matrix minors behave
when rows are permuted. The factor ¢(*~1) in the definition of wy is there because (1 Idgys
multiplies each Pliicker coordinate by i~%(@=1) = = (- 1)“(‘“1), which is exactly the right number
of minus signs to cancel the number of row transpositions we need to vertically flip an a x a sub-
matrix. Similarly, the entry of (—1)*~! in the definition of x cancels out the row transpositions
needed to bring the last row of an a X a submatrix to the front.

The statement about ¢p is explained, in the somewhat different but equivalent language of
alternating forms and the Hodge star, in [45, proof of Theorem 4.1]. It is also not hard to see
directly. Let U € Gr(a,a+b), and suppose U lies in the dense open subset of the Grassmannian
where Ay ,3(U) # 0. Let’s represent U by a matrix in reduced column echelon form whose
column span is U (and note that A{l,z,...,n}(U ) # 0 implies the upper n x n square submatrix of

this matrix is Id,, ). Then the effect of a; B is to “transpose” the lower nxn square submatrix of this
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matrix across its main anti-diagonal, while also multiplying the entries in this square submatrix
by +1 in a checkerboard pattern, as the following diagrams depict in the cases n = 2,3, 4:

1 00 1 0 0
10 1 0 0 1 0 0 1 0
0 1] ¢5 0 1 0 0 1] 45 0 0 1
a c| " |=d ¢ | a d g i -a g |’
b d b —a b e h —f e —d
c f 1 c —-b a
1 0 0 O 1 0 0 0
01 0 0 o 1 0 0
001 0 0O 0 1 0
0 0 0 1 LIN 0o 0 0 1
a e i m -p o0 —-n m
b f j n I -k j =i
c g k o —-h g —f e
d h I p d —-c b -—a

This matrix representation makes it easy to check that Aj ($B(U )) = A_yo(n(U). This is
because the maximal minors of the 2n x n matrix correspond, up to sign, to all of the minors of
its lower n x n square submatrix (see [56, Lemma 3.9]); and the checkerboard pattern of signs
exactly addresses the sign issue. Then we observe that Ay (QS (U )) = A_ (1) (U) in fact holds for

allU € Gr(a, a+b) since it holds on a dense open subset. It also holds for U € (/ﬁ(a, a+b) since
we declared that Ay o 1 (U) = Ao 0} (¢5(U)) and —wo({1,2,...,n}) ={1,2,...,n}. M

Corollary 3.2. The actions of the automorphisms Wy and §Z~5B on the standard monomial basis
of the ring R(a,a +b)y, are:

o Wo(M(T)) = M(Co(T)),
o (ifa=b=n) ¢p(M(T)) = M(Tp(T)).

Proof. These follow immediately from Lemma 3.1 if we recall the effects of Co and Tp on
tableaux as described in Proposition A.9. For a tableau T' € SSYT(m®,a + b), the columns of

the complementary tableau Co(T") are wo(Ip,), wo(Im—1),...,wo(I1), where Iy, Io, ..., I, are the
columns of T'. Similarly, for a tableau T" € SSYT(m", 2n), the columns of the transposed tableau
Tp(T) are —wo(I1), —wo(l2),...,—wo(Im), where I, Is, ..., I, are the columns of T |

Essentially via Corollary 3.2, Stembridge [85] and Kuperberg [45] were able to deduce the
q = —1 results discussed in the Section 1: Theorems 1.3 and 1.5. Note crucially, however, that
we do not have x(M(T)) = M(Pro(T)). Indeed, the whole point of using sophisticated bases
like the dual canonical basis is that the naive bases like the standard monomial basis fail to
behave well under the action of the long cycle.

This brings us to the main algebraic result we need to prove Theorem 1.8:

Theorem 3.3. The actions of the above automorphisms on the dual canonical basis of the
ring R(a,a + b)y, are:

* X(H(T)) = H(Pro(T)),
o Wi(H(T)) = H(Co(T)),
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Proof. The first bulleted item is [46, Theorem 2]. But in fact this result is essentially due
to Rhoades [63]. To obtain this result Rhoades used a particular realization of the canonical
basis in terms of Kazhdan—Lusztig immanants [64, 65] which was first introduced by Du [14]
and further developed by Skandera [80]. (In [15] Du showed that his canonical basis is the same
as that of Lusztig [49].) Very recently, Rush [68] gave a new proof of Rhoades’s result which is
more conceptual/abstract.

For the second bulleted item: Berenstein—Zelevinsky [8, Proposition 8.8], and Stembridge [87,
Theorem 1.2] showed that for any irreducible GL(a + b) representation V' (\), multiplication by
a lift of wy corresponds (up to an overall +1 sign) to evacuation of tableaux in the dual canonical
basis. As explained in the appendix, in the case of rectangular tableaux evacuation is the same
as complementation.

For the third bulleted item: Berenstein—Zelevinsky [8, Section 7] again explained the effect
of twisting by the GL(2n) automorphism ¢p on the dual canonical basis of any irreducible
representation V' (\). (This automorphism is denoted by ¢ in [8, Section 7].) This effect is
described in terms of the “multisegment duality” [43]. It should be possible to show that this
involution defined in terms of the multisegment duality reduces to transposition in the case of
rectangular partitions, just like evacuation also radically simplifies in the rectangular case.

However, there are some annoying technicalities we would have to deal with in order to directly
apply the work of Berenstein—Zelevinsky [8]. For instance, we would have to show that their
indexing of the dual canonical basis is compatible with that of Du [14]. Let us instead explain
a different way to conclude the second and third bulleted items. The idea is still to observe that
these involutions correspond to automorphisms of the quantized universal enveloping algebra.
But we can exploit the fact that we are working in the particularly nice “rectangular” setting
where the standard monomial basis also behaves well with respect to these involutions (which
is not always the case). It turns out that we can piggyback off of the result for the standard
monomial basis to obtain the result we want for the dual canonical basis.

In discussing automorphisms of the quantized universal enveloping algebra we follow the
presentation of Berenstein-Zelevinsky [8, Section 7]. If ¢: Ug(slytp) — Uq(slats) is an algebra
automorphism, then from a U,(sly4)-module V we get another module V by twisting by ¢:
%V = V as a vector space but we have g € Uy(sl,1p) act on ®V by ¢(g). If V = V() is
irreducible then so is ?V: say ?V =~ V,(¢())) for the corresponding highest weight ¢(\). Thus,
abusing notation, we get an isomorphism of vector spaces ¢: V4(X) = V4(é(N)) also denoted ¢
which satisfies ¢(gv) = ¢(g)p(v) for all g € Uy(sly4p) and v € V(). Because we have a choice
of highest weight vector, the map ¢: V4 (A) = V,(¢(X)) is uniquely defined only up to an overall
scalar.

The quantized universal enveloping algebra Uy(sl,1p) is generated by elements E;, F;, Kj,
K; Lfor 1 < i < a + b subject to certain relations involving the parameter g. There are two
involutive automorphisms of Uy (sl,4) we want to consider. Following [8, Section 7] we call these
automorphisms n and . They are given as follows

N(E;) = Fagvr1—is N(Fi) = Eovvp1—i, n(K;) = Ka__&b_}_l_ia
Y(E;) = Egypri—i, Y(F;) = Foqptr1—i, Y(K;) = Koypri—i-

At the level of weights we have n(A) = A for all A, and ¥(mw,) = mwy, for all m in the case
a = b =n. Thus, we get involutions n: V,(mw,) — V4(mw,), and : Vi (mwy) — Vy(mwy,) in
the case a = b = n. General results of Lusztig [50, Proposition 21.1.2] (see also Berenstein—
Zelevinsky [8, Proposition 7.1]) imply that both 7 and ¢ permute the canonical bases of these
Uq(slg4p)-modules; indeed, 7 is the so-called “Lusztig involution”, while v is more-or-less the
involutive automorphism induced by the Dynkin diagram symmetry in type As,_1. These
descend to involutions of the GL(a+b) representations n: V(mw,) — V(mw,) and ¢: V(mwy,) —
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V (mwy,) which permute the corresponding canonical bases. In this way we also get involutions
n: V(mwg)* — V(mwe)* and ¢: V(mwy,)* — V(mwy,)* on the dual spaces which permute the
dual canonical bases. (We are glossing over the fact that the maps 1 and 1) between irreducible
modules are only defined up to an overall scalar; to really get a permutation of the canonical or
dual canonical bases we have to normalize properly.)

When we take the limit ¢ — 1, the automorphisms of U, (sl,44) above reduce to the following
automorphisms of U(sl, ), the ordinary universal enveloping algebra of sl,:

n(E;) = Fotvr1-i, N(F;) = Eagvt1-is n(H;) = —Hyipr1-is
Y(E;) = Eqypr1—i V(E;) = Foypri—i Y(H;) = Hoypp1-i,

where here the E;, F;, H; for 1 < i < a + b are the usual generators of U(sl,yp) (see for
instance [48, Section 2.4]). Recall that we can identify E;, F;, and H; with matrices in sl,:
E; is the matrix with a 1 in position (i,7 + 1) and 0’s elsewhere; F; is the matrix with a 1 in
position (i +1,4) and 0’s elsewhere; and H; is the matrix with a 1 in (¢,4), a =1 in (i + 1,7+ 1),
and 0’s elsewhere. Thus we see that the automorphism 7 of U(sl,yp) is induced from the
automorphism of sl,; given by conjugation by wp. Similarly, the automorphism ¢ of U(slz,)
is induced from the automorphism ¢g: sla, — sla, given by ¢p(A) = B~1. (—AT) - B for all
A € sly,, which is the Lie algebra version of the Lie group automorphism ¢p: SL(2n) — SL(2n)
defined earlier. But then we can note that acting by wy on R(a,a + b),, >~ V(mw,)* is clearly
compatible with conjugation by g in the sense that wogwy ! - (Wov) = Wogv for all g € SL(2n),
v € R(a,a + b)m. So wy agrees with  up to a scalar, and hence permutes the dual canonical
basis up to a sign. Similarly, ¢p: R(n,2n),, — R(n,2n), is compatible with ¢p in the sense
that ¢p(g)op(v) = ¢p(gv) for all g € SL(2n), v € V(mwy)*. So ¢p agrees with ¢ up to a
scalar, and hence permutes the dual canonical basis up to a sign.

To summarize the preceding, we have argued that wy and ¢p permute the dual canonical
basis in some way (at least up to overall signs). But we want to conclude that these permuta-
tions correspond to complementation and transposition of tableaux. To do this, we note that
the transition matrix between the dual canonical and standard monomial basis is upper unitri-
angular with respect to a certain order on tableaux. This is proved in a paper of Brundan [11,
Theorem 26|, where he in fact gives an explicit formula for this transition matrix in terms of
Kazhdan-Lusztig polynomials (and he notes [11, Remark 10] that his indexing of the canonical
basis is consistent with that of Du [14]). We know from Corollary 3.2 that wy and ¢p permute
the standard monomial basis in the appropriate way. So finally we observe that if a permutation
matrix is conjugated by an upper unitriangular matrix to another permutation matrix, then the
two permutation matrices have to be the same (and this remains true if one of the permutation
matrices is a priori only a permutation matrix up to an overall sign). Thus, the fact that wg
and ¢p permute the standard monomial basis in the appropriate way in fact implies that they
permute the dual canonical basis in the appropriate way. |

3.4 Proof of bicyclic sieving for Grassmannian coordinate ring
We are now ready to prove Theorem 1.8.
Proof of Theorem 1.8. Define the following two matrices in GL(2n):

antidiag(i”_l, it i”_l) ‘

0 1d,

€ GL(2n),

1d,,

0 \ (=1)" L antidiag(i" 1, "1, ... 0T

Y = € GL(2n).
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Thus,
wo-x"=X"Y.

It is easy to check that X,Y € SL(2n) and that ¢p(Y) = X ~!. So we have the following equality
of algebra automorphisms R(n,2n) — R(n,2n):

op-wo-X"=X""0p5- X

Next we observe that the matrix X BX has the block form

n

antidiag ¢ —(=) (=) () )

-~

antldlag( —j—(n— 1)7 i_("—l), . 7;i—(”—l) ) 0
from which it is easy to see that
(XBX)-x=—x-(XBX).

Then we can compute that

op(X-i - X)) =B ((X-ix-xH") B
=B ()T () ()
=B 'X'.ix-XB

=X - (XBX)'.iy - (XBX) - X!

=X —iy- x—!

=X ity XL

In other words, X ' - i~y - X is a symplectic matrix.

By looking at the characteristic polynomial, we see that the eigenvalues of i~!y are all
distinct; in fact they are precisely —¢1/2, —¢V/2+1 _¢1/242 _¢1/24(2n—1) where ¢ = e™/™ is
a primitive (2n)th root of unity. Set D, = g2 diag(l, a4, ... ,q2"_1). With this notation,
i~y is conjugate to D¢. Moreover, since X - i~1x - X1 is symplectic, and it is diagonalizable,
a basic result in symplectic linear algebra says this matrix is symplectically diagonalizable; that
is, We can find a symplectic matrix S € Sp(2n) and a diagonal matrix D for which we have
X-i~ly- X1 =8.D-S7!. In fact, by conjugating by an element of the hyperoctahedral group,
we can assume that this diagonal matrix is D = D¢. (Note that Dy is in fact symplectic since

its ith and (2n+ 1 —¢)th entries along the diagonal are inverses.) We then also clearly have that
X ik X"1=8.Da S

To complete the proof, we compute trg, 2,),, (¢B Wo - i ch(n+k)) in two ways. On the one
hand,
8 R(m2n)n (05 - Wo - i xR = i e o (6 w0 - X TR)
= ik #{T e SSYT(m", 2n): (Tp - Co) - PrOnJrk _ 1)
= jhnm. #{mePP"(n x n): (Tp- Co) - Pro" (1) = 7r}

Here the factor of i*™™ comes from the fact that i =% Idy,, € GL(2n) scales each Pliicker coordinate
by i*" and hence scales elements of R(n,2n),, by i*™. Meanwhile, the interpretation of the
term tr gy 2n),, (d)B wp - X(”+k)) in terms of tableaux fixed by (Tp - Co) - Pro™** follows from
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working in the dual canonical basis and recalling Theorem 3.3. Finally the interpretation in
terms of plane partitions fixed by (Tp - Co) - Pro™* comes from the bijection ¥ between plane
partitions and tableaux described in Appendix A.

On the other hand, from our work above we have

6 R(n,20), (9B - W0 - Z_k><(n+k)) = R(n,2n), X 1gp-X- i_kxk)
o5 X ihyE L X))
655 Do S7Y)
~ i, (S p- D §71)

= trR(n,2n)m (53 . ng)-

= tI‘R(n,Zn)m

= trR(n,Qn)m

~—~~ T/~ T/~

In general, the trace try A)(é - D), where ¢ is the twist by an automorphism of a simple Lie
group induced from a Dynkin diagram automorphism and D is a torus element, is what is called
a twining character. The twining character formula, originally due to Jantzen [36] and later
rediscovered for instance in [23, 24|, expresses such a twining character as an ordinary character of
the so-called “orbit Lie group”. In our case, that orbit Lie group would be the special orthogonal
group SO(2n + 1). But in fact, it is easy to compute trg, o)., (53 : Dck) directly. Indeed, as
Kuperberg explained in [45, Section 4], just by considering the action on the standard monomial

basis we can see tr g, 2n),, ($B-D<k) = (C_k) —nmy2 SymMac (n, m;q— C_k). (Here we have (%
instead of (¥ because R(n,2n), ~ V(mw,)* is isomorphic to the dual representation.) But
—n2m .
(C‘k) /2 _ i*"m so we conclude
#{m € PP"(n x n): (Tp - Co) - Pro"™*(7) = 7} = SymMac(n, m;q — ().
Since ¢* and ¢~* are Galois conjugates and SymMac(n, m;q) € Z[q], in fact we have
#{m € PP"(n x n): (Tp- Co) - Pro™tk(r) = 7} = SymMac(n, m;q — Ck),

as claimed. ]

Remark 3.4. By now the significance (in combinatorics, algebra, geometry, et cetera) of the
twisted cyclic shift acting on the Grassmannian is well appreciated. See the recent paper of
Karp [37] for a nice survey of many places in which the cyclic shift arises. Another related
paper which studied the cyclic shift as well as involutive symmetries of the Grassmannian is
the recent paper of Frieden [22]. In that paper, Frieden constructed an affine geometric crystal
on the Grassmannian and in doing so showed that (a deformation of) the twisted cyclic shift
tropicalizes to promotion of rectangular semistandard Young tableaux.

Remark 3.5. As mentioned in Section 1, there is another proof of cyclic sieving for plane
partitions under promotion (Theorem 1.2) due to Shen and Weng [79]. The main difference
from Rhoades’s proof is that, rather than use the Lusztig/Kashiwara dual canonical basis,
Shen—Weng used a basis of the coordinate ring of the Grassmannian coming from its cluster
algebra structure. Let us quickly review their setting. A “cluster ensemble” is a pair of an
“X-cluster variety” and an “A-cluster variety” associated to a quiver, which are “dual” to
one another. The “Fock—Goncharov conjecture” [18] predicts that the tropical points of an
X-cluster variety parameterize a canonical basis of the coordinate ring of its dual A-cluster
variety, and vice-versa. Breakthrough work of Gross—Hacking—Keel-Kontsevich [33] establishes
that the Fock—Goncharov conjecture holds as long as certain combinatorial conditions on the
quiver are met. Under these conditions we have a canonical basis for the cluster algebra, the
so-called “theta basis”. Very roughly speaking, the Grassmannian carries the structure of both
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an X- and an A-cluster variety, and it is its own dual in a cluster ensemble. Shen—Weng verified
the Gross—Hacking—Keel-Kontsevich combinatorial conditions for the quiver associated to the
Grassmannian and so showed that the Fock-Goncharov conjecture holds in this case. (Their
work is closely related to work of Rietsch and Williams [66], which also studied cluster duality
for the Grassmannian.) Moreover, Shen—Weng showed that the twisted cyclic shift corresponds
to an element of the “cluster modular group”, a certain group of automorphisms of the cluster
structure. The Fock—Goncharov conjecture says that the parametrization of the canonical cluster
basis of one variety by the tropical points of its dual variety should be equivariant under the
action of the cluster modular group. Shen—Weng showed that the action of the twisted cyclic
shift on tropical points corresponds to promotion of plane partitions. They deduced that the
theta basis of the coordinate ring of the Grassmannian is permuted by the twisted cyclic shift
according to promotion of plane partitions (just like the dual canonical basis).

It is reasonable to ask how the involutive symmetries wg and QEB behave on the theta basis
of the coordinate ring of the Grassmannian (this could, for instance, yield a different proof of
Theorem 1.8.) Understanding the behavior of the Dynkin diagram automorphism 53 seems
tractable. Indeed, in the case a = b = n, the quiver I'y 444 (see [79, Section 2.4]) defining
the Grassmannian cluster ensemble has a transposition symmetry A; ; — A;; (ignoring arrows
between frozen vertices, which are largely irrelevant). Moreover, this A;; — A;; symmetry
exactly corresponds to the Pliicker coordinate map Ay — A_,, ) which Lemma 3.1 says defines

the action of (;NS . The behavior of wy, however, is less clear to us. As Fraser explained in [21,
Section 5], the twisted reflection is, together with the twisted cyclic shift, one of the most
well-known and significant cluster automorphisms of the Grassmannian. (This follows from the
combinatorics of weakly separated collections as elucidated in the seminal work of Scott [76] and
Postnikov [56].) However, the twisted reflection is, unlike the twisted cyclic shift, an “orientation-
reversing” cluster automorphism, which means it cannot be an element of the cluster modular
group. Hence, the Fock—Goncharov conjecture says nothing about the behavior of the twisted
reflection on the theta basis. At the moment we have no good way of understanding the behavior
of wg on the theta basis.

4 Promotion and rowmotion

In this section we introduce another piecewise-linear operator on plane partitions called row-
motion, which is different from but closely related to promotion. Let us very briefly review
the history of rowmotion. Combinatorial rowmotion is a certain invertible operator acting on
the set of order ideals of any finite? poset P which has been studied by many authors over
a long period [5, 12, 10, 19, 55, 69, 89]. Piecewise-linear rowmotion is a generalization of com-
binatorial rowmotion which was introduced by Einstein and Propp [16, 17] about 5 years ago.
Piecewise-linear rowmotion, as well as its further generalization birational rowmotion, have al-
ready been the subject of a good deal of research [30, 31, 54], with interesting connections to
topics ranging from integrable systems to quiver representations [26, 28]. In the next section
we will define piecewise-linear rowmotion acting on the P-partitions of an arbitrary poset P; in
this section we focus exclusively on plane partitions (which corresponds to P being the rectangle
poset, i.e., the product of two chains). Since our focus throughout will be on piecewise-linear
rowmotion (as opposed to combinatorial or birational rowmotion), from now on we will drop
the “piecewise-linear” adjective and speak simply of “rowmotion”.

Our goal in this section is to show that versions of Theorems 1.2, 1.4, 1.7 and 1.8 hold for
rowmotion. So now let us formally define rowmotion and explain its relationship to promotion.
As in the preceding sections, we fix the parameters a, b, and m defining our set of plane partitions

2Throughout, all posets will be finite.
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Figure 1. The various toggle compositions Fj, Ry, Pr and Ny.

PP™(a x b); and sometimes (e.g., when we want to consider the transposition symmetry) we
also assume that a = b =n.

We define rowmotion acting on PP (a x b) as a composition of the piecewise-linear toggles
75,5 PP™(axb) — PP™(axb) introduced in Section 1. Recall that 7; ; and 7 j; commute unless

(i,7) and (¢, j') are directly adjacent. For 1 < k < a+b—1, we define Ry =[] 1<i<a, Ti; to be
1<5<b,
z‘+§iT:k
the composition of all the toggles along the “kth antidiagonal” of our array (this composition is
well-defined because these toggles commute).

We then define rowmotion Row: PP™(a x b) — PP™(a x b) as
Row = Ra+b—1 . Ra+b—2 te RQ . R1.

Promotion was defined similarly but in terms of the diagonal toggles Fj, = [[1<i<q, 7i,j. Observe
=

that promotion is a composition of the piecewise-linear toggles “from left to right”, whereas

rowmotion is a composition of the toggles “from top to bottom”.

In a moment we will explain the precise relationship between promotion and rowmotion. First
let us review a few other ways to express both promotion and rowmotion. In order to do this we
must introduce some other compositions of toggles in addition to the i and Ry. For 1 < k < a
we define Py, := T p - T p—1 - - Th2 - Tk and for 1 < k < b we define Ny == T4 - Ta—1k - T2k - T k-
Note that while the toggles constituting Fj or Ry all commute, this is not true for Py or Ny,
so we have to be careful to specify the order of composition like we have just done. Relatedly,
Fp = F; ' and Ry = R, ', but P, # P, ! and N}, # N '. Fig. 1 is a diagram depicting all
of these various compositions of toggles. Let us explain our notation for these compositions,
which perhaps appears quite strange at first. This notation derives from terminology due to
Einstein and Propp [16, Section 2]: the Fj, are toggles along a file of the rectangle; the Ry, are
toggles along a rank of the rectangle; the Py are toggles along a positive fiber of the rectangle;
and the N are toggles along a negative fiber of the rectangle. (When we view the rectangle
as a poset, like we will do in the next section, the terms “row” and “column” do not cohere
with the usual way of depicting a poset via its Hasse diagram, which is why Einstein and Propp
avoided those terms.)

Both promotion and rowmotion can also be written in terms of Py (or Nj):

Proposition 4.1. We have
PI“O — Pl . PQ . 'P@—l . P — Nb_l Nb__ll . N2_1 'N1_17
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and
Row =Py -Py_1---Po-P1 =Ny Np_1---Na- N7.

Proof. This is explained, for instance, in [16, Section 2]. It follows easily from the commutativ-
ity properties of the toggles. As we will see in the next section, we can in fact define rowmotion
to be the composition of all the toggles in the order of any linear extension of the underlying
rectangle poset (and something similar is true for promotion). |

We now explain the relationship between promotion and rowmotion. This relationship was
first discovered and explored by Striker and Williams [89]. It turns out that promotion and
rowmotion are conjugate to one another. Moreover, there is a simple, explicit composition of
toggles which conjugates Row to Pro. Namely, define

D = (7)(1—1) . (7)(;11 .73(1—1) (7)2*1 .7?3*1 .. .7);1) . (731*1 .7?2*1 e 73(1—1)'
Then we have:
Lemma 4.2. We have D - Row - D™ = Pro.

Proof. This was essentially proved by Striker—Williams [89, Theorem 5.4]. They were working
at the level of combinatorial rowmotion (i.e., the case m = 1) but they only used the facts
that the toggles are involutions and that non-adjacent toggles commute (in other words, they
were really working in the corresponding “right angled Coxeter group”). At any rate, this
lemma follows from the description of promotion and rowmotion in terms of the Py given in
Proposition 4.1, together with the observation that P; and P; commute unless [i — j|=1. W

Corollary 4.3. For any k € Z, we have
#{m € PP"(a x b): Row"(r) = n} = Mac(a,b,m;q — ¢¥),
where ¢ = ¥/ (@) 45 o primitive (a + b)th root of unity.
Proof. This follows from combining Theorem 1.2 and Lemma 4.2. |

Observe that Corollary 4.3 implies that Row has order dividing a + b.

Next we want to understand how rowmotion interacts with the involutive symmetries of
complementation and transposition. First of all, observe that Co - Row = Row™! - Co, while
Tp - Row = Row - Tp (which is slightly different than for promotion).

In order to count fixed points of elements of the group (Row, Co, Tp) acting on the plane
partitions in PP (a x b), we need to understand how the conjugating map D interacts with
complementation and transposition. First, we give a simple proposition about how Co and Tp
interact with the individual toggles and with the Py:

Proposition 4.4. For1 <i<a and 1 <j <b, we have
Co-7ij = Tay1-iptr1—j - Co

and hence for 1 < k < a we have
Co- Py =P, },_, - Co.

Stmilarly, if a =b=mn, then for 1 <1i,7 < n we have
Tp-7i; =7 Tp

and hence for 1 < k < n we have

Tp - Pr =N - Tp.
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Proof. The statements about how to commute the 7; ; past Co or Tp are immediate from the
definitions of complementation, transposition, and the toggles. The statements about the Py
then follow easily. |

Now we can explain how D and Co interact.
Lemma 4.5. We have D - Co-Row™(¢*1) = Co - D.
Proof. From Proposition 4.4 we get that
D-Co=Co-(P1) - (Py-P1)-(Pai - Pa—g--P1)- (Pa-Pa_i---P1).

Hence, using the description of Row in terms of Py from Proposition 4.1, as well as the fact
that P; and P; commute unless |i — j| = 1, denoting Z := D - Co - Row™ (“D) we get
Yoo (Pac1 Pa—g---P1) - (Pg-Pa—y---P1)-Row (@)
=Co-(P1)-(P2-P1)---(Pa—1-Pa—2---P1)-Row
=Co-(P1) (Pe-P1)++ (Pa—a Pas---P1)- (P .Row (@1

(

(

=Co- (P,1) - (P1) - (P2-P1) -+ (Pa—g Pag - P1) - Row—(¢=1)
=Co- (pa—l) ~(P1) - (Py-P1) - (Pa—z - Pa_y---P1)- (73;_11 . 73(1—1) . Row—(@—2)
=Co- (73@-1) . (73—_11 .73(1—1) (P1)- (Pa-P1)- (Pa—g-Pa—sg---P1)-Row (@72 = ...
=Co- (73@-1) (73—_11 .pa—l) . (732—1 Pyt ..73@-1) . (731—1 Pyt ..73@-1)
=Co- D,
as claimed. |

Corollary 4.6. For any k € Z, we have
#{m € PP"(a x b): Co- Row" (7)) = 7} =#{m € PP"(a x b): Co- Pro”(m) = T},
with an explicit formula for this number given by Theorem 1.4.

Proof. From Lemmas 4.2 and 4.5 we have
D-Co- ROWk D71 = Co-D- Rowk-‘r(a-‘rl) D1 = Co - Prok+(a+1),

In other words, Co - Row® and Co - Proft(@+1) are conjugate, and hence in particular have the
same number of fixed points. But by looking at the explicit formula in Theorem 1.4, we see that
whether a is even or odd, the number of fixed points of Co - Pro*t(@+1) and of Co - Pro* are the
same, and hence the corollary follows. |

In order to explain how D and Tp interact, we a need a few more preparatory results. First
we need to explain how Co actually can be written as a composition of toggles.

Lemma 4.7. We have
Co= (Foat1) (Foar2 - Foar1) - (Fo2- Foar2 - Foar1) - (Fo1- Foar2 - Foatl)

Proof. This follows from various results in Appendix A. Namely, in Definition A.3, dual eva-
cuation €* is defined as the corresponding composition of Bender—-Knuth involutions; in Proposi-
tion A.7 it is shown that these Bender—Knuth involutions correspond to the diagonal toggles Fy;
and in Proposition A.9 it is shown that complementation of plane partitions corresponds to dual
evacuation of semistandard tableaux under the bijection W: PP™(a x b) — SSYT(m®,a + b)
studied in the appendix. |
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Remark 4.8. In addition to the description of Co in Lemma 4.7, we also have that
Co=(R1) - (R2-R1) - (Rayp—2---R2-R1) - (Ragp-1--Ra2-R1).

This follows from a “reciprocity” property of rowmotion that was established by Grinberg and
Roby [30, Theorem 32]. (We discuss this reciprocity property more in the next section; see
Theorem 5.8.) Furthermore, there are other similar ways of writing Co as a composition of
toggles which one can obtain by considering evacuation e or by considering the reciprocity
property for Row 1. The fact that complementation is an involution gives even a few more ways
of writing it as a composition of toggles.

Proposition 4.9. We have
Co-D=(Ni-No---No_g-Nyp_1)-- (N - Ao) - (L),
Proof. We claim that
(Feat1) - (Foarz - Foatr) - (Fomz - Foagz - Foag1) - (Foo1 - Foagz - Foap1)  (41)
is equal to
N1+ Ny Np—1) -+ (N1 - N2) - (N1) - (Pa P2+ P1) -+ (Pa Pa—1) * (Pa)- (4.2)

By Lemma 4.7, establishing this claim proves the proposition. To show that (4.1) and (4.2) are
equal, first we observe that when we expand (4.2) as a product of toggles, a toggle 7; ; appears
i—j+b times; this is the same number of times as when we expand (4.1) as a product of toggles.
Moreover, if we read the toggles in (4.2) from right to left, then whenever we see a toggle 7; ;
for the kth time, we have already seen the toggles 7,41 ; (assuming ¢ # a) and 7; j—1 (assuming
j # 1) exactly k times. This implies that we can indeed commute the toggles that make up (4.2)
to fit the form of (4.1), as claimed. [

Now we can explain how D and Tp interact.
Lemma 4.10. If a = b =n, then we have
D -Tp-Row” =Tp-Co- D.
Proof. From Proposition 4.4 we get that
D-Tp=Tp- (M) - (N2 - N ) oo (N N NG (AT NG ).

Using the description of Row in terms of N}, from Proposition 4.1, as well as the fact that A
and N, commute unless |i — j| = 1, denoting Z := D - Tp - Row”, we get

Z="Tp- (./\/'n*l) . (N{jl /\/'n*l) e (/\/'2—1 ./\/’3—1 .. /\/7;1) . (/\/'1—1 ./\/’2—1 .. ./\/’n*l) - Row™
=Tp- (/\/n*l) . (/\/’7;11 ./\/'n*l) .. (/\/‘2—1 ./\/‘3—1 .. ./\/’n*l) -Row™ !
=Tp- (N1 - Ny N o (NG AT NG - A - Row™ 2
=Tp-(M)- (N_l) (N,;ll -Nn_l) e (/\/‘371 -/\/;f1 . -Nn_l) -Row" 2
=Tp- (M) (N - NN e (VNG N - (N - V) - Row™ ™
=Tp- (M) (No-Np) - (N - (VN - (VTN V) - Row™ ™

= =Tp- (M) - Na-N) - (Npo1 - N - No - NG
—Tp- (M1 - No- Ny - No1) - (N7 - o) - (M)
=Tp-Co- D,

where in the last line we applied Proposition 4.9. |
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Corollary 4.11. For any k € Z, we have

#{7‘( € PP™(n x n): Tp - Row*(r) = 7r} = SymMac(n,m;q — (k),
where ¢ == €™/™ is a primitive (2n)th root of unity.
Proof. From Lemmas 4.2 and 4.5 we have

D-Tp-Row* - D' =Tp-Co-D -Row*".D'=Tp-Co-ProF .

In other words, Tp - Row® and Tp - Co - Pro*™" are conjugate, and hence in particular have
the same number of fixed points. By Theorem 1.8, this number is the claimed evaluation of
SymMac(n,m, q) (where we note that ¢*~2" = ¢¥ since ¢?" = 1). [

Finally, we can explain how D and Tp - Co interact.
Lemma 4.12. If a = b =n, then we have
D-Tp-Co-Row ! =Tp-D.
Proof. By Lemmas 4.5 and 4.10 we have
D-Tp-Co-Row ' =Tp-Co-D-Row ™-Co-Row '
=Tp-Co-D-Co-Row™ !
=Tp-Co-Co-D-Row" - Row" !
where we used that Co is an involution and Row has order dividing 2n. |

Corollary 4.13. For any k € Z, we have

#{m € PP"(n xn): Tp- Co- Row"(7) = 7} = SymMac(n, m;q — (—1)’““).
Proof. From Lemmas 4.2 and 4.12 we have

D-Tp-Co-Row* - D! =Tp-D-Row**t'. D71 = Tp . Pro**.

In other words, Tp - Co - Row” and Tp - Pro**! are conjugate, and hence in particular have
the same number of fixed points. By Theorem 1.7, this number is the claimed evaluation of
SymMac(n, m, q). |

In direct analogy with what we showed for promotion, Corollaries 4.3, 4.6, 4.11 and 4.13
together imply that for any element g € (Row,Co,Tp), the number of plane partitions in
PP™(n x n) fixed by g is given by some kind of sieving phenomenon evaluation of a nice poly-
nomial at a root of unity.

5 Rowmotion for triangular posets

Since orbit structures are our main interest in this paper, and since, as we explained in the
last section, rowmotion is conjugate to promotion, it might not be clear why we care about
rowmotion at all. The reason we do care about rowmotion is that rowmotion can be defined
as an action on the set of P-partitions of any poset P. Rowmotion acting on plane partitions
corresponds to taking P to be the rectangle poset. Moreover, rowmotion still behaves remark-
ably well on the P-partitions of other posets P besides the rectangle poset, especially certain
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(1,1)

(1,b)

(a,b)

Figure 2. The rectangle poset a x b.

nice posets coming from Lie theory (namely, minuscule posets and root posets of coincidental
type). In [35] we made a number of cyclic sieving conjectures regarding the action of rowmotion
on the P-partitions of these other nice posets P. The major examples of the nice posets P,
beyond the rectangle itself, are certain “triangular” posets. As we will explain in this section
(following Grinberg—Roby [30]), these triangular posets can be obtained from the rectangle by
enforcing certain symmetries. Understanding the behavior of rowmotion on these triangular
posets was our original motivation for studying how rowmotion interacts with the symmetries of
complementation and transposition. As we will see, while the results we obtained above concern-
ing the interaction of rowmotion with these symmetries do not directly imply anything about
cyclic sieving for the triangular posets, morally they are very closely related to our conjectures
from [35].

So now we define rowmotion for arbitrary posets. We assume the reader is familiar with the
basics of posets as laid out for instance in [84, Chapter 3]. Let P be a finite partially ordered
set. We use < for the partial order of P and < for its cover relation. A P-partition of height m
is a weakly order-preserving map w: P — {0,1,...,m}, i.e., one for which p < ¢ € P implies
that w(p) < m(q). We use PP™(P) to denote the set of P-partitions of height m. For any
element p € P, the piecewise-linear toggle at p is the involution 7,: PP (P) — PP™(P) defined
by

_ )7 if p # g,
(pm)(a) : {min({ﬂ(r): p<r})+max({r(r): r <p}) —7(p) ifp=gq,

with the conventions that min(@) = m and max(2) = 0. Note that toggles 7, and 7, commute
unless there is a cover relation between p and gq.
We then define rowmotion Row: PP"(P) — PP™(P) by

Row = 7p, * Tpy *** Tp 1 Tps

where pi1,pa,...,pn is any linear extension of P. The commutativity properties of the toggles
imply that this definition does not depend on the choice of linear extension.

The rectangle poset, denoted a x b, is the Cartesian product of an a-element chain and
a b-element chain. Rowmotion on the rectangle poset is the same as rowmotion of a x b plane
partitions. However, note that we are working with order-preserving maps in order to match the
conventions of [16] and [35]; and on the other hand in order to match the traditional conventions
for plane partitions we put the maximal entry of a plane partition in its upper-left corner.
Thus to satisfy all of our conventions we need to view the rectangle poset P = a x b as the
set {(4,7): 1 <i<a,1<j<b} with the “backwards” partial order (i,7) < (¢, ;') if and only if
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n

> AN N,

3

Figure 3. The triangle posets.

7 <iand j’ < j. Fig. 2 depicts the Hasse diagram of the rectangle poset: observe how we have
simply rotated the usual matrix coordinates 45° clockwise. With this convention for the naming
of elements of the rectangle poset, our notation PP™(a x b) is consistent whether we think of
this as a set of plane partitions (m; ;) or of P-partitions 7(i,7). And of course, as mentioned,
the two definitions of rowmotion acting on PP™(a x b) agree as well.

The other posets we care about in this section are three families of triangular posets which

we denote Dn, A\, and D\,,. The Hasse diagrams of these triangular posets are depicted in
Fig. 3. These three families of triangular posets are, in addition to the rectangle poset, the
major examples of the nice posets for which we conjectured cyclic sieving under rowmotion
in [35]. Namely:

Conjecture 5.1 (special case of [35, Conjecture 4.23]). Fiz n,m > 1 and let

Flo= 1]

1<i<j<n (1—q)

Then for all k € Z we have

(1 . qi+j+m—1)

#{r e PP"(>,): Rowh(m) = 7} = F(q > ¢¥),

where ¢ == €™/™ is a primitive (2n)th root of unity.

Conjecture 5.2 (special case of [35, Conjecture 4.28]). Fiz n,m > 1 and let

(L-q

o= [ it
1<igjen (1= a)

Then for all k € Z we have

z'+j+2m)

#{m € PP"(L\): Row(r) = 7} = Fg s ¢F),
where ¢ = ™/ (") s g primitive (2(n + 1))th root of unity.

Conjecture 5.3 (special case of [35, Conjecture 4.28]). Fiz n,m > 1 and let

Fig= ]]

1<i,j<n

(1 — g2lititm=1))
(1 — @2(+i-D)
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Then for all k € Z we have
#{71' S PPm(Bn): ROWk(T(') = 71'} = F(q — Ck),
where ¢ = €™/?" is a primitive (4n)th root of unity.

Remark 5.4. The F(q) appearing in Conjectures 5.1, 5.2 and 5.3 are all actually polynomials
with nonnegative integer coefficients F'(¢) € Nlg|. For example, the F(¢) in Conjecture 5.1 is the

size generating function for P-partitions in PP™(L7,): that is, F'(q) = > cppm(p) ¢I™!, where
Im| == > cpm(p). In fact, this is the same as SymMac'(n, m; q) from Section 1. Meanwhile,

the F(q) in Conjecture 5.2 is qm'(ngl) times the quantity denoted “(CGI)” by Proctor in [59].
Proctor explained how this expression is the generating function for P-partitions in PP™ (An)
with respect to a certain statistic (the statistic in question is slightly more complicated than
size- it involves an alternating sum of entries). Finally, the F'(¢) in Conjecture 5.3 is the result
of applying the substitution ¢ — ¢* to Mac(n, n,m;q). For all these conjectures, the case k = 0
is known; that is, F'(1) is known to be equal to the total number of height m plane partitions of
the poset. Also, for all these conjectures, the case m = 1 is known [5, 69].

Remark 5.5. Conjecrure 5.1 is part of a more general conjecture concerning all the minuscule
posets. The rectangle poset is the most prominent example of a minuscule poset, and the

poset Dn is the next most prominent example (in this context, it is commonly referred to as the
“shifted staircase”). Besides the rectangle and the shifted staircase, the only other minuscule
posets are one very simple infinite family (the “propeller poset”) and two exceptional posets
(corresponding to Fg and Fy). Hence, together with Theorem 1.2, establishing Conjecture 5.1
would resolve “most” of [35, Conjecture 4.23].

Similarly, Conjectures 5.2 and 5.3 are part of a more general conjecture concerning the root
posets of coincidental type. The posets /N, (which is ®+(A,)) and I\, (which is ®+(B,,)) are
the most prominent examples of root posets of coincidental type. Beyond these, there is only one
very simple infinite family (®1(I3(¢))), and one exceptional poset (®+(H3)). Hence, establishing
Conjectures 5.2 and 5.3 would resolve “most” of [35, Conjecture 4.28].

Remark 5.6. In [20], Fontaine and Kamnitzer use some ideas from geometric representation
theory to obtain a kind of refinement of Rhoades’s Theorem 1.2 in which, rather than considering
the action of promotion on the whole set SSYT(m® a + b), they consider only those tableaux
with a fixed (cyclically symmetric) content. The relevant sieving polynomial turns out to be the
corresponding Kostka—Foulkes polynomial (in fact, in [63] Rhoades obtained a less precise version
of this result in which only the absolute value of the root of unity evaluation was considered). It is
possible that Conjectures 5.1, 5.2 and 5.3 have similar “content” refinements as well. Actually,
this possibility is discussed in [35, Remark 4.25] where it is suggested that the appropriate
Lusztig’s g-analog of weight multiplicity could be the sieving polynomial. We will not discuss
“content” refinements further here.

Now we explain, following Grinberg—Roby [30], how the P-partitions in PP™(P) for the
triangular posets P are in Row-equivariant bijection with the plane partitions in PP™(n x n)
which satisfy certain symmetry properties. This allows us to reformulate Conjectures 5.1, 5.2
and 5.3 as assertions about the number of plane partitions in PP™(n x n) fixed by various
subgroups of (Row, Tp).

First let us explain how to relate Dn to the rectangle, which is very easy.

Lemma 5.7. There is a Row-equivariant bijection between PPm(Dn) and the subset of those
m € PP™(n x n) for which Tp(n) = .
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Proof. This is basically proved by Grinberg—Roby in [30, Section 9]. They were working at the
birational level; the result we want, at the piecewise-linear level, is even simpler than what they
did.

Let us view a P-partition 7 € PPm(Dn) as triangular array m = (7; j)1<i<j<n of nonnegative
integers m; ; € N such that:

o 7 is weakly decreasing in rows and columns (i.e., m; j > w11 j, ™ j > ™ j+1 for all ¢, j),

e the maximal entry of 7 is less than or equal to m (i.e., w11 < m).

From such a 7 we obtain a 7’ € PP (n x n) by setting

p my if i <7,
7'(" . = . . i
T if ¢ > 7.

This map 7 — 7’ gives the desired bijection. In particular, it is easily seen to be rowmotion
equivariant. [

In order to relate rowmotion of /\,, to rowmotion of the rectangle, we have to review a
remarkable “reciprocity” property of rowmotion acting on the rectangle that was established by
Grinberg-Roby [30].

Theorem 5.8 ([30, Theorem 32]). For any m € PP™(a + b) we have

o
Tat1-ibr1—j + Row 07 (m);; = m

foralll <i<aand1l <j<b.

Actually, Grinberg—Roby proved the birational version of Theorem 5.8; but the birational
version implies the piecewise-linear version we have stated via tropicalization. Theorem 5.8
allows us to relate /\,, to the rectangle, as follows.

Lemma 5.9. There is a Row-equivariant bijection between PPM(An,l) and the subset of those
7 € PP?M(n x n) for which Tp - Row™(7) = 7.

Proof. This is basically proved by Grinberg-Roby in [30, Section 10] (they worked at the
birational level, but via tropicalization their results imply the corresponding piecewise-linear
statements). They explained how to embed PP (/\,,_;) into PP? (n xn) in a Row-equivariant
way. We now review their embedding.

Let us view a P-partition m € PPM(An,l) as triangular array m = (m; j)1<i j<n—1 of non-
1+j<n
negative integers m; ; € N such that:

e 7 is weakly decreasing in rows and columns (i.e., m; j > mi41 j, ™ ; > m; j4+1 for all 4, j),

e the maximal entry of 7 is less than or equal to m (i.e., w11 < m).
From such a 7 we obtain a 7’ € PP?*(n x n) by setting
’R’Z"j—l-M le—i-jSTL,
mo= M ifi+j=n+1,
M — Row"(m)i_gji, Withk=i+j—n—1 ifi+j>n+1.

An example of the map 7 + 7’ in the case n =3, M =2 is

211 N
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In [30, Lemma 67] it is shown that the map 7 — 7 is indeed an embedding of PPM(/\, )
into PP?M (n x n) which is equivariant under rowmotion.

Moreover, [30, Theorem 65] implies that if 7 € PP?M (n x n) is in the image of this embedding
of PPM(/\, 1) into PP*M (n x n) then we will have Row™(7) = Tp(n). Indeed, that essentially
follows from the reciprocity result, Theorem 5.8. It also can be shown using Theorem 5.8 that
the only m € PP?(n x n) with Row™(n) = Tp(r) are in the image of this embedding. But
in fact, we can also establish that there are no other such 7 via a counting argument. Namely,
Corollary 4.11 implies that

#{ﬂ' € PP2M(n xn): Tp-Row™ () = 71'} = SymMac(n, 2M;q — —1).

Recall from Section 1 that
i1+75+2M

SymMac(n,2M;q — —1) = H T
tT)]

1<i<j<n—1

And it is known that #PPM(An_l) = ngigjgn—l i+gij2M; see, for instance, [59, Case “(CG)”
of Theorem 1]. This completes the proof of the lemma. |
Remark 5.10. If m is odd, there are no m € PP (nxn) for which Tp-Row" (7)) = 7. This can be
seen either from the Grinberg—Roby reciprocity result, Theorem 5.8, or from our Corollary 4.11.

Remark 5.11. Recall the set CY(n,2M) defined in Section 2: this can be thought of as the

subset of PP?M (L7, ) with even entries along the leftmost “file”. In Section 2 we explained
how CY(n,2M) is naturally in bijection with the set of plane partitions 7 € PP2M(n x n)
for which Tp - Pro(w) = m. Meanwhile, we just explained in the proof of Lemma 5.9 that
PPM(/\, 1) is naturally in bijection with the set of plane partitions 7 € PP?™(n x n) for
which Tp - Row™ () = m. Then observe that

I i+7j+2M

CY(n,2M) = —
#CY (n,20) o

= #PPM (Anfl ) s

1<i<j<n—1

as was proved for instance in the paper of Proctor [59]. However, it is not at all a priori clear
that CY(n,2M) and PPM(/\,,_1) have the same size, and constructing a bijection between
these two sets is rather difficult (a bijection appears for instance in [78]). Thus, by studying the
way these two operators interact with transposition, we uncovered another interesting “duality”
between promotion and rowmotion.

We can relate D\, to the rectangle by combining the previous two ideas.

Lemma 5.12. There is a Row-equivariant bijection between PPM(IN\,)) and the subset of those
7 € PP?M (20 x 2n) for which Tp(n) = m and Row?*(n) = .

Proof. This follows from combining the ideas in the proofs of Lemmas 5.7 and 5.9. There
is an obvious “transposition” symmetry of /\g,_1 which reflects the poset across the vertical
line of symmetry. Let Tp: PPM(/Q\y,_ 1) — PPM(/\,, 1) denote the induced symmetry of
P-partitions. Then, by the same argument as in the proof of Lemma 5.7, PPM (Bn) is in Row-
equivariant bijection with those 7 € PPM(/\,, ) with Tp(n) = 7. Via the proof of Lemma 5.9
we can further embed PPM (1)) into PP2M (2n x 2n) in desired way. [

The preceding lemmas about how to embed the triangular posets into the rectangle allow us
to reformulate Conjectures 5.1, 5.2 and 5.3, as follows:
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Conjecture 5.13 (reformulation of Conjecture 5.1 in light of Lemma 5.7). For any k € Z we
have that

#{m € PP"(n x n): Tp(n) = 7,Row”(7) =7} = F (¢~ ¢"),

where ( = e™/™

Fig)= ][]

1<i<j<n (

is a primitive (2n)th root of unity and
(1 — gtitm=1)
— giti1)

Conjecture 5.14 (reformulation of Conjecture 5.2 in light of Lemma 5.9). For any k € Z we
have that

#{r e PP (n x n): Tp - Row"(7) = m, Row"(r) = T} =F(q— Ck),

where ¢ = e™/™ is a primitive (2n)th root of unity and

Flg= ]

l<idjen  (1—aM)

(1 _ qz'+j+2M)

Conjecture 5.15 (reformulation of Conjecture 5.3 in light of Lemma 5.12). For any k € Z we
have that

#{ﬂ' S PP2M(2n x 2n): Tp(w) = W,ROWQn(ﬂ') = W,ROWk(ﬂ') = 7T} = F(q — g‘k),

where ¢ == e€™/?" is a primitive (4n)th root of unity and

Flg= ]]

1<ij<n

(1 _ q2(i+j+M—1))
(1 _ q2(i+j71))

Remark 5.16. Conjecture 5.15 follows easily from Conjecture 5.14 or Conjecture 5.13 via the
same kind of argument as in [5, proof of Proposition 2.4].

Corollaries 4.3 and 4.11 from the previous section say that for any g € (Row, Tp), the number
of plane partitions in PP™(n x n) fixed by ¢ is given by some kind of sieving phenomenon
evaluation of a polynomial with a simple product formula as a rational expression. In other
words, for any cyclic subgroup H C (Row, Tp), the number of plane partitions in PP™(n x n)
fixed by H is given by such an evaluation. Meanwhile, Conjectures 5.13, 5.14 and 5.15 assert that
for various noncyclic subgroups H C (Row, Tp), the number of plane partitions in PP™(n x n)
fixed by H is given by such an evaluation. This leads us to wonder the following:

Question 5.17. Is the number of plane partitions in PP™(n x n) fized by H, where H is any
subgroup of (Row,Tp), given by a sieving phenomenon-type evaluation at a root of unity of
a polynomial with a simple product formula as a rational expression?

If Question 5.17 had a positive answer, it would be very similar to what happens with the
“classical” symmetries of plane partitions, where the 10 symmetry classes all have product
formulas for their enumeration (again see [44, 81]).

Remark 5.18. The polynomial F'(q) appearing in Conjecture 5.1 is the principal specializa-
tion of the character of the irreducible SO(2n + 1) representation V(mw,), where w, is the
minuscule weight of type B,,. (Technically one might have to work with the simply connected
double cover §C)(2n + 1), i.e., the so-called “spin group”.) Geometrically, this representation is
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the dual of the mth homogeneous component of the coordinate ring of the maximal orthogonal
Grassmannian OG(n,2n+1). Similarly, the polynomial F(q) appearing in Conjecture 5.2 is (es-
sentially) the principal specialization of the character of the irreducible Sp(2n) representation
V(mwy,), where w,, is the cominuscule weight of type C,. Geometrically, this representation is
the dual of the mth homogeneous component of the coordinate ring of the Lagrangian Grass-
mannian LG(n,2n). See Proctor [58, 59] or Stembridge [85] for more information about these
polynomials. At any rate, the fact that these polynomials are more-or-less Lie group charac-
ters naturally suggests an approach for resolving Conjectures 5.1 and 5.2: find a basis of the
corresponding representation indexed by the set of P-partitions in question and such that an
appropriate group element (e.g., the lift of a Coxeter element) permutes the basis according to
rowmotion (or, more likely, according to a conjugate “promotion”-like action). In other words,
extend Rhoades’s approach [63] to other types. The problem with this approach is that the naive
bases like the standard monomial basis fail to behave in the appropriate way, while the sophisti-
cated bases like the dual canonical basis or the theta basis are extremely hard to concretely get
one’s hands on, and doubly so outside of type A. (We do not mean to suggest that it is totally
hopeless to work in other types. For instance, the theory of plabic graphs [56, 76] is ultimately
the combinatorial underpinning of the Shen—Weng [79] proof of cyclic sieving, and the work of
Karpman [38, 39, 40] extends much of the theory of plabic graphs to the Lagrangian Grassman-
nian.) Our results in this paper point the way to an alternative but ultimately complementary
approach to Conjectures 5.1 and 5.2: stay in the type A world but impose symmetries.

A Plane partitions and semistandard tableaux

In this appendix we explain the correspondence between plane partitions and semistandard
tableaux of rectangular shape, and how the operators we are interested in (e.g., promotion)
behave under this correspondence.
A partition A = (A1 > Ao > --+) is an infinite nonincreasing sequence of integers for which
A; = 0 for all ¢« > 0. The nonzero A; are called the parts of A. If we write a partition
as A = (A1,..., ;) that means that \; = 0 for i« > k. A particularly important family of
a

oy . o . f_/\ﬂ o .
partitions for us will be the rectangle partitions m® := (m,m, ..., m). We represent a partition A
via its Young diagram, which is the collection of boxes in rows with \; boxes left-justified in
row i. For example, the Young diagram of (4,3,1,1) is

A semistandard Young tableau of shape ) is a filling of the boxes of the Young diagram of A
with positive integers that is weakly increasing in rows and strictly increasing in columns. For
example, the following is a semistandard Young tableau of shape (4,3,1,1):

6

’01|>-l> N | =

We use SSYT(\, k) to denote the set of semistandard Young tableaux of shape A whose entries
belong to {1,2,...,k}. Note that this set is empty if & is less than the number of parts of A.
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Now we define the promotion operator p acting on SSYT(), k).? Roughly speaking, promotion
behaves as follows: first we delete all entries of k£ in our tableau, leaving holes in their places;
then we slide the remaining entries into the holes so that the holes occupy the upper-left of the
Young diagram; then we increment by one all entries in the tableau; and finally we fill the holes
in the upper-left with 1’s. For example, with k& = 6, an application of promotion might look like
the following:

delete 6’s 3| 3 | slide ® | @ | increment fill in 1’s
Lee s, =, neremer®, LLELELN
4| e
9

N

| O | W
SO =] @
Tl W[ DN
| O | =

°
2
3
5)

SN
=N

3
4
5

To formalize this definition would require more explanation of the sliding procedure. A precise
description is given in [63, Section 2]. In fact, these slides are the “jeu de taquin” moves of
Schiitzenberger [73, 74, 75] (see also the presentation of Haiman [34]).

Another closely related operator acting on SSYT(\, k) is evacuation e. It can also be defined
in terms of jeu de taquin slides. Evacuation roughly behaves as follows: first we rotate the
tableau 180°; then we replace every entry by k4 1 minus that entry; finally, we slide the entries
into the upper-left so that we get back to a Young diagram shape. For example, with £ = 6, an
application of evacuation might look like the following:

rotate 180° i—k+1—1 slide
_— —_— —

OY| O | W

6
4
2
1

DD =W~

1
2
3
4

1
3
5
6

1
2
3
4

6
)
4
3

Y| =N =

4

Again, to formalize this definition of evacuation we would need to explain the jeu de taquin
slides in more detail; a precise description is given in [63, Section 2].

However, rather than use jeu de taquin, we will instead work with different but equivalent
definitions of promotion and evacuation in terms of the so-called “Bender—Knuth involutions” [7].

Definition A.1. The ith Bender—Knuth involution, denoted BK;: SSYT (A, k) — SSYT(\, k),
for 1 < i < k, is the operator which acts on a tableau T" € SSYT(\, k) as follows: first we
“freeze” in place all ¢’s directly above (i + 1)’s, and all (i + 1)’s directly below i’s; and then,
in each row, we change unfrozen i’s into (i + 1)’s and unfrozen (i + 1)’s into i’s in the unique
way which preserves the semistandardness condition and so that the number of unfrozen i’s in
that row in the resulting tableau is the number of unfrozen (i 4+ 1)’s in that row in the original
tableau, and vice-versa. In other words, considering just the unfrozen i’s and (i 4+ 1)’s in a row,
we perform the transformation i*(i + 1)¥ — ¥(i + 1)* on these entries.

Example A.2. Let T' € SSYT((11, 10, 8,4,2),6) be the following tableau:

rol1]1]1]1 3[3[3]4]
2(2[3][3
3|4lal4
55|56
66

3There is no consensus in the literature about whether the operator p or p~! is the one which should be called
“promotion”. We follow the convention of Rhoades [63] and Lam [46]; but for instance Bloom, Pechenik, and
Saracino [9] take the opposite convention. Of course, ultimately these differences in convention are inconsequential.
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Suppose we want to compute BIC4(T"). First of all, we can restrict our attention to only the 4’s
and 5’s in the tableau, resulting in a picture that looks like this:

4]

Then we “freeze” in place 4’s directly above 5’s and 5’s directly below 4’s. In the picture below
these frozen boxes have been shaded:

Then within each row we swap the number of unfrozen 4’s and 5’s, while preserving the weakly
decreasing requirement, resulting in the following:

)

Finally, to obtain BK4(T'), we put the entries which are not 4’s or 5’s back in as they were in T™:

BKA(T) = 3[3]3]5

QU = | W|
DD = W]~

D= W N -
| O = N

It is clear that the B/C; are indeed involutions; however, unlike the reflection operators s;
which act on SSYT(\, k) thanks to its crystal structure, note that the BK; do not satisfy the
braid relations, and hence do not give an action of the symmetric group on these tableaux.

We can define promotion and evacuation as a composition of the Bender—Knuth involutions.

Definition A.3. Promotion p: SSYT(A, k) — SSYT(A, k) is the following composition of the
Bender-Knuth involutions

pi=BKy BKy - BKy_g - BKj_1.
Evacuation £: SSYT(\, k) — SSYT(\, k) is
e = (BK1) - (BKy - BKy) -+ (BKj_s -+ BKy - BK1) - (BKp_1 - - BKs - BK1).
Dual evacuation e*: SSYT(\, k) — SSYT(\, k) is
e == (BKj_1) - (BKp_o - BKp_1) -+ (BKy - BKp_o - BKs_1) - (BK1 -+ BKy_o - BKy_1).
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We did not discuss dual evacuation earlier but it turns out to be useful in understanding the
behavior of promotion and evacuation. It is a theorem of Gansner [27] (see also [9, 13]) that the
definitions of promotion and evacuation in terms of the Bender—Knuth involutions are the same
as those in terms of Schiitzenberger’s jeu de taquin moves.

As we will see in the next proposition, evacuation has a very simple behavior on tableaux of
rectangular shape. In order to record that behavior we need a little notation. So for a tableau
T € SSYT(m®, k) we define TT € SSYT(m?, k) to be the tableau obtained by rotating 7' 180°
and replacing every entry by k£ + 1 minus that entry.

The following proposition records some basic properties of promotion and evacuation which
are well known but are “folklore”. The best reference we have for these results is the paper of
Bloom—Pechenik—Saracino [9], who adapt the arguments presented by Stanley [83] in the case of
standard Young tableaux, and also use the fundamental connection of promotion and evacuation
to the Robinson—Schensted—Knuth correspondence.

Proposition A.4 (see [9, Theorem 2.9], building off of [83, Theorem 2.1]). For any shape A and
any k we have the following relationship among the operators p,e,e*: SSYT (A, k) — SSYT(\, k):

e 22 = (£*)% = id (the identity operator),
o pc=cep
o pb=ce*.

Furthermore, if \ = m® is a rectangle then e(T) = €*(T) = T for all tableauz T € SSYT(m?, k).
Consequently, p* =id if A = m® is a rectangle.

Now we explain an equivalent, but very useful, way to think about semistandard Young
tableaux: namely, as Gelfand—Tsetlin patterns. In particular, Gelfand—Tsetlin patterns will serve
as the bridge between semistandard tableaux and plane partitions. The usefulness of Gelfand—
Tsetlin patterns for understanding operations on semistandard tableaux in terms of piecewise-
linear expressions was especially emphasized in the papers of Berenstein and Kirillov [42] and
Berenstein and Zelevinsky [8].

Definition A.5. Let A be a partition and k an integer greater than or equal to the number
of parts of A. A Gelfand-Tsetlin pattern of shape A and length £ is a triangular array = =
(mij)1<i<j<w of nonnegative integers m; ; € N such that:

e 7 is weakly decreasing in rows and columns (i.e., m; j > mi41 j, m; > m; j4+1 for all 4, j),

e the main diagonal (71,7239, ... , ki) of  is equal to the partition A.
We denote the set of such Gelfand—Tsetlin patterns by GT (A, k).

There is a well-known bijection ®: GT(\, k) — SSYT (A, k): for m € GT(\, k), the tableau
T = ®(m) is the unique semistandard tableau such that for all 1 < ¢ < k the diagonal
(731, Tit1,2, - - > Tk k+1—i) Of m is the shape of the restriction of T" to the entries {1,2, ..., k+1—i}.
To see that this is really a bijection, observe that mj  is the number of 1’s in 7', and these must
all go in the first row; similarly 7;_11 — 71 is the number of 2’s in the first row and m;_1 o
is the number of 2’s in the second row; and so on. In this way we can clearly reconstruct
a unique tableau T" from 7, and the inequalities imposed on the m; ; exactly correspond to the
semistandardness condition.
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Example A.6. Let A = (3,2,1,1,0) and let 7 € GT(\,5) be the following Gelfand—Tsetlin
pattern:

— = W
_ = =
OO OO

Then T = ®(m) € SSYT(A, 5) is the semistandard tableau

T = 3 |

’U!|»b W | =

Naturally we want to understand how promotion behaves in terms of Gelfand—Tsetlin pat-
terns. This is where the piecewise-linear toggles come in. We define the piecewise-linear toggle
Tij: GT(A k) = GT(\ k) for 1 <i<j<kby

— 7Tp,q lf (p7 Q) 7& (Zaj)7
(Ti,jﬂ)p,q = . ) o
min(m; j—1,mi—1,5) + max(miy1,5, Tij+1) — mj if (p,q) = (4,7),

where we ignore 7; ; with ¢, j outside of the bounds of the triangle (at least one term in each max
and min will exist). Observe that these are exactly the same as the 7; j defined in Section 1. We
again define F; = [[i<i<j<k, 7i,j for 1 <1 <k —1 to be the composition of all the toggles along

J—i=

the “Ith diagonal” of our array. As Berenstein—Kirillov [42] explained, these diagonal toggles
are the same as the Bender-Knuth involutions:*

Proposition A.7 ([42, Proposition 2.2]). Viewing the Bender—Knuth involutions as operators
on GT (A, k) via the bijection ®, we have BK; = Fj—; for 1 <i <k —1.

So p and ¢ can be described in terms of piecewise-linear dynamics on GT(\, k).

Finally, let us concentrate on the rectangular case and the correspondence with plane par-
titions. So suppose that A = m®, and let us take £ = a + b to match our indexing of plane
partitions. Then consider what a Gelfand-Tsetlin pattern 7 € GT(m%, a + b) looks like. In the
upper-left, m has a length a triangle of entries which must all be m’s; in the lower-right, = has
a length b triangle of entries which must all be 0’s; and the other entries in m, whose values are
not forced, form an a x b rectangle. For example, with a = 3, b = 2, and m = 5, we have

5 5
)

Tt Ot Ot
O % ¥ %
S O % ¥ ¥

where the asterisks denote the entries whose values are not forced. What condition is placed on
these asterisk entries? Well, they certainly must be weakly decreasing in rows and columns, and
they must all be integers between 0 and m. In other words, they exactly form a plane partition
in PP (a x b). And clearly any such plane partition can be placed in the asterisk entries.

“Hence one may view BK as honoring either Bender and Knuth or Berenstein and Kirillov.
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In this way we obtain a bijection ¥: PP™(a x b) — SSYT(m*,a + b): we extend a plane
partition 7 € PP™(a x b) to a Gelfand—Tsetlin pattern in GT(m%, a+b) by appending a length a
triangle of m’s to its left and a length b triangle of 0’s below it; and then we map that Gelfand—
Tsetlin pattern to a semistandard tableau in SSYT(m®, a + b) via ®. This is depicted in the
following example for a plane partition m € PP4(2 X 2):

4 4
2|2 4

S =N

S EN R EIE] e
44

O O O N
w
W

This construction is discussed, very briefly, in [17, pp. 516-517].

Remark A.8. There is a very naive way to obtain a semistandard Young tableau of rectangular
shape from a plane partition m# € PP (a x b): rotate m 180°, and then add i to all entries in
the ith row. The bijection ¥ is not this naive procedure. Indeed, this naive procedure produces
a tableau in SSYT(b%, m + a), which is not the same set of tableaux that ¥ maps into.

Let us describe another way to view the bijection W, which is also useful.

We start with the case m = 1. Note that a single column tableau 7' € SSYT(1%,a + b) is
exactly the same as a subset I C {1,2,...,a + b} of size a. So in this case ¥ is some bijection
U: PPY(a xb) = {I C {1,...,a + b} of size a}. In fact, this bijection is a correspondence
between Young diagrams that fit in an a x b rectangle and size a subsets of {1,2,...,a + b}
which is ubiquitous in algebraic combinatorics, as we now explain. Let 7 € PP(a x b). The
boundary between the entries of 1 and 0 in 7 determines a lattice path of down and left steps
from the upper-right corner of the a x b grid to the lower-left corner. Writing this lattice path
as a word in the alphabet {D, L} with a D’s and b L’s (where D’s correspond to down steps
and L’s to left steps), the subset W(w) C {1,2,...,a + b} is the set of positions of D’s in this
word. This is depicted in the following example with a =4 and b = 5:

5
+ LDLLDDLLD + {2,5,6,9} = E = U(n).

Now we extend the construction from the previous paragraph to greater values of m. For
m, ' € PP™(a x b) we write m > 7’ to mean that 7 is entrywise greater than or equal to 7’; and
we define 7 + 7' € PP™™ (g x b) for 7 € PP™(a x b), 7 € PP™ (a x b) to be their entrywise
sum. Let 7 € PP™(a x b). There are unique plane partitions ©', 72,..., 7™ € PP!(a x b) for
which m =7t + 72 + .- 4 7™ and 7' > 72 > ... > 7™, explicitly, we have

(), = {1 if 75 >k,

0 otherwise,

o= =
o= =
o|lo|op-
o|lo|op-
o|lo|o| o

for all 1 <k < m. Then ¥(r) € SSYT(m*, a+ b) is the tableau whose columns are the subsets
U(rl), W(x?),..., ¥(x™) in order. This is easily proven inductively: the condition 7™~! > 7™
means that placing the column ¥(7™) to the right of the column W(7™~1) will preserve the
tableau’s semistandardness; conversely, appending the column W(7n™) changes the entries in the
Gelfand—Tsetlin pattern of the tableau in exactly the way that corresponds to adding #™. This
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description of W is depicted in the following example for a plane partition 7 € PP4(2 x 2):

BEREREREEEEREE
\Il(ﬂ')—++4+— sTalal2

We end this section by describing how the operators Pro, Co, and Tp on plane partitions
defined in Section 1 behave when viewed as operators on semistandard tableaux via the bijec-
tion ¥. Unsurprisingly, Pro behaves as p (thus justifying the name promotion), while Co behaves
as evacuation. In order to record the behavior of transposition we need a little notation. So
for T € SSYT(m",2n) we define Tt € SSYT(m™,2n) to be the tableau obtained from T by
first replacing each entry by 2n + 1 minus that entry, and then replacing each column I by its
set-theoretic complement {1,2,...,2n}\ I.

Proposition A.9. Via the bijection ¥: PP™(a x b) — SSYT(m*, a+0b), view Pro and Co, and,
if a =b=mn, also Tp, as operators on SSYT(m® a +b). Then:

e Pro(T) = p(T) for all T € SSYT(m®, a+b),
o Co(T)=¢(T)=e*(T)=T" for all T € SSYT(m®, a+b),
e (ifa=b=n) Tp(T) =TT for all T € SSYT(m",2n).

Proof. The first bulleted item is immediate from the original description of ¥ in terms of
Gelfand—Tsetlin patterns, together with the description of the Bender-Knuth involutions as
compositions of toggles which appears in Proposition A.7 above.

The second and third bulleted items are easier to see from the alternate description of ¥. (Of
course, with the second bulleted item we are implicitly applying the folklore Proposition A.4.)
It is easily checked that the behaviors of Co and Tp are as claimed for single column tableaux.
Furthermore, for T € SSYT(m® a + b), if the columns of T" are Iy,..., I, then the columns
of T* will be I,;,...,I]"; and for T € SSYT(m™,2n), if the columns of T are Iy, ..., I,, then
the columns of TT will be I;r,...,LTn. Finally, we have 7 > 7’ <= Co(n’) > Co(n) for
any pair 7,7’ € PP!(a x b); and similarly we have 7 > ©' <= Tp(n) > Tp(x’) for any
pair 7, 7' € PP1(n x n). These observations, together with the alternate description of ¥, imply
the second and third bulleted items. |

Acknowledgements

I thank Chris Fraser, Gabe Frieden, Vic Reiner, Brendon Rhoades, and Jessica Striker for useful
discussions related to this work. I was supported by NSF grant #1802920. I benefited from the
use of Sage mathematics software [71, 72] in the course of this research. Finally, I thank all of
the anonymous referees for their careful attention to the document and useful comments.

References

[1] Abuzzahab O., Korson M., Chun M.L.M., Meyer S., Cyclic and dihedral sieving phenomenon
for plane partitions, REU report, 2005, available at http://www-users.math.umn.edu/~reiner/REU/
PlanePartitionReport.pdf.

[2] Alexandersson P., Linusson S., Potka S., The cyclic sieving phenomenon on circular Dyck paths, Electron. J.
Combin. 26 (2019), 4.16, 32 pages, arXiv:1903.01327.


http://www-users.math.umn.edu/~reiner/REU/PlanePartitionReport.pdf
http://www-users.math.umn.edu/~reiner/REU/PlanePartitionReport.pdf
https://doi.org/10.37236/8720
https://doi.org/10.37236/8720
https://arxiv.org/abs/1903.01327

38

S. Hopkins

Andrews G.E., Plane partitions. II. The equivalence of the Bender—Knuth and MacMahon conjectures,
Pacific J. Math. 72 (1977), 283-291.

Andrews G.E., Plane partitions. I. The MacMahon conjecture, in Studies in Foundations and Combinatorics,
Adv. in Math. Suppl. Stud., Vol. 1, Academic Press, New York — London, 1978, 131-150.

Armstrong D., Stump C., Thomas H., A uniform bijection between nonnesting and noncrossing partitions,
Trans. Amer. Math. Soc. 365 (2013), 4121-4151, arXiv:1101.1277.

Barcelo H., Reiner V., Stanton D., Bimahonian distributions, J. Lond. Math. Soc. 77 (2008), 627-646,
arXiv:math.CO/0703479.

Bender E.A.,; Knuth D.E., Enumeration of plane partitions, J. Combinatorial Theory Ser. A 13 (1972),
40-54.

Berenstein A., Zelevinsky A., Canonical bases for the quantum group of type A, and piecewise-linear
combinatorics, Duke Math. J. 82 (1996), 473-502.

Bloom J., Pechenik O., Saracino D., Proofs and generalizations of a homomesy conjecture of Propp and
Roby, Discrete Math. 339 (2016), 194-206, arXiv:1308.0546.

Brouwer A.E., Schrijver A., On the period of an operator, defined on antichains, Mathematisch Centrum,
Amsterdam, 1974.

Brundan J., Dual canonical bases and Kazhdan—Lusztig polynomials, J. Algebra 306 (2006), 17-46,
arXivimath.QA /0509700.

Cameron P.J., Fon-Der-Flaass D.G., Orbits of antichains revisited, European J. Combin. 16 (1995), 545-554.

Chmutov M., Glick M., Pylyavskyy P., The Berenstein—Kirillov group and cactus groups, J. Comb. Algebra
4 (2020), 111-140, arXiv:1609.02046.

Du J., Canonical bases for irreducible representations of quantum GLy,, Bull. London Math. Soc. 24 (1992),
325-334.

Du J., Canonical bases for irreducible representations of quantum GL,. II, J. London Math. Soc. 51 (1995),
461-470.

Einstein D., Propp J., Combinatorial, piecewise-linear, and birational homomesy for products of two chains,
arXiv:1310.5294.

FEinstein D., Propp J., Piecewise-linear and birational toggling, in 26th International Conference on Formal
Power Series and Algebraic Combinatorics (FPSAC 2014), Discrete Math. Theor. Comput. Sci. Proc., AT,
Assoc. Discrete Math. Theor. Comput. Sci., Nancy, 2014, 513524, arXiv:1404.3455.

Fock V.V., Goncharov A.B., Cluster ensembles, quantization and the dilogarithm, Ann. Sci. Ec. Norm.
Supér. (4) 42 (2009), 865-930, arXiv:math.AG/0311245.

Fon-Der-Flaass D.G., Orbits of antichains in ranked posets, Furopean J. Combin. 14 (1993), 17-22.

Fontaine B., Kamnitzer J., Cyclic sieving, rotation, and geometric representation theory, Selecta
Math. (N.S.) 20 (2014), 609625, arXiv:1212.1314.

Fraser C., Braid group symmetries of Grassmannian cluster algebras, Selecta Math. (N.S.) 26 (2020), 17,
51 pages, arXiv:1702.00385.

Frieden G., Affine type A geometric crystal on the Grassmannian, J. Combin. Theory Ser. A 167 (2019),
499-563, arXiv:1706.02844.

Fuchs J., Ray U., Schweigert C., Some automorphisms of generalized Kac—-Moody algebras, J. Algebra 191
(1997), 518-540, arXiv:q-alg/9605046.

Fuchs J., Schellekens B., Schweigert C., From Dynkin diagram symmetries to fixed point structures, Comm.
Math. Phys. 180 (1996), 39-97, arXiv:hep-th/9506135.

Fulton W., Harris J., Representation theory: a first course, Graduate Texts in Mathematics, Vol. 129,
Springer-Verlag, New York, 1991.

Galashin P., Pylyavskyy P., R-systems, Selecta Math. (N.S.) 25 (2019), 22, 63 pages, arXiv:1709.00578.
Gansner E.R., On the equality of two plane partition correspondences, Discrete Math. 30 (1980), 121-132.

Garver A., Patrias R., Thomas H., Minuscule reverse plane partitions via quiver representations, Sém.
Lothar. Combin. 82B (2020), 44, 12 pages, arXiv:1812.08345.

Gordon B., A proof of the Bender—-Knuth conjecture, Pacific J. Math. 108 (1983), 99-113.

Grinberg D., Roby T., Iterative properties of birational rowmotion II: rectangles and triangles, Electron. J.
Combin. 22 (2015), 3.40, 49 pages, arXiv:1402.6178.


https://doi.org/10.2140/pjm.1977.72.283
https://doi.org/10.1090/S0002-9947-2013-05729-7
https://arxiv.org/abs/1101.1277
https://doi.org/10.1112/jlms/jdn004
https://arxiv.org/abs/math.CO/0703479
https://doi.org/10.1016/0097-3165(72)90007-6
https://doi.org/10.1215/S0012-7094-96-08221-6
https://doi.org/10.1016/j.disc.2015.08.011
https://arxiv.org/abs/1308.0546
https://doi.org/10.1016/j.jalgebra.2006.01.053
https://arxiv.org/abs/math.QA/0509700
https://doi.org/10.1016/0195-6698(95)90036-5
https://doi.org/10.4171/JCA/36
https://arxiv.org/abs/1609.02046
https://doi.org/10.1112/blms/24.4.325
https://doi.org/10.1112/jlms/51.3.461
https://arxiv.org/abs/1310.5294
https://arxiv.org/abs/1404.3455
https://doi.org/10.24033/asens.2112
https://doi.org/10.24033/asens.2112
https://arxiv.org/abs/math.AG/0311245
https://doi.org/10.1006/eujc.1993.1003
https://doi.org/10.1007/s00029-013-0144-4
https://doi.org/10.1007/s00029-013-0144-4
https://arxiv.org/abs/1212.1314
https://doi.org/10.1007/s00029-020-0542-3
https://arxiv.org/abs/1702.00385
https://doi.org/10.1016/j.jcta.2019.05.010
https://arxiv.org/abs/1706.02844
https://doi.org/10.1006/jabr.1996.6907
https://arxiv.org/abs/q-alg/9605046
https://doi.org/10.1007/BF02101182
https://doi.org/10.1007/BF02101182
https://arxiv.org/abs/hep-th/9506135
https://doi.org/10.1007/978-1-4612-0979-9
https://doi.org/10.1007/s00029-019-0470-2
https://arxiv.org/abs/1709.00578
https://doi.org/10.1016/0012-365X(80)90114-4
https://arxiv.org/abs/1812.08345
https://doi.org/10.2140/pjm.1983.108.99
https://doi.org/10.37236/4335
https://doi.org/10.37236/4335
https://arxiv.org/abs/1402.6178

Cyclic Sieving for Plane Partitions and Symmetry 39

(31]

(32]

(33]

N R =2

Grinberg D., Roby T., Iterative properties of birational rowmotion I: generalities and skeletal posets, Elec-
tron. J. Combin. 23 (2016), 1.33, 40 pages, arXiv:1402.6178.

Grojnowski 1., Lusztig G., A comparison of bases of quantized enveloping algebras, in Linear Algebraic
Groups and their Representations (Los Angeles, CA, 1992), Contemp. Math., Vol. 153, Amer. Math. Soc.,
Providence, RI, 1993, 11-19.

Gross M., Hacking P., Keel S., Kontsevich M., Canonical bases for cluster algebras, J. Amer. Math. Soc. 31
(2018), 497-608, arXiv:1411.1394.

Haiman M.D., Dual equivalence with applications, including a conjecture of Proctor, Discrete Math. 99
(1992), 79-113.

Hopkins S., Minuscule doppelgéangers, the coincidental down-degree expectations property, and rowmotion,
Ezperiment. Math., to appear, arXiv:1902.07301.

Jantzen J.C., Darstellungen halbeinfacher algebraischer Gruppen und zugeordnete kontravariante Formen,
Bonn. Math. Schr. 67 (1973), v+124 pages.

Karp S.N.; Moment curves and cyclic symmetry for positive Grassmannians, Bull. Lond. Math. Soc. 51
(2019), 900-916, arXiv:1805.06004.

Karpman R., Total positivity for the Lagrangian Grassmannian, Adv. in Appl. Math. 98 (2018), 25-76,
arXiv:1510.04386.

Karpman R., The purity conjecture in type C, Algebr. Comb. 3 (2020), 1401-1416, arXiv:1907.08275.

Karpman R., Su Y., Combinatorics of symmetric plabic graphs, J. Comb. 9 (2018), 259-278,
arXiv:1510.02122.

Kashiwara M., Global crystal bases of quantum groups, Duke Math. J. 69 (1993), 455-485.

Kirillov A.N., Berenstein A.D., Groups generated by involutions, Gel’fand—Tsetlin patterns, and combina-
torics of Young tableaux, St. Petersburg Math. J. 7 (1996), 7T7-127.

Knight H., Zelevinsky A., Representations of quivers of type A and the multisegment duality, Adv. Math.
117 (1996), 273-293.

Krattenthaler C., Plane partitions in the work of Richard Stanley and his school, in The Mathematical
Legacy of Richard P. Stanley, Amer. Math. Soc., Providence, RI, 2016, 231-261, arXiv:1503.05934.

Kuperberg G., Self-complementary plane partitions by Proctor’s minuscule method, Furopean J. Combin.
15 (1994), 545-553, arXiv:math.CO/94112309.

Lam T., Cyclic Demazure modules and positroid varieties, Electron. J. Combin. 26 (2019), 2.28, 20 pages,
arXiv:1809.04965.

Lascoux A., Leclerc B., Thibon J.Y., Green polynomials and Hall-Littlewood functions at roots of unity,
European J. Combin. 15 (1994), 173-180.

Lenart C., On the combinatorics of crystal graphs. I. Lusztig’s involution, Adv. Math. 211 (2007), 204-243,
arXiv:math.RT/0509200.

Lusztig G., Canonical bases arising from quantized enveloping algebras, J. Amer. Math. Soc. 3 (1990),
447-498.

Lusztig G., Introduction to quantum groups, Progress in Mathematics, Vol. 110, Birkh&user Boston, Inc.,
Boston, MA, 1993.

Macdonald I.G., Symmetric functions and Hall polynomials, Ozford Mathematical Monographs, The Claren-
don Press, Oxford University Press, New York, 1979.

MacMahon P.A., Partitions of numbers whose graphs possess symmetry, Trans. Cambridge Philos. Soc. 17
(1899), 149-170.

MacMahon P.A., Combinatory analysis, Vols. I, II, Dover Phoeniz Editions, Dover Publications, Inc., Mi-
neola, NY, 2004.

Musiker G., Roby T., Paths to understanding birational rowmotion on products of two chains, Algebr. Comb.
2 (2019), 275-304, arXiv:1801.03877.

Panyushev D.I.; On orbits of antichains of positive roots, European J. Combin. 30 (2009), 586-594,
arXiv:0711.3353.

Postnikov A., Total positivity, Grassmannians, and networks, arXiv:math.CO/0609764.
Proctor R.A., Shifted plane partitions of trapezoidal shape, Proc. Amer. Math. Soc. 89 (1983), 553-559.

Proctor R.A., Bruhat lattices, plane partition generating functions, and minuscule representations, Furo-
pean J. Combin. 5 (1984), 331-350.


https://doi.org/10.37236/4334
https://doi.org/10.37236/4334
https://arxiv.org/abs/1402.6178
https://doi.org/10.1090/conm/153/01304
https://doi.org/10.1090/jams/890
https://arxiv.org/abs/1411.1394
https://doi.org/10.1016/0012-365X(92)90368-P
https://doi.org/10.1080/10586458.2020.1731881
https://arxiv.org/abs/1902.07301
https://doi.org/10.1112/blms.12280
https://arxiv.org/abs/1805.06004
https://doi.org/10.1016/j.aam.2018.02.001
https://arxiv.org/abs/1510.04386
https://doi.org/10.5802/alco.145
https://arxiv.org/abs/1907.08275
https://doi.org/10.4310/JOC.2018.v9.n2.a3
https://arxiv.org/abs/1510.02122
https://doi.org/10.1215/S0012-7094-93-06920-7
https://doi.org/10.1006/aima.1996.0013
https://doi.org/10.1090//mbk/100/14
https://arxiv.org/abs/1503.05934
https://doi.org/10.1006/eujc.1994.1056
https://arxiv.org/abs/math.CO/9411239
https://doi.org/10.37236/8383
https://arxiv.org/abs/1809.04965
https://doi.org/10.1006/eujc.1994.1019
https://doi.org/10.1016/j.aim.2006.08.002
https://arxiv.org/abs/math.RT/0509200
https://doi.org/10.2307/1990961
https://doi.org/10.1007/978-0-8176-4717-9
https://doi.org/10.5802/alco.43
https://arxiv.org/abs/1801.03877
https://doi.org/10.1016/j.ejc.2008.03.009
https://arxiv.org/abs/0711.3353
https://arxiv.org/abs/math.CO/0609764
https://doi.org/10.2307/2045516
https://doi.org/10.1016/S0195-6698(84)80037-2
https://doi.org/10.1016/S0195-6698(84)80037-2

40 S. Hopkins

[59] Proctor R.A., New symmetric plane partition identities from invariant theory work of De Concini and
Procesi, European J. Combin. 11 (1990), 289-300.

[60] Rao S., Suk J., Dihedral sieving phenomena, Discrete Math. 343 (2020), 111849, 12 pages, arXiv:1710.06517.

[61] Reiner V., Stanton D., White D., The cyclic sieving phenomenon, J. Combin. Theory Ser. A 108 (2004),
17-50.

[62] Reiner V., Stanton D., White D., What is ... cyclic sieving?, Notices Amer. Math. Soc. 61 (2014), 169-171.

[63] Rhoades B., Cyclic sieving, promotion, and representation theory, J. Combin. Theory Ser. A 117 (2010),
38-76, arXiv:1005.2568.

[64] Rhoades B., Skandera M., Kazhdan—Lusztig immanants and products of matrix minors, J. Algebra 304
(2006), 793-811.

[65] Rhoades B., Skandera M., Kazhdan-Lusztig immanants and products of matrix minors. I, Linear Multilinear
Algebra 58 (2010), 137-150.

[66] Rietsch K., Williams L., Newton—Okounkov bodies, cluster duality, and mirror symmetry for Grassmannians,
Duke Math. J. 168 (2019), 3437-3527, arXiv:1712.00447.

[67] Roby T., Dynamical algebraic combinatorics and the homomesy phenomenon, in Recent trends in combi-
natorics, IMA Vol. Math. Appl., Vol. 159, Springer, Cham, 2016, 619-652.

[68] Rush D.B., Restriction of global bases and Rhoades’s theorem, arXiv:2001.00743.

[69] Rush D.B., Shi X., On orbits of order ideals of minuscule posets, J. Algebraic Combin. 37 (2013), 545-569,
arXiv:1108.5245.

[70] Sagan B.E., The cyclic sieving phenomenon: a survey, in Surveys in Combinatorics 2011, London Math.
Soc. Lecture Note Ser., Vol. 392, Cambridge University Press, Cambridge, 2011, 183—-233, arXiv:1008.0790.

[71] The Sage-Combinat Community, Sage-Combinat: enhancing Sage as a toolbox for computer exploration in
algebraic combinatorics, 2019, https://combinat.sagemath.org.

[72] The Sage Developers, Sagemath, the Sage Mathematics Software System (Version 8.4), 2019, https://www.
sagemath.org/.

[73] Schiitzenberger M.P., Quelques remarques sur une construction de Schensted, Math. Scand. 12 (1963),
117-128.

[74] Schiitzenberger M.P., Promotion des morphismes d’ensembles ordonnés, Discrete Math. 2 (1972), 73-94.

[75] Schiitzenberger M.P., La correspondance de Robinson, in Combinatoire et représentation du groupe
symétrique, Lecture Notes in Math., Vol. 579, Springer-Verlag, Berlin — New York, 1977, 59-113.

[76] Scott J.S., Grassmannians and cluster algebras, Proc. London Math. Soc. 92 (2006), 345-380,
arXivimath.CO/0311148.

[77] Seshadri C.S., Introduction to the theory of standard monomials, 2nd ed., Texts and Readings in Mathe-
matics, Vol. 46, Hindustan Book Agency, New Delhi, 2014.

[78] Sheats J.T., A symplectic jeu de taquin bijection between the tableaux of King and of De Concini, Trans.
Amer. Math. Soc. 351 (1999), 3569-3607.

[79] Shen L., Weng D., Cyclic sieving and cluster duality of Grassmannian, SIGMA 16 (2020), 067, 41 pages,
arXiv:1803.06901.

[80] Skandera M., On the dual canonical and Kazhdan—Lusztig bases and 3412-, 4231-avoiding permutations,
J. Pure Appl. Algebra 212 (2008), 1086-1104.

[81] Stanley R.P., Symmetries of plane partitions, J. Combin. Theory Ser. A 43 (1986), 103-113.

[82] Stanley R.P., Enumerative combinatorics, Vol. 2, Cambridge Studies in Advanced Mathematics, Vol. 62,
Cambridge University Press, Cambridge, 1999.

[83] Stanley R.P., Promotion and evacuation, Electron. J. Combin. 16 (2009), 9, 24 pages, arXiv:0806.4717.

[84] Stanley R.P., Enumerative combinatorics, 2nd ed., Vol. 1, Cambridge Studies in Advanced Mathematics,
Vol. 49, Cambridge University Press, Cambridge, 2012.

[85] Stembridge J.R., On minuscule representations, plane partitions and involutions in complex Lie groups,
Duke Math. J. 73 (1994), 469-490.

[86] Stembridge J.R., Some hidden relations involving the ten symmetry classes of plane partitions, J. Combin.
Theory Ser. A 68 (1994), 372-409.

[87] Stembridge J.R., Canonical bases and self-evacuating tableaux, Duke Math. J. 82 (1996), 585-606.

[88] Stier Z., Wellman J., Xu Z., Dihedral sieving on cluster complexes, arXiv:2011.11885.

[89] Striker J., Williams N., Promotion and rowmotion, FEuropean J. Combin. 33 (2012), 1919-1942,

arXiv:1108.1172.


https://doi.org/10.1016/S0195-6698(13)80128-X
https://doi.org/10.1016/j.disc.2020.111849
https://arxiv.org/abs/1710.06517
https://doi.org/10.1016/j.jcta.2004.04.009
https://doi.org/10.1090/noti1084
https://doi.org/10.1016/j.jcta.2009.03.017
https://arxiv.org/abs/1005.2568
https://doi.org/10.1016/j.jalgebra.2005.07.017
https://doi.org/10.1080/03081080701646638
https://doi.org/10.1080/03081080701646638
https://doi.org/10.1215/00127094-2019-0028
https://arxiv.org/abs/1712.00447
https://doi.org/10.1007/978-3-319-24298-9_25
https://arxiv.org/abs/2001.00743
https://doi.org/10.1007/s10801-012-0380-2
https://arxiv.org/abs/1108.5245
https://arxiv.org/abs/1008.0790
https://combinat.sagemath.org
https://www.sagemath.org/
https://www.sagemath.org/
https://doi.org/10.7146/math.scand.a-10676
https://doi.org/10.1016/0012-365X(72)90062-3
https://doi.org/10.1007/BFb0090012
https://doi.org/10.1112/S0024611505015571
https://arxiv.org/abs/math.CO/0311148
https://doi.org/10.1090/S0002-9947-99-02166-2
https://doi.org/10.1090/S0002-9947-99-02166-2
https://doi.org/10.3842/SIGMA.2020.067
https://arxiv.org/abs/1803.06901
https://doi.org/10.1016/j.jpaa.2007.09.007
https://doi.org/10.1016/0097-3165(86)90028-2
https://doi.org/10.1017/CBO9780511609589
https://doi.org/10.37236/75
https://arxiv.org/abs/0806.4717
https://doi.org/10.1017/CBO9781139058520
https://doi.org/10.1215/S0012-7094-94-07320-1
https://doi.org/10.1016/0097-3165(94)90112-0
https://doi.org/10.1016/0097-3165(94)90112-0
https://doi.org/10.1215/S0012-7094-96-08224-1
https://arxiv.org/abs/2011.11885
https://doi.org/10.1016/j.ejc.2012.05.003
https://arxiv.org/abs/1108.1172

	1 Introduction and statement of results
	1.1 Plane partitions
	1.2 Promotion
	1.3 The sieving phenomenon
	1.4 Symmetries of plane partitions
	1.5 New sieving results
	1.6 Rowmotion

	2 Promotion and transposition
	3 Promotion and transpose-complementation
	3.1 Background on Grassmannian coordinate rings
	3.2 Grassmannian coordinate ring automophisms
	3.3 Behavior of coordinate ring automorphisms on bases
	3.4 Proof of bicyclic sieving for Grassmannian coordinate ring

	4 Promotion and rowmotion
	5 Rowmotion for triangular posets
	A Plane partitions and semistandard tableaux
	References

