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ABSTRACT: We continue work begun in [1] which introduced perforated tableauz as a combinatorial model for
crystals of type A,_1, emphasizing connections to the classical Robinson-Schensted-Knuth (RSK) correspon-
dence and Lusztig involutions, and, more generally, exploring the role of insertion schemes in the analysis of
crystal graphs. An essential feature of our work is the role of dual crystals [4,7] from which we obtain new
results within and beyond the classic RSK theory.
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1. Introduction

We regard w € [n]®* as both a word in the alphabet [n] = {1,2,...,n} of length k, and as a node in the k-fold
tensor product of the standard crystal of type A,,_1 (see [2]). In this paper, we adopt the Kashiwara convention
to define crystal operators on words so that the map w + fiw puts a crystal structure on w € [n]®* (see below

for precise definitions). We extend this to a crystal structure on biwords (7)) = (:11;2212), for w € [n]®* and

T € [m]®* (see [2], Chapter 9, and [7]), where we assume if 7; = 741 then w; > w;y1 (we call such biwords
valid or in standard form), and set e; (;) = (e:w), producing a crystal structure on biwords that is isomorphic
to that on [n]®*. We use Robinson-Schensted-Knuth (RSK) column insertion of a biword (7), starting on the
left, to obtain (P, @), with P and @ semistandard Young tableaux (SSYT) of the same shape.

Suppose two biwords (;) and (:,) produce, by RSK insertion, pairs of SSYT (P, Q) and (P’, Q’), respectively.
It is known (see [2]) that if P = P’, then the biwords (;) and (:,) are plactically equivalent, meaning there is
an isomorphism ¢ of irreducible crystal graphs of biwords such that ¢(;) = (:,) (that is, the biwords are in the
“same location” in the graph). If Q = @', then the biwords lie in the same irreducible crystal graph. Thus,
in the context of crystals, classical RSK theory yields a SSYT P as a proxy for the location of a node in an
isomorphism class of crystals, and the growth tableau @) becomes a proxy for the specific crystal graph in which
a biword is found.

In the authors’ [1], we presented the perforated tableaux (ptableaux) model for type A,_; crystal graphs.
Ptableaux are rectangular arrays in which a given box contains a positive integer, or is left blank (“perforated”),
with other constraints (defined in the next section). We defined a bijection “Perf” mapping a biword () to
a ptableau T' by putting the number 7; into row w; of T, for 1 < i < k. Content in T is arranged in weakly
increasing order in rows, and in strictly increasing order in columns, by including blank boxes (perforations)
as needed to yield column strictness. We defined crystal operators for ptableaux that were simpler than the
standard definitions on words, resulting in crystal graphs isomorphic to biword models.

Here, we present a new RSK insertion defined on ptableaux, which places classic RSK results in a broader
context, and establish new results within the classic theory. We show ptableau RSK insertion is, in a sense,
dual to the classic RSK insertion on biwords, but demonstrate several advantages of the ptableau approach.

Among our new results within the classic RSK theory, we prove:
e Not only does the growth tableau ) determine the crystal containing (L), but regarding @ as a perforated

tableau we can compute, directly from @, the highest weight element of the irreducible crystal graph

containing (;) For example, if
T\ (1122333444
w/)  \2122331331)°
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then column insertion from the left gives:
T 111 1]2]3]4]
RSK<w>_(P’Q)_(23|33 3]4[4] )
2

The highest weight element of w = 2122331331 is determined from @ by writing, from bottom to top,
the rows in which the 1’s appear in @, then the rows in which the 2’s appear, etc. So, in this case, the
highest weight of w is the word n = 1121321221, and hence the highest weight of the irreducible crystal

containing (;) is (:})

[wm»—-
w

Not only does P determine by proxy the location of (;) in its irreducible crystal, but we show how to
read off from P (or, actually, its perforated tableau dual) a sequence of crystal operators e; taking (L)
to its highest weight (any two plactically equivalent biwords will have the same path to their respective
highest weights). See Theorem 4.2 below.

Let HW(;) denote the highest weight element in the irreducible crystal graph containing (;), and let
(;) ® (;’;: 11) denote an extension of (Z)), meaning a valid biword such that:

. T T1,72y...Tk T Tk+1 T1yT2y e o e Ty Tk4+1
1f< >( ’ | )’ then( >®< + > < ’ , 7 + >.
w Wi, W2, ... Wk w Wk+1 Wi, W2, ... Wk, Wkt1

We prove: If (Z)) ® (;’;J:) extends (;), then the highest weight Hw ((:) ® (;’ZE)) extends the highest
weight Hw(7). That is, Hw <(;) ® (;’;:11)) =Hw(]) ® (:}Zi) for some wj_ , € [n].

We prove these results by re-interpreting the classic RSK theory as one that is dual (in a sense defined
below, see [1]) to our RSK insertion on perforated tableaux. We define an insertion scheme on a ptableau T
producing a pair of ptableaux RSK(T') = (PT, Tax), and prove:

If RSK(T') = (PT, Tmax), then Tiayx is the highest weight element in the irreducible crystal containing T'.
That is, the insertion computes the highest weight element directly, and not by proxy.

The ptableau PT is an element of a uniquely determined distinguished crystal, characterized by the
property that its highest weight element is a SSYT that has only ¢’s in row 4.

If RSK(T') = (PT,Tmax), then T is plactically equivalent to PT. In particular, if RSK(T') = (PT, Tmax)
and RSK(T") = (PT,T/..), then T and T’ are plactically equivalent (since they are equivalent to a
common ptableau PT in the distinguished crystal). That is, we construct explicit plactic equivalences (to
a common element in the distinguished crystal).

Suppose Perf (;) = T under the bijection between biwords and ptableaux mentioned above. Then, if
RSK(]) = (P,Q) and RSK(T) = (PT, Tiax), we prove Tha = Q. That is, under the classic column
insertion (starting on the left) on biwords, the growth tableau @ actually is the highest weight element
of the perforated tableau determined by the biword (;)

Finally, it was proved in [1] that SSYT, when viewed as ptableaux, are highest weight elements. If
RSK (:}) = (P,Q) and RSK(T') = (PT, Tnax), then regarding P as a ptableau, we prove PT = 13, where
P is the dual of P (see Section 2.3). In particular, elements of the distinguished crystal (such as PT) are
dual to highest weight ptableaux.

In short, we show that the results of classic RSK theory on biwords, in the context of crystal graphs, can be
viewed within the crystal theory of perforated tableaux, where we achieve our results more simply and directly.
The classic RSK map on biwords RSK ( ) = (P,Q) yields SSYT P and @ that are distinct from the crystal

T
w

model on biwords. We feel it is more natural to use the map RSK(T) = (PT, Timax) in which all objects are
ptableaux and from which we can compute information regarding this invariant directly from the RSK output,
and not by proxy.

2.

Definitions, Perforated Tableaux

Definitions and basic results regarding perforated tableaux can be found in [1]. We give a brief overview here,
along with a short review of crystal operators on words.
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2.1 Crystal Operators on Words and Biwords

Let [n] = {1,2,...,n} and let [n]®* denote the length-k words in the alphabet [n]. We regard [n]®* as the k-fold
tensor product of the standard crystal graph [n] of type A, _1 (see [2]). In this paper we adopt the Kashiwara
Convention for crystal operators on [n]®k:

Definition 2.1. Suppose w = wiwy---wi € [n]®%. For any s € [n], define ¢;(s) = 0;(s) (Kronecker delta
function), and €;(s) = 6;+1(s). Then let

J Jj—1 k k
chw,j) = (Z €i(ws) — Z@(Ws)) ; lw,j) = Z@(%) - Z €i(ws) |
s=1 s=1 s=j s=j+1
and, for 1 <i <n,
€i(w) = mgxcé(w,j), odi(w) = m’axc"f(w,j).
j=1 j=1

Then for s € [n], define e;(s) =i if s =14+ 1, and NULL otherwise, and f;(s) =i+ 1 if s =i, and NULL
otherwise. Extend these definitions to the word w € [n]®* by setting

ei(w) = Wiy - - ~wj,16i(wj)wj+1 W,
with j the smallest index at which €;(w) = ¢t (w,j), and
filw) =wiwa - wj_1 fi(wj)wjt1 - - - wi,

with j the largest index at which ¢;(w) = cjc(w,j), or NULL if e;(w;) or f;i(w;) is NULL.

The weight of a word w € [n]®* is the composition wt(w) = (a1, ...,a,) where a; is the number of i’s in w.
Proposition 2.1. The definitions given above determine an A, _1 crystal structure on [n]®*
product of the standard crystal [n].

, as a k-fold tensor

As stated in the previous section, we can extend the crystal structure on words to biwords.

Definition 2.2. (1) Suppose w € [n]®* and 7 € [m]®*. Let () denote a biword:

T\ T1,72y..-Tk
(w) N (wl,wg, .o .wk> ’
(2) A biword (;) is valid, or in standard form, if the letters of T are weakly increasing, and the letters of w
under any constant factor of T are weakly decreasing. That is, if T, = 7,11 then w; > w;41.
(3) Let Bw([m] x [n])®* denote the set of biwords of length k in the alphabets [m] and [n]. That is, given
any subset S (of size k) of the cartesian product [m] X [n] (regarded as a set of ordered pairs of the form (;17),
with 7; € [m] and w; € [n]), then (7)) € Bw([m] x [n])®* is the uniquely determined biword obtained by ordering

the elements of S so that (;) is in standard form.

We put a type A, _1 crystal structure on valid biwords by defining

“(0)= (L)

using the action of e; on w € [n]®* given above, and setting the weight of (;) to be the weight of the bottom
row w. In [1], Theorem 5.1, it was shown that this action preserves the biword structure in that if (;) is in
standard form, then so is (efw).

2.2 Perforated Tableaux

In [1], the combinatorial model of perforated tableaux was introduced. These are objects such as:

1 3|4
T = 1122
313[4[4

that form the nodes of type A, _1 crystal graphs. More formally:
Definition 2.3 (see [1]). A rectangular tableau T is called a perforated tableau (or ptableau) if:

1. All bozes in T' contain positive integers (have content), or are blank (unfilled, denoted O).
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2. For any positive integer i, the i’s in T form a horizontal strip.

3. If i < j, then no element in the horizontal strip of j’s is in a higher row, nor in a column to the left, of a
column containing any element of the horizontal strip of i’s.

4. The number of columns of T subject to the above conditions is minimum. In particular, T has no column
entirely composed of blanks (rows of all blanks are allowed).

If a boz in a ptableau T is not a blank, we say it has content, and refer to the boxes of T with content as
the cells of T.

Given a perforated tableau T, we define the weight of T as the composition wt(T) = (aq,...,a,) where a; is
the number of cells in row i of T

Notational Convention: We need to distinguish between an actual box of a ptableau, and the value (an integer
or blank) of that box. We denote a cell with content a by [a] and a blank box by O. We denote a particular

[a]in row ¢ by [a],.

A given perforated tableau can have several equivalent forms:

Definition 2.4. Suppose S and T are ptableaur with n rows. Then S and T are row-equivalent if we can
transform S into T by a finite number of steps in which a blank in a given row is swapped with an adjacent cell
(non-blank) in the same row, such that the result is a valid ptableau. Note that if S and T are row-equivalent,
then wt(S) = wit(T).

Two particular row-equivalent ptableaux will be used extensively in subsequent sections:

Definition 2.5. A ptableau T is left-justified if all of T'’s content is as far to the left as possible. That is, in
any ptableau T’ that is row-equivalent to T, each entry of T is weakly to the left of the corresponding entry in
T'.

Similarly, a ptableau T is right-justified if all content of T is as far right as possible.

The following are then easily proved:

Lemma 2.1. 1. Given any ptableau T, there is a unique ptableau *T that is left-justified and row-equivalent
toT.

2. Given a left-justified ptableau *T, there is a unique right-justified ptableau T™* that is row-equivalent to *T.

So, for example, if

1[1]4
T: 1 1 2 57
1[2[3[4[4][5
then we have the row-equivalent ptableaux:
1[1]4 1[1]4
*T =["11[1]2 5| and T = 1[1] T2]5].
1[2[3[4[4][5 1[2[3[4]4]5

A consequence of Lemma 3.6 of [1] is that all perforated tableaux in a given row-equivalence class have the
same number of columns. Row-equivalence is also clearly an equivalence relation on ptableaux.

Definition 2.6. Let PTab denote the set of row-equivalence classes of ptableauz, each of which contains ptableaux
that are row-equivalent to the left-justified representative *T" and that have the same number of columns as *T.
Let PTab, denote the subset of PTab composed of ptableauzr with n rows (some of those rows may be entirely
blank).

Let PTaby, ) be the subset of PTab, with content from [m], and PTabIEmyn) denote the subset of PTab(p, n)
with k cells (filled bozxes).

Again, the following is easily proved:

Lemma 2.2. A given ptableau T € PTab is determined by its content, and the rows in which that content
appears.

With this, we have

Definition 2.7. The map

Perf : Bw([m] ® [n])®* — PTab](“mVn)
is defined by setting Perf(z)) to be the ptableau uniquely determined from (;) (by Lemma 2.2) with content T;
n row w;, for each i, 1 <i<k.
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It was proved in [1], Lemma 3.5, that Perf : Bw([m] ® [n])®* — PTab](“myn) is a weight-preserving bijection.
We denote the inverse map by Bw : PTab?mm) — Bw([m] ® [n])®*, with Bw(T) the biword containing a column

(;l) for each 7; in row w; of T, for 1 <4 < k, written in standard form.
We now define a crystal structure on ptableaux.

Definition 2.8. Let T € PTab,, and choose i, for 1 <i < n. Let T[i,i + 1] denote the ptableau formed by the
entries of T in rows i and i + 1.

Note that, as columns of blanks are not allowed in a ptableau, we omit any such columns in the construction
of T[i,i + 1]. For example, if

414

ot

, then T[2,3] = 2L 6]

. 1|1
T= TlalslelT

2
1|1 2(4|5[6
111]2]3]3]|3]|4]|6]|6

=N o

Lemma 4.6 in [1] shows that if content in row (i+1) of *T'[i,4+1] has a blank above it, then the corresponding
content in *7T" also has a blank above it. With this, we have

Definition 2.9. Suppose T € PTab,, and that i+1 is an entry in row i + 1 of T such that in *T[i,i+ 1] (the

left-justified form of T[i,i+ 1]), the corresponding | c| is the right-most entry with a blank above it. Then e;(T)
is the ptableau obtained by swapping ni+1 with the blank above it (in row i) of T. If there is no such entry

[c], .y, then e;(T) = NULL.
We define €;(T') to be the number of blanks in row i (the top row) of *T'[i,i + 1].

Definition 2.10. Suppose T' € PTab, and that [c|, is an entry in row i of T such that in Ti,i + 1]* (the
right-justified form of T[i,i+ 1]) the corresponding | c|is the left-most entry with a blank below it. Then, define
fi(T) to be the ptableau obtained by swapping [ c|, with the blank below it (in row i+1) of T. If there is no such
entry [ c|, then f;(T) = NULL.

We define ¢;(T') to be the number of blanks in row i + 1 (the bottom row) of T[i,i + 1]*.

In [1] it was shown the operations e; and f; above put a type A,_1 crystal structure on PTab,,. As an
example, consider T and T'[2, 3] as above.
We calculate ex(T):

and so the 6 in the sixth column of *T[2, 3] is the rightmost entry under a blank. We circle this entry in *T
below:

145 1745

o 112 6 _ (12 66

T= 1[1[2 51er and so ea(T) = T[1]2 NENEE
1[1[2[3]3[3[4[6]6 1[1[2[3[3[3[4[6]6

By definition, e3(T") = 3 because there are three blanks in the top row of T

2,3]. As proven in [1] we have:

Theorem 2.1 ( [1]). Under the bijection Perf, the type A,—1 crystal structure on PTabIEmyn) s 1somorphic to
that obtained on biwords Bw([m)] ® [n])®k.

Thus, computing crystal operators on ptableaux is especially simple. In particular, Theorem 6.2 of [1] states:

Theorem 2.2. A ptableau T is highest weight if and only if its left-justified form *T is a semistandard Young
tableau.

For example, the ptableau

i[i[4 i[i[4
T = T[1] [2[5] is not highest weight since *T =[[T[1]2 5],
1[2[3[4]4]5 1[2[3[4]4]5

which is not a SSYT. However, the ptableau

. [AAEEEaE . A
T' =12 [4[4[6] |, is highest weight since *T" =[2 6 ,
3 5 35

which is semistandard.

Definition 2.11. We say two biwords (;) and (:}l,) are plactically equivalent if there is an isomorphism ¢ of
irreducible, connected crystal graphs of biwords such that gb(;) = (Z)/,) We denote this by (;) = (;l,) Similarly,

we say two ptableauz T and T’ are plactically equivalent, denoted T =T', if Bw(T) = Bw(T").
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We will need the following notational definitions:

Definition 2.12. (1) Given a biword (7)), let (;)(e) denote the biword formed by the first £ many columns of
(;) Similarly, let TY) denote the ptableau formed by Buw(T)®.
(2) Given a biword ([) € Buw([m] ® [n])®* in standard form,

-
w
<’7’> B (7’1,7’2,...Tk>
- K
w W1,wW2,...Wk

we denote by (1) @ (7+1) € Bu(lm] @ [n])®*+1 the extension of () by the column (T5+1) if

T T
w W41 w Wh+1

(T> ® (Tk+1) _ (7'177'27~-~Tka7'k+1 )
w We+1 W1, W2, ... Wk, WE+1
is also in standard form. Similarly, let T ® denote the ptableau T, with 11 appended to row wi1,

W41
assuming this is a valid ptableau. Then T ® is an extension of T provided Buw(T ® ) =
Wk+1

(7) ® (7=+1) is an extension of Bw(T) = ().

Wk41
For example, if

Wh+1

—
[\v]
V]

T = :
3

then the biword of T is:
1122333444)

Bw(T) = (2122331331

and

11223 1
Bw(T)®) = (21223> and T©) =[1]2]2]

98]

Definition 2.13. Given a ptableau T', we say a subset of cells of T' form a right-contiguous strip if

1. The cells form a right-horizontal strip, meaning that in T, the right-justified form of T, no cells in the
strip appear in the same column, and if k s a cell in the strip lying in a column to the left of a cell

k, in the strip, then k > k'.

2. In T*, the right-justified form T, if two cells of the strip appear in columns j and j', j < j', then there
are cells in the strip appearing in all columns "', for j < 3" < j'.

Definition 2.14. Define a map Rot : PTab(y, ) — PTab(y, ) with Ro(T) the ptableau obtained from T by
first rotating T by 180°, and then replacing each number j by m — j + 1.

il4[s T [3[3]5]6]6[6]7][3]8
. B [z [5]6 BBEEBOBEEEE
For example, if T = T ) e RotT) = s
T[1[2[3[3[3[4]6]6] [8 15[5

The following is easy to show:

Proposition 2.2. Gwen T € PTab,, ), we have
e;Rot(T) = Rot(fn—iT).

In particular, if T and T’ are plactically equivalent, then so are Rot(T) and Rot(T").

2.3 Duality

We now define the dual of a biword and ptableau (see [1], Section 1.2), and state some associated results.

Definition 2.15. Given a biword (;), the dual of (L), denoted (;), is the biword (“;) formed by putting the
biword (“TJ) into standard form.

This definition allows us to put a GL,, x GL,, bicrystal structure on biwords Bw([m] ® [n])®*. Let egn)
denote an operator for the G L,, structure on words w € [n]®*, and similarly let eg.m) denote an operator for the

ECA 3:3 (2023) Article #S2R22 6
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GL,, structure on words 7 € [m]®*. Then the bicrystal structure on biwords Bw([m] @ [n])®* (see [2], Chapter

9) is given by setting:
(T T m) (T w
(0= (ha) w57 () = ()
w e; w w e; T

We review some facts regarding duality and RSK insertion. Recall that, in this paper, by “RSK insertion”
of a biword (;) we mean column insertion of w, starting on the left of the biword, with growth recorded by .
Results stated here would, in some form, remain true under other insertion schemes, but the form we adopt is
most easily related to ptableaux.

Let RSK (;) = (P, Q) be the result of RSK insertion of the biword (;)7 producing a SSYT pair (P, Q) of
the same shape. Kashiwara’s tableau model [5] defines a crystal operator on SSYT: P — e; P and a crystal
isomorphism from SSYT pairs to biwords such that if RSK( ) = (P,Q), then (T) — ( _Tw) implies P — ¢; P.

It is also classically known that RSK(]) = (P,Q), then RSK(]) = (Q, P).

It has been shown (see [2]) that two biwords (;) and (;l,) are plactically equivalent if and only if they have
the same P tableau under RSK insertion. Similarly, they lie in the same irreducible crystal graph when they
have the same growth tableau ). From these observations we see that two biwords lie in the same irreducible

crystal graph if and only if their duals are plactically equivalent, summarized by the commutative diagram:

(P,Q) & (eiP,Q) < In the same crystal
~) ~)
(Q,P) & (Q,e;P) <« Plactically equivalent
We construct ptableaux analogs for these observations.
Definition 2.16. Given a ptableau T € PTab](fm,n) we form the dual ptableau Te PTab?mm) by requiring that

T has a cell with content j in row i for every cell in T with content © in row j.

1134 ~ 2;2

So, if T =[1]1[2]2 then T = .

’ 313|414 ’ L 313
113|3

Since this definition essentially reverses the role of row index and content, it is easy to see that duality (for
ptableaux and biwords) commutes with the map Perf:

Perf (T) = Perf (T>
w w
We can produce f the dual of T, directly from the biword Bw(T') = (;) put the factor of w that is under
the 1’s of 7, in reverse order, into row 1 of T', the factor of w that is under the 2’s of 7, in reverse order, in row
2, etc., inserting blanks as needed to ensure column strictness. For example,

el 1122333444
If, as before, T =["[1[2]2 then Bw(T) = (T) _ ( 333 )

3344 w 2122331331

The top row of 1’s, 2’s, 3’s, and 4’s in 7 breaks w into the factors 21, 22, 331, and 331. To compute T from
this, we reverse these four factors of w and put them in rows 1, 2, 3, and 4, with blanks as needed for column
strictness:

112
T 2(2
T= 1 3|3
1133

The simplicity of the map from biwords to dual ptableaux might suggest that duals T would be a better
crystal model than the images Perf (;) =T for crystal graphs. However, ptableaux have several features that
make the analysis of crystal graphs far easier, as evidenced, for example, in Theorem 2.2 above.

In addition to biwords, and ptableaux, there are matriz models for crystal graphs [2,3,6,7]. We compute
a matriz M associated to a biword (;), by setting «;j, the (4,7) entry of M, equal to the number of times ¢
appears over j in the biword. This map is a bijection from biwords (7) € Bw([m] ® [n])®* to Mat,x,(N)*),
the m x n matrices with non-negative integer entries with the property that the sum of the matrix entries is
k. In this case, a GL,, crystal structure can be defined for matrices M € Matmxn(N)(l’”) by computing along
the columns of M, and one shows this structure commutes with the map from biwords to matrices, yielding
isomorphic crystal structures. We obtain a bicrystal structure by defining the corresponding G Ly, structure on
the transpose of M, so that the dual of M is M = MT. R

Duality is easily analyzed in the ptableaux setting. In fact, we can determine much of the structure of T’

directly from T'. An example of this, and a necessary result for our work below, is the following:
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Theorem 2.3. Let T € PTab,, and suppose T has -many columns. Then column ¢ — k + 1 of T* (the
right-justified form of T') is dual to column k of the *T (the left-justified form of the dual T').

Proof. Recall that the notation |s]|, denotes a particular cell in row t of a ptableau. We call the horizontal
strip of 4’s in a ptableau T the i-strip of T. We begin with column ¢, the right-most column of 7. If a cell t
is in this column, then this cell is the end of the s-strip of T, so that ¢ is minimal among all such row indices
with content s. Hence, by definition of the dual of T', there is a ¢ in row s of T , which we call s. Since
the content, and their corresponding row indices, in the right-most column of 7" are strictly increasing, the cell
5 appears in the left-most position, and hence is the start of the t-strip in T, so that it must appear in the

left-most column of *7.
We assume, inductively, that the conclusions of the theorem hold in columns ¢ — j + 1, for 1 < j < k. We
prove they hold in column £ —k+1 as well. If some cell t appears in column £ —k+1 of T*, then there must
k
be a right-contiguous strip of cells , 1 <j <kin columns n — j + 1 such that s; > s;;1, and ¢; < t;44.
tj

That is, as j decreases from k to 1 (moving left to right in T'), there is a right-contiguous strip of cells with

content weakly increasing, and rows weakly decreasing, that prevents us from moving the cell t any farther
k

to the right. R

Dually, this implies that there are cells , 1 <7 <k, in columns j of the left-justified form of T,

8j
such that the content is weakly increasing (left to right), with the rows weakly decreasing, and hence forming
a left-contiguous strip in the left-justified form of T, so that the cell of must appear in column k, as
Sk

claimed. O

Thus, for example, we have:

B - 1
T =[1[1 and T = 3[3].
212[3 1[3

(V)
]

We see that in column k = 2 of the right-justifed 7" we have a 1 in row 2 and a 2 in row 3 so that, dually,
in column 3 (where 3 =4 — 2 + 1) of the left-justified T" we therefore have a 2 in row 1 and a 3 in row 2.

Note that, typically, a ptableau T" and its dual T need not have the same number of rows, though by the
above result, they must have the same number of columns.

The following will be used in our ptableau-inspired version of RSK:

Definition 2.17. Let T* be the right-justified form of a ptableauw T'. Then a cell k in T* is a violation entry
if there is no cell with content s — 1 in the same column of T* as k. If the first cell with content above k
has some value s', with s < s — 1, then the violation entry k has multiplicity s — s’ — 1 (if there is no entry
above the content s set s' =0).

Corollary 2.1. If a ptableau T has a violation entry k in column £ — j + 1 of multiplicity m in its right-

justified form T*, then *f, the left-justified form of the dual T has an entry s with m blanks above it in
column j.

Proof. 1f [s], is a violation entry of multiplicity m in column ¢ — j + 1, then there are no cells above [s], in
this column with values s — 1,5 —2,..., s —m. Hence, by Theorem 2.3 there are no cells in column j of *T (the
left-justified form of T') appearing in rows s — 1,...,s — m, proving our claim. O

For example, the circled entries in 7 below are violation entries; the 3 in row 1 has multiplicity 3—0—1 = 2
and the 3 in row 3 has multiplicity 3 —1—-1 = 1.

3
T =11 .
2[2[8
We circle the corresponding entries in T
~ 1]2]2
*T = 313
06

The two blanks over the @ in row 3 of 7 correspond to the violation entry 3 of multiplicity 2 in row 1 of T™.
Likewise, the blank over the (3) in row 3 of *T" corresponds to the violation entry 3 of multiplicity 1 in row 3
of T*.
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2.4 The Distinguished Crystal

Definition 2.18. Given some partition p = (p1, fl2, - .., iin), let T, be the ptableau with pi 1s in row 1, po
25 in row 2, etc (so, in particular, *T), is a SSYT of shape p). Then the irreducible crystal B € PTab,, whose
highest weight is T}, is called the distinguished crystal of highest weight p.

Definition 2.19. A ptableau T € PTab, is said to satisfy the word condition if for all i, 1 < i <n —1, the
number of i’s in rows i through i+k of T is greater than or equal to the number of (i+1)’s in rows i + 1 through
i+ k+1.

Note that the word condition on ptableaux does not correspond to the Yamanouchi condition on words w,
even if Perf(w) = T. The name is chosen only to be consistent with the usage of the term in characterizing
Littlewood-Richardson tableaux.

Corollary 2.2. The following are equivalent for a ptableau T

1. T satisfies the word condition.

2. T lies in the distinguished crystal of highest weight = (p1, ..., fn), with p; the number of i’s in T.

3. T has no wviolation entries.

4. The left-justified form off (the dual of T') is a SSYT or, equivalently, T is highest weight (as a ptableaw).
Proof. The equivalence of (1) and (2) was proved in [1], Lemma 7.6, and the equivalence of (1) and (3) is easy
to show (note that the left-most violation entry in the right-justified form of T, if it exists, would show T' does

not satisfy the word condition). The equivalence of (1) and (4) is proved by noting, from Corollary 2.1 above,
that *T" has no blanks above content, and so by Theorem 2.2, it is highest weight. O

For example, in the right-justified form:

I[1]1
[ [2]2
T =1 2
12]2]2]2]3[3(3
1[4]4

—
—

we can see that T" satisfies the word condition by noting that every number £ in 7', for 2 </, has an £ — 1 above
it. T is then partition-shaped (and hence highest weight as a ptableau):

2|13|3[3[4
41414[4

*f:

QY || =

QY = Do =
G | Dof =

3. Growth and Highest Weight Ptableaux

The following result is an elementary observation, but the authors were unable to find it stated in the literature.
It shows, among other things, that if a word w = wiws - wg is a node in a crystal of highest weight 7 =
TiTo - - - T, then the highest weight of the irreducible crystal containing the extension w ® wy41 is an extension
of 7, 779 - - 7Ty, We express this result in the framework of ptableaux:

Theorem 3.1. Suppose T is a perforated tableau. Let T' =T ®a denote the perforated tableau produced by
adjoining one box with value s in row a (see Definition 2.12), such that the extension produces a valid ptableau.
Then

1. Given any sequence of crystal operators e* = e;_ ---e;, such that e*T is highest weight, there is a sequence
e** determined only by e*, the values ¢;,(e;,_, ---€;,T), and the row index a, such that e**T" is highest
weight. In particular, e** is independent of the value s, except that we require T ® a to be a valid
ptableau.

2. The highest weight ptableau e**T" extends the highest weight ptableau e*T. That is, e**T" has the form of
the highest weight ptableau e*T to which| s| has been appended, in some row, to produce a partition-shaped
ptableau.

Proof. Suppose the sequence e* = e;_---e;, takes T to its highest weight e;_ ---e;, T. We prove the existence of
a modified sequence e** = e*stle*is ... e* guch that e**T ® a is highest weight. In particular, we show:
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Property 1. Each e* is a sequence of crystal operators determined only by e*, the values i, (€ip_y e, T),
and the row index a, the row in which the box [s]of T" was first appended.

Property 2. For each £ € {1,...,s}, the ptableau e*‘e*(“~1) ... ¢*1T" is the ptableau e;, - - - €;, T to which the
number s has been appended, but possibly in a row above a.

Property 3. The ptableau e**T” is highest weight.
We define e*%, inductively, as follows:
a. If ¢ui,(€s,_, -+ €, T) =0 and a appears in row i + 1 of e*fe* (=1 ... e*1T7 get e*it = €iyCip-
b. Otherwise, set e* = ¢,.

Clearly, Property 1 has been satisfied. We prove Property 2 now.
Consider Case (a): Suppose ¢;,(T') = 0 and [s]  appears in row i3 + 1. Recall that ¢;, (T') equals the number
of blanks in row 41 + 1 of *T[i1, 41 + 1], which we assume equals zero in this case. Thus:

but then

Then, applying e;, one additional time moves the same entry that was moved when e;, was applied to *T'[i1, i1+
1], so we obtain:

Setting e*! = e;, e;, satisfies Property 2.
For Case (b) above, suppose ¢;, (T') > 0, which means the left-justified *T[i1,4; + 1] has a “shelf” in row iy
jutting to the right, with blanks below:

“Tliy, i1 + 1] =

Suppose for now that appears in row i1 + 1. Since T” is a valid ptableau, we know that all entries in row i1
must be strictly smaller than s, so that

*Tl[il,il + 1] :[ [T 5"1_|_|_|7]

T
elal- T E o1 o[s]

Thus, applying e;, to 77 moves the same right-most uncovered entry in 7" as applying e;, to T would move, so
that setting e*! = e;, satisfies Property 2.
In the case that is appended in row i1, then

T'iy, i1 + 1] = =

and we see that setting e*! = ¢;, satisfies Property 2. as well.

To show Property 2 is implied by the subsequent e** we apply the same reasoning as above, replacing T'
with e;, T', then replacing T' with e;,e;, T', etc.

Thus, applying e*%s ---e*"1 to T’ produces a highest weight ptableau e*T to which a box has been
appended in some row. In the case that e*’s---e*1T" is not itself highest weight, then there must be some
row in which e (e*%---e*1T") > 0, even though all ¢;(e; - -€;,T) = 0. If so, we set e*"+1 = . e;_1e;
where we apply these operators until e**+1(e*is ... e*1T") is highest weight. For example, if some portion of
(e*is ... e*1T") starting with row i* + 1 on the bottom up to some row i*x at the top, had the shape:

N s I T
et e Y = R then we have o, e 1" = Hyiie]
e 5] P PO PO TN Y B

which now, being partition shaped, is highest weight. This last observation proves Property 3, completing the
proof. [
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For example, let Hw(T) denote the highest weight element in an irreducible crystal graph containing 7.
Then if

1[1[2[3]4 T[1][1]2][3]4
T=[12]23 , we have Hw(T) =[2]2[3[5]5
1[3[3[4[5]5 3[3]4
But if we form the extensionT@Q,we see
1[1]2[3][4 T[1[1[2[3]4]5
T®2: 223 5/, and hence HW(T®2): 2[2[3[5[5
1[3[3[4][5]5 3[3]4

That is, Hw(T ® 2) =Hw(T) ® 1, as predicted in the theorem.
By restricting to the crystal structure of the bottom row w of a biword (;), we immediately obtain the
following:

Corollary 3.1. Let w = wiwa---wy, € [n|®%. Let w' be some initial factor of w (that is, W' = wiws - -wj for
some j < k). Then the highest weight of the irreducible crystal containing w' is an initial factor of the highest
weight of the irreducible crystal containing w.

For example, using T' as in the example above, we see
Bw(T) = T\  (11122233334455 Hwl(7) = 11122233334455
VT \w) T B1122133213133 ) T \w) T \11122133213122 )

H T @ ) ~(111222333344555\  (11122233334455 2 5
W w 2 - \111221332131221/)  \11122133213122 1

and, in particular, Hw(w ® 2) = Hw(w) ® 1.

But then

4. RSK and PTableaux

Below we define a ptableau RSK insertion procedure that takes a ptableau T', and produces a pair of ptableaux
(PT, Tiax) such that:

1. Tiax is the highest weight element of the irreducible crystal containing T'.
2. PT is a ptableau plactically equivalent to T, but lying in the distinguished crystal (recall Definition 2.18).
As an immediate consequence of these facts, we will conclude:

e Given two ptableaux T, 7", if RSK(T) = (PT,Tmax) and RSK(T') = (PT', T} ,x), then T and T’ lie in
the same crystal if and only if Ty = 17

max*

e Given two ptableaux T,7", if RSK(T) = (PT,Tmax) and RSK(T') = (PT',T}

Y ax), then T and T are
plactically equivalent if and only if PT = PT".

This approach to plactic equivalence is more natural than the classical RSK correspondence. To decide if two
nodes of a crystal graph lie in the same connected component, instead of computing some new object as a proxy
for the highest weight nodes, we use an insertion scheme to compute highest weight elements directly. To tell
if two nodes are plactically equivalent, we compute plactically equivalent representatives in the distinguished
crystal of ptableaux. We describe our algorithm below and prove these assertions. Later we establish the
equivalence (duality) of our approach and the classical RSK algorithm.

4.1 RSK Insertion for Ptableaux

Theorem 4.1. The algorithm RSK (defined below) maps a ptableau T to a pair of ptableaux RSK(T) =
(PT,Tpaz) such that

1. PT is an element in the distinguished crystal.
2. PT is plactically equivalent to T'.

3. Tinaz 1S the highest weight element in the irreducible crystal graph containing T

ECA 3:3 (2023) Article #S2R22 11



Glenn D. Appleby and Tamsen Whitehead

Proof. We first present the algorithm:

Algorithm RSK
Input: A ptableau T € PTab?mm), or, equivalently, its biword Bw(T) = (7)) € Bw([m] x [n])®*.
Output: A pair of ptableaux, PT and Ty,.x, which we denote by RSK (T') = (PT, Tiax)-

Recall the notation from Definition 2.12 for (;)(4) and 7@, We let PT(® and Tx(noa)x denote empty ptableaux.

We construct PT and Tiax sequentially, by defining PT® and TISQX for 1 </¢<k.
We simplify notation as follows. Let ay denote the number of columns in PT®). Let Ca,—j+1 denote column
ag — j + 1 of the right-justified PT(®*. Fixing some £, for 0 < ¢ < k, let [a = . That is, we set
¢ —J ght-] Xmg = b1 le W

a1 = Ty4+1 and by = wyy1. We construct PTUHD) from PT“)@b by defining successive “column insertions” of
1

some cell , into the column Cq,— ;41 , followed by right-justification and a step called resolution, resulting in
ushing a new cell inserted to the left of Cy,_ ;11 which will be denoted [a; , unless the right-justification
P g f ap—j+1 - ght-j

produces no such cell, and the insertion terminates.

It is simpler to prove assertion (1) (that the ptableau PT we construct lies in the distinguished crystal)
along with the presentation of the algorithm itself. We therefore assume inductively that PT®) satisfies the
word condition, and demonstrate that the ptableau PT*+1) that we produce also satisfies the word condition.

Thus, in some column C,,— 11, We represent the insertion/resolution process by steps (i), (44) and (4i¢) below:

. . 1

(i) (ii) (iii)

The change from (¢) to (i¢) is due to the right-justification of the column with inserted content Cq,—j+1 ®
bv. The row index j; of the cell ji is determined as the minimum row index j; such that j; > b;. All

J
cells jf at or below jv with content ¢t < a; will also be pushed left as part of the right-justification.
The transition from step (i) to (ié¢) is from resolution, whereby the content of the inserted cell b is
g

sequentially reduced until it equals i. We call each decrement of the value s of a cell to a value s — 1 a swap (we
present an interpretation of each swap in the context of classical RSK insertions below). Once all swaps of the

resolution process have been completed, all content previously below the cell j_ will move under the resolved
inserted cell |7 |, by right justification, except for the cell j‘, which will (inductively) form the inserted cell
J (3
f col — j to its left, s 3 ; =|il. i left with the i ion i ;-
of column ay — j to its left, so we set le ]i and continue left with the insertion into Cq,_;

Note that if a; > ¢, then the inserted cell will push no content left, and so after resolution (when its content
s; is decreased to £+ 1, if necessary), the insertion algorithm stops. We call this the terminal case. In all cases,
however, we see that by stage (iii) of the resolution process, column ay — j + 1 will have no violation entries
for j = 1,..., and hence, upon reaching the terminal case, PT“*1) will satisfy the word condition and hence,
lie in the distinguished crystal, thus proving assertion (1).

We complete the description of the algorithm. To compute the updated T,gﬁ;;l), we let ny41 denote the
content of the last inserted cell in the terminal case. We then set

{4+1) _ 4
Tr(nax ) - ,‘Tlglezx & 771<+1’
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recalling that 7, is the value of the content inserted in T) at this stage. That is, the value of the terminal
insertion in the construction of PT¢+1) determines the row in which we add the content to update TISQX

to obtain Tr(fg(l) .

Proof of (2): Recall that if two ptableaux S and T are plactically equivalent, we write S = T. We want to
prove that PTU+1) = 7+ under the hypothesis PT®) = T, We note the base case (for £ =1) is trivially

satisfied: 1
1
T = Perf <w > =[n],, and PT" = Perf <W1> =[1l..

1

which are clearly plactically equivalent ptableaux.
So, suppose PT® = T®_ To prove PT“ 1) = TU+D | we first claim that PT® @ = prUth),

To prove this claim, we prove a (slightly) stronger claim, namely, that the ptableau formed from PT® ®

after each swap of the resolution produces a ptableau that is plactically equivalent to the one preceding it in
the process. By the chain of plactic equivalences from PT® to each of the ptableaux obtained by

swapping, to the final ptableau PT“*1 | we prove the claim.

We argue that the swapping step of the resolution process commutes with the application of any crystal
operator f;. From this, the plactic equivalence claim follows.

Inductively, therefore, we consider applying a crystal operator f; to a ptableau PT(4) that satisfies the word
condition ezcept for the possibility of some entries (violation entries) in the right-justified PT(®)* and we let
[a] , denote the right-most such violation entry. Thus, the next stage of resolution would be to swap the content

of [a], to t.
Suppose we consider applying some non-NULL crystal operator f; to PT(%), where the box Z. is moved by

the application of f;, so that this box becomes Z. 41 in the ptableau f; PT(%). Though there are, in principle,
several cases to consider, they can be reduced to:

Case 1: The box [a], is in a different column than [c], in PT(®)*  the right-justified form of PT(),
Case 2: The boxes @t and Z. are in the same column in PT(8)*,

Proof for Case 1: There are several potential cases to consider, but they all amount to the same observation
that, in the right-justified PT(®)*, applying the crystal operator f; cannot change the entry in PT(®)* that
we must swap during resolution, nor can applying the swap alter the box that is moved by f;. For example,
suppose the to-be-swapped box [a ] , is in some column that is strictly to the left of the column containing the
entry Z, that will be moved by application of f;:

Row i:  [Ja]-Te[-]
Row i + 1: '
Note that, in the diagram above, we are also assuming that [a]is also in row i, although that will not be
necessary for our analysis. Here, the “...” denote the right-justified content in rows i and i + 1 of PT(&)*,
There is a blank under that will be moved by the application of f;, and the x must denote some content
strictly larger than a (else the f; moved box would not be [¢]). From this, it then follows that a < x < c. We
claim is that the application of f; and the swapping operation on PT(~)* commute:

a c i a
* | .. *|..|¢c
J Swap 4 Swap

a=1] ] e ] i a1
* * c

The commutativity follows by noting that the relation a < * < ¢ implies that applying f; will not remove the
violation entry at [ a ] (since moving content with a higher value than a cannot affect a word condition involving
the number of a — 1’s over the a’s) and, similarly, swapping the value of a for a — 1 will not change which box
is moved by f; (as swapping the value does not change the location of blanks, so that the f;-moved content
remains ¢). As said above, there are several other such cases, but they all amount to the same observation, in
that the f;-moved box remains in the same column after applying f;, but it cannot affect the need for swapping
at the violation entry.

Proof for Case 2: As before, there are several cases, but only one is not obvious: when the f;-moved box is also
the violation entry. In all other cases, the two operations act independently of each other. Suppose that the
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fi-moved content and the swapped value are both a. Since, before insertion of a cell, all content satisfied the
word condition, there can only be a single violation entry in any row, and so to the left of that violation entry,
the values are less than a. If these values are less than a — 1, then the moved cell @z remains the swapped cell
after (or before) the move, similar to Case (1). If the values to the left of [a], are a — 1, then, in rows i and
i+ 1 we might have:

Row i: o fa=1] a1 @
Row i + 1: S

The notation in row ¢ above denotes the maximal consecutive string of content with value a — 1 in
row 4. In this case, we first conclude that the right-most x in row ¢+ 1 must have value a, or else we could move

the value farther to the right:

Row i: o la-1] o e-1] @

Row i + 1: x| ]a

We then conclude that every a — 1 appearing in row ¢ must have an a beneath it:

Row i: a1 o fe-1] @

Row 7 + 1: |slal..|a

This follows by noting that there must some content under them, or else the left-most covered blank would not
be under the a, and this entry would then not be the f;-moved box, as assumed. Further, all these non-blank
entries must have content a, since any entry below a — 1 is at least a by column strictness, but no more than a
since these entries are to the left of @ in row i+ 1. Finally, we must have s < a. Otherwise, if we did have s = a
and there were (by maximality) no a — 1 over it and if the left-most a — 1 in the row above were not above s,
this would force the cell with content s to be a violation entry prior to the insertion of the a in row 7 to its
right, contradicting our hypothesis.

With these facts in hand, we then obtain the following commutative diagram (recalling that we right-justify
after the swap):

R R U I I A fi U OO IR 8 § ROORN o RO
S| a a S|la|. a | a
4 Swap 4 Swap
a=1f . ja-1fa-1] ... fi T R R R Y BT I § R
—
S a|..|aj.. | S fe-1f .| a

Following the swap on the left we see the string of a’s in row 7 + 1 shift one box to the right, so that the
fi-moved content is now moved left to the left-most a — 1 in row 4, which then moves down after applying the
fi operator in the bottom row of the diagram. However, applying the f; operator first in the top row of the
diagram moves an a into row ¢ + 1, so that the a — 1’s in row ¢ shift one box to the right. Thus, the violation
entry in row ¢ + 1 shifts from the left-most a in row ¢ to the left-most a in row 1 + 1, so that after the swap in
that row, the diagram is the same.

Thus, at each step the swapping dictated by resolution commutes with the application of the f; operators,

and so PT® ® = pr¢+),

This claim will (finally) allow us to prove T = PT. Let T®*<) denote the ptableau satisfying, for each k,
T =T® @ T*<) (recall the notation for T®) in Definition 2.12). We can extend plactically equivalent words
by a common extension, preserving plactic equivalence, and hence the same holds for ptableaux. We note that
71 = w1 is plactically equivalent to PT() = w1 by construction, so that we have:

T =70 170 = pr) g 7(1<)

_ (1) ) (2<)
(Pre[m], )er
= p7@ &7
= PT®) @ 7G<)
=...=pT® = pT,
which proves statement (2) of the Theorem.
Proof of (3): Trivially, Téqla?x is highest weight in the crystal containing 7(!), and, inductively, the highest

weight ptableau lying in the crystal containing TU) is T,%). Extending TG to TUTY we conclude, by Theo-
rem 3.1, the highest weight ptableau containing T7U*1 extends Téf.(zx by the last entry of 77Ut appended to

ECA 3:3 (2023) Article #S2R22 14



Glenn D. Appleby and Tamsen Whitehead

T, Thus, it is sufficient to show that this last entry appended to TU+1) appears in the same location in the
highest weight as it does in Téf;ff). _
We have TU) and PTU) are plactically equivalent by Statement (2). Since PTY) satisfies the word condition,

if the resolution producing PTU*D from PTW & terminates with a last entry with value 7,41 in

Wj+1
PTUFY | then that element will necessarily appear in row Nj+1 in the highest weight element in the crystal
containing PTU+Y (since the highest weight elements for ptableaux in the distinguished crystal have only j’s
in row j). That is, in the transition from PTU) to PTUFY | their respective highest weight ptableaux differ by
one entry in row 7;41. By (2) of Theorem 3.1, the highest weight of TU+D extends the highest weight of 70,
and by plactic equivalence it, too, must extend in row 7,41, and thus, the highest weight of the extension of the

.. . i1 .
crystal containing TrEQX is T,&f;} ), which proves the theorem. O
1[3]4
Ezample: We compute T — RSK(T') = (PT, Timax) for the ptableau T' = [1]2]2
k K (k) 3[3[4[4
k (k) PT! Tk,
[]
1 ]
L L L
] mi ]
2 |1 | . 1|
[ 1] HE HE
3 |1{2] 11]2] 12] |
1 i 112
4 12 11 2
1 1 I[1[2
5 1[2]2 11 2
3 3
1 1 112
6 122 112 2(3
33 2[3 3
113 11 1[1]2[3
7 1[2]2 1{1] |2 213
3(3 2[3 3
1[3 11 1[1]2[3
8 1]2]2 1[1] 2 2[3]4
334 2[2[3 3
113 11 1[1]2[3
9 122 (1] |2 2(3[4[4
3(3[4[4 2[2[2[3 3
13[4 T[1[1 1[1[2][3]4
10 T =[1]2]2 PT =I1]1 2| Tmax = [2]3]4]4
3(3[4]4 2[2]2(3 3

With the ptableau RSK algorithm given and its properties proved, it’s worth noting that although we defined
the insertion column by column, in actuality, we can obtain P7 much more simply. In particular, resolving
the insertion PT*) @ can be completed by resolving the violation entries of the right-justified form

Wrk+1

directly, without needing to resort to column-by-column insertion.
For example, if

T[T
[ [2]2
PT® = AAA 2 1],
2[22[2[3]3]3
144

then resolving PT*) @ 3 amounts to changing the violation entries (circled below) from right to left:

T[1]1 T[i]1 T[i]1 T[i[1

1 [2]2 1 [2]2 1 [2]2 [ [2]2

i 2] @ = i 2l B = i 2l B = i1 2] 3)
12]2[2[2[38)3]3 12]2[2[2[3)3]3 122[2[2[2)3]3 I2[2[2[2)3]3
il4|4 il4|4 i[4|4 i[4|4

Notice that initially changing the 4 to 3 in the rightmost column resolves a word condition violation of 2’s
over 3’s in rows 2 and 3, but then creates a new violation of 2’s in rows 2 and 3 over 3’s in rows 3 and 4. This
is resolved in the second step, but then creates a word violation of 1’s in rows 1 through 3 over 2’s in rows 2
through 4, which is finally rectified with the final resolution step.
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Lemma 4.1. Suppose PT satisfies the word condition, and let P = PT (see Definition 2.16). Let PT' denote
the resolution of PT ® k' Then PT' equals the SSYT obtained by RSK column insertion of k into P.
In particular, each swap of the resolution of PT ®k corresponds, dually, with applying a crystal operator

e; to PT' ® k, taking it to a highest weight ptableau dual to PT*.

Proof. We show that resolving each column (right to left) in PT ® . 1s dual to the corresponding column

(left to right) produced by RSK column insertion of &k into P, where P = PT. Let a denote the number of

columns in PT ®[s],. Then, as in Theorem 4.1, let Co—j+1 denote column a —j+1 of PT ®[s],. Let C;,_; 1,

denote the column obtained after resolution of the entry in the column, where we assume, working right to left,

that columns « through oo — j + 2 have been resolved. It is sufficient to note that the columns (¢), (i), and (ii7)

of the insertion and resolution of Co— ;41 ®k in column a — j + 1 of the resolution process (see the diagram
j

in the proof of (1), Theorem 4.1) are, in fact, dual to (i), (¢4) and (éi7) of column j in the dual Pk:

S
S

. j ) .
Js P ¢ / J¢ y

) (it) (iif)

That is, if there is a cell jv in column a — j+ 1 of PT, then, reversing the role of row and content, there is
a cell , in column 5 of ﬁ, according to Theorem 2.3. In particular, this column, before the (left) insertion
1
of sj, has content in consecutive rows 1 through ¢.

Thus, upon left justification of the content in (7), we obtain (¢7), in which the cells in rows s; and higher
with content ji such that k; < ji are pushed right upon left justification. The resolution in Co—j41 ® k
j

changing k‘ to kj has the dual effect, by virtue of Corollary 2.1, of moving the cell s‘ up into row i,
J J

after which all cells in rows ¢ + 1 and lower return left to column j again, so that the cell , is pushed right,
3

forming the inserted content into column j + 1 to its right. Since the content at a violation entry decreases with
resolution, and the content at the next violation entry to the right decreases again as we move right to left in

PT'®[s],, we see moving the cell k upwards in the dual PT' ®[s], amounts to applying a crystal operator
'j

e; in which there is only one cell in the corresponding row with a blank over it.

In particular, we see that the transition (i) — (#4¢) in the above diagram is precisely RSK column insertion
of the content k; in column j, in which the cell with content j; is chosen as the highest such that £; < j;, and
it becomes the content “bumped” into the column to its right.

Note, finally, that if the insertion Co—jy1 ® k‘ is the terminal case, then dually, in column j we are

J

inserting in a row lower than ¢, so that, after resolution, the content will appear in row £+ 1, so that our
s
insertion and resolution in Co—j11 ® k terminates at precisely the step that, dually, RSK column insertion
j

would terminate with adding to the bottom of column j, and thus the lemma is proved. O
s;

For example, if PT*) were the ptableau below (so that k = 21):

i1
A Iz o BEIEIEIEIEI
PT®) = Al 2 , its dual is PT®) =0 ,
T[22]2]2[3[3[3
sos HEE
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a highest weight ptableau (SSYT). But then

11;; - I[1]1]2]3]3]3]_[4
. . 2[2[3]_[4[4[4[2
pT(k)(g) = T[1[1] [2][ @ and its dual is PT(k)® =
3 3 4144 ’
1{2)2(2[2(3)3|3 3151515
4[4[4 =

where we have circled the content under blanks corresponding to the violation entries in PT*) ®3, in reverse
order to the blanks over content in its corresponding dual. Below we show the sequence (4), (i7), and (ii7)
for insertion into PT from the proof in the first column (right justification and resolution), followed by “left
insertion” into the dual PT in the second column (left justification, with applying appropriate crystal operators
e; (in the example, it is e3) to return the ptableau to highest weight), and finally, classic RSK column insertion
into P = I/Di demonstrating that the output of left insertion into PT equals (and explains) why RSK column
insertion produces a highest with ptableau dual to PT.

—

PT PT P
115; 1[1[1]2]3]3]3]4 1[1]1]2]3]3]3]4
2(2(3[4[4[4[4 2(2[3[4[4[4[2
LR 3Tl
Tt B45]5[5 5(5(5
11; 1[1]2]3]3]3]4 [1] [I]L]2]3[3]3]4
(i) T 2(3[4[4[4]2 2] [2[3]4[4]4[4
4[4 34| [4]4
12]2121213]3 3. 5[5 BREE
1[4 L=
11; ; 1 1[1]2[3[3[3]4 [1] [I]L]2]3[3]3]4
(i) SRR 5 2 2(3[4[4[4[4 2] [2[3]4[4]4]4
w 14 3] [4]2
1[2]2]2]2]3]3 35| 55 BRRE
1[4 =
11; ; i TTi[2[3[3]3]4 TTi[2[3]3]3]4
2 2(3[4[4[4]4 2[3[4[4[4]4
(i) 1§§;2§3 3 EIE L 24
Tt 1 5 55 55

Corollary 4.1. Suppose T is a ptableau, and RSK(T) = (PT,Tas). Also assume that T = Perf(;) and
(P,Q) = RSK(;) is the classic RSK pair obtained by column insertion of the word w, starting on the left, using
the word T to determine the growth tableau Q. Then:

1. PT = P. That is, regarding the SSYT P as a (necessarily highest weight) ptableau, its dual p equals the

ptableau PT obtained by the ptableauz insertion algorithm RSK(T) = (PT, Thaz)-

2. Q = Thaz- That is, the classic RSK growth tableau Q, viewed as a ptableau, is the highest weight element
in the irreducible crystal containing T'.

3. In particular, if Tpe = Q, and Bw(Q) = (;), then n is the highest weight of the word w where Bw(T') = (;)
(noting that since T and Tyqq are in the same crystal, they have the same content and hence the same top
row T in their biword). In particular, under the classic RSK algorithm we can read off the highest weight
of w from the rows in which the 1s in Q appear, then the rows in which the 2s in Q appear, and so on.

Proof. Statement (1) follows immediately from Lemma 4.1 since by the end of the insertion algorithm we have
P =p® = PT® = PT.

For the proof of Statement (2), it is clear that Q(;) =T IEQX, and inductively we assume Q(¥) = T,SI’QX. Suppose
we are computing the ptableau RSK insertion P/T(\ ) ® wk+1’ and that the last violation entry, after it is
resolved, becomes [s],. Then, since PU+1) — pT(+1) and by Statement (1) above, the last box added by RSK
insertion on P was s. In particular, the value s determines the row in which the growth in P*) occurs. The
algorithm then augments Ti,.x by adding s. This is the same growth we would obtain in Q**1) by the

classic RSK insertion using the content 74, appearing at the end of the row s in which P**1) was augmented.
Lastly, to prove (3), since by (2) the classic RSK @ is actually the highest weight of the crystal containing
Bw(T) = (:}), the rows in which the content of ) appears, in the order determined by 7, must be the highest

weight of the word w. O
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So, in our example,

1[3]4 1122333444
T =[1]2]2 , and we have Bw(T) = 333 .
3[3[4[4 2122331331

We obtained above that

1)1]1 1|1

RSK(T):<11 2|, [2]3]4]4 )

212(2(3 3

%)
w
W~

w

Thus, were we to have computed the classic RSK on the biword Bw(T'), we could have used the growth
tableau

111]2]3]4
3[4[4

[\

Q=

3

to read off the highest weight of the crystal containing the word w = (2122331331). Noting the rows (left to
right) in which the 1’s appear in @, then the 2’s, etc., we see that the highest weight of the crystal containing
w must be n = (1121321221). This is slightly more evident if we compute @, the dual of @), so that, as shown
in Section 2, we can read off n by reading the rows of @, right to left, top to bottom:

11
. RE
Q=113
T[22

To emphasize, we see that ptableau insertion RSK(T) = (PT,Tmax) computes Tpax, the highest weight
element in the irreducible crystal containing 7. Computing the ptableau PT not only produces a ptableau in
the distinguished crystal that is plactically equivalent to T', but the form of PT allows us to compute the path
of crystal operators from T' to Ti,ax in this crystal.

Theorem 4.2. Suppose T € PTab,, and RSK(T) = (PT,Tyqs). Let a;; be the number of i’s appearing in row
j of the ptableau PT, and let

Bst =1+ + oy, (1)
and
ey = e e, (2)
and finally
€() = E(n-1)€(n-2) """ €(1)- (3)
Then
Tonas = €)1 (4)

Proof. This formula is harder to express notationally than it is to understand. The symbol «;; denotes the
number of i’s in row j of PT, computed from ptableau RSK insertion of a ptableau 7. By Corollary 2.2, the
integers ¢ in row j form a right-contiguous strip in the right-justified PT™, and so we denote the portion of the
ptableau PT with this content as to suggest a right-justified string of i’s of length a;;:

o
— ——
S soennsEn!
where the first - - - denotes a (possibly empty) sequence of blanks in the right-justified form, and the second - - -

denotes a (possibly empty) sequence if ’s.
Then, since PT is in the distinguished crystal, we can depict a 5-rowed example in right-justified form as:

101

112 |9q22

PT* = 1 gz [ 3050 |

1914|9024 [ 334 [ Q44

1915 | Q@25 [ 335 | 445 | HA55

In our notation, we have

2,3
Brn—1m 653,4 B3 efl,z

€(1) = €p—1 )
_ Bn-1n (a1atasatazs) (a1z+a23) ajs
= enil s 63 62 61 .
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Note that in rows 1 and 2, we have (but now putting the blocks in left-justified form):

1011

*PT[1,2] =

1012 2“22

Since a1 > agg there are no 2’s in row 2 without 1’s above them. So, the 1’s in row 2 constitute the right-most
content under blanks, we have

Q12 (1011

e ("PT[1,2]) =

20-'22

But then, in rows 2 and 3 we have:

2022

*(ef*2PT)[2,3] =

i
1913|9423 | 333

and again, the word condition agy > ags implies the 3’s in row 3 must be covered by the 2’s in row 2. Thus,
the 1’s and 2’s in row 3 constitute the right-most content under blanks in those rows. But then

@13 |9q23 | 922

ey e (PT[2,3]) = *ef™ 7 (22 PT) [2,3] =

333
Thus, we claim, the overall effect of applying e(1), then ey, etc., to PT" becomes:
1(111 1LY12 1Q11 10113 10112 I(Yll 10415 10414 1&13 10412 10'11
1“12 2(122 1“13 2“23 2Q22 10114 2024 2023 2(Y22 20425 20424 20423 2l¥22
PT* — 1&13 2&23 30433 @) 1014 2021 3034 3Q33 @) 115 | 9425 30135 3034 3033 _> 3(135 3&31 3&33 A
1Q14 (@24 | 3034 | fQaa 1915 (9025 [3A35 [J Qa5 [ JQaa 4045 | fQaa 4Q45 | fQaa
1915 | Q@25 | 335 | 445 | HA55 Hass 555 555

This final form has all i’s in row ¢, and hence is the highest weight element in the distinguished crystal containing
PT.
We only need to argue that, at each stage, the appropriate sequence of ¢; in a given e, is non-null. Suppose

Bn—t,n  Pra+o
n—~¢ €1

we have applied e(,_1) - - - €(2)€(1) to PT. The next step would be to apply e, = e . We suppose,

B, kte B2,24¢ P1,14¢
k T € €1

inductively, that we have applied the initial factors: e , assuming that rows k — 1, k, and

k + 1 have the form:

1041,€+k 2042,£+k . kak’[+k kak,k+é—l . kOék,lc
(k + ]_)Oék+1,e+k . (k + l)ak+1,k+1
11, 64k+1 | QO2,04k+1 | FOU3,04k4+1 | (k + 1)0‘(k+1),2+k+1 (k + 2)O‘(Ic+2),£+k+1 . (k + 2)0‘(k+2),k+2

(The double bars are just for clarity, to distinguish the portion of the ptableau PT that is not to be moved
on the right, and the portions that will be moved by subsequent operators on the left.) The next step is to

apply
Br41,kt14e Ol etk+1t o FQ(R41), 04 k41
k+1 = Crt1 :

Since PT satisfies the word condition, we know that the number of (k+1)’s in rows k4 1 through k + ¢ are
greater than or equal to the number of (k + 2)’s in rows k + 2 through k& + ¢+ 1. Thus, in rows k and k + 1
above, to the right of the double line, every k + 2 is covered by some k + 1 above it, so that all the content in
row k + 1 with a blank above it lies to the left of the double line, resulting in all of the content to the left of
the line being moved up into row k by the application of efff"““”.

Thus, the formulas given above take PT to its associated highest weight. Since T' and PT are plactically

equivalent by Corollary 4.1, this same sequence of crystal operators takes T' to Tiax- O

Let’s consider an example. Suppose

1(1 1111233444
T = T3] = Perf [ ) = Perf 334445 |
ABBAE w 33112323223

We calculate:

=
[ ]
[
o
W

1|1 1(1(1|1]|4|4
RSK(T) = (PT, Tinax) = < T RPIBE )
2
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and
. 1[1]2[2[3]3] [T[1[1[1[4]4
RSK():(P7Q):<223 2[3[5 )
w 33 3[4

We compute a crystal operator path from PT to its highest weight, moving 1’s out of row 2, then the 1’s
and 2’s out of row 3, and then the remaining 1’s out of row 2:

[t
e PT = eleses I[1]2]2
1[1] [2[3[3
5 3 T[i[1]1
=ele; 2[2
11 [2[3]3
) T[i[1]1 T[I[1[1]1]1
= ey I[A[ [2[2]2] =[2]2]2
33] [3]3
But then, in accordance with Theorem 4.2:
2 5 o H-RIL L]
e = ejese] 2[3[4]4
T[1[3]4]5
) 3 1[1]4]4
=eje; 2[3
T[1[3]4]5
) 1[1[4]4 T[1[1]1][4]4
=e7 [L[1]2]3]5] |= [2[3]5 = Thax,
3[4 3|4

which is highest weight, but lying in the irreducible crystal containing 7. (We note that the notation «;; in
the statement of Theorem 4.2 is also the same as the (i, j) entry of the matriz M associated with the ptableau
T (or its biword BwT = (Z))) Thus, for matrices in the distinguished crystal the above formula also computes

the path to highest weight, though we do not pursue this here.)

4.2 Summary

Our results in Corollary 4.1 (2) and Theorem 4.2 demonstrate that the ptableau approach to RSK, for the
purposes of analyzing crystal graphs, is quite natural and possesses advantages over the classical RSK approach.

Classically, the RSK algorithm converts a biword (7) into a SSYT pair (P, Q). We adopt the view that (1)
we should regard the SSYT (P, Q) in RSK as perforated tableaux, and (2) we should actually replace the pair

(P,Q) (and the duality (P,Q) = (Q, P) ) with the ptableau pair (P, Q) (and the duality (P, Q) = (Q, P) ) as
a more natural invariant with which to study plactic equivalence in crystal graphs. Similar to the classic RSK
case, we obtain the commutative diagram:

(P,Q) = (e;P,Q) < In the same crystal
~ ~
(Q,P) & (Q,e;P) <« Plactically equivalent

(where now eil3 is defined as a ptableau crystal operation). However, since P = PT and Q@ = Tiax under the
ptableaux insertion RSK(T) = (PT, Tmax) = (P, Q) we immediately conclude:

Theorem 4.3. If T and T’ are ptableauz, then T = T’ if and only if T and T' lie in the same irreducible
crystal graph.

And, in fact,

o If RSK(T) = (PT,Twax) and RSK(T') = (PT',T},.«), then PT = PT’ not only implies T = 71", but PT
is a common ptableau plactically equivalent to T and T’. Furthermore, by Theorem 4.2 we can read off

from PT a path from (either) T or T’ to their respective highest weights.

e Certainly Tiax = T, implies T and 7" lie in the same irreducible crystal, for the now obvious reason
that Thax, computed by the insertion process, is the common highest weight element of the irreducible

crystal graph in which both are found.
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5. Algorithms for Lusztig Involution on Ptableaux Crys-
tals

Suppose Tiayx is some highest weight ptableau (hence, a SSYT by Theorem 2.2). In the authors’ [1] a combina-
torial algorithm for computing the corresponding lowest weight element Ty, was given in terms of evacuation,
Evac(Timax), a key step in the Schiitzenberger involution.

For example, given a SSYT Tiax:

1[1[2[2[3]4
Tmax = [2][3]3]4 ,
3[4[5

we compute Evac(Tiax) by first performing inward jeu de taquin on the outer corner in row 2:

1|11|2|2|3(|4 111]2]|2|3|4 111|2|2|3|4 111]2]|2|3|4 111(2|2|3|4 112|234
2(3[3[4 = 12|33 4 = 1213 3|4 = |2 3[3[4 = 213|3[4 = |1]2]|3]|3|4
314|5 3145 314|5 345 314|5 345

Continuing inner jeu de taquin for all outer corners, we obtain:

—
[ V)
w

[N~}
w
[N

Evac(Tmax) = 2

In the authors’ [1], Theorem 8.5, it was proved that:
Tinin = Evac(Tinax)-

We now present a more general result. As an application of our results above, we give two different methods
for combinatorially computing the Lusztig involution 7,5 of an arbitrary ptableau 7. One method uses our
insertion and an uninsertion algorithm, and the second, the formula of Theorem 4.2 (also based on ptableau

RSK insertion) to compute 77 ys.
We first need to describe the appropriate uninsertion algorithm on ptableaux. It will be clear from con-
struction that this process is the inverse of the RSK algorithim in Theorem 4.1.

Algorithm RSK™*

Input data: Ptableaux PT,T.x € PTab¥ where PT is in the distinguished crystal, and Ti,a.x is highest

(m,n)
weight, and where the shape of * PT is the same as *T},4., viewed as SSYT.
Output: A biword () € Bw([m] x [n])®*, or equivalently, its ptableau 7', such that RSK(T') = (PT, Tiax)-

T
w

Initialization: Set j = 1, PT<9> = PT, Tj5? = Thax, and ([) to the empty biword.
1. Set:

(a) ¢; to the number of columns in PT<7>,

(b) a to the largest, right-most entry in 7,57, with a the row containing this cell,
(c) T+l = T<1> with a removed.

max max
Let [a] be the left-most a in PT</> (with r its row). Set ¢ to the number of the column containing
[a], in the right-justified PT <J>* (with the left-most column being column 1). We recursively define the

“uninsertion” process in PT<7~*:

2. Consider column ¢ + 1, the column immediately to the right of the column containing @T.

(a) If this column is empty, meaning ¢ 4+ 1 > ¢; then update (L) to be (Z) ® (;), increase j by 1, and if

j < k, return to Step 1.

(b) If this column is not empty, then by the word condition and right justification, if the column contains
some number ¢ (for ¢ > 1), then it contains ¢ — 1. Let ES be the lowest cell in column ¢ + 1 that is
in row 7 or higher.

i. Remove Es from column ¢+ 1.

ii. Move [a] to column ¢+ 1 (so one column to its right, but still in row r).
iii. Replace the content a with b.
iv. Update c to ¢+ 1.
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v. Return to Step 2, with @r updated to Es.

This process can be described visually by the diagram below:

L. 1 1

—/ —/1 —/i

: ‘ h
r - -

Je

—Js

® 0) )

with the process then recursively performed, moving ES into the column immediately to its right.
By an inspection of the proof of Theorem 4.1, the following is easily concluded:

Theorem 5.1. Letf\T € PTab, liec in the distinguished crystal, and let Ty,q € PTab,, be highest weight, with
the same shape as *PT as a SSYT. Then the map RSK™ ! : (PT, Thas) — T given above inverts the ptableaux
insertion algorithm. That is, RSK~' o RK S is the identity on ptableaus.

With this, we now give two different methods for computing Lusztig involutions on ptableaux crystals.

Definition 5.1. Let T' be a node in a fized irreducible crystal B of type An—1 We say a node Tp,s € B is the
Lusztig involution of T when: If T4y is the highest weight element of B and e, - - - €;,T = Tnag, then if Thin
is the lowest weight element of B, we have

Cn—ip en—ilein = TLus-

To obtain our first algorithm to compute 71,,s from T, we need a notion of duality different from that
used above. This alternate duality has appeared in many places, including the excellent text by Bump and
Schilling [2]. To avoid confusion with the definition of dual used previously, we adopt the following convention:

Definition 5.2 (See [2], p. 15). Given an irreducible type A,_1 crystal B, we say a crystal B’ is BS-dual to B
if there is a bijection ¢ : B — B’ such that

fid(T) = ¢p(en—iT), and e;p(T) = ¢(fn-iT)
for all nodes T € B.

If B is an irreducible crystal of ptableauz, it is immediate from Proposition 2.2 that the image of B under the
map Rot is BS-dual to B. Set B’ = Rot(B). Then B and B’ are isomorphic, irreducible crystals (even though the
map Rot is definitely not a crystal isomorphism) and, given T € B, the image Rot(T) € B’ is a ptableau that
is plactically equivalent to T1us € B. That is, Ty and Rot(T) live in the same “location” in their respective
crystals. We exploit this in the following result.

Theorem 5.2. Let T € PTab,, and let RSK(T) = (PT,Tiaz). Let Trys denote the Lusztig involution of T.
Then
Trus = Rot(RSK™(PT, Rot( Evac(Thnaz))))-

Proof. Most of the work has been argued above. From [1] we know that Evac(Timax) = Timin, the lowest weight
element in the irreducible crystal containing 7. Consequently, Rot(Evac(Tiax)) is the highest weight element
in the BS-dual crystal. Thus, the ptableau RSK™*(PT, Rot(Evac(Tiay))) is plactically equivalent to T' (since
they share the same PT under the ptableaux RSK correspondence), and hence applying Rot to this ptableau
maps back to B, so that the image must be Ts. O

An alternate method to compute 71,5 from a ptableau T', we have the following:
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Theorem 5.3. Suppose T € PTab, and RSK(T) = (PT, Tynas). Let ey be defined as in Theorem 4.2.

Let "e(,y denote the product of crystal operators formed by writing the factors in the reverse order as they
appear in ey, and replacing each e; with e,_;. Then we have:

’é?; Evac(Tmae) =€) Tmin = TLus-

Using the example following Theorem 4.2, if

11 1[1] [I[1[i[i[4]4
T = 2[3]4[4| then RSK(T') = (PT,Tmax) = 1122}, 2[3]5 )
1[3[45 1] [2[3]3] [3]2
By Theorem 4.2 above we have e(,) = ejejei and hence we compute Tpys from T' by:
a2 2.3 2 e LIEYEEAL
erese] Evac(Tmax) = ezeje; 2314 = [T 23] [5] = Tius
1[1[3[4]4]5 3[4

We summarize these two approaches pictorially below:

—

i[1] [I[i[i[i[4]4
RSK(T):(PT,TmaX):< 1[1]2]2], [2[3]5 )
1(1 213]3 3|4

=RSK'(PT, T...)

max
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