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A BIJECTIVE PROOF OF THE HOOK-LENGTH FORMULA FOR SKEW SHAPES

MATJAZ KONVALINKA

ABSTRACT. Recently, Naruse presented a beautiful cancellation-free hook-length formula for skew shapes.
The formula involves a sum over objects called excited diagrams, and the term corresponding to each excited
diagram has hook lengths in the denominator, like the classical hook-length formula due to Frame, Robinson
and Thrall.

In this paper, we present a simple bijection that proves an equivalent recursive version of Naruse’s result, in
the same way that the celebrated hook-walk proof due to Greene, Nijenhuis and Wilf gives a bijective (or
probabilistic) proof of the hook-length formula for ordinary shapes.

In particular, we also give a new bijective proof of the classical hook-length formula, quite different from the
known proofs.

1. INTRODUCTION

The celebrated hook-length formula gives an elegant product expression for the number of standard Young
tableaux (all definitions are given in Section [2):

A"
HuG[A] h(u) .

The formula also gives dimensions of irreducible representations of the symmetric group, and is a fun-
damental result in algebraic combinatorics. The formula was discovered by Frame, Robinson and Thrall
in [4] based on earlier results of Young [31], Frobenius [6] and Thrall [30]. Since then, it has been reproved,
generalized and extended in several different ways, and applied in a number of fields ranging from algebraic
geometry to probability, and from group theory to the analysis of algorithms.
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In an important development, Greene, Nijenhuis and Wilf introduced the hook walk, which proves a
recursive version of the hook-length formula by a combination of a probabilistic and a short induction ar-
gument [9], see also [I0]. Zeilberger converted this hook-walk proof into a bijective proof [32]. With time,
several variations of the hook walk have been discovered, most notably the g-version of Kerov [12], and its
further generalizations and variations (see [7, [13]). In [2], a weighted version of the identity is given, with a
natural bijective proof in the spirit of the hook-walk proof. Also of note are the bijective proofs of Franzblau
and Zeilberger [5] and Novelli, Pak and Stoyanovskii [24]. See also [27], [3], [15] for some proofs of the hook-
length formula for shifted tableaux. There are also a great number of proofs of the more general hook-content
formula due to Stanley (see e.g. [28 Corollary 7.21.4)), see for example [26], 17, [18].

There is no (known) product formula for the number of standard Young tableaux of a skew shape,
even though some formulas have been known for a long time. For example, [28, Corollary 7.16.3] gives a
determinantal formula; we can compute the numbers via Littlewood-Richardson coefficients with the formula

=D e
and there is also a beautiful formula due to Okounkov and Olshanski [25]. The formula states that

1) = ML T (g — ew).

Hue[A] h(u) TERST(1,(N)) uelp]

where RST(p, £) is the set of reverse semistandard tableaux of shape p, tableaux with entries 1,...,¢ with
weakly decreasing rows and strictly decreasing columns, and c¢(u) = j — 4 is the content of the cell u = (i, j).
See also [22, §10.3].
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In 2014, Hiroshi Naruse [23] presented and outlined a proof of a remarkable cancellation-free generalization
for skew shapes, somewhat similar in spirit to Okounkov-Olshanski’s.

An ezcited move means that we move a cell of a diagram diagonally (right and down), provided that the
cells to the right, below and diagonally down-right are not in the diagram. Let £(\/u) denote the set of all
excited diagrams of shape \/pu, diagrams in [A] obtained by taking the diagram of u and performing series of
excited moves in all possible ways. They were introduced by ITkeda and Naruse [I1].

Naruse’s formula says that

(2) TR VAT S | | ﬁ

De&(N/pn) ue[A\]\D
where all the hook lengths are evaluated in [A].

In [22], Morales, Pak and Panova give two different g-analogues of Naruse’s formula: for the skew Schur
functions, and for counting reverse plane partitions of skew shapes. The proofs of the former employ a
combination of algebraic and bijective arguments, using the factorial Schur functions and the Hillman-Grassl
correspondence. The proof of the latter uses the Hillman-Grassl correspondence and is completely combina-
torial. See also [19].

The purpose of this paper is to give a bijective proof of an equivalent, recursive version of Naruse’s result,
in the same way that the hook walk gives a bijective (or probabilistic) proof of the classical hook-length
formula.

The bijection is quite easy to explain, and, in particular, gives a new bijective proof of the classical
hook-length formula, rather different from the hook-walk proof or the proof due to Novelli-Pak-Stoyanovskii.

Our main result (Theorem [) is the following formula, valid for partitions A, p and for commutative
variables z;, y;:

@) ( TS y) S Merm=3 X I ot

Pi: Ap—k Pj: A—k DeEN/p) (i,5)ED u<vCA DeEN/v) (i,5)€D

THiT =p—j

The formula specializes to the recursive version of equation ([2)). It was pointed out by Morales and Panova
(personal communication) that the identity is equivalent to the identity [II equation (5.2)]. See also [20]
and Section

In Section 2l we give basic definitions and notation. In Section Bl we motivate equation (B]) and show how
it implies ([2). In Section [, we use a version of the bumping algorithm on tableaux to prove the identity
bijectively. In Section B we present the proofs of the technical statements from Sections Bland 4l We finish
with some closing remarks in Section

2. BASIC DEFINITIONS AND NOTATION

A partition is a weakly decreasing finite sequence of positive integers A = (A1, Aa,...,A¢). We call
[A| = A1 + -+ 4+ A¢ the size of X and £ = £()) the length of A. We write A\; = 0 for ¢ > ¢()\). The diagram of A
is (A ={(i,7): 1 <i<{l(N),1 <j <N} Wecall the elements of [\] the cells of A. For partitions p and A,
we say that p is contained in A, pn C A, if [u] C [A]. We say that A\/u is a skew shape of size [N/ u| = |A| — |,
and the diagram of A\/p is [A/u] = [A]\ [p]. We write pp << X if p C X and |A/u| = 1. In this case, we also say
that A covers p.

We often represent a partition A by its Young diagram, in which a cell (4, j) € [A] is represented by a unit
square in position (i,7). In this paper, we use English notation, so for example the Young diagram of the
partition A\ = (6,5,2,2) is
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We often omit parentheses and commas, so we could write A = 6522.

A corner of X is a cell that can be removed from [}, i.e., a cell (¢, 7) € [A] satisfying (i4+1,7), (¢,7+1) ¢ [A.
An outer corner of X is a cell that can be added to [A], i.e., a cell (7, 7) ¢ [A] satisfying i = 1 or (i —1,75) € [A],
and j =1or (i,j — 1) € [A]. The rank of A is 7(A\) = max{i: A; > ¢}. The square [1,7(N\)] x [1,7(N\)] is called
the Durfee square of A. The partition 6522 has corners (1,6), (2,5) and (4, 2), outer corners (1,7), (2,6),
(3,3) and (5,1), and rank 2.

The conjugate of a partition A is the partition A’ whose diagram is the transpose of [A]; in other words,
N = max{i: \; > j}. For example, for A = 6522, we have X" = 442221. The hook length of the cell (4, j) € [A]
is defined by h(i,j) = A\; + A} —i — j + 1. For example, the hook length of the cell (1,2) € [6522] is 8.

F

The hook of a cell u = (i,j) € [A] is H(u) = {(4,5'): j < j" < N} U{(@’,j): i <i" < Nj}. Obviously,
we have |H (u)| = h(u). The diagram [A] is the disjoint union of H(i,4), 1 <4 < r()), as illustrated by the
following figure.

A standard Young tableau (or SYT for short) of shape X is a bijective map T': [A] — {1,...,|Al}, (4,7) —
T;j, satisfying T;; < T j41 if (4,7), (4,5 + 1) € [\ and T3 < Typr; if (4,5), (i + 1,75) € [A]. The number of
SYT’s of shape X is denoted by f*. The following illustrates f3? = 5.

[1]2]3] [1]2]4] [1]2]5] [1]3]4] [1]3]5]
(4[5] 315] (2[5] (2[4]

B

The hook-length formula gives a product expression for the number of standard Young tableaux:

Al!

A
= Hue[,\] h(u)’

!
For example, f32 = ﬁ =5.

Analogously, if @ C A, we can define a standard Young tableau of skew shape A\/u as a map T: [A\/u] —
{1, R |)\//L|}, (Z,]) — Tij, satisfying Tij < Ti,j-‘,—l if (i,j), (Z,j+1) S [)\//J,] and Tij < Ti+17j if (i,j), (l+1,]) S
[A/u]. The number of SYT’s of shape A/u is denoted by f*/*. The following illustrates f43/2 = 9:

12 iE 14 i[5 2[3 2[4 2[5 3[4 35
[(3]4[5] [2]4]5] [2]3]5] [2[3]4] [1]4]5] [I3]5] [113]4] [12]5] [112]4]

Suppose that D C [A]. If (¢,7) € D, (i+1,5),(,j+1),(¢+1,j+1) € [\]\ D, then an excited move with
respect to A is the replacement of D with D' = D\ {(¢,5)} U{(i + 1,7+ 1)}. If 1 and X are partitions, then
an ezcited diagram of shape \/pu is a diagram contained in [A] that can be obtained from [u] with a series of
excited moves. Let £(A/u) denote the set of all excited diagrams of shape A/u. We have £(A\/u) = () unless
i € A. The following shows £(43/2).

mm R

Naruse’s formula says that

RC VI SR | | %u)

De&(N/ ) ue[A\]\D
where all the hook lengths are evaluated in [A].

For example, the formula confirms that

f43/2_5!< . ! ! )_9.

3-1-3-2-1+4-3-1-3-2+5-4-3-1-3
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3. A POLYNOMIAL IDENTITY

It is clear that both sides of (2) are equal to 1 if A = u. Since the minimal entry of a standard Young
tableau of shape A/u must be in an outer corner of x which lies in A, we have f»/# = 2 CA MY, where
Eu «vcx denotes the sum over all partitions v that are contained in A and cover u. If we show that the
right-hand side of (2]) satisfies the same recursion, we are done. Therefore the statement is equivalent to the
following identity:

DD DI | e ZZH)

De&E(AN/n) ue[)\]\D n<vCA DeE(N/v) uelX
After multiplying by Hue[/\] h(u), we get

(4) (A =lul) > JTrw= > > ]nw

De&(N/p) ueD uw<vCA DeE(N/v) ueD

Example 1. Take y = 2 and A\ = 43. There are three excited diagrams:

muB R R R

That means that the left-hand side of (@l equals
(7—2)(5-4+5-1+2-1)=135.

On the other hand, there are two partitions v that cover u, and together they give three excited diagrams:

== B B

That means that the right-hand side of () equals
5-4-34+5-4-3+5-3-1=135.

Fori,j =1,2,..., define
o1 o1
(5) ,’Ei:)\i—l+§, yjz)\;—j+§.
Clearly, for a cell u = (4,5) € [A], we have h(u) = A\; + A} —i — j + 1 = x; + y;. Furthermore, since [}] is
the disjoint union of hooks H (i,i), 1 <4 < r(X), we have

(6) AN =z 4+y1 4+ 200 + Yron)-

For A\ = 43, we have 1 = 3%, = 1%, Ty = 1%, Yo = %, and indeed |\ =21 +y1 + 22+ 32 =T7.
Equation () is therefore equivalent to the following:

r(X)
7 Swtw | Y I @wrw= Y T Gitw).
i=1 DEER/ 1) (ir)ED H<UCA DEEON/v) (i-f)ED

Note that this is not a valid polynomial identity for every A, p: indeed, the right-hand side is a homo-
geneous polynomial (of degree || + 1), while the left-hand side is not (except when p = @ or u € A). Tt
represents a valid identity only for specific values of x;’s and y;’s.

Example 2. Again, take yp =2 and A = 43. The left-hand side of (@) is

(1 +y1 + 22 +y2 —2) (21 +y1) (21 +y2) + (21 +y1) (@2 + y3) + (22 + y2) (22 + u3)),
and the right-hand side is

(x1 +y1) (21 +y2) (@1 +y3) + (@1 + y1) (@1 + y2) (@2 + Y1) + (21 + Y1) (22 + y3) (@2 + y1).

These two polynomials are not equal, but they both specialize to 135 when 1 = 3%, y = 11 3, Tg = 1%,

Yo = %, T3 = —1%, Yz = —%. Also of note is the fact that the difference between the two polynomials is

divisible by zs + y2 — 2.
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However, we can replace |A| — |u| on the left-hand side of equation (@l) with a certain homogeneous linear
polynomial (and h(u) again by x; + y; if u = (4,7)) and get a valid polynomial identity. This identity
specializes to (@) for appropriate values of x;’s and y;’s. The motivation for the result is the following lemma,
which we prove in Section Bl The result holds for all A, p, even if u Z .

Lemma 3. For arbitrary partitions A\, i and x = A\p — k + %, Y =N, —k+ %, we have

N-ll= 3 e+ 3w
Pi: Ar—k $i: A —k
ThiTt =pj—j

Note that while k, ¢ and j appearing in the sums can be arbitrarily large, the summation is finite since
we have A\, —k = pp —k = —k and A\, — k = pj, — k = —k for large k.
Example 4. We continue with the previous example, i.e., take 4 = 2 and A = 43. We have
(>\k _k)k21 - (371;_35_45_55"')5 (,u”L _7/)121 - (17_27_37 _47"')5
(M —F>1= (1,0,-1,-3,-5,-6,-7,...), (4 —j)j>1 = (0,-1,-3,—4,-5,...),

where elements of (A — k)g>1 and (A, — k)g>1 are underlined if they do not appear in (u; — 7);>1 and
(1 —7)j>1. Indeed, [A| — [pu] = 21 +y1 = 5.
Similarly, for p = 431 and A = 765521, we have

(>\k _k)k21 - (Q;é;z;lv__?’a_Sa_?a_Sa-'-)7 (,uz _1)121 - (
(A;c - k)k21 = (éa 3,1,0, _17__47 —6,-8,-9,.. ')a (,LL; - j)jZl = (
and [\l = |p| =21 + 22 + 23 + 75 + Y1 + Y2 + Y3 +ye = 18.

The following theorem is our main result. It is a subtraction-free polynomial identity, which, by Lemma
Bl specializes to equation ) when z; = \; — i+ % and y; = \; —j+ %, and therefore implies the hook-length
formula for skew diagrams.

Theorem 5. For arbitrary partitions A\, u and commutative variables z;,y;, we have

(8) < S+ Y yk) S I @+w= > > I @i+w)

Pi: Ap—k Bj: A —k De&(N p) (i,j)€D p<vCA DEE(N/v) (i,5)ED
=i

=uj—j
The theorem is trivially true for u € A, as then both sides are equal to 0.
Example 6. For = 2 and A = 43, we have the following identity (valid for commutative variables 1, y1,
T2, Y2, T3, 313)
(1 +y1) (21 +y1) (@1 + y2) + (21 + 1) (22 + y3) + (22 + y2) (22 +y3))
= (o1 +y1)(z1 +y2) (w1 +y3) + (x1 +y1) (1 +y2) (w2 +y1) + (21 + y1) (x2 + y3) (w2 + y1).

For p = 431 and A = 765521, the first term on the left is 1 + 2 + 23 + 5 + y1 + y2 + Y3 + ys, the second
term is a sum of 14080 monomials, and the right-hand side is a sum of 112640 monomials.

The (bijective) proof of Theorem [Hlis the content of the next section.

4. THE BIJECTION

First, we interpret the two sides of equation (8) in terms of certain tableaux.

To motivate the definition, look at the following excited diagram for u = 431 and A = 765521.

Instead of actually moving the cells of u, write an integer in a cell of  that indicates how many times it
moves (diagonally) from the original position. For the above example, we get the following tableau of shape
w=431.
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1]1]
2

|)—IOO
—

It is easy to see that the (non-negative integer) entries of the resulting tableau are weakly increasing along
rows and columns (in other words, that the tableau is a reverse plane partition): for example, if one cell is
to the left of another, we cannot make an excited move on it until we make an excited move on its right
neighbor. Also, every tableau with non-negative integer entries and weakly increasing rows and columns
corresponds to a valid excited diagram, provided that the entry = in row ¢ and column j satisfies

(9) j +r < )\iJrT.
Furthermore, it is enough to check this inequality only for the corners of u. See also flagged tableaux in [22]
83.2].

The contribution H(Z— e p(zi +y;) of an excited diagram D can be written as

H (‘Ti"l‘Tij + yj"l‘Tij)’
(i,9)€lnl
where T is the corresponding tableau of shape p with non-negative integer entries and weakly increasing rows
and columns. To extract the monomials from the product, choose either x; 1, or y;i1,, for each (i,75) € [u].
Write the number T; in position (i, j) in black if we choose z;;1,;, and in red if we choose y;;7,,. Call a
tableau with non-negative integer black or red entries and weakly increasing rows and columns a bicolored
tableau. Denote by B(p) the (infinite unless p = () set of bicolored tableaux of shape u, and denote by
B(p, A) the (finite) set of bicolored tableaux T' of shape p that satisfy j + Ti; < A\jy1,; for all (4,5) € [u].

The weight of a bicolored tableau T' of shape p is
w(T) = H Tit Ty, H Yi+Ti55
(4,5)€b(T) (3,9) E[TI\6(T)

where b(T") is the set of cells containing black entries of T

Example 7. The following are some bicolored tableaux in B(431). A bicolored tableau is in B(431,765521)
if and only if Thy < 1, Toz < 2, T31 < 1, so the first three are in B(431,765521) and the last one is not.

ojoJo]o 0Jo]1]1] 1[1]1] 1[1]1]
0[1]1 0[2]2
0] L

1
2

|,_‘HH

|[\Dl\3©

The weights of these tableaux are T3xay223ys, T1y123Yy274Y7, T2YsYy33Y7, and x123y323Y3, respectively.

We are ready to interpret both sides of equation (8). The left-hand side is the enumerator of the Cartesian
product B(u, A) X W(u, \), where

W, A) = {z: A — k # pi — i for all i} U {yp: Ay — k # pf; — j for all j},

and the pair (7T, z) has weight w(T")z. The right-hand side is the enumerator (with respect to weight w) of
the set |J, B(v, \), where the union is over all partitions v that cover p and are contained in A.

In the remainder of this section, we present a weight-preserving bijection between the two sides.

The map is a natural bumping algorithm. To describe it, we first describe the insertion process: the
process of inserting a variable z € {x1, 91, Z2,y2, ...} into a bicolored tableau T' of shape p.

After some number of steps, i, j, w and S have certain values; in the beginning, i = j = 0, w = z and
S =T. If w = x, increase j by 1 (i.e., move to the next column) and find the largest possible i (which can
also be p); + 1 if j = 1 or p; < p)_;) so that we can replace S;; by a black k — i in position (4,) and still
have a weakly increasing column with non-negative integers (such an 4 always exists, as we will see in Section
B). If, on the other hand, w = yy, increase i by 1 (i.e., move to the next row) and find the largest possible
J (which can also be p; +1if ¢ =1 or p; < p;—1) so that we can replace S;; by a red k — j in position (i, j)
and still have a weakly increasing row with non-negative integers.
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Let w denote the weight of the old Sy; (i.e., 24 g, if S;; is black and y;s,, if S; is red). Continue with
the procedure until (7, ) is an outer corner of p, and S is a bicolored tableau of some shape v which covers
. The procedure returns this final S, which we denote by v, (T, 2).

Example 8. Take u = 431, the bicolored tableau

1

T =

|OOO
=
—

and z = y;. Since we are inserting a y-variable, we insert it into the first row. The variable y; can only be
represented by a red 0 in the first column, so we write a red 0 in position (1, 1), and the variable bumped out
is 21 (represented by the black 0 that was in position (1,1) originally). Since this is an z-variable, we move
to the right, and insert it into the second column. The variable x; can only be represented by a black 0 in
the first row, so we write a black 0 in position (1,2), and the variable bumped out is y2 (represented by the
red 0 that was in position (1,2) before). We have to insert it into the second row, either as a red 1 in position
(2,1) or a red 0 in position (2,2). Of course, a red 1 in position (2,1) would give a decrease in column 1, so
we insert it in position (2,2), and bump out a black 1, representing z3. We insert x5 in column 3, either as
a black 2 in row 1 (but which makes the entry in (3,1) larger than the entry in (3,2)) or as a black 1 in row
2. Thus we write a black 1 in position (3,2) and bump out the red 1 representing y4. We move to the next
row: we can either write a red 3 in position (3,1) or a red 2 in position (3,2). Both are possible, so we pick
the latter option. Now (7, ) = (3,2) is an outer corner of u, so we terminate the insertion process. The final
bicolored tableau is

o[ofo]1]

Yaz31(T,y1) = 0] 0] 1
02

Figure[illustrates the insertion process. Two numbers in a cell mean that the number on the left is bumping
the number on the right.

00[{0|0]|1 0]00{0]|1 010 1 0{0f0]1 010 1
O|1]1 0(1]1 0]01)1 0]0|11 0101
[0 [0 0 [ 0/

FIGURE 1. The insertion process from Example [8l

Theorem 9. The insertion process described above always terminates and is a weight-preserving bijection
Q/JH: B(M) X {‘Thylu x2,Y2, .. } — UB(V),
v

where the union is over all partitions v which cover y.
The theorem is proved in Section

Of course, the bijection does not necessarily restrict to a bijection from L(u, A) = B(u, A) X W(u, A) to
R(p,A) = U, B(v, ), and does not immediately prove Theorem 5l Once we insert a variable from W(u, \)
into a bicolored tableau in B(u, A), the resulting tableau can add an outer corner of p which is not in [A],
or it can return a bicolored tableau in B(v), v C A, which is not in B(», A). For instance, the last example
produced a tableau in B(432) \ B(432,765521).

If ¢, (T,z) € B(v) is not in R(x, A), we can remove the entry in the unique cell in [v/p] and obtain a
new variable z’ and a tableau T” of shape . Compute 9,(17",2") € B(v'). If it is in R(p, ), terminate the
procedure, otherwise remove the entry in the unique cell in [v'/u] and obtain a new variable z” and a tableau
T" of shape p. Continue until the computed tableau is in R(u, A); the procedure returns this tableau as the
result. We call this the repeated insertion process.
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Example 10. Take p =431, A = 765521,

]
€ B(431,765521)

T =

|OOO
—
—

and z = y; € W(431,765521). We already computed

0Jofo[1]
Yas1(T,2) = 0|0 1] € B(432)\ B(432,765521).
2

o

Remove the red 2 from position (3,2), and insert z’ = y4 into the tableau

0{0j0]1
T ={0]0]1
0
The result is
o[ofoJo]1]
¢431(T/,Z/): O 0 1 5
0

which is an element of B(531, 765521) C R(431, 765521). Therefore the procedure terminates and returns

0JoJo[1]
0[1 :

|OOO

Theorem 11. The repeated insertion process described above always terminates and is a weight-preserving
bijection

Uyns Bp, A) x W, ) — B, N,

where the union is over all partitions v which cover i and are contained in .
The last theorem proves (8) and hence the hook-length formula for skew shapes, equation (2)).

The proof of Theorem [[]is also presented in Section

5. PROOFS

Proof of Lemma [3l Recall that we have xj, = A\, — k + % and yp = A, —k+ % Define also z = p; — i + %
and y; = pj —j + % We are interested in the expression

A = lul =214 Fze oy Y+ ye) =T = = Ty — YL~ Yrg-

Let us study the sequence of cells

..—>(k—2,)\k—2)—>(k—2,)\k—1)—>(k—l,)\k—l)—>(/€—1,)\k)
= (k) = B+ D)= B+ 0+ D) > B+ 1L, 0+2) = (B+2,+2) — ...

We are interested in w, the first cell in the sequence that has positive coordinates and is not in [u]. One
option is that u = (k4 1, A\g + 1+ 1) for some I € Z. In that case, either (k+ 1, A\ +1) € [u] or A\ +1=0. In
both cases, pg+i = Mg + 1. So we have A\, — k = p; — i and @, = 2} for i = k 4 [. The converse also holds: if
xy, = x} for some 7, then A\, —k = p; —i and u = (i, A, +7— k+1). The other option is that v = (k+1, A\, +1)
for some [. Now either (k +1—1,\ +1) € [u] or k+1—1 = 0. In both cases, y, ,;, = k+1—1. So
py=k+j—X—1, M —k+1=j—p;and z = —yj for j = Ay +I. Conversely, if z; = —y’ for some j,
then Ay, —k+1=j—p} and u = (k+j — M\, j).
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We have seen that either xp = ] or xx = —y/ for some (unique) i or j, but not both. Furthermore, if
k <r(X), then ), > 0, so xx = 2} implies ¢ < r(u) and xy = —y; implies j > r(u). Similarly, if we study the
sequence of cells
.= (k—2,)\k—2)—> (k—l,)\k—2)—> (k—l,)\k—l)—>(]€,)\k—1)
= (k) = (k+1L ) = B+ +1) = (E+2,%+1) = (k+2,+2) — ...,

then we see that either y; =y} or yx = —x] for some (unique) j or 4, but not both. Furthermore, if & < (),
then y, > 0, so yx = y; implies j < r(u) and yy = —x; implies i > r(p).

Recall that A\ and p are arbitrary partitions (i.e., we do not assume that 4 C \). So we can switch the
roles of A and p in the above computations, and express z; and yg in terms of xx’s and yi’s.

After we express x;’s and y’’s in terms of z}’s and y;’s, the coefficient of zy in |A| — |u] is:

e 1if k <r(\) and there is no i so that zy =
o 0if k <r(\) and zy, = z for some ¢ (necessarily ¢ < r(u))
o 1if k> r(A\) and z, = —y, for some ¢ (necessarily ¢ < r(u)); equivalently, if there is no i so that
xR =
e 0 if & > r(A) and there is no i so that xz = —y}; equivalently, if x; = 2 for some i (necessarily
i> (1))
To summarize, x appears as a term in |A| — |p| if and only if there is no i so that z; = a, which is

equivalent to Ay — k = p; — 4. Similarly, we see that yx appears as a term in |A| — |u| if and only if there is
no j so that y, =y}, which is equivalent to A}, — k = pi; — j. This finishes the proof of Lemma [3]

The insertion process and the proof of Theorem[9l In this subsection, we prove the technical properties
of the insertion process 1, including Theorem

Say that we are at a certain step of the insertion process, and that a black r was just bumped from
position (i',j — 1) (analysis for a red r is analogous). The algorithm says that we should find the largest
possible i so that we can write r 4+ 4" — ¢ in position (¢, j) while keeping the column j weakly increasing.

. L1 . . . .
Note that since the sequence (S’ij)ﬁg (where we interpret Sy ; as 0 and Spui+1,5 a8 o0) is weakly increasing,

/‘ 1
Sii 4+1—14 ~i+ is strictly increasing, and we have to find the largest possible ¢ so that if we replace the
J 1=0 y g, g p P
i-entry of the sequence with r, we still have a strictly increasing sequence.

It is clear that if » = S;; + 4" — i’ for some ", we have just one choice for i, so we pick ¢ = i, and if
Sin_1;+1"—=1—14" <r <8y ;j+i" —i for some 7", we have two choices for ¢, i — 1 and 7", and we pick the
larger one, i = i". So i is indeed well defined, and S;; +i — i’ > r. Furthermore, if y};_; =}, then i < pf,
T < Sur i < S+ s — 4" and the chosen i is not u; + 1. That means that we only add a cell (¢} +1,j) to
the tableau (and terminate the process) when u_; > p, i.e. when (p; + 1,5) is an outer corner of .

Since r < Sy j < Sy j+i" —i for " > i’, we always have ¢ < 4’. In other words, when the process moves
by one to the right, it cannot go down (and when the process moves down by one, it cannot go to the right).
Furthermore, we notice that the number bumped by 7 is S;; > r+14 —i > r, i.e., a number is never bumped
by a strictly larger number (also when bumping a red number).

That means that the new entry in position (7, j) is still less than or equal to S; ;41 (which we take to be
oo if (4,7 + 1) is not in the diagram). Furthermore, since S; ;_1 < Sy j—1 = r, and since the new entry in
position (i, j) is at least as large as r, the new entry in position (4, j) is still greater than or equal to S; ;_1.
In other words, the new tableau still has weakly increasing rows and columns.

In order to prove that the process terminates, it is enough to prove that a certain (integer) quantity
with an upper bound increases at each step. We claim that such a quantity is ¢ + j + s, where (i,7) is
the current position and s is the number getting bumped. It is clear that the quantity is bounded by
0(p) + p1 + maxT;;. Also, in the same notation as before, the quantity was ¢’ + (j — 1) + r in the previous
step and is ¢ + j + Si; > ' + j + r in the current step, so it increases by at least 1 (a similar proof can be
written for the case when we are bumping a red number).

It remains to construct the inverse of the process. Start with a bicolored tableau T' € B(v), where p < v.
Assume that after some number of steps, we have i, j, S and wj; in the beginning, (4, 7) is the unique cell in
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[v/p], S is T with the entry in (4,j) removed, and w the variable corresponding to that entry (z;i,, if the
entry is black and y;,r,; if it is red). If w = x5, we decrease j by 1, i.e., we move by one to the left, and,
again, we find the largest possible ¢ so that we can replace S;; by a black k — ¢ in position (7,7) and still
have a weakly increasing column with non-negative integers. If w = yi, the process is analogous. It is easy
to prove that this process is well defined, terminates and is the inverse of v,,.

The fact that the 1, is weight preserving is obvious, as the weight (including the bumped variable) is
preserved at each bump.

The repeated insertion process and the proof of Theorem [I1Il In this subsection, we prove the
technical properties of the repeated insertion process ¥, x.

Suppose we have finite sets A and B and a bijection f: A — B. Furthermore, suppose we have subsets
X C Aand Y C B and a bijection g: B\'Y — A\ X. For ¢ € X, let m be the smallest (and only)
non-negative integer such that f o (go f)™(z) € Y, and define h(z) = fo(go f)™(x). It is easy to see that
h: X — Y is a well-defined bijection. Furthermore, if we have weights wa: A - K, wg: B — K and f
and g are weight preserving (i.e., wp(f(a)) = wa(a) for all a € A and wa(g(b)) = wp(b) for allb € B\Y),
then h is also weight preserving, i.e., wp(h(x)) = wa(z) for all z € X. See for example [29] §2.6], where the
process is called sieve equivalence. It is also similar to the well-known Garsia-Milne involution principle [8].
Note that the involution principle was used, for example, in the proof of the hook-length formula [16] and in
the first bijective proof of the hook-content formula in [26].

Define W(A) = {z1,...,Z¢(n), Y1, --»Yx, }, the set of all possible variables that can appear in £(u, A) and
R, A).
In our context, we define the following:
A is the (finite) product B(p, A) x W(A),
B is the image v, (4) C U, B(v),
f is the (bijective) map 9, insertion of a variable into a bicolored tableau of shape p,
g is the map ¢,,, which takes a bicolored tableau T' € B(v), u < v, and produces the pair (5, z), where
S is T with the unique entry in position (4,7) € [v/u] removed, and z is the variable corresponding
to the removed entry (z;47,; if the removed entry is black, and y; 1, if it is red),
o X is L(u,N), ie, B(u, A) x W(p, A),
o Yis R(p, A), e, J, B(v,\).
Note that g is not bijective. For example, the following tableaux all give the same tableau of shape 431
and the variable x4 upon removal of the entry in cell (1,5) (respectively, (2,4), (3,2), (4,1)).

o[ofo]o]3] o[ofo]o o[o]o]o] ojofo]o]
0[1]1 0[1]1]2 011 0[1]1
0 0 0[1 0
- - 0]

However, for the sieve equivalence to work, it is enough that g is bijective when restricted to B\ Y.

Lemma 12. The restriction of g to B\'Y is injective, and its image is A\ X. Furthermore, f and g are
weight preserving, and hence h is weight preserving. In other words, V,, » is a well-defined weight-preserving
bijection.

Proof. We proved in the previous subsection that if we insert a variable into a tableau of p, the entries in [u)
are smaller than or equal to their previous values. So after inserting a variable from W(\) into T' € B(u, \)
and removing the new corner, we again get a tableau in B(u, A). In other words, ¢, 0 1, (B(i, A) x W(X)) C
B(u, A) x W(A), so indeed g: B — A.

We need to prove that g restricted to B\ Y maps to A\ X. In other words, we have to prove that if
(T, 2) ¢ U, B, N), then @, 0 6,(T, 2) ¢ B, A) x W(ji, \).

The assumption is that after we insert z into 7', the result S € B(v) is not in B(v, A). In other words, the
entry of S in position (4,5) € [v/p] is too large, i.e., we have j 4+ Si; > Aiys,; (this includes the case when
v < X). Assume that the entry in position (¢, j) is black (the analysis for a red entry is analogous) and that
it represents the variable xj (so S;; +i=1%k). We have j +k —i > X\, ie. j—1—i> X\ — k.

The variable x; was bumped from the previous column, say from position (i’,j — 1), where " > 4. Since
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(¢',j — 1) € [u] and (i,j) is an outer corner of u, we have p; = pit1 = ... = por = j— 1, pj_y >4 and
ps =14 —1. We want to prove that zj is not an element of W(u, \).

Before getting bumped, the entry in (i’,j — 1) was k — 4’ (so that it represented the same variable x), and it
satisfied j — 1+ k — 4’ < A\jyk—ir = Mg, see [@). In other words, we have j —1 — ' < Ay —k <j—1—14. But
that means that for i = j —14+k— Mg, 1 <" <@/, wehave i — " =G —-1)—(G—14+k—Ip) =\ — k
so k. & W(p, A).

We now need to prove that g|p\y is injective. In other words, we need to prove that if ¥, (T, z),%.(T",2") ¢
U, B, \) and ¢, 09, (T, 2) = ¢, 01, (T",2"), then T =T" and z = 2'.

The assumption is saying that after we bump z into T" and 2’ into T”, we get bicolored tableaux which are of
different shapes v and ¢/, but the entries in the unique cells (¢, j) and (¢, j') of [v/u] and [V /] represent the
same variable (without loss of generality, xj, for some k), and after deleting these entries, we get the same
bicolored tableau of shape u. Without loss of generality, 7 < j'.

Furthermore, the variable xj, is too big for either position (,7) or (i’,5"). We saw earlier in this proof that
we must have \p < j+k — i and \y > j' + k —i" — 1, where the variable x; was bumped from position
(¢",5" = 1) to (i, j') in the insertion of 2’ into T". However, j < j'—1land i > pj+12>pj_ +1>4" +1,
soj+k—i<j —14k—1i"—1<j +k—1i"—1, which is a contradiction.

Finally, we have to prove that g: B\'Y — A\ X is surjective. In other words, we have to prove that
if (T,z) € B(p,A) x W)\ W(x, X)), then there exists (1”,2’) such that ¢, (T",2") ¢ U, B(v,A) and
Pu © W(T/a ZI) = (T7 Z)

We assume that z = xx € W(A) \ W(u, A) for some k; the analysis for z = yy, is very similar and is left as an
exercise for the reader.

For some i, we have \y — k = p; —i. Write j = p1; + 1 and i’ = p; +1 < 4. Place a black k& — 4’ in position
(', 7) and denote the resulting tableau S. We claim that S is a bicolored tableau and that (7", 2') = 1, ' ()
satisfies the required properties.

Forl >k —1i,7— 141 < A4 is not satisfied; indeed, in thiscase j —1+1>j7—1+k—i= A > N\j4y. In
other words, S’” 1=T; ;-1 <k—iandso Sy j_1 =Ty j—1 <k—i. That means that writing k —¢' >k —i
in position (7', ) does not create a decrease in row . Also, for | > k — 4, 7 +1 < Ay_14; is not satisfied, as
JHI>g+Ek—">j+k—i>X e > A1 So Sy—1j =Ty—1; < k—1' and writing k — ¢’ in position (¢', j)
does not create a decrease in column j. We have proved that S is indeed a bicolored tableau. Let us denote
its shape by v, so (¢, ) is the only cell in [v/pu]. Write (T, 2) = ¢, (S5).

We claim that S = ¢,(17",2’) is not in B(r, \), i.e. that k — ¢’ is too large for position (¢',7). Indeed,
j+k—i/2j+k—i>)\k:)\1‘/+k,i/.

We also claim that 77 is in B(p, A). When we start the inverse insertion process, we put the variable xj into
column j — 1 of S. However, we saw that Sy ;1 < ... < S5; ;-1 < k —1, and since we write the variable xy,
in position (¢, — 1), where ¢’ < 4" <4, as a black k — ", we must have " = i. We therefore have k — i in
position (i, j — 1), which is, by 7 — 14+ k —i = A, not too large for the result to not be in B(u, A). Continuing
with the reverse insertion process does not change that fact: if x; comes from a black k — ¢ in position
(t,7) € [u], j+k—i < X, and lands in (¢',j —1),4’ >4, asablack k—4' then j—1+k—¢' < j+k—i < )\
(and a similar proof for yi). Furthermore, the variable 2’ will obviously be in W(X). O

The lemma proves Theorem [T1]

6. FINAL REMARKS

Comparison of Naruse’s formula with others. Naruse’s formula seems better for many applications,
e.g. asymptotics; see for example [22] Section 9] and [2I]. This paper presents another advantage: it has a
natural bijective proof.

Connection to Ikeda-Naruse’s formula. It was pointed out by Morales and Panova (personal communi-
cation, see also [20]) that in [11] equation (5.2)], Ikeda and Naruse proved algebraically that for a skew shape
A/p that fits inside a d x (n — d) box,

(FOV1) = F(u/1)) Py = S F(A/v),

pn<<rvCA
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where
FMwy = > T rrazitr = 2asi-x)-
Deg(M/p) (i,)€D
In particular,

r(A)
FOM1) =Y (2ad—it1 — Zatjx)-
i=1
For n and d fixed, we introduce variables xx,_; = 2x,+d—i+1, 1 <@ < d, and YN —j = —Edj-N 1<j<n—-d

(we always have \; +d —i+1# d+ j — \] since the difference is the hook length of the cell (3, j)), and get
precisely (B)).

Bijective proof of Monk’s formula. It was pointed out by Sara Billey that formula (B]) is similar to
Monk’s formula for Schubert polynomials. Indeed, the double Schubert polynomial of a permutation w is the
sum of H(i,j)eD(xi + y;) over all RC-graphs D for w. It would be interesting to see if there is a connection
between our bijection and the bijective proof of Monk’s formula from [I].

Skew shifted shapes. An obvious question is how to adapt the bijection to prove the version of Naruse’s
hook-length formula for skew shifted shapes. While one might expect that a version of such a bijection would
be much more complicated than the one presented here, it turns out that the proof can be adapted without
major difficulties. See [14].
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