COMMUTATIVE PROPERTIES OF SCHUBERT PuzziLES WITH CONVEX POLYGONAL BOUNDARY SHAPES

Classically, a Schubert puzzle is a tiling of an equilateral trianglar region using a set of allowed puzzle
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so that only 0 and 1 labels appear along the outer boundary, not 10s.

An equilateral triangular boundary whose NW, NE, and South sides are labeled clockwise (starting at
the SW) with binary strings A, p1, and v will be denoted A ,, ;, (see Fig. 1), and a puzzle with this
boundary labeling will be called a A ,, ,~puzzle (see Fig. 2).
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Fig. 1: The labeled boundary AMW Fig. 2: A A101070101’0011-puzzle

Puzzles compute Schubert calculus

Classically, Schubert calculus is about computing the structure constants in the Schubert variety

basis {|X] : A € ([Z])} (indexed by binary strings of k 1s and n — k 0s) for the cohomology ring

H*(Gr(k; C")) of the Grasmmannian of k-planes in C".
These are the coeflicients cg\ (Littlewood-Richardson numbers) appearing in the product expan-

sions [ X[ X, = Z c)\ X ] € H*(Gr(k; C")). They can be found geometrically as the intersec-

tion number of three Schubert varieties:
Ku= [ POIIXT
Gr(k;C")
They can also be found combinatorially by counting puzzles. Letting ¥ denote reversal, we have:

Theorem ([KTWO04|, 1999).
cypu = #{A ), v-puzzles}.

Now we generalize the definition of “puzzles” to include puzzle piece tilings of convex polygonal shapes,
where

1. the angle of each puzzle piece edge relative to the xr-axis is a multiple of 60°, and
2. only 0 and 1 labels are allowed to appear along the outer boundary, not 10s.

This allows us to have puzzles with trapezoidal, parallelogram-shaped, pentagonal, and hexagonal
boundary as well. We again use a shape symbol and the sufhix -puzzle to denote these puzzles.

Fig. 3: Examples of a Q101701017001011171010—puzzle, a %101,0101’01170011—puzzle, a O00,0111170001,111,10-pUZZ1e; and a Oo,0111,01,01,011,011-p11221e-

An equivariant puzzle is one where we additionally allow the equivariant piece <> . This piece

carries a special weight of the form y; — y;, where 1 <4 < 57 < n and (7, j) corresponds uniquely to
the piece’s position in the puzzle.

Equivariant puzzles compute Schubert calculus in H7
The classes defined by the Schubert varieties, {|X,] : A € ([Z])}, also form a basis for the T-
equivariant cohomology Hr(Gr(k; C")).
Theorem (|KT03], 2001). The structure constants in H7.(Gr(k; C")) are given by
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The commutative property of classical triangular puzzles says that

HAA Ny Puzzlest = #{ A, \ -puzzlesy.

(See Fig. 4). We generalize this property to polygonal puzzles in the e —
fOHOWiDg theorems. Fig. 4: The NW and NE labels (indicated by red squiggly

lines) commute.

Theorems (|And24|). For each labeled boundary shape drawn below, we can commute the labels on any pair of
sides with matching colored squiggly lines while preserving the number of puzzles filling the boundary. Namely,

For a, B € ( ]) v,0 € ([ ]) and v € (6[1,61:?3]1)’

(2) #H{ Dy wagpuzzest = #{A gy so-przzles}
= #{ D apypuzdes) = #{ A ps o o-puzdes).
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" For 5 € (19, 7,6 € (19), and v € ([19)). 7N\ . 7\
H#1QN By v s-Puzzles} = #{ N g 5., -Puzzles}. 5\ 5\
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For a5 € (1) and .6 € (),

(c) H#{Q a~.8.6Puzzles} = #{ g 5 o s-Puzzles}
— #{@aj(wﬁ-puzzles} — #{%ﬁj&aﬁ'puzz}es}'

For v, B, 7,0 € ([51]) and any bijection 7 \5 5/ \
(d) f:{oz,ﬁ,’yj}%{oz,ﬁ,%(?}? A o
#{Qan,poPuzes} = #{Q f(a),£(7),7(8).fayPAZles} NS5 N\ S
d g Y
For 3,C € (). v.e € (), and 5 € (). 5 v J
(e) /] Y/ &
H DB ~.5.e.cPuzzles} = #{ D¢ 5. gpuzzlest Ve /e
— #{Dﬁ,eﬁ,%CPUZZles} — #{DC,E,é,%B'pUZ21eS}' <C_ <5_
0. G

For a, 0 € ( ) B, e € ( ) and v, ( € ([Ccl]), and any bijections

r f {Oz 5}%{04 5%, g: {8, et — {B, €}, and
" h {7, ¢k = {7 ¢h

#1Oa,,7,6,6, PUZ2IES T = 1O f(a) g(8),h(7),f(8),9(e),h(¢) PUZZles}.
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) #10a,8,7,8,6¢ PUZAES} = #{Oa(y,d,8 Puzzles; / /
= #1Oa,8,60,,c Puzles) = #{Oa,(e,6,7,8 Pu22les} N s

For ai, v, € € ([51]) and 3,0, ( € ([bbl]), and any bijections

m)  fi{eye = {a, v, and g:18,6,¢ — {8,6,¢)
#10a.8,7.8e¢PUAST =3O f(a),9(8).1(7),9(0), (e). (¢ P15

y
For a, 3,7,0,€6,C € ( ]) and any bijection ﬁ/ = \5

(i) fida,B,7,0,€,¢t = {a, 8,7,0,€,(}, 719 others
#{Oa,B,,6,ecPuzzles} = #{Of(a>,f(g),f@),f@’f(e)7f<§>—puzzles}. o\ - g
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We can give any ordinary or equivariant convex polygonal puzzle a tamiliar geometric interpretation
via an operation to “complete” it to a triangular puzzle (see Fig. 5). Letting sort be the operation of
moving all Os ahead of all 1s in a binary string, we obtain bijections

o {Qpywopuzzles} < { Agog)y,v55 Puzzlest,

° {Qa,%ﬁ,&puzzms} N {Asort(oz)%ﬁ sort(é),éoz‘pUZZleS}a
¢ {Oa,ﬁ,%é,e,g-PUZﬂes} N {Asort(@)ﬁv,sort(v)é Sort(e),eg“oz'pUZﬂes}'

Fig. 5: Given the labels on the triangular boundaries, there exists a unique filling of each grey triangular region with puzzle pieces, which forces

the labels around the inner pink regions to replicate those for the polygons on the top row.

Remark. We discovered and proved our results purely within the geometric context provided by this
operation, using intersection-theoretic arguments. Though they are primarily combinatorial state-
ments, we currently do not have a direct combinatorial understanding of them.

The equivariant structure constants in the theorem below are the ones associated to parallelogram-
shaped equivariant puzzles, atter completing to a triangle as in Fig. 5.

Theorem (|[And24|). Define block matrices

1 Ja|0 | 1a| 0O
(I)CL = [T%] and (I)C = [ 0 JC]

in GL(C%*¢), where I, and J; (resp. I. and J.) denote the a X a (resp. ¢ x c¢) identity and
anti-diagonal permutation matrices, respectively.

Let o, 5 € ([51]) and v,0 € ([ ]) Then in H7-(Gr(ay + ¢1; Cat9)), we have

(da)¥ _ (68)" _ (va)¥ _ (v8)"
(CT)sort(oz)%B sort(d) q)a.(CT)sort(ﬁ)%oz sort(9) (I)C.(CT)sort(oz)(S,ﬂ sort(y) (I)C.q)a.(CT)sort(ﬂ)cS,oz sort(7y)”
In other words, commuting the pair «, 8 reverses the yi,...,y,, and commuting the pair 7,0

reverses the 9,11, ..., Ya+c In the structure constant.

Corollary. With a further simple proof (not automatically), we also get that the number of equivariant
puzzles is preserved, i.e.

H#1Q a~.8,5Puzzles} = #{\ g 4 a.s-Puzzles} = #{ . 5.8 Puzzles} = #{ g 5 o y-Puzzles}.

Example of commuting the NW and SE labels:

Fig. 6: The sums of the weights on the left and right sides respectively are (ys — 1) (va — y3) + (ya — y3)(ys — y3) + (y4 — y3)(y5 — 32) and
(y7 — y3)(ys — y3) + (y5 — y1)(y7r — y3) + (y7 — y3)(y7 — y2). The latter can be obtained by reversing the order of the yy, ys5, ys, y7 in the former.

Remark. We can generalize the theorem beyond the Grassmannian (a 1-step ﬂag manifold) to d-step
flag manifolds, i.e. the analogous statement holds in Hr.(F¥(ay + c1,a2 + o, ..., aq + ¢4 Cato)).

1. Extend our results to different types of puzzles, such as those that compute structure constants for
K-theory and Segre-Schwartz—MacPherson (SSM) classes, or 2-step, 3-step, and 4-step puzzles,
for all types of boundary shape and symmetry:.

2. Find a direct combinatorial understanding of our results, perhaps on the level of puzzle pieces.



