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Abstract. We prove a Jacobi-Trudi formula, a Littlewood identity, a Cauchy identity,
and symmetries for refined dual Grothendieck polynomials by using the Lindstrom-
Gessel-Viennot lemma and an interpretation as integrable vertex models. We give an
alternative definition of refined dual Grothendieck polynomials from the last passage
percolation model. We then prove a Jacobi-Trudi formula for skew shapes and give a
new proof of a relation with the Schur measure due to Baik and Rains.
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1 Introduction

(Symmetric) Grothendieck polynomials were first introduced by Lascoux and Schiitzen-
berger [12] as polynomial representatives corresponding to Schubert varieties in the (con-
nective) K-theory ring of the Grassmannian, the set of k-dimensional planes in C". An
integrable systems interpretation was given by Motegi and Sakai, where they were linked
with the Totally Asymmetric Simple Exclusion Process (TASEP) in [13].

Dual Grothendieck polynomials were introduced as the dual basis to Grothendieck
polynomials under the Hall inner product by Lam and Pylyavskyy in [9], where a com-
binatorial interpretation was given. Furthermore, their decomposition in terms of Schur
functions was described using elegant tableaux via an RSK-like process. Recently, Yelius-
sizov connected dual Grothendieck polynomials to TASEP and the corresponding ran-
dom matrix process called last passage percolation (LPP) [17, 18]. A refined version
of dual Grothendieck polynomials g, (x; t) were introduced by Galashin, Grinberg, and
Liu [4], which can be seen as encoding the usual weight on the elegant tableaux.

In this extended abstract, we combine the combinatorial, integrable systems, and
probabilistic approaches to obtain both new results and new proofs of recent results.
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In Section 3 we first translate the elegant tableau decomposition into nonintersecting
lattice paths (NILPs), which allow us to describe g, (x;t) as a multi-Schur function [10]
by refining [11] and using [3]. We use this interpretation with the Lindstrom—-Gessel-
Viennot (LGV) lemma to obtain refined versions of formulas from [17, 18]. Using the
integrable systems interpretation, we prove new symmetries not previously noticed.

In Section 4, we use Yeliussizov’s bijection from [18] with the Robinson-Schensted-
Knuth (RSK) bijection to relate g,(x;t) with the LPP model, deconstructing the map
from [9]. Next, we refine the proofs by Johansson [7] to prove a (dual) Jacobi-Trudi
formula for g, /,(x; t) conjectured by Grinberg. This was done independently by Kim [8]
and previously the dual version by Amanov and Yeliussizov [1] and the t = B version
by Iwao [5], all using different techniques. We then further refine Johansson’s method to
relate g, (x;t) with the Schur measure [14], recovering his results [6] when x =t = ql/ 2
and the general case by Baik and Rains [2].

2 Background and combinatorics

Letx = (x1,...,%1), Yy = (y1,-..,Yn), and t = (t1,...,t,) be (possibly infinite) sequences
of commuting indeterminates. Let x Uy := (x1,..., X, Y1,-..,Yn) denote the concatena-
tion. For A = (Ay,...,A,), define x* := x?lxé‘z ...xpm. Let e)(x) and hy (x) denote the
elementary and homogeneous symmetric functions.

We consider partitions A inside an n X k box drawn in English convention. The 01-
sequence of A is a 1 for north steps and 0 for east steps read from the lower-left corner.
Let AT denote the complement of A in the n x k box. The dual partition A" interchanges
0 <> 1 in the 01-sequence. The conjugate partition A’ is reflecting over the y = —x line.

A reverse plane partition (RPP) is a filling of A with positive integers that weakly in-
crease across rows and down columns. If the columns are strictly increasing, then it is a
semistanard Young tableau (SSYT). Let RPP"(A) (resp. SSYT"(A)) denote the set of reverse
plane partitions (resp. SSYT) of shape A with max entry n. A flagging on a RPP is an
upper bound on the entries that appear in each row. An elegant tableau is a SSYT of skew
shape A/u with the i-th row is strictly less than i; the set of which is denoted ET(A/p).

Let a(T) = (ay,...,a,) with a; the number of columns containing an i. Let b(T) =
(b1, ...,bn) with b, the number of boxes b in the r-th row equal to the box directly below
b. Grinberg, Galashin, and Liu [4] defined the refined dual Grothendieck polynomial as

axt) =) (M xa(T),
TERPP" (1)
A Schur function s)(x) := gx(x;0) is the sum over semistandard tableaux. From the

bijection ¢: RPP"(A) = |,,cx SSYT" () x ET(A/p) from [9, Thm. 9.8], which we call
the inflation map, we have the following (see also [16, Eq. (72)]).
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Theorem 2.1. We have g)(x,t) = Y ,ca eh (t)sy(x), where e (t) := YTEET(A/1) tl.

We can interpret a SSYT as a family of non-intersecting lattice paths (NILP) from the
Jacobi-Trudi formula via the Lindstrom—Gessel-Viennot (LGV) Lemma. Additionally, a

n

Gelfand-Tselin (GT) pattern is sequence of partitions (A() i, representing a SSYT where
A is the shape containing all entries at most i.

Example 2.2. We have a SSYT as a NILP and a GT pattern:

U3 T
1({1(2|4 v | % ‘ 4 . 3 ; 1 ) 0
21313 —> o Xz — 3 1 .
4 l_
us 125 U

xq X1 2

11

3 Lattice paths, identities, and integrability

In this section, we describe g, (x;t) using NILPs and interpret these as integrable lattice
models. We fix a partition A = (Ay,...,Ay) with Ay > 0. We build a lattice model by
using Theorem 2.1, noting that an elegant tableau can be thought of as larger entries on
a semistandard tableau. We obtain a refined version of Lascoux and Naruse [11, Eq. (3)]
showing ¢, (x;t) is a multi-Schur function [10] by using the results of Chen, Li, and
Louck [3, Thm. 3.2], although with the starting vertices begin at the same y-coordinate.
Define a multi-Schur function [10] by s (x(1),...,x(0)) := det[s)&gﬂ,ﬁh—k(x(k))]fl,k:y

where Y=o Si(x®)uf = [T, (1 - xi(k)u)_1 for indeterminates x(¥) = (xgk), e, x,(llli)).
Theorem 3.1. We have gy (x;t) = sy (x,x + (t1),x+ (t1,t2),..., x+ t).

Example 3.2. Let A = 4322 and n = 5. We give a NILP and the corresponding semistan-
dard tableau of shape ;1 = 41 and elegant tableau in the shaded portion:
t3 t3 U4

th, U3

PP W
W[N]

173 1/72 1/71 i?l:lll

The extension of the NILP from [3] is given by the dashed black lines, which are fixed.
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Our first identity is a Jacobi-Trudi formula for refined dual Grothendieck polynomi-
als, which is a dual version of [16, Eq. (73)], from the LGV lemma. This was shown for
t = B in [16, Cor. 10.3] and [5], which is also implicit from [3, 11].

Corollary 3.3. We have g, (x;t) = det[hy 1 j_i(x t1,. .., ti_l)}?].zl.

We obtain a dual Jacobi-Trudi formula by refining the computation for [11, Eq. (5)].

n

Corollary 3.4. We have g, (x;t) = det[ey (%, ty, ..., tA4_1)]ij:1.

We give a new analog of the Cauchy identity for refined dual Grothendieck polyno-
mials. We prove this by putting the two lattice paths together in the common t region.

Corollary 3.5. We have s, (X, t,y) = Y5 cput 82 (% £) 801 (y; 1), where t* = (ty_1,..., 1).

Example 3.6. Let n = 2. An NILP for s¢(x, t, y) with the dotted line indicating the cut for
the decomposition from Corollary 3.5 and the corresponding semistandard tableaux is

" "04 |7}3 lv2 U1
Y2

X1|X1|X1|X1|X2 Yyi|yi|y1|¥y1|¥1
t3
t ot |t | H Yo ly2|y2|t3|t3
> 7 7 4
t t3 | t3
ty
“ i3 t

x1 l { r—
Ug t uz | U | Uy

where the second tableau is semistandard with respect to the alphabet y; < v < t3 <
tp < t;. When we rotate the second tableau by 7t and join it to the first tableau, we obtain
a semistandard tableau of (rectangular) shape 6% for x; < xp <t < th <t3 <yp < Y.

We also have a generalized Littlewood identity; the t = 1 was proven in [17, Cor. 3.5].
Corollary 3.7. Let m > £. We have s,,0(x, t,t) = ¥\ e 1, t;.”_A"gA(x;t).

If we remove the topmost row in the previous lattice paths, then the upper-right
region become fixed with only one allowable partition of A being the rectangle. This is
exactly analogous to how we are able to fix the lower-left portion. Therefore, we obtain
the following, where the t = 1 specialized version was first given in [17, Lemma 3.4].

Corollary 3.8. We have s,/ (x,t) = g,.¢(x; t).

Corollary 3.8 implies that g, (x; t) is symmetric in x Ll t when A is a rectangle. We can
interpret the NILP as a state of an integrable 5-vertex model (see, e.g., [13]), where the
symmetry comes from the fact it satisfies the Yang—Baxter equation. Generalizing these
tixed regions for more general shapes A, we obtain the following.
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Corollary 3.9. Suppose A; = A1, then g, (x;t) is symmetric in t;_1 and t;, where tg = xp,.

Example 3.10. Let A = 4422 and n = 5. Then in the extended case, we have

ts e
tr
h $” |

X5 —o 01

X4

U3

~

NN
Q= W -

X3

X2

X
i Vi Vi, ‘ nt

We can see that g, (x;t) is symmetric in x,, <> t; and tp <> t3 as

A t) = saan (X, t1) + (t2 + t3)saa21(x, 11) + (t% + tots3 + t%)5442(x, ty)
+ tot3saa11(x, t1) + (t%ts + fzf§)5441(x, t) + t%t§S44(X, t1).

We also have a refined version of the branching rule of [16, Thm. 8.6] at « = 0.

/\1—V1ti‘2—ﬂ2t£\3—}13 ) M Wgy(x ).

Additionally, Corollary 3.8 is generalized to arbitrary A using the LGV lemma by
using the same cut approach as for Corollary 3.5 (see also Example 3.6).

Corollary 3.11. We have g)(x,v;t) = LucA Y

Corollary 3.12. Let v be a partition, £ = £(v), and t = (t1,...,ty) for some m > ¢ — 1. Then

0= T pl@On(st, vl ph(® = detli it )]}, = EF

ACv
with the sum is over all semistandard skew tableaux T of shape v/ A with max entry m and lower
flagging f = (0,1,...,0 —1), and for m = ¢ — 1, we consider hy(ty, ..., t;) = o

Taking the combined SSYT for the RPP to a GT pattern, we use the p = 0 5-vertex
model from [13] and the corresponding Cauchy identity (see, e.g., [13, Cor. 3.6, Cor. 5.4])
to obtain a refined Cauchy-type identity of [17, Thm 5.2(iv)] with A in an ¢ x m box.

Corollary 3.13. We have

14 g—I\m+n n
1 (xzt' ) 1
2”th ct) =TTt T] det[ J .
’ I 1
(xi — x]')(ti — t]- ) xit]. -1 el

ACm! i= i=1 1<i<j<n
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By using the general p version of the Boltzmann weights from [13], we have a new
basis of symmetric functions that expands positively in the Grothendieck polynomials,
where the coefficients are the number of set-valued elegant tableaux. Furthermore, this
expansion is given by counting set-valued elegant tableaux of a fixed shape A/ pu.

4 Probability theory

We begin this section by showing g, (x; t) is the probability of a stochastic model, refining
Yeliussizov relation [18] of gx(x;1) with random matrix theory. This also essentially
deconstructs the inflation map into the bijection from [18, Thm. 1] and RSK. Consider a
random matrix W = (wj;);j,>1 with entries w;; with geometric distribution P(w;; = k) =
(1-— tl-x]-)(tixj)k, where t;, x; € (0,1) and k € Z>. The last passage time for W is

G(m,n) =max Y wj,
(i,j)ell

where the maximum is taken over all paths from (1,1) to (m,n) with steps to the right
or up, i.e., for (i, ju), we either have (iz11,ja+1) = (ia,ja + 1), (ia +1,ja). We index our
matrices using the natural indexing on Z?, so the bottom-left corner is (1,1).

Define G(i) := (G(¢,i),...,G(1,i)). For partitions A, u, denote the transition proba-
bility by P(G(i) = A|G(j) = u) of the last passage percolation (LPP) model. Our goal is to
prove the following (t = 1 case was proven in [17, Thm. 8.1]).

Theorem 4.1. We have P(G(n) = A) =TT, IT/=; (1 — tixp)t'ga (s t71).

Yeliussizov [18] gave a direct combinatorial proof of Theorem 4.1 at t = 1 by con-
structing a bijection ® between RPPs and the matrices that records the number of times
a box is not equal to the box below it (after a trivial modification of [18, Thm. 1]). The
factor [T¢_, [T_1(1 — tix;) trivially factors out from the definition.

We note that these random matrices W are in bijection with two-line arrays with w;;
denoting the number of bi-letters (i,j), which are sorted by lex order. Let W — (P, Q)
under RSK with A being the shape of P and Q. Recall that under RSK, the length of a
longest increasing subsequence in the lower word corresponds to A;.

Example 4.2. We have

2 3 3 rsx fl1]1]3]|1]1]2
14 1 3|

2
413 3134

1113 1
11304 11
3 0

o O O
N O =
i )

|~

Using the definition of ® and jeu-de-taquin is equivalent to RSK insertion, we have:
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Proposition 4.3. The insertion tableau of RSK o ® is given by removing any i such that there is
an i directly below it and using jeu-de-taquin to write the remaining boxes as a straight shape .

The longest increasing subsequence of the bottom row when we restrict to ¢ X n
matrices corresponds to G(¢,n) (see, e.g., [6]). Hence, we compute G(¢ — k, n) by setting

the top k rows of the matrix W to 0, which we denote this matrix by W), Let W)
(P%), Q) under RSK, which have shape A¥). Hence, we have G(¢ — k,n) = Agk). If we
look at the recording tableau, we have that Q(¥) is equal to removing all entries at least
n —k from Q = Q). Thus any matrix W such that (G(£ —k, n))i;é = A, we require that
the left side of the GT pattern representation of Q must be A. Therefore, we obtain

gty =t"y Y t%,u(x),

HEA QeSSYT! (1)
left(Q)=A

where left(Q) is the leftmost entries of the GT pattern corresponding to Q. Thus we

have proven Theorem 4.1. Note that t't~2 = t/(T) for all corresponding RPPs T to Q.
To see that these GT patterns correspond to the elegant tableaux, we simply reflect

the GT pattern vertically and consider it inside of a larger skew GT pattern. Pictorially:

A ON0

Example 4.4. The elegant tableaux from Example 3.2 as a GT pattern and SSYT are

4 1 0 0

1)1 3 1 o [1]1]3]4
12 r 20 \/3 .
AE 2

Subsequently, we also have a new bijective proof of Theorem 2.1. Moreover, this is a
new probabilistic proof of Corollary 3.13 with m — oo by summing all A with /(1) < £.

Next, we take Theorem 4.1 as the definition of g)(x;t). Then using the transition
probability, a natural definition of skew refined dual Grothendieck polynomials is

! n
Sr/u(xt) = ]—{]—{(1 — tixj) " P(G(n) = A[G(0) = p) (4.1)
i=1j=

which gives us a natural branching formula of )/, (xUy;t) = ¥, g/, (% )81 /0 (y5 t).
We show that g, /,(x; t) is equivalent to the combinatorial definition from [4]. Define
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the Heaviside step function H: Z — C and the convolution product of f,g: Z — C as

H<v>={° V<D amd fag)= Y fv-8)s(0).

1 ifV 2 O, g:—oo

Next, one can compute the transition probability explicitly as

P(G(n) = A|G(n — 1) = ) = [ T(1 — tpon) () ™04 H(A; — max (g, A1),

—-

j=1

from which we find the factorized form, where v(v) := xH(v),

g max(pj,Ajy1)—Hj
g/\/y(xn)t) = Ht]'
i=1

4
Z)()\] — max(ptj, /\j-l-l))' (4.2)
j =1

J

We can see that (4.2) is precisely the generating function for the number of RPPs of
shape A/u with a single letter n by reading the RPP row-by-row. This is equivalent to
the definition in [4] by (recursively on n) removing the boxes in a RPP containing an n.

Corollary 4.5. We have g, /,,(X;t) = Lrerppr(A/p) (T xa(T),

We introduce the weighted difference operators A; and A; ! acting on f: Z — C as

v—=1 .
Mf(v) = Flv+1) (), AT f() = T 7 f (), A =

p=—00

Ao By if >,
AN iff <

Lemma 4.6. The following identity holds:

¢
—i ¢ —pj+max(pj,Ajp1)
/() = det [ oA — )],y = TT67 7 oA — max(ug, Aj)).
j=1

Lemma 4.6 is essentially a refined version of [7, Lemma 3.1] with a similar proof. We
also have a refined version of [7, Lemma 3.2].

Proposition 4.7. For f,g: Z — C such that f(v) = g(v) = 0 for some M and all v < M,

Y. det[A]f(vi— )], det[A]g(A —vy)]E = det[(A]frg) (A —m)]; ..

[ZASERS LAY

Combining the above, we find that g, /,,(x; t) can be expressed as a single determinant

Sa/u(t) = det[(A{_ifl ke ) (A — yj)]ijzl, where f;(v) = hy(x;) = xjH(v). (4.3)
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j—i l o
So (4.3) becomes g)\/y’(*;t) = det[(A] ZhV(x))|v:Ai—yj]i,j:1/ as it is easy to see f1 x «- - *
fu(v) = hy(x), with A]"" acting on the subscript v of h,(x). By induction on k, we have

Ay - DpyAy f(v) = i em(—t1, —ta, ..., —t) f(v +k—m), (4.4a)
m=0

Agl . A;A;lf(y) = i h(ty, to, ... b)) f(v—k —m). (4.4b)
m=0

Using (4.4) and the above determinant formula, we obtain the following.

Theorem 4.8. The refined dual Grothendieck polynomial g, /., (x; t) equals

14
det Z o (O, it j—m(X) , where a;),(t) = {hm(t]'m'tl_l) Zfl Z],'
iji=1 em(—ti,...,—tj,l) lfl <]J.
This is the refined version of the Jacobi-Trudi type formula derived by Iwao [5,
Prop. 5.2] att =  using the boson-fermion correspondence and by Amanov and Yeliussi-
zov [1, Thm. 14]. Moreover, Theorem 4.8 refines [7, Thm. 2.1] for the transition probabil-
ity as a corollary and was proven independently by Kim [8] using plethystic techniques.
The approach in Section 3 is not amenable to the skew setting by comparing Equa-
tion (4.2) and Corollary 3.11 (by disregarding the x variables) in the single variable case.
We prove a dual Jacobi-Trudi type identity similar to Theorem 4.8, which then de-
scribes P(G(n) = A'|G(0) = u'). Instead of H(v), we use an indicator function of [0, 1].

Theorem 4.9. The refined dual Grothendieck polynomial g) /., (x; t) equals

‘ (t th1) ifu; > A—1

det Z ocl] t!) )er—pi—itj—m(X) , where @, (t) = emlty1r b)) F B -t
j it hon(—tp;, -, —ty;) otherwise.

Theorem 4.9 was also proven in [1, 8] and for t = B in [5] using different techniques.
Proving refined versions of [7], we recover Baik and Rains [2] result on the Schur
measure [14] on partitions defined as, for t;, x; € (0,1) such that 0 < JT;;(1 — tix;) < oo,

Pschur(A) = [ J(1 = tixj)sa(£)sa(x).

i,j

Theorem 4.10 (6, 2]). We have
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Using Theorem 4.1, our determinant formulas, and elementary transformations, we
obtain the refinement of [7, Thm. 2.2], which we then transform to a refined [7, Prop. 2.4].

Lemma 4.11. Let t; = (f1,...,t;). We have P(G({,n) < m) equal to

HthH 1— t;x;) det[Al ] h V(x)|1,:m+1}fj:1

i=1 i=1j=1
1 14 { n m+0—1 1 ,
E'qt;ﬂ I—{I—{ l—tx]) Z Odet[hmM v (g )} _ de’c[Ai,1 hvi,gﬂ(x)]i,].:l.
i= i=1j V=

Under additional analysis and manipulation of the determinants, we rewrite
n

P(G({,n) <m) = ﬁt;" ﬁ | (1-— tix]-)smz(x,t_l). (4.5)

Then using the combinatorics of Schur functions, we finish our proof of Theorem 4.10.
We can give additional probabilistic proofs of some of our identities. The first is the
tinite weighted Littlewood formula in Corollary 3.7 by combining (4.5) and

£ n
( (£ Tl Z P ) = Z HH(l - tixj)tAg;\(x;tfl).
ACm!t ACmti=1j=1

Next we prove the Cauchy identity of Corollary 3.5 by using two expressions for
P(G(¢,2n) < m). Build y by y; := x,1;. On one hand, we have (4.5). On the other hand,

P(G(¢,2n) =) P(G )P(G(¢,2n) < m|G(n) = u).

pCm

By algebraic manipulations, we show

Y4 14
i—i—1 ¢
P(G(£,20) < m|G(n) = ) = ¢ T[4 TTTT(L ~ tiyy) det (Al ho(9) o1 ]

We obtain the Cauchy identity (Corollary 3.5) by taking the t; — oo limit and using

1 l _
lim det [A] i (Y)|V:m+1fﬂj]i,j:1 = Qut (y; (t)71).

t[—>00
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Finally, we give an integral formula for g, (x;t) by again refining [7]. We show

1 T (1 — tnz)
Bie- - Beyby (frx foxoox fu) (V) = 5 T "(11 - . Z)n;v+k+1dz’
r m

1 / dz
2781 Jo, T (1 = 2z) TTN_ (1 — tz) 2V —k+17

AL AL (frx ok fa) (V) =

where the integration circle 1, satisfies 0 < r < t,,1, x,,! for all m. Applying this to (4.3):

Proposition 4.12. We have g, /,(x;t) = det[Fij]ﬁ i1, Where

i—1
1 / H]m (1= tmz) ifi>i
27-(1 » H (1 — X Z) )\i_ﬂj+j_i+1 ] -7
Fij = 1L 1
dz ifj <i.

For y = @ and t = B, then we have

)\—i—ﬂz

T [Th<icj<e(zj —z:) (1 — Bzj — Bzi)
$bop) = 27” % % m 1(zi — xm)H1§i<]’§€(1 - ,BZ]’) .

. ng.
Moreover, for u = @ and t = 0, this is the famous integral representation of s, (x).
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