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Quantized mixed tensor space and
Schur—Weyl duality

Richard Dipper, Stephen Doty and Friederike Stoll

Let R be a commutative ring with 1 and g an invertible element of R. The (special-
ized) quantum group U= U, (gl,) over R of the general linear group acts on mixed
tensor space V& @ V*® where V denotes the natural U-module R", r and s
are nonnegative integers and V* is the dual U-module to V. The image of U in
Endz (V& ®V*®) is called the rational q-Schur algebra S, (n; r, s). We construct
a bideterminant basis of S, (n; r, s). There is an action of a g-deformation B} (¢)
of the walled Brauer algebra on mixed tensor space centralizing the action of U.
We show that End%;{s(q)(‘/@r ® V*®) =S, (n; r,s). By a previous result, the
image of B? (¢) in Endg(V® ® V*®°) is Endy(V® ® V*®*). Thus, a mixed
tensor space as (U, B] ((¢))-bimodule satisfies Schur-Weyl duality.

Introduction

Schur—Weyl duality plays an important role in representation theory since it relates
the representations of the general linear group with the representations of the
symmetric group. The classical Schur—Weyl duality, due to Schur [1927], states
that the actions of the general linear group G = GL,(C) and the symmetric group
S, on the tensor space V®" with V = C" satisfy the bicentralizer property, that
is, Endg,, (V®™) is generated by the action of G and correspondingly, Endg (V®™)
is generated by the action of &,,. This duality has been generalized to subgroups
of G (e.g., orthogonal, symplectic groups, and Levi subgroups) and corresponding
algebras related with the group algebra of the symmetric group (e.g., Brauer algebras
and Ariki-—Koike algebras) as well as deformations of these algebras. In general,
the phrase “Schur—Weyl duality” has come to indicate such a bicentralizer property
for two algebras acting on some module.

One such generalization is the mixed tensor space V& ® V*®, where V is the
natural and V* its dual CG-module. The centralizer algebra is known to be the
walled Brauer algebra B” , and it was shown by Benkart, Chakrabarti, Halverson,

r,s?

Leduc, Lee and Stroomer [Benkart et al. 1994] that mixed tensor space under the
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action of CG and B} | satisfies Schur-Weyl duality; see also [Koike 1989; Turaev
1989]. In [Kosuda and Murakami 1993] the authors introduced a one-parameter
deformation B} ((q) of the walled Brauer algebra and proved Schur—Weyl duality
in the generic case (i.e., over C(q)), where CG is replaced by the generic quantum
group Ug(y) (gl,).

In this paper, we generalize the results of [Benkart et al. 1994; Kosuda and
Murakami 1993] to a very general setting. Let R be a commutative ring with 1 and
q € R be invertible. Let U be (a specialized version of) the quantum group over R,
which replaces the general linear group in the quantized case. Let B} ((g) be the
g-deformation of the walled Brauer algebra defined in [Leduc 1994]. Here we use
a specialized version of Leduc’s multiparameter version that acts on mixed tensor
space V& ® V*® where V = R" is the natural U-module.

In [Dipper et al. 2012], one side of Schur—Weyl duality was shown in this situation,
namely that the image of B} ((g) in Endg(V®" ® V*®%) is the centralizing algebra
of the action of U on mixed tensor space.

In this paper, which is a revised version of a preprint that has circulated since
2008, the other side of Schur—Weyl duality will be proven, namely that the image of
U in Endg (V® ® V*®) is the endomorphism algebra of mixed tensor space under
the action of B} ((q). We call this image the rational q-Schur algebra and denote it
Sq(n; r,s). Itis a g-analogue of the rational Schur algebra introduced and studied
in [Dipper and Doty 2008]. In case ¢ = 1, we obtain a similar statement (which is
also new) for the rational Schur algebra with respect to the hyperalgebra over R
of gl,. In the meantime, this result was shown in [Tange 2012] in the special case
g = 1 by different methods. One may also wish to consult [Brundan and Stroppel
2011], which enlarges the landscape on walled Brauer algebras considerably.

For technical reasons, it will be useful to turn things around and instead define
Sq(n;r,s) to be End%“q)(V@ ® V*®). Since we show at the end that this coin-
cides with the image of Uin Endg(V®" ® V*®), there is no harm in this abuse of
notation. In our proof, we will show that Endgn (q)(V®’ R V*®) = Sq(n;r,s)is
free as R-module of rank independent of the choice of R and q. We shall accomplish
this by constructing an R-basis of S, (n; r, s) that is dual to a certain bideterminant
basis of the dual coalgebra A, (n; r, s) of S,(n;r,s).

As a guide for the reader, we briefly outline the main ideas behind the proof.
There is a natural embedding of mixed tensor space V® ® V*® into ordinary
tensor space V& T"=Ds_This embedding « is not U-linear but is U’-linear, where
U’ is the subalgebra of U corresponding to the special linear Lie algebra. We will
see that replacing U by U’ is not significant. For u € U, the restriction of the
action of u on V& T(1=Ds o y®r g y*&5 < y®r+0-Ds commutes with the action
of B7 (q) on V® @ V*® and hence lies in Sy (n; r, s). Thus, « induces an algebra
homomorphism 7 from the ordinary g-Schur algebra S, (n, r + (n — 1)s), which
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is the image of U’ in Endg (V& T"=1%) into S, (n; r, 5). This homomorphism was
motivated by a similar homomorphism in [Dipper and Doty 2008].

Let porg : U — Sy(n, r + (n — 1)s) be the representation of U’ on V& T(=Ds
and pmxd : U — S, (n; r, s) the representation of U’ on mixed tensor space. Then
Pmxd = T © Pord Y construction. By classical quantized Schur—Weyl duality, porq 18
surjective, SO pmxd is surjective (i.e., pmxa(U") = Sq(n;r,s)) if 7 is surjective. We
show that 7 possesses an R-linear right inverse, thus proving the surjectivity of .

At this point, we switch over to coefficient spaces. It is well known that the
dual coalgebra A, (n,r + (n — 1)s) = S, (n, r + (n — 1)s)* is the coefficient space
of U’ acting on ordinary tensor space V& +"~Ds_There is no problem here with
dualization since the classical g-Schur algebra S, (n, r + (n — 1)s) is known to be
free as R-module of fixed rank independent of the choice of R and ¢g. Moreover,
Ay (n,r+ (n —1)s) possesses a bideterminant basis [Huang and Zhang 1993]. The
endomorphism algebra S, (n; r, s) = Endgr () ( Ver @ V*®s) may be described by
a system of linear equations in the endorhorphism algebra Endg (V® @ V*®),
which is free as R-module. Using these equations, we apply a general argu-
ment (Lemma 2.3) to construct a factor coalgebra A, (n; r, s) of the R-coalgebra
Endz (V® ® V*®) such that A, (n; 1, s)* is isomorphic to the R-algebra S, (n; r, 5).
In Section 5, we exhibit a map ¢ : A,(n;r,s) = Ay(n,r + (n — 1)s) and show
explicitly that * = : S;(n, r +(n—1)s) — S, (n; r, s). In Section 6, we show that
A4 (n; r,s) and hence S, (n; r, s) are free as R-module by constructing a (rational)
bideterminant basis. From this it is not hard to find an (R-linear) left inverse of the
map ¢ whose dual map is then the required right inverse of t* = m, proving that
Sq(n; r,s) is the image of U’ (and hence U) acting on mixed tensor space.

1. Preliminaries

Let n be a given positive integer. In this section, we introduce the quantized
enveloping algebra of the general linear Lie algebra gl, over a commutative ring R
with parameter g and summarize some well known results; see for example [Hong
and Kang 2002; Jantzen 1996; Lusztig 1990]. We will start by recalling the definition
of the quantized enveloping algebra over Q(g), where ¢ is an indeterminate.

Let PV be the free Z-module with basis A, ..., h,, and lete;, ..., &, € PV* be
the corresponding dual basis: ¢; is given by €;(h;) :=§; j for j =1,...,n, where
d is the usual Kronecker symbol. Fori =1,...,n—1,let; € PV* be defined by

O (=& — &yl

Definition 1.1. The quantum general linear algebra U, (gl,,) is the associative Q(g)-
algebra with 1 generated by the elements ¢;, f; i =1,...,n—1) and q" (he PV)
with the defining relations

=1 "¢ =" qeaqg"=q"Me, " figT" =g P f,
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Ki—K !

ei fj— fiei = 3“F’ where K; := g"i—hi+1,

e?ej_(Q+q_l)€i€j€i+€je,-220 for |i — j| =1,
ffi—@+a Dfififi+fiff=0 forli—jl=1,
eiej=eje; and fif;=fifi forli—j|>1.

We note that the subalgebra generated by the K;, ¢; and f; i =1,...,n—1)1is
isomorphic with U, (sl,). Also, U, (gl,,) is a Hopf algebra with comultiplication A,
counit ¢ the unique algebra homomorphisms and antipode S the unique invertible
antihomomorphism of algebras, defined on generators by

AgM=q"®4q",

Ale)=ei®K ' +1®e,  Af)=fi®1+Ki® fi,
g =1,  ele)=e(f)=0,
S@h=q7"  Se)=-ekKi  S(f)=-Kf.
Let V(g be a free Q(g)-vector space with basis {vy, ..., v,}. We make Vg, a

U, (gl,)-module via
q¢"v;=q"""v; forhePandj=1,...,n,
=il . if =i,
eiv; = v 11y l. + fivj = Viy1 1 l-
0 otherwise, 0 otherwise.

We call Vg, the vector representation of U, (gl,,). This is also a U, (sl,)-module
by restriction of the action.
Let [/], in Z[q,g~"] (or in R) be defined by

-1
[l]q — ZQZi_H_l
i=0

and set [[],! :=[l]4[l — 1]4 - - - [1]4. Define the divided powers el.(l) = ef/[l]q! and
D= fl/1,". Let Uy 4y (resp. Uy, 1)) be the Z[g, ¢ ~']-subalgebra of
U, (gl,) generated by the qh (resp. the K i)’and the el@ and fi(l) for [ > 0. Then
Uyzq.4-17 18 @ Hopf algebra, and we have

1 I
[ — [—k -1 (k 1 —k(l— 1—k k
k=0 k=0

S(el(l)) — (—l)lql(l_l)ei(l)Kf, S(fl(l)) — (_l)lq—l(l—l)Ki*lfi(l)’
ee)y=e(f")=0.
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Furthermore, the Z[g, g~ ']-lattice Va14.4-11 11 Vag) generated by the v; is invariant
under the action of Uy, ,-1 and of U/Z[ T Now, make the transition from
Z[q, g~ '] to an arbitrary commutative ring R with 1. Let ¢ € R be invertible, and
consider R as a Z[q, ¢~']-module via specializing ¢ € Z[q, g~ ']+~ g € R.

Ijet Ur := R®z14.4-11 Uz1g.4-1) and Uy := R ®p, 41 U/Z[q,q_l]' Then UR.in-
herits a Hopf algebra structure from Uz, ,-17, and Vg := R ®z4 4-11 Vz14,4-11 1S @
Ug-module and by restriction also a U’-module.

If no ambiguity arises, we will henceforth omit the index R and write U, U’
and V instead of Ug, U/R and V. Furthermore, we will write efl) as shorthand for
1® el.(l) € Ug, similarly for the fi(l), K; for 1 ® K; and qh for 1 ®qh.

Suppose W, W and W, are U-modules; then one can define U-module structures
on Wi ® Wy, = W ®g W, and W* = Homg (W, R) using the comultiplication and
the antipode by setting x (w; ® wy) = A(x)(w; ® wy) and (xf)(w) = f(S(x)w).

Definition 1.2. Let r and s be nonnegative integers. The U-module V& ® V*®*
is called mixed tensor space.

Let I(n, r) be the set of r-tuples with entries in {1, ..., n}, and let I/ (n, s) be
defined similarly. The elements of I (n, r) (and I (n, s)) are called multi-indices.
Note that the symmetric groups G, and &; act on I (n, r) and I (n, s) respectively
from the right by place permutation, that is, if i = (i1, i, .. .) is a multi-index and
s; is a Coxeter generator, then let i.s; := (i1,...,ij-1,j41,ij,ij42,...). Thena
basis of the mixed tensor space V& ® V*®S can be indexed by I(n,r) x I(n,s).
Fori =(iy,...,i;)el(n,r)and j = (ji,..., js) € I(n,s),let

Vi|j I=vi1®...®vir®v;‘l®...®vzev®r®v*®x,

where {v], ..., vy} is the basis of V* dual to {vy, ..., v,}. Then {v;; :i € I(n,r),
jel(n,s)}is abasis of V& @ V*®,

We have another algebra acting on V& ® V*® namely the quantized walled
Brauer algebra 87  (¢) introduced in [Dipper et al. 2012]. This algebra is defined as
a diagram algebra in terms of Kauffman’s tangles. A presentation by generators and
relations can be found in [Dipper et al. 2012]. Note that this algebra and its action
coincide with Leduc’s algebra [1994] (see the remarks in [Dipper et al. 2012]).

Here, all we need is the action of generators given in the following diagrams.
The Brauer algebra B} ((q) is generated by the elements

E:ll z TT, SIZIIXI”T and SJZIHTXTT’

where the nonpropagating edges in E connect vertices in columns r and r + 1 while
the crossings in S; and §; connect vertices in columns i and i + 1 and columns
r+jand r + j + 1, respectively. If v;j; =v®v;, ® vjl ® v, then the action of the
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generators on V& ® V*®* is given by

n
2i,—n—1
vipE=8,,, Y ¢ " v, ®v Qv

s=1

q i) ifi; =iy,
Vi|jSi = | Vi.s|j ifi; <ijy1,
Viglj+ @ = @i i i > iy,

R q i if jj = Jjj+1.

Vil jSj = { Vilj.s; if j; > jj+1,

Vil + (@7 = uiyy if ji < i
The action of B/ (¢) on V&' ® V*® commutes with the action of U.
Theorem 1.3 [Dipper et al. 2012]. Let o : B (q) — Endy(V® ® V*®) be the

representation of the quantized walled Brauer algebra on the mixed tensor space.
Then o is surjective, that is,

Endy(V®" @ V') = B7 () /anngy , (verav-e)-

The main result of this paper is the other half of the preceding theorem.

Theorem 1.4. Let pyq: U — End%»;.s(q)(V@r ® V*®5) be the representation of the
quantum group. Then pyxq is surjective, that is,

End‘B'r’.AY(q)(V@r ® V*®S) = U/annU(V®’®V*®S)~

Theorems 1.3 and 1.4 together state that the mixed tensor space is a (U, 57 ((¢))-
bimodule with the double centralizer property. In the literature, this is also called
Schur—Weyl Duality. Theorem 1.4 will be proved at the end of this paper.

For s = 0, this is well known; %”m’o(q) is the Hecke algebra %,,, and V®" is
the (ordinary) tensor space.

Definition 1.5. If m is a positive integer, let (,, be the associative R-algebra with 1
generated by elements 71, ..., T,,—; with respect to the relations

(Ti+q)(Tj—qgH=0 fori=1,...,m—1,
TTinTi =i LTy fori=1,...,m—2,
T,T; =T;T; for|i— j|>2.
If w € G,, is an element of the symmetric group on m letters and w =s;,s;, . . . 8,
is a reduced expression as a product of Coxeter generators, let T, :=T1;, T}, . .. Tj,.
Then the set { T, : w € &,,, } is a basis of ¥,,.

Note that ¥, acts on V®" since #,, = B .0(g), the isomorphism given by
Ti = S,’.



Quantized mixed tensor space and Schur-Weyl duality 1127

Theorem 1.6 [Dipper and James 1989; Green 1996]. Let poq : U — Endg (V&™)
be the representation of U on V®™. Then im porq = Endye, (V™). This algebra is
called the q-Schur algebra and denoted S, (n, m).

We will refer to V®™ as ordinary tensor space.

2. Mixed tensor space as a submodule

Recall that U’ is the subalgebra of U corresponding to the Lie algebra sl,,.

Theorem 2.1. If m is a nonnegative integer, let porq : U — Endg(V®™) be the
representation of U on V™. Then

Pord (U) = pord(U/)-

Proof. Define the weight of i € I (n, m) tobe wt(i) :=A = (A, ..., A,) such that };
is the number of entries in i that are equal toi. If A = (A1, ..., A,) is a composition
of m into n parts, i.e., A; +---+ X, = m, let VA®’" be the R-submodule of V&
generated by all v; with wt(i) = A. Then V®™ is the direct sum of all Vk®m, where A
runs through the set of compositions of m into n parts. Let ¢; be the projection onto
VA®’". By [Green 1996], the restriction of poq : U — S, (n, m) to any subalgebra
U’ C U is surjective if the subalgebra U’ contains the divided powers el.(l) and fi(l)
and preimages of the projections ¢; .

Therefore, we define a partial order on the set of compositions of m into n parts
by A < w if and only if

(A — A2, A2 — A3, ooy A1 — Ay) < (1 — M2, 2 — U35« vy Mn—1 — M)

in the lexicographical order. It suffices to show that for each composition A, there
exists an element u € U’ such that uv; = 0 whenever wt(i) < A (i.e., wt(i) < A and
wt(i) # A) and uv; = v; whenever wt(i) = A. In Theorem 4.5 of [Lusztig 1990], it
is shown that certain elements

K;:c .:lL[KiqC_S—H_Ki_Iq_C-H_I
t ' qs_q—s

s=1
are elements of U fori =1,...,n—1,ceZ andr € N. Let
n—1 K m + 1
L i
* E |:)\i_)~i+1+m+1i|’
which is an element of U’ since A; — Aj4+1 +m + 1 > 0. Then u has the desired
properties. U

The next lemma is motivated by [Dipper and Doty 2008, §6.3].
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Lemma 2.2. There is a well defined U'-monomorphism k : V* — V&'~ given by

v (=) Y (=) vy

we6,_;
=(—q) Z (=)' va2. 5w Tw = (=@) V2.0 Z (—¢)' ™ T,,
wEanl w66n,1

where [ means leaving out i.

Proof. Clearly « is a monomorphism of R-modules, and K; v;’.‘ = g%+ 70 v;‘ and

Kiva. . j.n= ql_aivf’q‘si“vf_lv(]mfmn) by definition. Thus, ¥k commutes with K;.
Now eiv;‘ = —8,~,jq*1v;‘+1. If j #£i,i+1, then
eic(vF) = (—q) e; Z(_Q)l(w)v(l...ii+1...j...n)Tw

w

=—(=9)" > (=)' "v(1 iy Tw = 0= K (&),
w

For j =i (resp. i+ 1), we get

eik (i) = (=)™ (=)' (eivgy 1. ) Tw =0,

w

eic(v)) = (=¢) Y (=)' (eivqr..iis1.m) T
w
=(—q)' Z(—Q)l(w)v(l...i FiomTw=—q""k@})).
w

Furthermore, for [ > 2 we clearly have el@ v;’.‘ =0and efl)/c(vj) = 0. The argument

for f; works similarly. (]

Lemma 2.2 enables us to consider the mixed tensor space V& ® V*®* as a
U’-submodule T of V& +®=Ds via an embedding that we will also denote «.
Thus, B; ((¢) acts on T"*.

If we restrict the action of an element of U’ on V& +(=Ds or equivalently
of the g-Schur algebra S,(n,r + (n — 1)s) to T"*, then we get an element of
Endg (T"*). Since the actions of U’ and B} ((q) commute, this is also an element
of Endgr (o (T"*). Let S;(n;r,s) := End%gs(q)(vw ® V*®%): thus, we have an
algebra Homomorphism w:Sq(n,r+(n— ljs) — S4(n; r, 5) by restriction of the
action to T"* = V& ® V*®_ Our aim is to show that 7 is surjective, for then each
element of Endm’s(q)(V@’ ® V*®%) is given by the action of an element of U’.

Lemma 2.3. Let M be a free R-module with basis B = {by,...,b;} and U a
submodule of M given by a set of linear equations on the coefficients with respect
to the basis B, i.e., a;j € R such that U = { > cibi e M : Zj ajjcj =0 forall i }
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exist. Let {b], ..., b/} be the basis of M* = Homg(M, R) dual to B, and let X be
the submodule generated by all jai jb;f. Then U = (M*/ X)*.

Proof. We have that (M*/X)* is isomorphic to the submodule of M** given by
linear forms on M* that vanish on X. Via the natural isomorphism M** = M, this
is isomorphic to the set of elements of M that are annihilated by X. An element
m =), ckby is annihilated by X if and only if 0 = Zj’k a,-jb’]‘f(ckbk) =) QikCk
for all i, and this is true if and only if m € U. (]
Note an element ¢ € (M*/X)* corresponds to the element ¢ = Y, (b 4+ X)b;
of U. In our case, S,(n, m) and S, (n; r, s) are R-submodules of R-free algebras,
namely Endz (V®™) and Endg(V®" ® V*®*) respectively, given by a set of linear
equations, which we will determine more precisely in Sections 3 and 4.

Definition 2.4. Let M :=Endz(V®™) and U := Sy (n, m). Then U is defined as the
algebra of endomorphisms commuting with a certain set of endomorphisms and thus
is given by a system of linear equations on the coefficients. Let A, (n, m) :== M*/X
as in Lemma 2.3. Similarly, let A, (n; r, s) := M*/ X with M :=Endg(V®" ® V@S
and U := S, (n; r, ).

By Lemma 2.3, A;(n, m)* = S,(n,m) and A, (n; r,s)* = S;(n; r,s). We will
proceed as follows. We will take m = r 4 (n — 1)s and define an R-homomorphism
L:Ay(n;r, )= Ay(n,r+(n—1)s)sothat * =m : S, (n, r+(n—1)s) — S,(n; r, s).
Then we will define an R-homomorphism ¢ : A, (n, r+(n—1)s) — A, (n; r, s) such
that ot = iqu(n;r,s) by giving suitable bases for A, (n, r+(n—1)s) and A, (n; r, s).
Dualizing this equation, we get 7 0 ¢* = (* 0 p™ = idsq (n:r,s)» and this shows that 7
is surjective. Actually, A, (n,r + (n —1)s) and A, (n; r, s) are coalgebras, and ¢ is
a morphism of coalgebras, but we do not need this for our results.

3. Ay(n,m)

The description of A, (n, m) is well known; see, e.g., [Dipper and Donkin 1991].
Let A, (n) be the free R-algebra on generators x;; (1 < i, j < n) subject to the
relations

XikXjk = qXjkXik ifi <j,
XkiXkj = qXpjXki ifi < j,
XijXkl = XkiXij ifi<kandj>l,

XijXp = Xk Xij +(q —q_l)xilxkj ifi<kand j <I.

Note that these relations define the commutative algebra in n*> commuting inde-

terminates x;; in case ¢ = 1. The free algebra on the generators x;; is obviously
graded (with all generators in degree 1), and since the relations are homogeneous,
this induces a grading on A, (n). Then we have the following lemma:
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Lemma 3.1 [Dipper and Donkin 1991]. A, (n, m) is the R-submodule of A, (n) of
elements of homogeneous degree m.

Proof. Since our relations of the Hecke algebra differ from those in [Dipper and
Donkin 1991] ((T; — ¢)(T; +1) =0 is replaced by (T; +¢)(T; —g~") = 0) and thus
Ay (n, m) differs as well, we include a proof here.

Suppose ¢ is an endomorphism of V®" commuting with the action of a generator
S;. For convenience, we assume that m =2 and S = S;. Then ¢ can be written as a
linear combination of the basis elements E; ;) () mapping vx ® v; to v; ® v; and
all other basis elements to 0. For the coefficient of E;j, ), we write c;xcj; so that
Q= Zi’j’,@l cikCj1Ejy, . On the one hand, we have

S(p(vk ®vy))
= S(Z CikCj1vi @ vj>
i,j

=) cikcivi®vi+q ' Y cikcivi ®vi+ Y cincji(v; ®vi+ (g —q)vi ®v;)

i<j i i>j
-1 -1
= E CikCjivi ® v +¢q E CikCiivi @ vi + (¢~ —q) E CjkCilVj ® ;.
oy i i<j

Now, suppose that k > [. Then
PSS ®v)) =W @+ (g~ — ) ® )
= Z(lecik +(q7 " —g)cjrci)v; ®v;.

i,j
Similar formulas hold for k =/ and k& < [. Comparing coefficients leads to the
relations given above. O

A, (n, m) has a basis consisting of monomials, but it will turn out to be more
convenient for our purposes to work with a basis of standard bideterminants; see
[Huang and Zhang 1993]. In that reference, the supersymmetric quantum letterplace
algebra for L~ = P~ ={1,...,n} and L™ = P* = @ is isomorphic to A,-1(n) =
A, (n)°PP, and we will adjust the results to our situation.

A partition X of m is a sequence A = (A1, A2, ..., Ag) of nonnegative integers such
that Ay > Ao >---> Az and Zf;l A; =m. Denote the set of partitions of m by AT (m).
The Young diagram [A] of a partition A is { (i, j) e NxN:1 <i<k,1<j <X }.
It can be represented by an array of boxes: A; boxes in the first row, A, boxes in
the second row, etc.

A A-tableau tis amap f : [A] = {1,..., n}. A tableau can be represented by
writing the entry f (i, j) into the (i, j)th box. A tableau t is called standard if the
entries in each row are strictly increasing from left to right and the entries in each
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column are nondecreasing downward. In the literature, this property is also called
semistandard, and the role of rows and columns may be interchanged. Note that if ¢
is a standard A-tableau, then Ay <n. A pair [t, t'] of A-tableaux is called a bitableau.
It is standard if both t and t’ are standard A-tableaux.

Note that the next definition differs from the definition in [Huang and Zhang
1993] by a sign.

Definition 3.2. Let i, cesdpy Jlyeees Jr €{1,...,n}. Forip <ip <--- <ig, let
the right quantum minor be defined by

(lllz A lk|.]1.]2 A .]k)r = Z (_q) (w)xizuljl'xi11:2j2 b 'xiwk.jk'

weSy
For arbitrary iy, ..., iy, the right quantum minor is then defined by the rule
. .. L. . L . L . e .
G eedtiipr ekl iga e Jr = —q G e cbi—tipaigig2 -« bkl j1j2 - Jior

for i; > i;y;. Similarly, let the left quantum minor be defined by
(1 ikljie. . Jior= Z (=" X i Xinjus -+ Xigjur 1 1<+ < ks
wEGk

Gy ooviklji o= —q Gy e ot ji > i
Finally, let the quantum determinant be defined by
det, :=(12...n[12...n), =(12...1n[12...n),.

If [t, t']is abitableau and t;, tp, ..., & (resp. £}, £, .. ., ;) are the rows of t (resp. t'),
then let

() = (&), . .. (2]6) (1 ]t),.
Then (t|t) is called a bideterminant.

Remark 3.3. We note the following properties of quantum minors:

() Grevigljr-egor=—=qG ikl Jierjo - - Jor for ji > jiya,
etk i =—q - igrip gl jr - i forip > i

Q) Ifip <ip <---<iyand j; < jo < --- < ji, then right and left quantum
minors coincide, and we simply write (i . ..it|J; ... jr). This notation thus
indicates that the sequences of numbers are increasing. In general, right and
left quantum minors differ by a power of —g.

(3) If two i;s or js coincide, then the quantum minors vanish.

(4) The quantum determinant det, is an element of the center of A, (n).
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Definition 3.4. Let the content of a monomial x;,j, ...x;,;, be defined as the
tuple (o, B) = (a1, - .., ®y), (B1, ..., Bn)), where «; is the number of indices i,
such that i; =i and B; is the number of indices j; such that j, = j. Note that
> a; =) B; =m for each monomial of homogeneous degree m. For such a tuple
(a0, B), let P(a, B) be the subspace of A,(n, m) generated by the monomials of
content («, 8). Furthermore, let the content of a bitableau [t, t'] be defined similarly
as the tuple (a, B) such that «; is the number of entries in t equal to i and B; is the
number of entries in t' equal to j.

Theorem 3.5 [Huang and Zhang 1993]. The bideterminants (t|t') of the standard
A-tableaux with A a partition of m form a basis of A, (n, m) such that the bidetermi-
nants of standard ,-tableaux of content («, ) form a basis of P («, B).

The proof in [Huang and Zhang 1993] works over a field, but the arguments are
valid if the field is replaced by a commutative ring with 1. The reversed order of
the minors is due to the opposite algebra. Note that for i} < i, < --- < iy and
J1 < j2<---< jk, we have

KD Gy ik ior = Z (=) ™" X ji Xy - - - K

wEGk

q

which is a quantum minor of A ;-1 (n)°PP,
Lemma 3.6 (Laplace’s expansion [Huang and Zhang 1993]).
() For ji<jo<---<jij < jig1 <--+< jk, we have
(iriz .. ikl jijz - Jii

=Y =)' il jwr - Ju)iGirn -kl fwasn - - Jwrs
w

where the summation is over all w € S such that wl < w2 < --- < wl and
w(l+1) <w(l+2) <--- < wk.

2) Foriy <ip <--- <ig, we have
(Griz -kl jija - - Jior

= )" G -l jr - Gty - - dwklier - s
w

the summation again over all w € &g, such that wl < w2 < --- < wl and
wl+1) <w(l+2)<--- < wk.

4. Ay(nyr,s)

A basis of Endg(V® @ V*®) is given by matrix units Ej; k such that E;)j gjvse =
8k|1,s|tv,~|j. Suppose Q= Zi,j,k,l Ci|j k|1E,‘|j k|l € EndR(V®r ® V*®S) commutes
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with the action of B ( (¢) or equivalently with a set of generators of B; ((g). Since
coefficient spaces are multiplicative, we can write

k * *
Citk1Cirky =" Cirkr €11, C oty " * €l

for the coefficient c;j k. It is easy to see from the description of A, (n, m) that ¢

commutes with the generators without nonpropagating edges if and only if the ¢;;

satisfy the relations of A, (n) and the cfj satisfy the relations of A,-1(n) = A, (n)°PP.
Now suppose that ¢ in addition commutes with the action of the generator

N
ezl...l = TT
We assume ¢ = )/} cikc} Eijjki and that r = s = 1 (the general case being
similar). Letv=1v; ® v;f be a basis element of V ® V*. We have (the indices in the
sums always run from 1 to n)

2s—n—1
(p(v)ezzcsic;kj(vs®vt*)e=2q = Csicrj(vk®v1f)’
s,t s,k

p(ve) = 8;;q% ! Z (v ®vf) = 8;;¢% ! Z CskCliVs @ V]
k

k,s,t
Comparing coefficients, we get the following conditions:

n
Zc,-kcjfk=0 for i ;éj,

k=1

n
Zqchkiczj =0 fori#j,
k=1

n n

2: 2k—2i * _2: e
q Ckicki— C]kcjk'

k=1 k=1

This, combined with Lemma 2.3, shows the following:

Lemma 4.1. We have
Aym;r,s) = (F(n,r) g Fi(n,s))/Y,

where F(n,r) (resp. Fy(n,s)) is the R-submodule of the free algebra on gener-
ators x;j (resp. x;‘}.) generated by monomials of degree r (resp. s) and Y is the
R-submodule of F(n,r) ®r Fy(n,s) generated by elements of the form hihyhs,
where h; is one of the elements

XikXjk — qXjkXik fori <j, 4.1.1)
XkiXkj — G XkjXki fori<j, 4.1.2)

Xij Xkl — Xk1Xij fori <k,j>I, 4.1.3)
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XijXp — Xk Xij — (q — q_l)xilxkj fori <k, j<lI, “4.14)
XX T — q_lx;kal-*k fori < j, (4.1.5)
XX — 4~ X fori <j, (4.1.6)
XX — XX fori <k, j>1, 4.1.7)
XX = xpxl (g —q g fori <k, j <l (4.1.8)
n
> xi, fori # j, (4.1.9)
k=1
n
> g xixg; fori # j, (4.1.10)
k=1
n n
ZqZk_Z’ XpiXp; — Z XjkX i (4.1.11)
k=1 k=1

and h and h3 are monomials of appropriate degree.

Remark 4.2. The map given by x;; > g%~

automorphism of A, (n; r, s).

xx; and xl.*k — x,j‘l. induces an R-linear

Bideterminants can also be formed using the variables xl*J In this case, let

)" = ()] (klt)) - - (bl )y,

where the quantum minors (i . .. ix|ji . .. ji)} /) are defined as above with g replaced

by q_l.

S. Themap: A,(n;r,s) > Ay(n, r + (n—1)s)
Forany 1 <i, j <n, let t«(x;;) := x;; and
() = (—¢q)"(12...7...n|12... ] ...n) € Ay(n.n — 1);
then there is a unique R-linear map
L:F(n,r)®g Fi(n,s) - Ay(n, r + (n—1)s)
such that ¢(x;, j, - - -xirjrx;flll . -x,fslj) =1(x;j,) - L(x,'rjr)t(x;flll) e L(x,fslj).
Lemma 5.1. The kernel of . contains Y, and thus, t induces an R-linear map
Ay(n;r,s) = Ay(n,r+(n—1)s),

which we will then also denote 1.
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Proof. We have to show that the generators of Y lie in the kernel of ¢. Generators of Y
involving the elements (4.1.1)—(4.1.4) are obviously in the kernel of . Theorem 7.3
of [Goodearl 2006] shows that generators involving elements (4.1.5)—(4.1.8) are
also in the kernel. Laplace’s expansion shows that

n n
L(inkx}kk> = Z(—Q)(k_l)_(j_l)xik (1...7...n|l.. k.. .n);
k=1 k=1

=(—q)' 71, ]...n|l...n) =6 -det,,

L<Z qZk‘z"xk,-x,j,) =g N () (L kL f ),
k=1

k=1
= (—q)/ Q. nlil. . ] on), =8 - dety;
thus, the generators involving the elements (4.1.9)—(4.1.11) are in the kernel of ¢. [J
Now, we have maps

FrAy(n,r+(n—=1)s)" = Agy(n;r,)* and w:S,(n,r+m—1)s)— S,(n; r,s).
By definition, A, (n, r+n—1)s)* =S, (n, r+(n—1)s)and A, (n; r, s)* =S, (n; 1, 5).
Lemma 5.2. Under the identifications above, we have * = 7.
Proof. We will write

Xigowip jrojy = Xigji =" Xig,jis

Xigoo vy i jiWer o = Xig i * " Xig X0 gy XL

Suppose that ¢ € A, (n, r + (n —1)s)*. Then

¢ = > ¢(xij) Eij

i,jel(n,r+n—1)s)

is the corresponding element of S, (n, r + (n — 1)s). Since (*(¢) = ¢ o, we have

o) = > @otlrijan)Eilj-
ikl

In other words, the coefficient of E;jx; in t*(¢) can be computed by substituting
each xg in t(xj|j k) by @(xs). On the other hand, to compute the coefficient
of Ej)j ki in 7w (@), one has to consider the action of ¢ on a basis element v = k (vg7)
of T"*. For a multi-index I € I(n, s), let I* € I(n, (n — 1)s) be defined by

o~ o~

Fo=(...05..n1...1h...n...1...1,...n).
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Then
v=rk(vpp) = (=) TN (=) o ® (v T,
we6,*,

and thus, we have

o) = (=) =" > (=)' ™ G(x0) Egt 0k ® (v T))

s, t,w

= (=) NG (xs g vs.

s, w

Since ¢ leaves T"* invariant, ¢(v) is a linear combination of the basis elements
Kk (vij) of T"*. Distinct « (v;|;) involve distinct basis vectors of y@r+=s Thys,
if

1 et s
)= hijjk i)=Y hij(—q)/ Ty,
ilj ilj.w

then (—q)zjkki| j is equal to the coefficient of v;;+ when ¢(v) is written as a linear
combination of basis vectors of V& +(=Ds_The coefficient of v; j+ in @(v) is, by
the formula above,

(=)= (=)™ G(xije rrmw)-

Thus,
Aijj = (=" (=) G (i ) = @ 0 L (Xij kD).
w

But A;|; is also the coefficient of Ejj in 7w (¢), which shows the result. O

Theorem 5.3 (Jacobi’s ratio theorem). Supposen >1>0and iy <ip <--- <ijand
Ji<p<---<j.Letii<i),<---<iy _,and j| < j; <--- < j_, be the unique
numbers such that {1, ... ,n}={iy, ..., 0,8, ..., 0 _y={j, ., Ji, Jis s Jn_y)-
Then

. . . . I ._' j— . . . .
G igljre ") = ()= det NG )

Proof. We argue by induction on /. Note that for / =0, deth_1 = det;l is not an
element of A, (n). However, (i{...i,_,|j| ... j,_,) turns out to be det,; thus, the
right-hand side of the formula is detq_1 det, =1 =1(1). In this sense, the formula
is valid for [ = 0.

For [ =1, the theorem is true by the definition of L(x;“j). Now assume the theorem
is true for / — 1. Apply Laplace’s expansion and use induction to get

1
WGyl D) =0 (Z(—q)_(k_l)x;jl (i1 eeipeitljoenn.. j,)*)

k=1
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1
=3 @ AL i) - () B i R el
k=1

o~ —~ —~ —~ ~ —~ —~ ~

SN U ST I, Dl oo D] eeeee s ij...n|l...jo..j3...... Ji...n).

We claim that this is equal to

(=) TG0 deth2 3 (=) (wlw2 . wn— DIy )
w

cwnl..iy...... iooonl. o, G, (53.0)

where the summation is over all w € G,, such that wl < w2 <--- <wm —1). If
wn is not one of the igs, then the summand in (5.3.1) vanishes since wn appears
twice in the row on the left side of the second minor. Thus, the summation is over
all w as above with wn = i; for some k. Note that [(w) = n — i} and

7% U T ij...nlt); = (—q)ik_k(l R FTP T SR T f AN I T 71 £ 9
the claim follows. Again apply Laplace’s expansion to the second minor in (5.3.1)
to get

(wnl...ij...... ij...n|l...jo...... Ji...n)
=Y (=) xpp (1. 0y 0. nv2v3.. ... Vji...on),
v

the summation being over all v € &y 5 = ) with v2 <v3 <--- <vn. After
substituting this term in (5.3.1), one can again apply Laplace’s expansion to get

that (5.3.1) is equal to
(—) =00 det 2 3 () O (12 L fr Lo,
v

NCUR TR 0. nv2v3.. ... Vji...on). (5.3.2)

The only summand in (5.3.2) that does not vanish is the term for vl = j; with
[(v) = j; — 1. Thus, (5.3.2) is equal to

(—q) =00 det! 2 (=) (A2 a1 GO G )

! . .
= (—q) == U0 det VLl L) O
6. A basis for A, (n; r, s)

Theorem 5.3 enables us to construct elements of A, (n; r, s) that are mapped to
standard bideterminants under ¢. First, we will introduce the notion of rational
tableaux although we will slightly differ from the definition of rational tableaux in
[Stembridge 1987]. Recall that AT (k) is the set of partitions of k.
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Definition 6.1. Fix 0 <k < min(r, s). Let p € AT(r —k) and 0 € AT (s — k) with
p1+o01 <n. A rational (p, o)-tableau is a pair (v, s) with v a p-tableau and s a
o -tableau.

Let first; (¢, s) be the number of entries of the first row of t, which are at most i,
plus the number of entries of the first row of s, which are at most i. A rational tableau
is called standard if v and s are standard tableaux and the following condition holds:

first;(v,s5) <i foralli=1,...,n. (6.1.1)

A pair [(¢, 5), (v, §)] of rational (p, o)-tableaux is called a rational bitableau,
and it is called a standard rational bitableau if both (¢, s) and (v/, s') are standard
rational tableaux.

Remark 6.2. In [Stembridge 1987], condition (6.1.1) is already part of the defini-
tion of rational tableaux. The condition p; +0; <n is equivalent to condition (6.1.1)
for i = n. The reason for the difference will be apparent in the next lemma’s proof.

Lemma 6.3. There is a bijection between the set consisting of all standard rational
(p, o)-tableaux for p € AT (r —k) and o € A+ (s —k) as k runs from 0 to min(r, s)
and the set of all standard A-tableaux for » € A (r+(n—1)s) so Zf:l Ai = (n—1)s.

Proof. Given a rational (p, o)-tableau (r, s), we construct a A-tableau t as follows.
Draw a rectangular diagram with s rows and n columns. Rotate the tableau s by
180 degrees, and place it in the bottom right corner of the rectangle. Place the
tableau t on the left side below the rectangle. Fill the empty boxes of the rectangle
with numbers such that in each row the entries that do not appear in t appear in the
empty boxes in increasing order. Let t be the tableau consisting of the formerly
empty boxes and the boxes of t. We illustrate this procedure with an example. Let
n=5r=4,s=5and k=1, and let

_([1]3][3]4
(m)—( ,35).
Then
112(3]4]5 112(3]4]5
11213415 1123415
112(3/4]5 112(3]4]5
(r,8) ~ 5[3|~]1]2]4[5|3]~t=|1]2]4
413 1125413 112]5
113 13 113
12 ] 12] 12]

It is now easy to give an inverse. Just draw the rectangle into the tableau t, fill the
empty boxes of the rectangle in a similar way as before, and rotate these back to
obtain s. Note v is the part of the tableau t that lies outside the rectangle. We have
to show that these bijections provide standard tableaux of the right shape.
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Suppose (t, s) is arational (p, o)-tableau, so tis a A-tableau with A; =n—o41—;
fori <sand A; = p;_s fori >s. SoA; > A; 4 fori <s is equivalent to o541—; <oy,
and for i > s it is equivalent to p; 5 > pj+1—s. Now p1 +01 = Agr1 — (Ay —n). This
shows that X is a partition if and only if p and o are partitions with p; + o1 < n.
We still have to show that (v, s) is standard if and only if t is standard.

By definition, all standard tableaux have increasing rows. A tableau has nonde-
creasing columns if and only if for alli =1, ..., n and all rows (except for the last
row) the number of entries at most i in this row is greater than or equal to the number
of entries at most i/ in the next row. Now it follows from the construction that ¢
has nondecreasing columns inside the rectangle if and only if s has nondecreasing
columns, t has nondecreasing columns outside the rectangle if and only if v has
nondecreasing columns and the columns in t do not decrease from row s to row s + 1

if and only if condition (6.1.1) holds. O

Definition 6.4. Let Deték) € Ay(n; k, k) with k > 1 be recursively defined by
vetl) =3 xyxj; and vet =3 xllbeték_l)xikl for k > 1.
Let a (rational) bideterminant ((t, s)|(¢', 5")) € A, (n; r, 5) be defined by

(e, 9)I(, 8) := (e|t) et (s]8)*
whenever [(t, 5), (t/, 5')] is a rational (p, o)-bitableau such that p € A™(r —k) and
o € AT (s —k) for some k =0, 1, ..., min(r, s).

Note that the proof of Lemma 5.1 and Remark 3.3(4) show that t(beték)) = det’;.
Furthermore, if p; or o1 > n, then the bideterminant of a (o, o)-bitableau vanishes.
As a direct consequence of Theorem 5.3, we get the following:

Lemma 6.5. Let (v, s) and (v, §') be two standard rational tableaux, and let t and
t' be the (standard) tableaux obtained from the correspondence of Lemma 6.3. Then

L((x, 9|, 8)) = (=) ()

for some integer c(t,t). In particular, the bideterminants of standard rational
bitableaux are linearly independent.

Proof. This follows directly from Theorem 5.3, the construction of the bijection
and t(betf]k)) = det';. The second statement follows from the fact that the (t|t)s are
linearly independent. O

Lemma 6.6. We have

n
> xiet®xt =0 fori # j, (6.6.1)
=1

n
Zq21x1i0et,(1k)xfj =0 fori#], (6.6.2)
I=1
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and
n

n
S aetfiag = 3 x ek, 66
=1 =1

Proof. Without loss of generality, we may assume k = 1. Suppose that i, j 7 1. Then

n n

1) % * ok * % -2 * %
E xilbetg )xﬂ: E Xik XXX = E X1XikX Xy +4q E X1XikX X 1
=1 k=1 k<l k

—1
+ D (it 4 (@7 — @) XX+ XuxixfxT))
k>l

* %k -2 * ok
= xuxaXxi 4 (g7 = 1) Y grixinx
.l k

—1 * ok * ok
+(@  —q) Z(xlkxilxuxjk +x11xikx1kxj1)
k>1

=80t +(q~" —¢q) lekxizx]k,x;‘k = §;;0etl?.
k.l

For j # 1, we have
n n
1) % * % * % -1 * ok
leloetl(l )le = Z XXX X jp = qullxlkxjkxll +q lekxlkxjkxlk
=1 k=1 k<l k

—1 * ok —1 * ok
+ D (g ruxuxx + (@ = @xuxuxiag)
k>l

—1 k%
= Zq XUX1RX jpXy = 0.
k,l

Similarly, one can show that

n
D xivetDxf =0 fori #1,
=1

n n
Zqzl_z’xnae’tf]l)xfj =5 Zq”—lelaet;l)x,*l fori, j #1,
=1 =1

n
> ¥ PxpoetVxf =0 for j #£1,
=1

n
qu_%xlibefél)xfl =0 fori#l.
I=1

Finally,
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n

Z qZI_lelbet((Il)xf]

=1
21-2 * ok 21-2 * ok
= Zq X1 X1k X X7 = Z q - XXX Xk

Lk Lk#1

21—4 * ok 2 * ok * ok
+Zq x11x11X11x11+Zq XXX X g+ X11X11X] 1 X

I#1 k1
=etl? + Z q* (1 = P xnxnxgxg + 2:(6]2 — Dxpexnxyxpy
I#1 k1
= aetff) +(1—¢% (Z q* *xnxnxfixf —q7? lelxlkxikkxikl)
11 k#1
— (@)
= et g

Lemma 6.7. Suppose r = (ry,...,r¢), s = (s1,...,8) € I(n, k) are fixed. Let
jel{l,...,n}and k > 1. Then we have, modulo Det(l),

D GV Y DRIV WP O
J<hi<ja<--<jk
k—1 . .
= (=DfgPZ=0l N @l a0 Sl o)

N<jp<<jk<J

Proof. The only difference between (s|ji 2 ... ji); and (s|jij2... jx); is on a
power of —g not depending on jj, jo, ..., jr. Thus, we can show the lemma with
(-, )y replaced by (-, -);. Similarly, we can assume that ry <r; <--- <r; and
§1 > 82 > - - - > s;. Note that, modulo Detfll), we have the relations ZZZI xikx;’fk =0.
It follows that the lemma is true for k = 1. Assume that the lemma holds for £ — 1.
If M is an ordered set, let M* < be the set of k-tuples in M with increasing entries.
For a subset M C {1, ..., n}, we have

DG DRIV
jEMk’<

= Z (—q)_l(w) (r|-]k ce jz-jl)rx>;kljuvl U x;:cjwk

jeMk< w
. . * *
= z : (r|JWk"'JWI)rx31jw1 T Kk
jEMk'<,w
. . * *
= E (rljk - -]l)rxs]j] e
jeMk

Applying Laplace’s expansion, we can write a quantum minor (r|j; j2), as a linear
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combination of products of quantum minors, say

rljiir =Y a/lir @12
!

i =1, . Sy . . .
Then with ¢, := (—1)kq22f:0’,J=(Jl,...,]k),J’z(Jl,...,]k_l),Cz{l...J}
and D ={j+1...n}, we have

D @l qad0eslinga - JOF =Y ik O X
jeDk< jeDk

! . 1 . .
= Z (1 Ji)r (] k=1« JORXG 5 X5 e X

jeDk1
_ Iy . " » . k k %k
=€ E 1 Jir (rp k=1 -+ JORXS G Xg i X
J'eCkLLL ji>j
= €k-1 Z (rjrje-1 "‘Jl)rxsljl X Vs

J'eCH > j

*

k—1 . ..
=ea-1 Y. QNN e X X

J'eCk1 >
_ k—1 /s . * * *
=€ E (=) a1yl ji—1 - TR Xg 5 X iy X
J'e€CKLI, ji>j
_ k—1 /s . * * *
= —€-1 E ()" 1yl o= - JORXR i Xg 50X iy X

jeck.l

*

k—1 . .o * *
= —€x-1 Z (=)™ (L=t JUIDrXg Xy X e
jeck

= —€4_1 Z (=) Yl J)r(sest skl )

jeck<
=—e1 Y @ V@ e sl O]
jeck=
=e Y (rlje.. jaj0rGslia - Jof- D
jeck=

Lemma 6.8. Let r’ and s’ be strictly increasing multi-indices considered as tableaux
with one row. Let i be the maximal entry appearing, and suppose that i is minimal
such that i violates condition (6.1.1). Let I be the set of entries appearing in both
r' and s’; then we have i € I. Let Ly :={ki, ..., k;,} be the set of entries of r’ not
appearing in s', let Ly :={kj, ..., k},} be the set of entries of s" not appearing inr’,
andleti| <iy <--- <ip =1 be the entries of I.
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Let D :={iy,...,ix, ix+1,ix+2,...,n}and C:={1,...,n}\(DUL{UL)).
Furthermore, for jy, ..., j, €{1,...,n}, let

mGj, ... j)=|{0 o e{l,....t}xC:ji<c}|

Letk := (ki, ..., k) and k' := (k}, ..., kl’z), and let r and s be multi-indices of the
same length as v’ (resp. s'); then we have

> @D rlkjic. . j)rslji - jek)f =0 mod det(.
JjeDk<
Proof. Note thati € I and i =2k +1; +1, — 1; otherwise, i — 1 would violate (6.1.1).
Therefore, |C| = k — 1. Let cipax be the maximal element of C, C = {1, ..., Cmax},
D={cmax+1,cmax +2,...,n} CDUL; UL, D_={deD:d < cpy}and
Dy ={deD:d>cna}. With j =(ji,...,Jj;) and j = (ji+1, ..., jx), we have

S Dk .. jorsli ... k)
jebDk<

k
Z Z PRI Z (rlkji . jO)r - jkk)E (6.8.1)

:OJED_ JEDk[<

Without loss of generality, we may assume that the entries in s are increasing. We
apply Laplace’s expansion and Lemma 6.7 to get for fixed / and j

D @lkje. . jOrsline gk =Y ki 0 kD]

JEDk —l,< 7€Dk—1,<

=q? %D " el ik de0rSle it - ik}
Jebk-l<

=eg” " " @l i ) e Sl iy - kO
7€Ck—l,<

e T D S (13 N 5 U NR) M1 TRRNNY 5 (DO 1 3 %
Je(Cup_ ki<

This expression can be substituted into (6.8.1). Each nonzero summand belongs
to a disjoint union §;US, = § C C U D_ such that |S| =k, S = {ji,..., j;} and
S> ={ji+1, - .-, jr}. We will show that the summands belonging to some fixed set S
cancel out.

Therefore, we claim that for each subset S C C U D_ with k elements, there exists
some d € DN S such that m(d) = |{s € S:s > d }|. Suppose not. Since |C|=
S contains at least one element of D. Lets; <s, <--- <, be the elements of DN S.
We show by downward induction that m(s;) > [{s € S:s5 > s;}| for 1 <[ < m;
m(sy,) is the cardinality of {s,, + 1, ..., cmax} N C. Since all s € § with s > s, are
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elements of C, we have {s,, + 1, ..., cmax] NS C {5 + 1, ..., cmax} N C, and thus,
m(sy) > |{s €S:s>s,}. By assumption, we have > instead of >. Now suppose
m(s;)) >|{seS:s>s5},s0{seS:s51_1<s<s;}={seSNC:s5_1 <s <55 }U{s7};
thus, S contains at most m(s;—1) — m(s;) elements between s;_; and s;, so at most
m(si—1) —m(s;)) + 1 +m(s;)) — 1 = m(s;—1) elements are greater than s;_;. By
assumption, we have m(s;_1) > |{s € S :s > s;_ }|. We have shown that S contains
less than m(s1) elements greater than sy; thus, S contains less than |C|+ 1 =k
elements, which is a contradiction. This shows the claim.

Let S € C U D_ be fixed subset of cardinality k. By the previous consideration,
there is an element d € DN S with m(d) = |{s € S : s > d }|. We claim that the
summand for S; and S, with d € §; cancels the summand for S \ {d} and S, U {d}.
Note that

(rlkjl...3...j1jk...d...j1+1)r(s|jl+] ...d...jkjl Eﬂk,)f
= PSS Gl jy i Jee)e (e - it KD}
Comparing coefficients, we see that both summands cancel. ([

Theorem 6.9 (Rational Straightening Algorithm). The set of bideterminants of
standard rational bitableaux forms an R-basis of A4(n; r, s).

Proof. We have to show that the bideterminants of standard rational bitableaux
generate A, (n; r, s). Clearly, the bideterminants ((t, 5)[(t’, §")) with v, v/, s and &
standard tableaux generate A, (n; r, s). Let cont(t) (resp. cont(s)) be the content
of v (resp. s) defined in Definition 3.4.

Let t, v/, s and s’ be standard tableaux, and suppose that the rational bitableau
[(x, 5), (t/, s")] is not standard. It suffices to show the bideterminant ((x, s)|(¥/, "))
is a linear combination of bideterminants ((t,%)|(t’,s")) such that T has fewer boxes
than v or cont(t) > cont(t) or cont(s) > cont(%) in the lexicographical order. Without
loss of generality, we make the following assumptions:

« In the nonstandard rational bitableau [(t, 5), (¢/, §')], the rational tableau (v, ")
is nonstandard. Note that the automorphism of Remark 4.2 maps a bidetermi-
nant ((t, 5)|(t/, §")) to the bideterminant ((v/, s")|(x, 5)).

« Suppose that (t, s) and (v/, s’) are (p, o)-tableaux. In view of Lemma 6.6, we
can assume that p € AT (r) and o0 € AT (s).

o The tableaux t, v/, s and s’ have only one row (each bideterminant has a factor
of this type), and we can use Theorem 3.5 to write nonstandard bideterminants
as a linear combination of standard ones of the same content.

e Let i be minimal such that condition (6.1.1) of Definition 6.1 is violated for i.
Applying Laplace’s expansion, we may assume that there is no greater entry
than / in v/ and in 5’
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Note that all elements of A, (n; r, s) having a factor Detél) can be written as a linear
combination of bideterminants of rational (p, o')-bitableaux with p € A1 (r — k),
k > 0. Thus, it suffices to show that ((x, 5)|(t/, ")) is, modulo 2et'V . a linear
combination of bideterminants of “lower content”. The summand of highest content
in Lemma 6.8 is that one for j = (i, i, ..., ix), and this summand is a scalar
multiple (a power of —g, which is invertible) of ((t, $)|(¥, §)). O

The following is an immediate consequence of the preceding theorem and
Lemma 6.3.

Corollary 6.10. There exists an R-linear map ¢ : Ay(n, r+(n—1)s) — Ay(n;r, s)
given on a basis by ¢ ({|t) := (—q) E((x, 8)| (v, §)) if the shape ) of t satisfies
Z‘;:l Ai > (n—1)s, where (v, 8) and (v, ') are the rational tableaux respectively
corresponding to t and t' under the correspondence of Lemma 6.3, and ¢ (t|t') :== 0
otherwise. We have

¢ ol = iqu(n;r,s)’
and thus, m = (* is surjective.
As noted in Section 2, we now have the main result.

Theorem 6.11 (Schur—Weyl duality for mixed tensor space, II). We have
Sq(n;r,s) = End%m(q)(V@ ® V*®S) = Pmxd(U) = pmxa(U"),
and Sy (n; r, s) is R-free with a basis indexed by standard rational bitableau.

Proof. The first assertion follows from the surjectivity of r; the second assertion is
obtained by dualizing the basis of A, (n; 1, s). ([
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