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Jacobi—Trudi formulas and determinantal

varieties

Steven V Sam & Jerzy Weyman

ABSTRACT Gessel gave a determinantal expression for certain sums of Schur functions which
visually looks like the classical Jacobi—Trudi formula. We explain the commonality of these
formulas using a construction of Zelevinsky involving BGG complexes and use this explanation
to generalize this formula in a few different directions.

1. INTRODUCTION

In this paper we attempt to understand and generalize some results of Gessel [1]
which bear some visual similarities to the classical Jacobi—Trudi formulas in symmetric
function theory. First, we recall the statement: given an integer partition A\ with at
most k parts, we have the determinantal formula for the Schur function

sx = det(hx,—itj)ij=1....k
where h denotes the complete homogeneous symmetric function. The representation-
theoretic significance of this formula is that it supplies a recipe for constructing the
Schur functor from tensor products of symmetric power functors. Namely, the expan-

sion of the above determinant has a natural interpretation as the Euler characteristic
of an acyclic chain complex. Gessel’s formula replaces s with the sum

Y sa@)say)

A
LNk

in two sets of variables = and y, and replaces h,, with the sum

H, = Z hd(x)hd-i-'rL(y)'
d=0

The significance of this formula for us, and the starting point of this paper, is that
the first expression is the character of the coordinate ring of the determinantal variety
of generic matrices of rank < k, while the H,, are characters of certain equivariant
modules supported on the variety of rank < 1 matrices. Naturally, we want to interpret
this formula as a recipe for constructing the variety of rank < k matrices from these
more basic modules.
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STEVEN V SAM & JERZY WEYMAN

In this article, we reprove this formula using representation theory, and in partic-
ular, interpret it as the Euler characteristic of an acyclic chain complex. This chain
complex is quite interesting and it would be worthwhile to further investigate them
from a geometric perspective. Moreover, from our approach we deduce several simi-
lar formulas: one for the character of the coordinate ring of determinantal variety of
skew-symmetric matrices of rank < 2k, one for a ring very closely related to the coor-
dinate ring of the determinantal of symmetric matrices of rank < k, and a companion
formula for the symmetric case involving spinor representations.

Our approach involves an old construction of Zelevinsky [10] involving BGG com-
plexes. He used this method to construct an acyclic complex of GL,,-representations
whose FEuler characteristic gives the Jacobi—Trudi formula for Schur polynomials.
Zelevinsky’s approach takes as input a representation V of a semisimple Lie alge-
bra g and a weight A\, and outputs an acyclic complex whose terms are certain weight
spaces of V' and which resolves the space of highest weight vectors of weight A\ in V.
If V' carries an action of another algebra H which commutes with g, then the resulting
complex is also compatible with the H-action.

We apply Zelevinsky’s result to various infinite-dimensional representations arising
from Howe dual pairs. In many of the cases the weight A we use is the trivial weight.
However, we will work in the context of a general weight since the formulas are quite
similar, and hence we will get quite a vast generalization of the original formula.

The paper is organized as follows. In Section 2 we recall Zelevinsky’s formula. In
Section 3 we deal with generic matrices. To get Gessel’s result on the coordinate ring
of determinantal varieties we apply Zelevinsky’s formula to the space

V=Sym(EU")®Sym(U ® F*)

where dim(U) = k and g = gl(U). The commuting action is the action of H =
gl(E) x gl(F).

In Sections 4 and 5 we deal with skew-symmetric and symmetric matrices, respec-
tively. We use the space

V =Sym(E®U)

where U is equipped with either a symplectic or orthogonal form. The original action
is that of g = sp(U) or g = so(U) and the commuting action is that of H = gl(E).
As far as we know, the determinantal formulas obtained in these sections have not
appeared in the literature before.

Finally in Section 6 we apply Zelevinsky’s result to the space

V=Sym(ExU)® A

where again U is equipped with an orthogonal form, and A is the spinor representa-
tion. This allows us to deduce determinantal formulas for the sums

>
A
LNk

which recover some formulas from [1].

For all of the above results, one can use exterior algebras in place of symmetric
algebras. However, this does not give anything essentially new because of the existence
of the involution w on symmetric functions that sends s, to its transpose s,i. We
briefly remark on this in Remark 3.8 in the first case and do not discuss it any
further.
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NOTATION. We use Sym? to denote the dth symmetric power functor and Sym =
&b >0 Symd to denote the symmetric algebra construction. Similarly, /\d is the dth

exterior power and A = 5 A% is the exterior algebra construction.
For symmetric function notation, we follow [8, Chapter 7] except that the transpose
of a partition is denoted with { rather than a prime.

RELATED WORK. Determinantal expressions for variations of these sums obtained by
restricting representations of orthogonal and symplectic Lie algebras to the general
linear Lie algebra can be obtained from [3]. Jacobi-Trudi formulas can also be used to
give formulas for minimal affinizations in the study of representations of loop algebras,
see [5] and the references there.

ACKNOWLEDGEMENTS. We thank Christian Krattenthaler and Claudiu Raicu for
helpful discussions.

2. THE SETUP

Let g be a reductive complex Lie algebra. We will assume that we have fixed the data
of a Cartan subalgebra and set of positive roots. Let W be its Weyl group and let p
be % times the sum of all of the positive roots. Let V be a locally finite g-representation
(i.e., V is isomorphic to a direct sum of finite-dimensional g-representations). Given
a dominant weight A, let V[A] be the space of highest weight vectors of weight A in V
and given any weight x, let V. be the x-weight space.

The following theorem of Zelevinsky [10] is crucial for this article:

THEOREM 2.1 (Zelevinsky). There is a (finite) exact sequence
o F; >Fg—=V[A] =0

where

Fi= @ Vip-w-1(p):
weW
L(w)=1
We will denote this complex either by F) or F, depending on the context.
We note that Zelevinsky uses w(p) rather than w=1(p), but this does not affect the
statement since £(w) = £(w~'). We use this modification to simplify some notation.
We will be interested in the case when an algebra H acts on V so that it commutes
with g. Then V[A] is an H-module and the complex F, is H-equivariant. In all of our
cases of interest, H is a reductive Lie algebra. The equivariant Euler characteristic
of F, equals the character of V)], and we will interpret it as a determinant.

3. GENERIC MATRICES
Let E, F,U be finite-dimensional vector spaces with
dim(FE) = e, dim(F) = f, dimU =k,
and set
V=Sym(E®U")®Sym(U ® F7).
We set g = gl(U). There is a commuting action of H = gl(E) x gl(F') on V.
REMARK 3.1. In fact, we get a commuting action of a larger Lie algebra H' = gl(E®F)

so that V is a direct sum of irreducible g x H' representations (for the explicit formulas
for the action, see [2, §5.6.6, Exercise 1]).
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The gl(U)-equivariant inclusion £ @ F* C (E® U*) ® (U ® F*) extends to an
algebra homomorphism
Sym(E ® F*) = V.
It is well-known that the image of this map is V9"Y) | the space of gl(U)-invariants [2,
Theorem 5.2.1], and if we interpret E ® F* as the linear functions on Hom(E, F'),
then the kernel is the ideal generated by the minors of size k+1 [2, Theorem 12.2.12].

We identify weights with k-tuples of complex numbers and under this identification
we can take

p=(k;k—1,...,1).

We remark that shifting this choice of p by any multiple of (1,1,...,1) will not affect
any of the formulas below, so we merely make this particular choice for convenience.
If dim U = 1, then for each integer n, the n-weight space of V is

L, = @ Sym®(E) ® Sym® ™" (F*).
d>0

PROPOSITION 3.2. For general k, we have

Vi=1Ly, ® - ® Ly,.
Proof. Pick a weight space decomposition U = Uy & - - - @ Ug. Then we have
k
V= Sym(E®U)®Sym((U; ® F¥)).
i=1
Then the y-weight space of V' is the tensor product over 7 of the x;-weight space of
Sym(E ® U}) ® Sym(U; @ F*). O

REMARK 3.3. L,, is an irreducible representation of gl(E @ F'), though the restriction
of this action to gl(E) x gl(F) must be modified so that it is the usual action twisted
by the character (A, B) — % Tr(A) — 1 Tr(B).

Now we consider the general setup. If X is a representation of g, we use [X] as
notation for its character.

PROPOSITION 3.4. Given a decreasing sequence X € ZF, the character of V)] is
det([Lx,—i+j)ij=1,... k-
Proof. We have W = &, and for w € W, w(p); = k+1 —w™(i) and (—1)*™) =
sgn(w), so the equivariant Euler characteristic of Fy is given by
> sen(w)[La, —1pwm)] - Laekpum)-
weSy

which is the Laplace expansion of the claimed determinantal expression. O

When A = 0, this can be used to recover the formula of Gessel in [1, Theorem 16],
which was stated in the language of symmetric functions. To be precise, V[0] = Vel
is the coordinate ring of the variety of rank < k matrices of size e x f. Its character is

a polynomial in @1, ...,%e, Y1, ...,y which is separately symmetric in the x variables
and the y variables and has the expression

Z SA($17'~'7xe)SA(y1w"7yf)

Y
LNk
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where sy denotes the Schur polynomial indexed by A and the sum is over all partitions
with at most k rows. Letting h, = s(;), the result above says that this sum is given
by the determinant

det Z ha(z1, ... 71'e)hd+j—i(y17 o ,yf)

20 =1,k

The specialization of a Schur function sy to n variables is zero if and only if n < £(X).
Hence if we take e, f > k, then all of the Schur polynomials above can be replaced
by Schur functions in countably many variables, and we get precisely the claimed
formula from [1, Theorem 16]. This discussion of the difference between symmetric
polynomials in finitely many variables and symmetric functions in infinitely many
variables is equally applicable in all later cases, so we will not make any further
comment on it.

REMARK 3.5. Actually, Zelevinsky [10] gives a more general result that utilizes two
weights A, p. Using this more general formula, the skew Jacobi—Trudi determinant

det([Lx,—p;—i+jl)ij=1,..k

computes the character of ) V[u]@cﬁw We do not know if this representation carries
any significance. This applies to all cases to follow, but we will not make any further
mention of it.

ExXAMPLE 3.6. Consider the case dim U = 2. Then Zelevinsky’s theorem gives a com-
plex
OHL1®L_1 *>L0®L0

which “resolves” the coordinate ring of rank < 2 matrices.

REMARK 3.7. We can express a highest weight A\ as a pair (u,p’) where £(u) +
(1) < dim U and this means (1,0, ...,0, —u'°?), where if u' = (u}, i, . .., uil.), then
—w'? = (=pl,...,—ph,—us). The module V)] is an irreducible H’-representation;
this is By, v = My, v in [7, §5.5], where it is shown to have the following geometric
construction (see [9] for general information on this type of construction). If £(u) < a
and £(u') < b, define X = Gr(e —a, F) x Gr(f — b, F*) and consider the trivial bun-
dle £ = (E*®@F)x X.Let Ry C ExX denote the pullback of the tautological subbun-
dle on Gr(e—a, E) and similarly define Ry. Also define Q1 = E/R and Qy = F*/Ros.
Then € = R1 ® Ro gives linear equations for a subbundle Spec(Sym(#n)) where

n=(E®F)/¢
Let m: £ — E* ® F denote the projection. Then we have
VAl = m(S(Q1) © 8, (Q2) @ Sym(n))
and in fact the higher direct images vanish. We do not know of a simple formula for
its character which is not an alternating sum.
REMARK 3.8. We could instead use the representation
V=ANEU" ) A\U®®F").

However, this does not give anything substantially new: on the level of characters,
it just amounts to applying the w involution to the previous case for both gl(E)
and gl(F).

The same remark applies to the representation

V=AEU")®Sym(U ® F*).
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However, in this case, the commutator of gl(U) is the Lie superalgebra gl(E|F), so we
get some interesting determinantal expressions for the characters for a certain class
of its representations.

4. SKEW-SYMMETRIC MATRICES

Let E be a finite-dimensional vector space with dim(E) = e and let U be a 2k-
dimensional symplectic space and set

V=Sym(E®U).
We set g = sp(U). There is a commuting action of H = gl(F) on V.

REMARK 4.1. There is a natural orthogonal form on F @ E* and there is a commuting
action of the larger Lie algebra H' = so(E®E™*) so that V is a direct sum of irreducible
g X H' representations (for the explicit formulas for the action, see [2, §5.6.5]).

The symplectic form on U gives a sp(U)-equivariant inclusion

2 2 2

ANECANE@ AU C Sym*(E®U)
(the second inclusion comes from taking 2 x 2 determinants: if we pick ordered bases
{v1,...,vc} for E and {wy, ..., we} for V, then E®U is the space of linear functions
on e X 2k matrices, and (v Avp) ® (we Awq) maps to the determinant of the 2 x 2 sub-
matrix with rows a,b and columns ¢, d) which extends to an algebra homomorphism

2
Sym(AE) = V.
It is well-known that the image of this map is V**(U) the space of sp(U)-invariants [2,
Theorem 5.2.2], and if we interpret \> E as the linear functions on the space of skew-
symmetric matrices A>(E*), then the kernel is the ideal generated by the Pfaffians of
size 2(k + 1) [2, Theorem 12.2.15].
We identify weights of sp(U) with k-tuples of complex numbers and under this
identification, we have
p=(k;k—1,...,1).
If dim U = 2, then for each integer n, the n-weight space of V is
L, = @ Sym?(E) ® Sym™ " (E).
d>0
We remark that by swapping the tensor factors, we get a gl(F)-equivariant isomor-
phism L, &£ L_,,.
PROPOSITION 4.2. For general k, we have
Vi= Ly @@ Ly,
Proof. Pick a weight space decomposition U = (U; & U{) & --- & (Ux ® Uj). Then we
have i
V=Q(Sym(E® (U; @ U;))).
i=1
Then the y-weight space of V is the tensor product over 7 of the x;-weight space of
Sym(E @ (U; @ U})). O

REMARK 4.3. L,, is an irreducible representation of so(E @ E*), though the restriction
of this action to gl(F) must be modified so that it is the usual action twisted by the
character A — — Tr(A).

Now we consider the general setup. If X is a representation of g, we use [X] as
notation for its character.

Algebraic Combinatorics, Vol. 6 #5 (2023) 1168
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PROPOSITION 4.4. Given a partition A with £()\) < k, the character of V)] is
det([Lx,—itj] — [Lai—it2kt2—5])ij=1,... k-

Proof. Every element of W can be factored as aw where o € {£1}* and w € Gy;
since negation in the last entry is a Coxeter generator and all negations in a single
entry are conjugate, we get {(aw) = |a| + (w) (mod 2) where |a] is the number of
negative signs of a. So the Euler characteristic of the complex F} is

Z (—1)le Z SE0(W)[Lx, +k—ar (k+1—w(1)) * [DAp+1—ap (k+1—w(k))]
ac{£1}k weS

= > sen(w)([Ly,—15wn)] = L t2rs1-wm)]) -+ (D —ktwe)] = [Larsrso—wi)

weSy
=det([Lx,—it+j] — [Lx,—it2k6+2—5])ij=1,... k- O

This gives an analogue of Gessel’s determinantal formula for the coordinate ring
of skew-symmetric matrices of rank < 2k by taking A = 0 and applying the substitu-
tioni— k+1—idand j — k+1— 5, which we record as the following theorem, where
below, 2A = (2A1, 2, ...).

THEOREM 4.5. For each k, we have
> s = det([Ly—i] = [LivD)ij=t,.. k-
,\ll\gk

REMARK 4.6. The module V[)] is an irreducible H'-representation; this is By = M)
in [7, §3.5], where it is shown to have the following geometric construction. Define
X = Gr(e — k, E*) and consider the trivial bundle £ = A E* x X. Let R C E* x X
denote the tautological subbundle on Gr(e — k, E*) and define @ = E*/R. Then
€ = AR gives linear equations for a subbundle Spec(Sym(n)) where

2
n=N\E"/S.
Let m: &€ — /\2 E* denote the projection. Then we have
VAl = 7.(SxQ ® Sym(n))

and in fact the higher direct images vanish. We do not know of a simple formula for
its character which is not an alternating sum.

ExXAMPLE 4.7. For dim U = 2, Zelevinsky’s theorem gives a complex
0—=L_9— Lo

which “resolves” the coordinate ring of rank < 2 skew-symmetric matrices.

EXAMPLE 4.8. If dim U = 4, we get

L4®L0%L3®L,1% Lo ® Ly
L3® L3 Li®Ls Li®L_,

which “resolves” the coordinate ring of the rank < 4 skew-symmetric matrices.

0*)L4®L2*> *)L()@LO

5. SYMMETRIC MATRICES

Let E be a finite-dimensional vector space with dim(E) = e and let U be an m-
dimensional orthogonal space and set

V =Sym(E®U).
We set g = s0(U). There is a commuting action of H = gl(E) on V.

Algebraic Combinatorics, Vol. 6 #5 (2023) 1169
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REMARK 5.1. There is a natural symplectic form on E'@® E* and there is a commuting
action of the larger Lie algebra H' = sp(E® E*) so that V is a direct sum of irreducible
O(U) x H' representations (for the explicit formulas for the action, see [2, §5.6.3]).

The orthogonal form on U gives a O(U)-equivariant inclusion
Sym? E € Sym? E @ Sym? U € Sym?(E @ U)
which extends to an algebra homomorphism
Sym(Sym? E) — V.

It is well-known that the image of this map is V), the space of O(U)-invariants [2,
Theorem 5.2.2], and if we interpret Sym? E as the linear functions on the space of
symmetric matrices Sym?(E*), then the kernel is the ideal generated by the minors
of size m + 1 [2, Theorem 12.2.14].

There is a subtle difference when compared to the previous cases: the invariants
for the group O(U) and the subgroup SO(U) (or equivalently, the Lie algebra so(U))
are not the same. In fact, the invariant space V*°(Y) is a rank 2 module (not free in
general) over the determinantal ring VO(U) . All of our results will be about the action
of s0(U).

We will treat the cases of m odd and m even separately.

5.1. EVEN CASE. First suppose that m = 2k is even. We identify weights of so(U)
with k-tuples of complex numbers. Then
p=(k-1,k—-2,...,0).
First consider the case dim U = 2. For each integer n, the n-weight space of V is

L, = @ Sym?(E) ® Sym™*"(E).
d>0

PROPOSITION 5.2. For general k, we have
Vi=Ly, ® - ®Ly,.

Proof. Pick a weight space decomposition U = (U; @ UT) @ - -- @ (U @ Uy). Then we
have
k
V= QOym(E® (U & Uy))).
i=1
Then the y-weight space of V is the tensor product over i of the y;-weight space of
Sym(E ® (U; @ U})). O

REMARK 5.3. For n # 0, L,, is an irreducible representation of sp(E & E*), though
the restriction of this action to gl(F) must be modified so that it is the usual action
twisted by the character A — — Tr(A). For n = 0, Ly is a direct sum of two irreducible
representations which can be described as

@ Sy (Sym'E), @ ASym’ B).

d>0 d>0

PROPOSITION 5.4. Given a partition \ with £()\) < k, the character of VI[\] is

Proof. Let {£1}% be the subgroup of {+1}* consisting of elements with an even
number of entries equal to —1. Every element of the Weyl group can be factored
as aw where a € (Z/2)k and w € &; since negating the last 2 entries and swapping
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them is a Coxeter generator, we get £(aw) = ¢(w) (mod 2). So the Euler characteristic
of the complex F} is

S sen() Ly sr-1-ar —w(1))] - [Lxe—an(—w(i))]
ac{+1}k weby

Given w € &, let i = w™1(k). Then for either choice of a; € {#1}, we get the same
term [Ly,1%—;]- In particular, we may sum over all choices of a € {£1}* if we divide
by 2:

1
3 S0 sen(w) Ly, r-1—ar (—w(y)] - Lag—an(e—w(i)]
aE{1}k wES,

1
=5 > sen(w) (L, —14wm)] + [Ear2k—1-wm)]) - (Eay—btwi)] + Lnerr—wii)])
ceBSy,

1
=5 det([Ly; —itj] + [Lxni—it2k—j])ij=1,... k- O

REMARK 5.5. The module V[\] is By = M in [7, §4.6], where it is shown to have the
following geometric construction. Define X = Gr(e — k, E*) and consider the trivial
bundle £ = Sym? E* x X. Let R € E* x X denote the tautological subbundle on
Gr(e — k, E*) and define Q = E*/R. Then ¢ = Sym® R gives linear equations for a
subbundle Spec(Sym(n)) where

n = Sym? E* /€.
Let m: £ — Sym? E* denote the projection. Then we have
VAl = 7. (SxQ ® Sym(n))

and in fact the higher direct images vanish. Note that Spec(V[0]) is a double cover
of a determinantal variety and that each V[)\] is in fact supported on it. We do not
know of a simple formula for its character which is not an alternating sum.

The so(U) representation S, (U) has nonzero invariants if and only if, writing v =
(v1,...,v9), we have that all v; are even, or all v; are odd. Furthermore, when this
holds, the space of so(U)-invariants is always 1-dimensional (this follows from [4,
§11.2.1, Theorem|). Hence, when A = 0, we get the following special case of the
previous result:

1
Z (S(14201,. 1 42020) T 52u) = 3 det([Lj—i] + [Lok—i—j])ij=1,... k-
f(u)ﬂ@k
5.2. ODD CASE. Suppose m = 2k + 1 is odd. Then
1 3 1
=k-=k—=,...,2).
p ( 2) 2a 9 2)
PROPOSITION 5.6. For general k, we have
Vy=Sym(E) ® Ly, ® ---® Ly,.

Proof. Pick a weight space decomposition U = C® (U1 ®Uy) - -- & (Uy @ U}). Then
we have
k
V = Sym(E) ® @ (Sym(E @ (U; ® Uy))).
i=1
Then the y-weight space of V is the tensor product over 7 of the x;-weight space of
Sym(E @ (U; @ U})). O

Algebraic Combinatorics, Vol. 6 #5 (2023) 1171
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PROPOSITION 5.7. Given a partition A with £()\) < k, the character of V)] is
[Sym(E)] det([Lx;—i+j] — [Lait2ht1—i—j)ij=1. k-

Proof. Every element of the Weyl group can be factored as aw where a € {£1}*
and w € Sy; since negation in the last entry is a Coxeter generator and all negations
in a single entry are conjugate, we get {(aw) = |a| + (w) (mod 2) where |af is the
number of entries of a equal to —1. So the Euler characteristic of this complex becomes

Z (*U‘al Z Sgn(w)[Sym(E”[L)\lJrk—%—al(kJr%—w(l))]'“[L)\k+%—ak(lc+%—w(k))]

ac{£1}k weSy

=[Sym(£)] Z sgn(w) ([La, —1+w)] = [Lag+2k—w)]) + (La,—ktrw)] = Lo +k+1-w()])

weES

=[Sym(E)] det([Lx;—i+j] — [Lx;+20+1-i—j])ij=1,....k- g

As in the previous case with m even, when A = 0, we get the following special case
of the previous result:

n
Lp)sm

Since m is odd, the element —1 is in the center of O(U) and hence acts on the
complex F, and each V[)\], so we can further refine it by taking isotypic components
of the corresponding Z/2-action. Let VA1 denote the space of invariants under —1
and V[A]~ denote the space of skew-invariants. Define

My= @ Sym** E, M, = @ Sym**! E,
d=0 d=0

where the indices 0, 1 are to be thought of as elements of Z/2.
PROPOSITION 5.8. The character of VAT is given by
Z (*U‘al Z Sgn(w)[M|>\|+\Dé|][L)\1+k7%7a1(k+%7w(1))}”'[ka+%fak(k+%7w(k))]7
ac{£1}* weSy,
and the character of VA~ is given by
Z (*1)‘(1' Z Sgn(w)[MIMJr\OtIle}[L)\lJrkf%foq(kJr%fw(l))]"'[L)\kjL%fak(qu%fw(k))]'
ac{£1}k weSy
We unfortunately could not find a compact determinantal expression for the above

sums.
Proof. The element —1 acts on Sym?(E) by (—1)%, so it acts on L, by (—1)" and
hence

V=

X i

MO@Lm@"'@ka if|X‘:X1+“~+xk is even
My ® Ly, ®---® Ly, otherwise

and the opposite holds for V,”. Also, [A + p — aw(p)| = [A| + [a| (mod 2) for any
a € {+1}* and w € &, so the result follows. O
ExXAMPLE 5.9. For dim U = 3, Zelevinsky’s theorem gives a complex

which “resolves” the double cover of the coordinate ring of rank < 3 symmetric
matrices. Taking invariants under Z/2 gives the resolution for the coordinate ring
itself:

0— My ® Ly = My® Lg.

REMARK 5.10. For the pushforward construction, see [7, §4.7].
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6. “NON-COMMUTATIVE” MATRICES VIA SPINORS

Let E be a finite-dimensional vector space with dim(E) = e and let U be an m-
dimensional orthogonal space, let A be the spinor representation (this is irreducible
if m is odd and is the direct sum of both half-spinor representations if m is even) and
set

V=Sym(EU)® A.

We set g = s0(U). There is a commuting action of H = gl(FE).

REMARK 6.1. There is a natural symplectic form on F & E* and a symmetric form
on C, and there is a commuting action of the orthosymplectic Lie superalgebra H' =
0sp(C|E @ E*) so that V is a direct sum of irreducible Pin(U) x H' representations
where Pin(U) denotes the natural double cover of the orthogonal group O(U).

The A-covariants (the sum of the subrepresentations isomorphic to A) for
the action of Pin(U) is the quotient of Sym(E) ® A(Sym? E) which is like a non-
commutative version of the coordinate ring of a determinantal variety. This particular
vector space appears because it is the underlying space of the universal enveloping
algebra of the free 2-step nilpotent Lie superalgebra E @& Sym? E generated by E,
see [6, §4.1]. More specifically,

Sym(E) @ A\(Sym® E) = @ SA(E)

and we take the quotient by all Sy(E) with £(X) > m.

Again define

L, = @ Sym*(E) ® Sym"""(E).
d>0

We will treat the cases of m odd and m even separately.

Let I be the set of 0-1 vectors of length k. Recall that the set of weights for A
are v — (%,...,3) for v € I, if k = |m/2].
6.1. ODD CASE. Suppose m = 2k + 1 is odd. Then

1 3 1
=(k—=k——=,...,=).
p=( 5 k=5 ,2)
PROPOSITION 6.2.
V= Sym(E) @ e? LX1+711*% ®".®LXk+vk*%'
velg

Proof. This is similar to the proof of Proposition 5.6 except we need to also take into
account the weight space decomposition of A. O

1 1
31+ 3

[Sym(E)] det([LAkH_ﬁ%ij] - [LA,CH_F%HH])M:L---,k-

PROPOSITION 6.3. If A — ( ) s a partition, then the character of VA] is

Proof. Every element of the Weyl group can be factored as aw where a € {£1}*
and w € Gy; since negation in the last entry is a Coxeter generator and all negations
in a single entry are conjugate, we get {(aw) = |a| + ¢(w) (mod 2) where || is the
number of entries of a equal to —1. So the Euler characteristic of this complex becomes

|l s
§ (=1 § sgn(w)[Sym(E)] E [LA1+7C7170¢1(k+%7w(1))+z1] c [kafak(k+%—w(k))+zk]

ac{+1}k wWES €Iy,
K
=[Sym(E)] E Sgn(w)H([Lki—i—%#»w(i)] - [Lki+2k—i+%—w(i)]+[LAi—i+%+w(7i)] - [Lki+2k—i+%—w(i)])
wES, i=1

:[Sym(E)] det([LAi7i7%+j] - [L)\i+2k—i+%—j] + [L)\ifi+%+j] - [L,\i+2k7i+%7]‘])i,]':1=---=k'
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We can further simplify as follows. First note that if j = k, then the middle two
terms cancel. In general, the inner two terms for any j < k match the outer two
terms for j + 1, so subtract column j + 1 from column j (starting with j = k — 1 and
decreasing the index). Then we get

[Sym(E)] det([L,\i—z‘—%H] - [L/\,-+2k—i+%—j])iJ:lv"’k'
Now do the change of indices i — k+1—¢and j+— k+ 1 —j to get
[Sym(E)] det([[/,\k+1,i—%—¢+ﬂ - [LAkH,i—%+i+j])i,j:17---7k' O
REMARK 6.4. For the pushforward construction, see [6, §6.3].

When A = (3,...,3), then V[A] = D7) <m SA(E) (see [6, Proposition 4.1]), and

its character is given by the determinant
[Sym(E)] det([Lj—] — [Lit;])ij=1....k-
This is the formula given in [1, Theorem 14, Equation 22], noting that [L,] = [L_,].
6.2. EVEN cASE. Now suppose that m = 2k is even. Then
p=(k-1,k—-2,...,0).

PROPOSITION 6.5.
VX = @ LX1+U1—1 ®..-®LXk+'Uk_%'

vely 2

Proof. This is similar to the proof of Proposition 5.2 except we need to also take into

account the weight space decomposition of A. O
PROPOSITION 6.6. If p = X\ — (%, ceey %) is a weakly decreasing integer sequence and

satisfies pr—1 = |k, then the character of V[A] is
det([L)\k+1—7‘,*i+j*%] + [L)\k+1—i+i+jf%])ivj:17»--7k'

Proof. Let {£1}§ be the subgroup of {£1}* consisting of elements that have an even
number of entries equal to —1. Every element of the Weyl group can be factored as aw
where o € {:i:l}’g and w € Gy; since negating the last 2 entries and swapping them
is a Coxeter generator, we get {(aw) = £(w) (mod 2). So the Euler characteristic of
this complex becomes

Z Z sgn(w) Z [L)\l-‘rk—l—al(k—w(l))-‘rﬂcl—%] o [L)\k—ak(k—w(k))-‘rwk—%]

ae{£1}h weby zely,
1
2 Z Z sgn(w) Z (L th—1—ay (h—w()+ar— 31 L g (k—w (k) +ap— 1]
a€{+1}Fk wES z€ly,
k
1
2 Z sgn(w) H([L)‘i—i+w(i)—%] + [L)\i"’zk—i—w(i)—%] + [L)\i—i-"w(i)*‘%} + [L)‘i+2k—i—w<i)+%])
weSy, =1

1
=3 det([LAFij%] + [L)\ififj+2k—%] + [LAri+j+%} + [LAi—i7j+2k+%])i,j:1w»,k

where the first equality follows from the fact that if w(i) = k, then either choice of
a; € {£1} gives the same result. We can simplify this determinant further. If j = k,
then the first two terms agree and the last two terms agree, so we can pull out a factor
of 2. For j < k, the inner two terms match the outer two terms for j + 1, so we can
do column operations to get the following result:

det([Lx, —ipj—1] + [La,—ijrons2])ig=t,...k-

Finally, do the change of indices i — k+1—diand j — k+1—j to get

det([LAk+1—i*i+j*%] + [LAk+1—i+i+jf%])ivjzlv--»k' O
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REMARK 6.7. For the pushforward construction, see [6, §6.2].

If we take the A-covariants of V (as a representation of Pin(U)), we get
@Dy <m SA(E) (see [6, Proposition 4.1]). Since we are working with the Lie
algebra so(U), we can instead take the sum of the coinvariants for the two

weights A\* = (%,...,%,:I:%) to get twice the desired representation (since

dim Endgey(A) = 2). In particular, we get the following formula for the char-
acter of () <ar, SA(E):

det([L;j—] + [Litj—1])ij=1,... k-
Again, this agrees with [1, Theorem 14].
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