! University
J of Glasgow

De Sole, A., Fedele, L. and Valeri, D. (2020) Generators of the quantum finite W-
algebras in type A. Journal of Algebra and Its Applications, 19(9),
2050175. (doi: 10.1142/S0219498820501753)

There may be differences between this version and the published version. You are
advised to consult the publisher’s version if you wish to cite from it.

http://eprints.gla.ac.uk/193109/

Deposited on 15 August 2019

Enlighten — Research publications by members of the University of Glasgow
http://eprints.gla.ac.uk



http://dx.doi.org/10.1142/S0219498820501753
http://eprints.gla.ac.uk/193109/
http://eprints.gla.ac.uk/

GENERATORS OF THE QUANTUM FINITE W-ALGEBRAS IN
TYPE A

ALBERTO DE SOLE, LAURA FEDELE, AND DANIELE VALERI

ABsTrACT. We prove a conjecture proposed in [DSKV18a] describing the Lax
type operator L(z) for the quantum finite W-algebras of gl in terms of a PBW
generating system for the W-algebra. In doing so, we extend this result to an
arbitrary good grading and an arbitrary isotropic subspace of g[%]
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1. INTRODUCTION

Quantum finite W-algebras (referred usually in literature simply as finite TW-
algebras) were first introduced at the end of the '70s by Kostant [Ko78]. They
appeared naturally, in the special case of a principal nilpotent element f € g,
within the theory of Whittaker vectors and Whittaker models. Kostant’s work
was soon after generalized by his student Lynch [Ly79] to the more general case
of even nilpotent elements. In the 90’s there was much interest from theoretical
physicists on quantum finite W-algebras and their relation to quantum affine W-
algebras and BRST cohomology (cf. e.g. [dBT93], the book [BS95] and references
therein). It was however only with Premet [Pre02] in 2002 that a definition of
quantum finite W-algebras for an arbitrary nilpotent element appeared, and was
used to prove a famous conjecture of Kac and Weisfeiler on modular representations
of reductive Lie algebras. Since then a growing interest has been shown towards
W-algebras and their representations by the mathematical community, one of the
main reasons being the close connection between their representation theory and
the representation theory of g, as for instance in the theory of primitive ideals
(see e.g. [Lol2, Pre07a, Pre07b]). Moreover, an equivalence of categories due
to Skryabin [Sk02] relates the category of modules over the W-algebra and the
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category of Whittaker modules over g. Another important result is due to Brundan
and Kleshchev [BK08b], extending (in the case of g = gly) the well-known Schur-
Weyl duality to a duality between the WW-algebra and the affine degenerate Hecke
algebra.

Let us briefly review the definition of the quantum finite W-algebra. Let g be a
finite-dimensional complex reductive Lie algebra with a non-degenerate symmetric
bilinear form (:|-). Let f € g be a nilpotent element, included, by the Jacobson-
Morozov Theorem, in an sly-triple (f, h,e), and let g = @jeézg[j] be the corre-
sponding 3 ad h-eigenspace decomposition (Dynkin grading). The quantum finite
W-algebra associated to these data is defined as (cf. Definition 2.1)

W(g, ) := (U(8)/U(8){b— (FID)}reqr) " *=7. (1.1)

Note that the space Z = U(g){b— (f[b) }seg[>1] is a left ideal of U(g), hence U(g)/T
does not have an algebra structure. One the other hand, it is not hard to prove
that the subspace of invariants (1.1) has a well defined associative product, induced
by that of U(g).

The W-algebra (1.1) can be thought of as a quantum Hamiltonian reduction
of the associative algebra U(g), and it is a quantization of the Poisson algebra
of functions on the Slodowy slice [Slo80]. In literature there have been several
definitions of the quantum finite W-algebra, all proved equivalent [DCSHK], and
various generalizations. In particular the Dynkin grading can be replaced by an
arbitrary good grading for f € g, and the nilpotent subalgebras g[> 1] and g[>
%] C gin (1.1) can be replaced by their extensions associated to a certain subspace
[ C g[3] isotropic with respect to the bilinear form w = (f|[-, -]). We shall then use
the notation W(g, f) = W(g, f,T,l) to keep track of the dependence on the good
grading [' and the isotropic subspace [ C g[%] On the other hand, by the results of
Gan and Ginzburg [GG02], and Brundan and Goodwin [BG05] (described in detail
in Section 9), the W-algebras associated to the various choices of T" and [ are all
isomorphic, and the W-algebra ultimately only depends on the nilpotent orbit of f
in g.

In the special case when f is the zero nilpotent the W-algebra (1.1) coincides
with the enveloping algebra U(g). On the other hand, by a result of Kostant-
Kazhdan, the W-algebra for a principal nilpotent f is isomorphic to the center
of the enveloping algebra: W (g, f?*) ~ Z(U(g)). The isomorphism is explicitly
described as the restriction of the quotient map U(g) — U(g)/Z. In this case, we can
therefore compute the generators of the W-algebra by first computing generators
for Z(U(g)), using for instance the Capelli determinant, and then computing their
images in the quotient U(g)/Z.

In-between these extreme nilpotent cases lie all other W-algebras, whose struc-
ture is in general hard to describe explicitly. In fact, one of the main problems
in the theory of W-algebras is to find an explicit formula for a collection of PBW
generators (and the commutation relations between them). Indeed, by a Theorem
of Premet [Pre02] (cf. Theorem 2.2 below), there exist a finite collection of PBW
generators for the W-algebra parametrized by a basis of the centralizer of f in g,
but an explicit formula for these generators is, in general, not known. In the case of
the Lie algebra gl and its arbitrary nilpotent element f Brundan and Kleshchev
in [BK06, BK08a] found a recursive formula for an operator W (z) containing all the
generators of the W-algebra. In the present paper we give a different description
of the same recursive formula for W(z) and give an alternative proof of its lying in
the W-algebra.
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Let us describe explicitly the above mentioned recursive formula for the genera-
tors of W (gly, f). The nilpotent element f is associated to a partition p]'p5? ... pLe
of N =3, piri with 7 =71 4+ --- 4+ r, parts. A good grading I" for f is associated
to a pyramid p, of N boxes, composed of rectangles of sizes p; X r;, i = 1,...,s
(cf. Section 3.1). One example is the right aligned pyramid, corresponding to the
good grading I'r. We number the boxes of the pyramid from 1 to N going first
bottom to top and then right to left, and we depict an elementary matrix e;; € gl
as an arrow going from box j to box i. As explained in Section 3.4, a basis of the
centralizer of f in g is indexed by triples (4, 5;¢), with ¢,7 = 1,...,r (numbering
the rows of the pyramid bottom to top) and £ = 0,...,min{g;,q;} — 1, where g;
and ¢; are the lengths of the rows ¢ and j respectively (i.e., g1 = --- = ¢, = p1,
Qri+1 = *** = Qr,+r, = P2, and so on). Hence, according to Premet’s Theorem, we
want to construct a collection

{wi7j;g|i,j: 1,...,7; £z0,...,min{qi,qj}fl},

of PBW generators of W (g, f) satisfying certain “Premet’s conditions” (see Defi-
nition 2.3). For the grading I'r we shall construct, recursively, an r X r matrix
W(z) = (wi,j(z)):’jzl encoding all the generators of the W-algebra W (gly, f),
viewed as a subspace of U(g)/Z, as follows:

min{g;,q;}—1
wi(2) = —(=2)%0 + Y, (=) wiu. (1.2)
£=0
The base step in the recursion is p; = 1, 71 = r = N, when the pyramid consists of
a single column. In this case we set

wij(z) =205 +eji, 4,j=1,...,N,

where e;; € gly is the usual elementary matrix. For p; > 1, erasing the leftmost
column from the pyramid p, we obtain a smaller pyramid p’ of N —r; boxes, which
is associated to a good grading I for a nilpotent element f’ in the Lie subalgebra
g’ ~ gly_,,. The recursive formula (7.2) for the matrix elements w; ;(z), in the
present notation, reads:

w; j(2) = w; ;(z) if j>r,

1 &
w; j(z) = T Z[w;,h(z)a eN7r1+j,N7r1fri+h]
h=1

. (1.3)
— > w4 (2)(20h; + en—ry i N—rith — (N = 71)dh ;)
h=1

r
/ / . .
+ E : wi,h(z)wh,j;phfl if J S’I’l,
h=r1+1

where W'(2) = (wf ;(2)), ,_, is the matrix of generators for the smaller pyramid p'.
In the first term in the RHS of (1.3) r] denotes the height of the shortest column
of the pyramid p’ (and it is equal to ry if p; > psy + 1, while it is equal to 1 + 7o
if p1 = p2 +1). Equation (1.3) has to be interpreted as follows: given the elements
w; ., € W(g', f') C U(g')/Z’, we take their representatives in U(g') and the RHS
of (1.3), viewed as an element of W (g, f) C U(g)/Z, is independent of the choice
of representatives.

The above recursion (1.3) already appeared, with a different notation, in [BK08a,
Lem.3.4]. They obtain that the coeflicients w; ., lie in the W-algebra through an
involved construction based on the Gauss decomposition and the relation between
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W-algebras and the Yangian. In the present paper, in particular in Theorem 7.2,
we give an alternative proof of this fact.

Something very similar to the matrix W (z) is the Lax type operator L(z) con-
structed in [DSKV18a, DSKV17]. This is an r; X 71 matrix which is supposed to
encode the whole structure of the W-algebra. Indeed, the commutation relations
among the coefficients of the operator L(z) can be written in terms of a Yangian
type identity (cf. equation (4.6)):

(Z - w)[Lw(z), Lhk(w)] = th (w)le(z) - th(z)Lik(w) s i,j, h, k= 1, “ee ,’IEl . )

14

Equation (1.4) is called Yangian identity since it coincides (up to a sign) to the
defining relation of the Yangian of gl,. .

The relationship between W-algebras and Yangians (in the case of g = gl and

a rectangular nilpotent element) had been highlighted by many authors, as for

instance Drinfeld [Dr88] or Ragoucy and Sorba [RS99]. However, the most signifi-

cant contribution comes from the work of Brundan and Kleshchev who, in [BK05]-

[BK08a], deeply study the W-algebras W(gly, f) and establish an isomorphism

between a certain subquotient of a Yangian Y,. (the truncated shifted Yangian) and

W(g[N7 f)

The main weakness of the construction in [DSKV18a, DSKV17] is that it is not
clear if, and in which sense, the matrix L(z) encodes all the generators of the W-
algebra. In the simpler case of classical affine W-algebras, analogous constructions
were already developed by the same authors [DSKV13, DSKV16, DSKV18b]. In
this case, the theory was better understood, and the authors were able to prove that
the pseudodifferential Lax operator L(0) is obtained as a quasideterminant of an
explicitly described operator W (9) encoding all the generators of the classical affine
W-algebras (for gl in [DSKV16], and for all classical Lie algebras in [DSKV18b]).

The analogous result was only conjectured in [DSKV18a] for the quantum finite
W-algebras of gl (and it was only tested for some very special choice of nilpotent
f). The main result of the present paper is the proof of that conjecture. In fact, the
matrix W (z) defined by the recursion (1.3) solves, in the case of the right aligned
pyramid, the issue raised in [DSKV18a], as we have

L(z) = [W(2)], (1.5)

where the quasideterminant on the RHS is with respect to the first r; rows and
columns. This is stated in Theorem 4.5 and it is proved in Sections 5-8. In section
9 the same result is then generalized to an arbitrary good grading.

The paper is organized as follows. In Section 2 we review the definition of a
quantum finite W-algebra, its Kazhdan filtration, and we state Premet’s Theorem
2.2 on the generators of the W-algebra.

In Section 3 we introduce all the notation that will be used throughout the
paper. In particular, we study the centralizer of a nilpotent element f in gly, and
we discuss the combinatorics of partitions and pyramids associated to f and its
good gradings.

In Section 4 we recall the notion of generalized quasideterminant (4.1). Using
this notion, we review the definition of the operator L(z) defined in [DSKV18a],
and we state the main result, Theorem 4.5, claiming that equation (1.5) holds for
some operator W (z) encoding all Premet’s generators for the W-algebra.

The proof of Theorem 4.5 is then the content of the following 5 sections. In
particular, Sections 5-8 are devoted to the special case when the good grading I is
associated to aright aligned pyramid. After introducing, in Section 5, some notation
and useful lemmas, we provide, in Section 6 a recursive formula for the operator

4



L(z), which will be used for the inductive proof of Theorem 4.5. In Section 7 we
then define, still for a right aligned pyramid, the operator W (z) via the recursive
formula (7.2), we prove that its coefficients lie in the W-algebra (Theorem 7.2), and
we describe its form in terms of Premet’s generators (Proposition 7.6). All of this
will be needed to prove, in Section 8, Theorem 4.5 for the right aligned pyramid.

In Section 9 we extend our results to an arbitrary good grading I'. In order
to do so, we build a chain of adjacent good gradings for f connecting I to the
right aligned grading I'r. We then use the isomorphisms of [GG02] and [BGO05] to
describe the operator W(z) and deduce Theorem 4.5 from the special case of I'g.

Finally, in Section 10 we discuss the example of a pyramid with two columns
and we compute, in this case, the operator W (z).

Throughout the paper the base field FF is an algebraically closed field of charac-
teristic 0.
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by the national PRIN grant “Moduli and Lie Theory” and University grants, the
second author was supported by the University grant “Avvio alla ricerca” 2016, and
the third author was supported by a Tshinghua University startup research grant.

2. QUANTUM FINITE W-ALGEBRAS

2.1. Definition of W(g, f). Let g be a reductive finite dimensional Lie algebra,
endowed with a non-degenerate symmetric bilinear form (-|-). Let f € g be a
nilpotent element. Recall that [EK05] a good grading for f is a %Z—grading of g,

I:g=@ ¢"lj] = P olil (2.1)
JELL jeiz
such that f € g[—1], ad f : g[j] — g[j — 1] is injective for j > %, and ad f :
alj] — alj — 1] is surjective for j < 3. In particular, if ' is a good grading for f,
then adf restricts to a bijection g[1] — g[—1]. We thus have a non-degenerate
skewsymmetric bilinear form on g[$] given by w(a,b) = (f|[a,b]). Furthermore, let
[C g[%] be an isotropic subspace w.r.t. this skewsymmetric form, and let [ C [+ be
its orthocomplement. We shall consider the following two nilpotent subalgebras of
g
m=I[@g>1] cn=Fag>1 Cg. (2.2)
Here and further we denote g[> 1] = @;>1g9[j]-
In (2.1) and further on, when confusion may not arise, we omit the superscript
I" from the graded spaces g'[j] = g[j]. However, in Section 9, where we will need
to use several gradings at the same time, we will recover the full notation g"[j].
Attached to the Lie algebra g, its nilpotent element f, the good grading I'" and
the isotropic subspace [ C g[%], we have the corresponding W-algebra:

Definition 2.1. The quantum finite W-algebra W(g, f) = W(g, f,T,[) is

W(g, f) == (U(g)/T)™" , where T =U(g){b— (fb)}oem - (2.3)

The quotient U(g)/Z is a cyclic left g-module generated by the element 1, the
image of 1 € U(g). Note that, while U(g)/Z does not have any natural algebra
structure, the subspace of adn-invariants does, and this structure is induced by
that of U(g). Recall that, by the results of [BG05] and [GGO02], the isomorphism
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class of W (g, f) does not depend on the choice of the good grading I' and of the
isotropic subspace [, and it only depends on the nilpotent orbit of f.

2.2. Kazhdan filtration. Recall that, associated to the good grading I', we have
the Kazhdan filtration of U(g), defined by

FU@=FaUl = Y olilali], Aegz.  (29)
s—j1—...—js<A

In (2.4) and further on, when confusion may not arise, we omit the superscript T’
from the filtered spaces Fi = Fa. However, in Section 9, where we will need to
use several gradings at the same time, we will recover the full notation F}.

The filtration (2.4) is clearly an increasing algebra filtration, and the correspond-
ing associated graded is a Poisson algebra which, as a commutative associative
algebra, is gr U(g) = S(g), graded by the Kazhdan degree (or conformal weight).

We have the induced Kazhdan filtration of the W-algebra W (g, f):

FAW (9. 1) = W(g. /) 1 (FaU(@)/FaT) . A€ 7. (23)

Note that, since g[> 1] C Z, we have FAW(g, f) = 0 for A < 0. The associated
graded is isomorphic to the classical finite W -algebra:

e W(g, f) = W (g, f) == (S(8)/S(8){b = (F]b)}oem) ™" (2.6)

2.3. Premet’s generators. Fix a subspace U C g complementary to [f,g] and
compatible with the %Z—grading. For example, we could take U = g¢, the Slodowy
slice. By the non-degeneracy of (-|-), the orthocomplement to [f, g] is g/, hence

g=[fgeU=¢g aU". (2.7)
Let 7/ : g — g/ be the projection with kernel UL, and let n/ : S(g) — S(gf) be
the algebra homomorphism defined by

n(a) = 7/ (a) + (fla) , for acg. (2.8)

By assumption the subspace U is compatible with the I'-grading. Hence, since for a
good grading g/ C g[< 0], we have 7/ (g[> £]) = 0. It follows that n/ (b— (f[b)) =
for every b € m, and therefore 17 induces a surjective algebra homomorphism

0 W(g, f) = S(a”). (2.9)

In [Pre02], Premet constructs a PBW basis for W (g, f) by “inverting” the map
nf. The result was stated in the particular case of a Dynkin grading I" and a
Lagrangian subspace [ C g[%}, but the same proof should work in general.

Theorem 2.2. [Pre02, Theorem 4.6] There exists a (non-unique) linear map
w:gl — W(g, f) (2.10)

such that w(a) € FAW (g, f) and n¢ (gra(w(a)) = a for a € g/[1 — A]. Moreover,

given such a map w, if {xi}?ir?gf is an ordered basis of g/ homogeneous w.r.t. the

[-grading, =; € g/[1 — A;], then {w(sr:z)}dlmg form a PBW generating set of the

W -algebra, in the sense that then the monomials

w(zy,) .. wlzy), k>0,1<i <---<ip <dimg’, A, +...+4;, <A,

form a basis of FAW (g, f).

Definition 2.3. A Premet map is an injective linear map w : ¢gf — W(g, f)

satisfying the conditions of Theorem 2.2, namely such that, for a € g/[1 — A],

(1) w(a) € FAW(Q, f):
(i) 7/ (gra(w(a))) = a.



3. PARTITIONS, PYRAMIDS, BASES AND SO ON

In the present paper we shall only consider W-algebras associated to the Lie
algebra gl .

3.1. Partitions and pyramids associated to a nilpotent orbit. We let V' be
a vector space of dimension N and we let g = End V', endowed with the trace form
(A|B) = tr(AB). We also fix a nilpotent element f € g, which is associated to a
partition of N:

A=pi'py . ..py (3.1)

with p1 > -+ > ps, 1,...,7s > 1, and N = rip; + --- + rsps- We also let
r =ry+---+rs the number of parts of the partition.

As in Section 2.1, we fix a good grading I" for f (2.1). Recall [Wang11] that there
exists a semisimple element hr such that the I-degrees coincide with the ad(hr)-
eigenvalues. Note also that, as a consequence of the Jacobson-Morozov Theorem,
we can construct an slo-triple (f, hy,es) of g containing f, which is compatible
with the grading I', in the sense that hy € g[0] and ey, € g[1]. We thus have the
corresponding Dynkin grading by 3 ad(hs)-eigenspaces:

S a= P a”l] (3:2)
JjESZ

The action of the semisimple elements hr and %hg on V provides us with the
corresponding I" and Dynkin-gradings of V:

V= Viil=D Vil (3:3)
JELZ JjESZ

By the theory of good gradings [EK05], good gradings for gl are associated to the
pyramids of shape \. For example, for the partition A = 3221 of 9, we can have the
pyramid justified to the right:

FIGURE 1.

Each box corresponds to a basis element of V', and the z-coordinates of the center of
each box is the corresponding I'-degree. The Dynkin grading for the same partition
corresponds to the symmetric pyramid:



FIGURE 2.

3.2. Some maps and decompositions. As described in the previous Section
3.1, the vector space V is depicted by a pyramid, in the sense that the boxes of
the pyramid correspond to basis elements of V. With this pictorial description, the
endomorphism F' € End V' (corresponding to the nilpotent element f € g, see the
notation described in Section 3.6 below) acts as a shift to the left (by one). We
also denote by I the “transpose” of I, which acts as the shift to the right (again
by one). The span of the rightmost (resp. leftmost) boxes of the pyramid is then

Vi = Ker(F") ( resp. V_ = Ker(F) ) . (3.4)

Note that V; and V_ both have dimension equal to r.
Consider the following direct sum decomposition of the space V:

V=vipv", (3.5)

where V¢ is the subspace corresponding to the bottom rectangle of the pyramid
(of height m and base p;), while V* is the subspace corresponding to the rest of
the pyramid. In the Dynkin grading, V¢ is the isotypic component with respect to
the sly action of highest weight p; — 1. For example, for the diagram of Figure 2,
the subspaces V¢ and V" are depicted in gray and green respectively in the figure
below:

VU

Vd

FIGURE 3.

As it is apparent by the discussion and the pictures of Section 3.1, the largest
and lowest degrees for both the I' grading and the Dynkin grading of V' are £245- L
while the largest and lowest degrees for the I' grading and the Dynkin grading of g

are =(p; — 1). Moreover, we have

1 1
Ve =vinvL :Vz[iplT] c V[ip12 ],

8
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(at least one of the inclusion being an equality), and

-1 -1
VI £ D V[ 2]
We also denote V} := V* N Vy. Obviously, we have
Vi=VioVvy. (3.7)

We also have the following decompositions:

p1—1 p1—1

Vo= @D (V_ OF’“V+) and Vi = €D (V+ N (Ft)kv_). (3.8)

k=0 k=0

Pictorially, the meaning of the decomposition (3.8) is clear: V_ N F*V, is the span
of the leftmost boxes of a pyramid in rows of length k+1. Similarly, V., N(F*)*V_ is
the span of the rightmost boxes of a pyramid in rows of length £+ 1. In particular,

we have
p1—2

VIi=VonFrTlY, V= P Ve NPV,
k=0 (3.9)

p1—2
VE=V (PPl V= D Ve n PRV
k=0

3.3. The ““identity” notation. Throughout the paper, given a subspace U C V,
together with a “natural” splitting V' = U @ W (usually associated with the grading
of V), we shall denote, with a slight abuse of notation, by 1y both the identity
map U — U, the inclusion map U < V, and the projection map (with kernel W)
V' — U; the correct meaning of 1 should then be clear from the context. Likewise,
if we further have a subspace U; C U with a “natural” splitting U = U; & W1, the
same symbol 1r;, can mean not only the three maps identity U; — Uy, inclusion
U, — V, and projection (with kernel W; @ W) V — Uy, but also the inclusion
U, — U, and projection (with kernel W7) U — Uy; again, the correct meaning of
1y, should then be clear from the context. For example, since Vi C V come with
the natural splittings V =V, @ FV = V_ @ F*V, we shall denote the identity on
Vi, the inclusion V4 < V and the projection V — V4 (with kernel FV and F*'V
respectively), all by the same symbol 1y, .
Using the above notation, we clearly have

FFtZJ].V_]].V+:]1FV and FtF:]].V_]].Vi:]].Ftv. (310)
3.4. The centralizer g/. Recalling the definition (3.4) of V., we can decompose
p1—1 ) p1—1 ‘
V=@ v, =P Eyv., (3.11)
§=0 §=0
and, consequently,
p1—1
g =End(V) = € Hom(F'V,, (F')'V_).
4,j=0

We have the corresponding decomposition of the centralizer of f in g as

p1—1 k
g/ = @ g/ where gf C G}Hom(FiVJr7 (FHE=ty_)y . (3.12)
k=0 i=0

For example, we obviously have

gl = Hom(V,,V.). (3.13)
9



According to the decomposition (3.8), we have the decomposition

@ gl (h, k) where gl(h, k) :=Hom(Vy N (F)"V_,V_nFFV,). (3.14)
h,k=0

Lemma 3.1. For { € Z,, consider the linear map ¢y : g — g given by
ZFz (FHYCAFY) P! (3.15)

(a) For 0 < h,k<p;—1and{> mm{h, k}, we have

de(gh (h k) = 0.
(b) For 0 < h,k < p1 —1 and ¢ < min{h,k}, the restriction of ¢, to gg(h, k) is
injective, with values in ggz

o = 03 (hk) = gf -
(c¢) We have the direct sum decomposition

p1—1 min{h,k}

@ @¢i90hk

hk=0  £=0

In particular, if {u;}icrnx) is a basis of g (h, k) for every 0 < h,k < p; — 1, then
a basis of gf is given by

{@e(wi) |0 < hk<pr—1,i€ F(hk),0<¢<minfh, k}}. (3.16)
Proof. Let A € gg(h, k),ie. A€ EndV and

A - ]lV,ﬁFkV+A]lV+ﬂ(Ft)hV, .

If ¢ > k, we have (F")*Lpey, = 0, so that ¢,(A) = 0. If £ > h, we have
ll(Ft)hV_(Ft)é = 0, so that ¢¢(A) = 0. This proves part (a). Next, let A € g =

Hom(Vy,V_), ie. A€ EndV and A = 1y Aly,. Clearly, for i < ¢, F'(F")‘1y_
has image in (F')*~V_, and 1y, (F")*F*~% has support in F*V,.. Hence,

4
¢o(A) € @Hom(F'Vy, (F)~'V.).

=0

Therefore, to show that ¢,(A) lies in g{, we only need to check that ¢,(A) commutes
with F'. We have

[F, pe(A)] = Fou(A) — de(A)F
¢ ¢
— Z FiJrl(Ft)fA(Ft)ZF[fi _ Z Fi(Ft)fA(Ft)fFlfz?Fl
i=0 i=0
_ F£+1(Ft)EA(Ft)Z _ (Ft)lA(Ft)ZFZJrl =0,
since A = 1y_Aly,, and
F[+1(Ft)f]lv_ :O , ]]_V+(Ft)€Ff+l :0
To complete the proof of claim (b), we are left to check that the restriction of ¢,
to g{;(h,k) is injective for ¢ < min{h,k}. Let A € gg(h,k) be non-zero, and let
0# vy = (FHY"_ € Vi N (F)"V_ be such that 0 ;é Avy, € V_.NF*V,. For
< mm{h k}, we consider the non-zero vector (F*)"~‘v_, and we shall prove that

Se(A)((F)*fv_) £ 0. (3.17)
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Note that, for j > 0,
Ly, (FY) FI(FY' - =6, 0vy .
Hence, since A = Aly, , we have

4
¢g(A)(Ft)h7£U_ — ZFi(Ft)éA(Ft)IZFlfi(Ft)hfév_ — FZ(Ft)ZAU_i_,
=0

and this vector is non zero since Av, € V_ N F¥V, and ¢ < k. This proves (3.17)
and completes the proof of part (b). Finally we prove claim (c). Given ¢ > 0, the
sum of the spaces ¢g(gg (h,k)) is a direct sum. Indeed, the space V is direct sum of
the subspaces V (p;) given by the various rectangles of the pyramid of sizes p; X r;,
i=1,...,s, (cf. (3.1)): V=@ ,V(p;). Then, by the definition (3.15) of ¢, and
(3.14) of g{;(h, k), we clearly have

e(gh (h.k)) € Hom(V(h+1),V(k+1)).

It follows that the sum
p1—1 min{h,k}

> ulgl(hk))

h,k=0 =0

is a direct sum. The fact that it coincides with g/ is obtained by dimension counting
using, for example, the basis of g/ in [EK05]. The last assertion of the Lemma is

an obvious consequence of part (c). O
We let
b= > (=2) ' : gf — 0[] (3.18)
LELy

3.5. Choices of bases. As it is clear by Figures 1-2, we may assume that there
exists a basis of V' compatible with all the I'-gradings that we shall consider. Hence,
there exists a basis {u;};es of g compatible with the I'-grading:

I = uje%ZIj )

where {u;}icr, is a basis of g[j]. We also assume that {u;};c;, extends a basis
2

{u;}ier, of the isotropic subspace I C g[3]. Hence, Iy := Iy U (Uj>1I;) is the
index set of a basis of m in (2.2), and I, := I\, is the index set of a basis of a
complementary subspace p C g. We shall also let {u’};cr be the basis of g dual to
{uitier: (wilu?) = &; ;. Recall that the following completeness identities hold

a= Z(a|ui)ui = z:(a|ul)uZ . (3.19)
icl il
We will also assume, without loss of generality, that {u;};c; extends

{uitier, (3.20)

basis of gg = Hom(V,, V_) compatible with the decomposition (3.14). In particular,
we have Ilz_p1 = I,_,, C F. Clearly, the set F has cardinality r?. The dual basis
{u'};eF is a basis of Hom(V_,Vy) C g.

11



3.6. Notational convention. Throughout the paper, we shall use the following
notational convention: we shall denote with lowercase letters the elements of the
Lie algebra g, viewed as elements of the universal enveloping algebra U(g), and with
the corresponding uppercase letters the same elements of g, viewed as elements of
End V. For instance, F' denotes the nilpotent endomorphism of V' corresponding
to f € g. Moreover, {U;};cr is the basis of End V' corresponding to {u; }ier, and
{U%} e is the dual basis w.r.t. the trace form of End V.
With the above notational convention, we let

E=>) wU" and E, =Y wU' €U(g) @EndV, (3.21)
el S

where we drop the tensor product sign for elements of U(g) ® End V. At times we
shall also denote, for j € 17,

E;j =Y wU' €U(g)®EndV. (3.22)
iel;
Similarly for E<j, E<;, etc. For example, if [ = 0, we have E, = ES%' Clearly,
we have E = Zje%Z E;. By the completeness relations (3.19), for a € g[i] (and
denoting, as explained above, by A the same element of End V'), we have

(a|Ej) = 6i+j0A. (3.23)

Recalling the definition of the quotient space U(g)/Z in (2.3), we have

El=(F+E,)1€ (U(g)/T) ®EndV .
We also let
Dy = — Z U'U; € EndV . (3.24)
1E€1Tm

3.7. Notation for brackets. Throughout the paper, we shall also use the follow-
ing notation for brackets. For elements a, b in an associative algebra R, the bracket

[a, b] stands, as usual, for the commutator ab—ba. Likewise, the bracket of elements
of R® EndV is their commutator:

[a1Ag, b1 Bs] = a1by Ao By — biay; BoAs = [a1,b1] A3 By + biai[As, Bs],

for a1,b; € R and Az, By € End V. Here, as usual, we drop the tensor product sign
for elements of R ® EndV. Instead, we denote by [-, :]' the bracket in the first
factor of R @ End V' composed with the associative product in the second factor:

[alAQ,blBQ]l = [al,bl]Ang € R®EndV. (325)

We shall at times also encounter the bracket of an element of R and an element of
R ® End V. By this we mean the commutator in R:

[a,b1B] = [a, b1]Bs ( = [aly, blBQ}) € R®EndV . (3.26)

3.8. The matrices Z(z) and W (z). Consider the following polynomial

Ty, (1+2F) "y = > (=1)F2*1y, (F)*1y_ € Clz] @ Hom(V_, V). (3.27)
kEZy

Here the identity maps are used with the meaning specified in Section 3.3. In
particular, 1y_ denotes the inclusion V_ < V, while 1y, denotes the projection
V — V, with kernel F'V. The operator (3.27) maps each leftmost box of a pyramid
to the corresponding rightmost box obtained by a shift by &k to the right, multiplied
by (—z)*.

12



Recalling the map ¢, in (3.18), the basis (3.20) of g} = Hom(V,,V_), and using
the notation introduced in Sections 3.3 and 3.6, we define the following operator

Z(z) = 21y, (14 2F) "y + Y ¢.(u)U" € U(g”)[2] @ Hom(V_, V). (3.28)
i€ F
By Lemma 3.1, the matrix entries of Z(z) are polynomials in z whose coefficients
form a basis of g/. More precisely, if, as in Lemma 3.1, {ui}ier(nk) is a basis of
gg(h7 k), for every 0 < h, k < p; — 1, we have

]1v+m(Ft)hv, Z(Z)]lv,kaw

- min{h,k} (329)
= =onn(—2) " F Ly ey, + YL D (=2) be(u)U

(=0  ieF(h,k)

Let w: g/ — W(g, f) be a Premet map (cf. Definition 2.3). By Theorem 2.2
the elements w(¢p(u;)), + € F, k € Z4, form a set of PBW generators for the
W-algebra W (g, f). We denote by W(z) the image via w of the matrix (3.28):

W(z) =21y, (1+ 2F) 7Ly + Y w(6.(u))U" € W(g, f)[z] @ Hom(V_, V).
i€F
(3.30)

4. THE MATRIX L(z) AND GENERATORS OF THE W-ALGEBRA

4.1. Generalized quasideterminants. Recall that [GGRW05, DSKV17|, given
A € R®Hom(V,V) (R being a unital associative algebra and V,V being finite
dimensional vector spaces), and decompositions V = U @ U+ and 17 =WaoWwt,
the corresponding (U, W) generalized quasideterminant of A is defined as

|A|U,W = (]lUfél_l]lW)_1 ER® HOIII(U, W) ) (41)

provided that it exists, i.e. provided that A € R ® Hom(V, ‘N/) is invertible and
1y A~y € R ® Hom(W, U) is invertible.
The generalized quasideterminant has the following hereditary property:

WL |A|U1,W1 ) (42)

for splittings V = U @ U+, U = U; @ U, V=wWaoW!and W =W ® Wi,
provided that all quasideterminants exist. Obviously, the RHS is associated to the
splittings V =U; @ (Ut @ U{*) and V =W, @ (WL @ WiH).

Proposition 4.1. [DSKV17, Prop.2.4] Suppose that A € R ® Hom(V, V) is in-
vertible, and that we have decompositions V. =U & UL and V=Wa&W=L. Then
the (U, W) generalized quasideterminant |A|yw exists if and only if Ly L Aly. €
R ® Hom(U*, W) is invertible, and in this case we have

(A—A]lUl(JLWLAnUL)*]lWLA)]lU. (4.3)

4.2. The matrix L(z) for the W-algebras in type A. Recall from equations
(3.3) and (3.6) that we have the splittings V = V& @ VE[# :I:%]. The Yangian
type operator for the quantum finite W-algebra W (g, f) defined in [DSKV18a] is
constructed as the following (V, Vf) generalized quasideterminant

L(z) = |21y + F + E, + Dm|Vf,Vfiv (4.4)

where E), is as in (3.21) and Dy, is as in (3.24).
13



Example 4.2. In the special case when f = 0, the corresponding pyramid consists
of a single column, with p; = 1 and r; = r = N, the good grading is concentrated
at degree 0, the matrix Dy, in (3.24) vanishes, and the subspaces Vi and V{ are
all equal to V. Moreover, for f = 0 we have W (g, f) = U(g). Hence, in this case
the operator L(z) in (4.4) becomes

L(z)=z21y +E. (4.5)

The following result is proved in [DSKV18a, DSKV17] in the case when [ = 0
and the grading I' coincides with the Dynkin grading >. The proof in the general
case is essentially the same [Fed18].

Theorem 4.3. The quasideterminant defining L(z) exists, and
L(z) € W(g, /)((="") ® Hom(V, V).
Moreover, L(z) is an operator of Yangian type for the quantum finite W -algebra
W(g. f), i.e
(2~ w) (L(2) ® L{w) ~ (Lyg ® L(w)) (L(z) © Lya))

) (4.6)
= Q(L(w) ® L(2) — L(2) ® L(w)),

in W (g, f)[[=~", w ][z w] @ Hom(V7, V)@

The operator 2 € End (V_f_l)®2 o~ End(Vf@)z) corresponds to switching the two
factors.

Remark 4.4. When written in matrix form, equation (4.6) coincides with the defin-
ing equation of the Yangian of gl [Mol07].

4.3. The matrix L(z) in terms of Premet’s generators of W (g, f). The fol-
lowing result, relating the operator L(z) in (4.4) and W (z) in (3.30), was conjec-
tured in [DSKV18a] for the special case of Dynkin grading I' and zero isotropic
subspace [, and it is the main result of the present paper.

Theorem 4.5. There exists a Premet map w: g5 — W (g, f) (cf. Definition 2.3)
such that

L() = Wy v (47)
where L(z) and W (z) are given by (4.4) and (3.30) respectively.

Remark 4.6. It can be useful to expand the quasideterminant |W(Z)\vf,vf in powers
of z. By (3.30) we get

p1—1

W ()lyaya = —(=2)" (F 7+ Y Yo ) wl

=0 ieF(p1—1,p1—1)

p1—2 h: min{hy,h2} min{hs,hs41} hsy1

59 DD IS T Z 2
(4.8)

s=0 hq,..., hsy1= =04p=0 £1=0 Eg+1 0

i0€F (p1—1,h1) i1 €F (h1,h2) is€F (hs,hst1) ist1€F (hsy1,p1—1)

L—H—-s—1 io pphari hop177i
X (—2) Wig,00 Wiy 0y - Wiy 0, UPFU™ L et te4

where F(h,k) is the index set introduced in (3.16), L = €y + &1 + -+ + lsy1,
H = hi+ -+ hgy1, and w; ¢ = w(de(u;)). To obtain the above formula, we
14



use equation (4.3) for the quasideterminant and the formula (3.30) for the matrix
W(z). Indeed, we obviously have

LygW(2)Lye = 2lyg(1+ 2F)  ya + Y w(ds(u)) LygUtlya
i€F
p1—1
= (=) (F) 1+ Z Z (—2)fw; U,
=0 i€ F(p1—1,p1—1)

The remaining term for the quasideterminant (4.3) is

(Zw((ﬁz(ui))]lvfl]i]lvf) (z]lvr(l + ZFt>_1]1Viz
i€EF

) -1 )
> w(o: @)Uy ) (D w(6a(u) vy Ullya)
i€F i€F
which, by geometric series expansion, gives the last sum in the RHS of (4.8).

Remark 4.7. We believe that, fixed a subspace U C g complementary to [f, g], the
corresponding Premet map w : gf — W(g, f) for which equation (4.7) holds is
unique.

Remark 4.8. Theorem 4.5 explains in which sense the matrix L(z) encodes all
the W-algebra generators. As pointed out in the Introduction, this was solved in
the classical affine case, but it was a missing point in the quantum finite case,
where the precise connection between L(z) and the W-algebra generators was only
conjectured, [DSKV18a, DSKV17]. In Section 7 we will find the recursive formula
(7.3) for the matrix W (z), and this recursion is the same as the one in [BK08a].
This shows, in particular, that the Premet map coming from [BK08a] indeed solves
equation (4.7).

5. THE CASE OF ALIGNED PYRAMID: NOTATION AND PRELIMINARY LEMMAS

We shall first prove Theorem 4.5 in the special case when the good grading I"
corresponds to a pyramid p which is aligned to the right. This is the content of
the present section. In Section 9 we shall then extend the proof to the case of an
arbitrary good grading for f € g.

5.1. Some pictures. Throughout this section, we let ' : g = ?;ilplﬂg[j] be
the good grading for f associated to the pyramid aligned to the right. For example,
for the partition (4,4,3,1) of 12, we have the pyramid

FIGURE 4.

As explained in Section 3.1, each box of the pyramid corresponds to a basis
element of V =Y, and its I'-degree coincides with the z-coordinate of the center
15



of the box. The nilpotent element F' € End V is the shift to the left and F* is the
shift to the right.

Recall the definitions (3.4), (3.5) and (3.7) of the subspaces Vi, V4, V¢ VI Vi C
V. For example, for the pyramid of Figure 4, the subspaces V_ and V, correspond,
respectively, to the boxes colored in gray and blue below:

FIGURE 5.

The subspaces V¢ and V* correspond, respectively, to the boxes colored in light
grey and green below:

FIGURE 6.

Moreover, the subspaces Vf and V}* correspond, respectively, to the boxes colored
in light gray and green below:

vy

FIGURE 7.

For the induction arguments which will be used throughout Sections 5-8, we
shall need to consider the pyramid p’ obtained from p by removing the leftmost

column.
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It corresponds to the subspace V' = V[> —%] ~ FN-"1 In the example of
Figure 4, the subspace V' and the pyramid p’ are depicted in the following picture.

V/

FIGURE 8.

The associated (to p’) nilpotent endomorphism is denoted by F’, which is the shift
to the left, while (F”)! is the shift to the right. Similarly, we denote by p”, V", etc.
the pyramid, the space, etc. obtained by removing the two leftmost columns.

For the pyramid p’ we can consider the subspaces V| and V' as in (3.4) with F
replaced by F’. Clearly, Vi = V., while V' has the decomposition (cf. (3.7))

V =Fvigv®. (5.1)

For the example of Figure 8, F*V¢ and V* correspond to the boxes colored in light
grey and green respectively in the figure below.

FIGURE 9.

We can also decompose V' as in (3.7):
Vi=v'iev™", (5.2)

where V'¢ 5 F'V4, and V' C VY. For the example of Figure 8, V' and V'“
correspond to the boxes colored in light gray and green respectively in the figure
below.
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FiGure 10.
Note that, with the notation introduced above, V¢, V’i, V”‘i, ... correspond
to the leftmost, second leftmost, third leftmost, ..., columns of the pyramid. They

are of heights r1, v}, r{, ... respectively.

Recall the decompositions (3.8) of V. After removing the leftmost column, we
have the corresponding decompositions of V',. We have
=V'NFFV, if k<p —2,
VoNFRVL { c VI NFRVL if k=p, -2, (5.3)
¢V if k=p —1,
and similarly

= Ver(Ft)h(V/), if h <pp—2,

CV N (FY 2V if h>p—2. (5-4)

Vin (FHhv {
In particular,
FVeia (V_nF2V) = V" and Vie (VN (FY" 2V ) =Vv'1.  (5.5)

5.2. Removing a column. Recall the operator F € U(g) ® EndV in (3.21). For
a right aligned pyramid p, the I'-grading is even, hence the operator E, in (3.21)
coincides with
E<o= Y wlU'. (5.6)
icl<o
Also, in the case of an aligned pyramid, m = g[> 1], and we simply write D in place
of the matrix Dy, in (3.24):
D=- > UT;. (5.7)
1€l>1
In this case, the matrix D is diagonal with respect to the I'-grading with the
following eigenvalues (cf. [DSKV17]):

D=-> dim(V[>k+1])Lyy. (5.8)
keiz

Recall from Section 5.1 the notation p’ for the pyramid obtained by removing
the leftmost column from p, and V' C V for the corresponding subspace. As V'
is the standard representation of g ~ End V, V' is the standard representation of
¢’ = gly_,,, where 71 coincides with the height of the removed column. We already
introduced in Section 5.1 the nilpotent endomorphisms F’ and F'*. Likewise, we
denote by E’, E’,, D’ the same operators as in (3.21), (5.6) and (5.7) respectively,

for V'’ and ¢’ in places of V and g.

Lemma 5.1. (a) E<oly = EL
(b) Dly» =D’
18



(c) Flpev: = F'|pey
(d) F'lys = F"
Proof. Note that the operators U’ appearing in the expression (5.6) of E<o have

non-negative degrees, hence they preserve the subspace V/ C V. Claim (a) follows.
The same argument works for claim (b). Claims (c) and (d) are obvious. O

5.3. Preliminary Lemmas.

Lemma 5.2. Let U, W C V be subspaces, and let {q; };cs be a basis of Hom(U, W) C
g, and {Q'};cs be the dual basis of Hom(W,U) C End V. We have

N UielyUlly =Y IwUily @ U*,
il i€l
or, equivalently,
loElw =Y wlyUly =Y ¢:Q".
iel e
Proof. Obvious. O

Lemma 5.3. (a) For A€ EndV, we have Y, ., U;AU" = tr(A)1y.
(b) If U C V is a subspace, Y, UilyU* = dim(U)1y.

Proof. Clearly, the statement is independent of the choice of the dual bases {U;},
{U%} of End V. Claim (a) is then easily checked directly, choosing the dual bases
{Eij}, {Eji} of elementary matrices. Claim (b) is a special case of (a). O

Recall the definition (3.22) of the operators E; € U(g) ® EndV, j € 1Z.

Lemma 5.4. Let,j,k € %Z.
(a) Let X C (EndV)[k] be an endomorphism. We have:

[Ei, XEj]' = 6kivy Y tr(Bij X Ty)Lyierj) — 660 3 tr(XTy) Eiglyies)
LeiZ Lelz
(5.9)
where [-, -]! is the bracket defined in (3.25).
(b) Let U C V[k] be a subspace. We have:

[Ei, ]]-UEj}l = 5i+j10 tr (EO]]-U)]]-V[k+j] - dlm(U)El+J ]]-V[k+j] . (510)
(c) Let U C V[k] be a subspace. We have:
[Ei, 1gF'E;]" = 614 tr (Lo F Ey) Iy ey j—1) = 01,45 dim(U N F*V) Ly g1

(5.11)
where the equivalence is modulo T.
Proof. We have:
[En XEjl'= > [ua,w]U'XU = > we([ue, up]|u)U XU
acl;,bel; a€l;,belj,cel
= > te(tta|[up, u DU XU = >~ U, U XU
a€l,belj,c€l;y; belj,celit;

ST Y wlUC —UT) X1y gULypeqy
te3zbel cEliy;

= > Y (UEis; X1y iqU® - EBi jUX Ly gU®) Ly

te$z bel
= Ok,itj Z tr( i X Lyi) Ly jets) — Or,0 Z tr(X Lye) EijLviers) -
Lelz Leil
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In the first equality we used the definition (3.22) of E;, in the second equality we
used the completeness identity (3.19), in the third equality we used the invariance
of the trace form of g, in the fourth equality we used again (3.19), in the fifth
equality we used the decomposition 1y = >, 1y, finally in the last equality we
used Lemma 5.3. This proves part (a). Parts (b) and (c) are obtained as the special
cases when X = 1y and X = 1y F" respectively. Note that the RHS of (5.11) is
obtained by the obvious equivalence F; = F modulo Z and equation (3.10). O

Lemma 5.5. For ¢ € b := Hom(F*'V<, V) C g and w € F*'V' & V¥, we have (cf.
notation (3.26))
4, E<ol(w) =0 in g@V (5.12)

Proof. Let us pair the first factor in the LHS of (5.12) with an arbitrary element
a € g. We get, by the invariance of the trace form and the completeness identity
(3.19)

> (allg, w;))U7 (w) = [A4, Q)50(w),

Jj€l<o
where A (resp. Q)€ EndV is the endomorphism corresponding to a (resp. ¢)€ g,
and the index > 0 denotes the component in EndV of non-negative I'-degree.
Obviously, Q(w) = 0, since Q € Hom(F!*V¢ V) and w € F'V' @ V* C KerQ.
Moreover, QA(w) € V4 = V[1Z2], while w € F'V' @ V* C V[> 52]. Hence,
(QA)>o(w) = 0. O

Lemma 5.6. For a € g[k], and for any i € 17, the following holds:

[a, E;] = [Eivx, 4], (5.13)
where A € EndV is the endomorphism corresponding to a € g. In particular, for
i+k>1, we have

[a, E;] = 6iqpa[F,A] modZ, (5.14)
where T C U(g) is the left ideal defined in (2.3) (for 1 =0).

Proof. We have,
la, Bl =Y la,uw]0? = > un(a,ull)U7 = 7 un (U a|uy) U7

JjEI; jEIi,hGI jeIi,hEIH_k
= Z up ([u", a]|u; U7 = Z up[U", Al = [Eiyr, A] .
jeEI,hel; hel;yk

Here, in the second equality we have used the completeness identity (3.19), in the
third equality we have used the invariance of the trace form of g and the fact that
([a,u;]|u") = 0 for any j € I; when h & I; 1, in the fourth equality we have used
the fact that ([u”,a]|u;) = 0 for any h € I, when j & I;, and in the fifth equality
we have again used the completeness identity. Equation (5.14) follows from (5.13)
and the definition of the ideal Z. O

6. RECURSIVE FORMULA FOR THE OPERATOR L(z) FOR AN ALIGNED PYRAMID

6.1. The operator T'(z). Recall from Section 3.3 that Vi C V come with the
natural splittings V =V, @ FV = V_ & F'V. Recall also the definition (4.4) of the
operator L(z).

Proposition 6.1. The following generalized quasideterminant exists:
T(z) = |21y + F + Ey + Dnlv_,v, € U(g)[2] ® Hom(V_, V). (6.1)

Moreover, we have B
L(z) = IT(2) vy, (6.2

where the RHS is associated to the splittings (3.7) of V_ and V..
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Proof. Clearly, z1y 4+ F+ E,+ Dy, is invertible in U(g)((2~!))®End V by geometric
series expansion. Hence, by Proposition 4.1, in order to prove that the generalized
quasideterminant defining T'(z) exists, it suffices to prove that
]IFV(Z]IV + F+ Ep + Dm)]lptv S U(g)[z] ® HOm(FtVY, FV)
is invertible. This is the case since 1 gy F'1 gty is obviously invertible, and
(ﬂvaI].FtV)il o Il_Fv(Z]].V + Ep + Dm)]]_FtV

is nilpotent (having positive degree). As a consequence, the corresponding geo-
metric series expansion for (1py (21y + F + Eyp + Dy)lpey) ! is finite, so it is
polynomial in z. The first claim follows by Proposition 4.1. Equation (6.2) follows
by the decompositions V = V4@ (VY@ F'V) = VI (V@ FV) and the hereditary
property (4.2) of the generalized quasideterminants. O

Remark 6.2. The operator T(z), in a slightly different form, first appeared in
[BKO06]. The precise relation of the operator TP%(2) in [BK06] and the opera-
tor T'(z) defined above is

TBE(2) = 27175 T(2)2%
where 2% is the semisimple endomorphism of V with value 2* on V[k].

6.2. Recursive formula for 7'(z). With the notation of Section 5.2 we denote by
T'(z) the operator (6.1) relative to the pyramid p'.

Proposition 6.3. The following recursive formula holds for the operator T'(z):
T(z) =T (2)1yw — %[T’(z), lpiyaE 4| =T (2)F'(z21y + Eg + D)1ya, (6.3)
where the bracket |-, -|* is on the first factor of U(g) @ EndV (cf. Section 3.7).

Proof. Letv € V_ = V*@®V <. By the definition of the generalized quasideterminant
(6.1), T(z)v is the unique element of U(g)[z] ® V of the form
T(z)v=(z1y + F + Eco+ D)(U +w), (6.4)

for some w € U(g)((271)) ® F'V.

Consider first the case when v € V*. In this case, 7’(z)v is the unique element

of U(g')[z] ® Vi of the form

T'(2)v=(z21ly + F'+ EL, + D) (v + '), (6.5)
for some w’ € U(g')((271))®@F*V’. By Lemma 5.1, the RHS of (6.5) is unchanged if
we replace 1y, F', E'., and D' by 1y, F', E<g and D respectively. Since, obviously,
Ulg’) € U(g) and F'V' c F'V, the RHS of (6.5) is of the form (6.4). Namely,
T’(z)v solves the problem defining T'(z)v, and therefore they coincide. Note that
the second and third term of the RHS of (6.3) vanish when applied to v € V*.
Hence, the restrictions to V* of both sides of equation (6.3) coincide.

Next, let v € V4. Note that we have the decomposition (cf. Figures 6 and 9)
F'V = F'Ve @ F'V'. Hence, the formula (6.4) defining T'(z)v € U(g)[z] ® V; can
be rewritten as

T(Z)U = (Z]lv +F+E§0 +D)(v+w1 —l—’wg)7 (66)

for some w; € U(g)((z71)) ® F*V4 and wy € U(g)((27 1)) ® F*V'. Applying the
projection onto V¢ (with kernel V* @ F'V) to both sides of equation (6.6), and
recalling that V, C V¥ & F'V, we get

0= (21y + Ep + D)(v) + F(w) .
Hence, equation (6.6) becomes

T(z)v=(z1y + F + E<o + D)(v — F'(21y + Eo + D)(v) + ws) . (6.7)



Since F o F* acts as the identity on V¢, we have

(21y + F + E<o + D)(F'(21y + Eo + D)(v))
= (21y + Ey + D)(v) + (21y + E<¢ + D)(F'(z1v + Eo + D)(v)) .
Hence, equation (6.7) can be rewritten as

T(2)v = E<o(v)—(21y+E<o+D)(F'(21y+Eo+D)(v))+(21y +F+E<o+D)(ws) .

(6.8)
Note that wy lies in U(g)((271)) ® F*V'. Moreover, v € V¢ and therefore F*(z1y +
Eo+ D)(v) lies in U(g)((z™")) ® F'V?. Recalling that F'1 .y« = 0 and applying
Lemmas 5.1 and 5.4(b), we thus get, from (6.8) that 7'(2)v is the unique element
of U(g)((271)) ® Vi of the form

1
T(z)v = —E[Egov ]1Ftv_dE71]1(U)
— (z2lv:+ F'+ELy+D')(F'(21y + Eo+ D) (v)) + (21 + F'+ ELo+D') (w2)
(6.9)

for some wy € U(g)((z71)) @ FtV'.

Next, let us compute separately the second and third term in the RHS of (6.3)
applied to v € V4. The second term in the RHS of (6.3) is (cf. the notation of
Section 3.7)

1 1 .
- —[T'(2), Lpeya Ea] () = = > (i, T (2) LpeyyaU' Lya], (6.10)
" B " e R R
where the bracket in the RHS is between u; € g and the first factor of 7/ (2)1 gy a ULy av €
U(g) ® V. By Lemma 5.2, we can replace

> i @ lpiyallya = ¢;0Q" € U(g) @EndV, (6.11)
iel e
where {¢;}ic is a basis of h := Hom(F*V9, V%) C g, {¢'}ics is the dual basis of
Hom(V4, FtV9) C g, and, as usual, {Q;}ics, {Q}ics denote the same elements,
viewed as endomorphisms in End V. Hence, equation (6.10) becomes

1 1 ;

— —[T'(2), Lpeya Ea]' (v) = — Y [ai, T'(2)Q"] (6.12)
& "ieT

with the same meaning for the bracket in the RHS as for (6.10). Note that Qv €
Ft'V4 for every i € J. By the definition (6.4) of T'(z), T'(2)Q%v is the unique
element of U(g')((271)) ® F'V of the form

T'(2)Q'v = (21ys + F' + ELy + D')(Q"v + w;) (6.13)
for some w; € U(g')((271)) ® F'V’. Combining equations (6.12) and (6.13), we get
1 1 -
— —[T(2), Lpiya Ea] (v) = — 3 lgi, (z1v + F' + El + D')(Q" + w;)]
" B =y -
1 .
= =2 (la B<o(Q)] + lai, (21 + F' + By + ') ()
icJ
1 1
= ——[B<o, 1piya Bl (0) + (elvs + F' + B + D)= [gi, wi]
" B - " ies
U@ e Vs.

(6.14)
For the last term of the RHS of (6.14) we used the fact [g;, EZ](w;) = 0 for every
i € J, due to Lemma 5.5. B
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By the definition (6.4) of T'(z), the third term in the RHS of (6.3) applied to
v € V4 is the unique element in U(g')((271)) ® V. of the form

— (21y: + F' + ELy + D) (F'(21y + Eo 4+ D) (v) + w) (6.15)

for some w € U(g')((z7 1)) ® F'V'.
To conclude, we observe that the sum of (6.14) and (6.15) is an element of
U(g)((271)) ® V; and it has the same form as the RHS of (6.9) with

ws =~ g wi] - @ € U(g)((="1) & FIV".

" ieT
This completes the proof. O

6.3. Recursive formula for L(z). Recall from (6.2) that L(z) = L(z)1, where

L(2) = [T(2)lvavs € Ulg) (=) @ Hom(V, V). (6.16)
With the notation of Sections 5.1 and 5.2 we denote by
L'(2) = |T'(2)lya e € U()((z71)) @ Hom(V'L, V'}), (6.17)

the operator (6.16) relative to the pyramid p’.
Also recall from Section 5.1 that we have the following decompositions

V9= FveieWrnv'?) and V'L=Vie(Vinv'y). (6.18)
Proposition 6.4. The following recursive formula holds for the operator z(z)

- 1~ -
L(z) = —7[|L/(Z)|Ftvj,vga LpeyaBa]' — |L/(Z)|Ftvj,Vth(Z]1V + Eo+ D)lya,
1

(6.19)
where the quasideterminant |L’(z)|Fth7V+d is associated to the splittings in (6.18).

Proof. First, we observe that the quasideterminant |E/(Z)|Ftvf,vg exists. Indeed,

using the decompositions V' = V'4 @ V¥ [ +951]) and (6.18), and the hereditary
property (4.2) of quasideterminants we have

|E’(Z)|Ftvj,vf = |zly: + F' + EZo + D/|Ffo,Vf .
The existence of the latter quasideterminant is proved in the same way as for L(z)
in Theorem 4.3 (cf. [DSKV17]).

Let v € V4. Then, by (6.16) and the definition of quasideterminant, L(z)v is
the unique element in U(g)((z7*)) ® V{ of the form

L(z)v=T(z)(v+w), (6.20)

for some w € U(g)((27 1)) ® V* (here we are using the splitting (3.7)). By Propo-
sition 6.3 we can rewrite (6.20) as

~ 1

Lz =T (2)w— r—[T’(z)7 LpiyaE 1]'v —T'(2)F(z1y + Eg + D)v.  (6.21)
) d

Let us now consider the RHS of (6.19). By (6.17), and using the splittings

(3.7) (both for V and V”), (5.1), (5.2) and (6.18), by the hereditary property of
generalized quasideterminants we have

|L/(Z)|Ftv_d,vf = ‘|T/(Z)|V’4_,V’j_|FtVf,V_f_l = ‘T/(z)|Ftv_d,vg- (6.22)
Next, we apply the second summand in the RHS of (6.19) to v € V4. By (6.22) we
get that \E’(z)|FtV§7Vth(z]IV + Eo + D)v is the unique element of U(g) @ Vi of
the form

T'(2)(F'(21y + Eo + D)v + wM), (6.23)
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for some w") € U(g)((2~1)) ® V¥ (here we are using the decomposition (5.1)). Let
us apply the first summand in the RHS of (6.19) to v € V9. Again by (6.22) and
by equation (6.11) (cf. Lemma 5.2), we have

[|L/(Z)|Ftvj,vgv ]lFthEi]lv = Z[|T/(Z)|Ftvj,vg7%@i}lv

) . el (6.24)
= ZHT (Z)|Ftvj,ng v, qi] -
=
By the definition of quasideterminant, for every i € J, |T/(Z)|Ftvf,VfQi” is the

unique element of U(g')((271)) ® V¥ of the form T7(2)(Q'v + w), for certain
wl@) € U(g)((271)) ® V¥, Therefore, the RHS of (6.24) becomes

ST ()(Q + ), i) =

ieJ

— / /
=N (2), ) (@) + Y [T (2)w?, qi) = (6.25)
ieJ ieJ

= [T/(Z)7]].Ftva U"‘ZT’ . ,qz .

i€J

Moreover, for each i € J, T’(z)wgz)

form

is the unique element of U(g’)[z] ® Vi of the

(21y + F' + ELy + D) (w!? + )y, (6.26)

for some :c ) e U(g)((~1)) ® F'V’. Thus,

ST, ) = Y M1 + F' + By + D) +217), 4] =

i€J e

=N Bl ail(w? + 2P) + 21y + F' + By + D) Y [wl? + 22 q;) =
iceJ icJ

= (2ly + F'+ By + D) Y [w® + 2P, q)].

icJ
(6.27)

Indeed, by Lemma 5.5 we have that [E’So,qi](w?) + 1‘52)) = 0 for every i € J.
Moreover,

1 1
(v + F' 4 By + D)= 3 [0+ 0] = T'(2) = 3 (w0l (628)
i€J i€J

Indeed, by applying the RHS of (6.19) to v € V¢ and combining it with (6.23),
(6.25) and (6.27) we can conclude that

1
(zlyr + F' + By + D’)E Z[ @ 4 m(z),qz'] eU() (=) @ Vi
icJ

On the other hand, 7" (z )7,1 Eiej[wf), q;] is the unique element of U(g)((271)) @V,
of the form

1 ~
(ZI]_V/ + FI + E/SO + D/)(E Z[wz(2)’ QZ] + £CZ) s
ieJ

for some 7; € U(g)((271)) ® F'V'. Hence, (6.28) holds since %ZZGJ[ (.2),‘11'] €

U(g)((z71)) @ F'V' as well.



Combining (6.23), (6.25), (6.27) and (6.28) we get that the RHS of equation
(6.19) applied to v € V¢ is equal to

1
— —[T'(2), 1peya E_1]'v — T'(2) F'(21y + Eo + D)v —
T1 -

T =T~ Y.l € U)o V.
ieJ

To conclude, we observe that (6.29) has the same form as the RHS of (6.21) with

(6.29)

w=— S g w?] -0V e Ulg) (=) @ Ve
ey

This completes the proof. O

7. THE OPERATOR W (z) FOR AN ALIGNED PYRAMID

7.1. Recursive definition for the operator W (z). In this section we construct
recursively, for a right aligned pyramid, a matrix W(z) as in (3.30). We shall prove
in Theorem 7.2 below that coefficients of the matrix W (z) indeed lie in the W-
algebra W (g, f), while in the next Section 7.4 we shall prove that the matrix W (z)
has Premet’s form (3.30).

Consider first the case when f = 0. In this case the partition A has all parts
equal to 1, p; = 1, and the corresponding pyramid consists of a single column.
Moreover, we have W (g,0) = U(g), and V = V[0] = V_ = V,. We let, in this case,

W(z)=z1ly+ E €U(g)[?2]  End V, (7.1)

where F is the matrix (3.21).

Next, let p be a right aligned pyramid with p; > 1. We let W(z) = W(zﬁ,
where W (z) € U(g)[z] ® Hom(V_, V), and 1 is the image of 1 in the quotient
U(g)/T (cf. (2.3)). Denote, as in Section 5.1, by p’ the pyramid obtained from p
by removing the leftmost column. Assume by induction that the matrix W’ () €

U(g')[z] ® Hom(V”,V,) has been defined. Then, we define W(z) via the following
recursive formula (cf. (6.3)):

W(z) = W(2)Lyw — 2 [W(2), LpiyaE_1]' = W' (2)F*(21y + Eo + D)1y
+ Resy 27 W/ (2)1yu (1 + :v_lF)_1W’(as)Ft]lV_d ,

(7.2)

where (1 + 27 1F)~! is expanded as a geometric series. The recursive definition

(7.2) of W(z) first appeared, in matrix components, in [BK08a]. Recall from (3.20)
that {U%},c7 is a basis of Hom(V_, V) C End V.

Lemma 7.1. Let, as in Lemma 3.1, {u;i}ic (k) be a basis of g{;(h,k) for every
0<h,k<pi—1, and let F =y, . F(h, k). Let ‘{Ui}ie]:(h’k) be the dual (w.r.t. the
trace form) basis of Hom(V_ N F*V, V. N (FHY"V_). If we decompose the matriz
W(z) in the following form

W(z) = 21y, (1 +2F) 'y + Y @i(2)U7, (7.3)
i€EF
where w;(z) € U(g)|[z], then the degree of the polynomials w;(z) are subject to the
following restrictions:

deg (w;(z)) < min{h,k} for every i € F(h,k). (7.4)
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Equivalently (cf. equation (3.29)),
Ly, aroyrv W(2)Ly_apey,
min{h,k} ‘ (75)
= —On i (=2) T (F) Ly qpry, + Z Z (—2) i, U
=0 ieF(h,k)

for some elements w; o € U(g).

Proof. The equivalence of (7.3)-(7.4) and (7.5) is obvious. We shall prove (7.5)
by induction on the number p; of columns of the pyramid p. For p; = 1 we have
Vi =V_ =V and W(z) = z1ly + E by (7.1). In this case the claim (7.5) is
obvious. For p; > 1, we shall consider separately the four cases (1) h,k < p; — 1,
2 h=p1—1,k<p1—1,3)h<pi—1,k=p;—1,and (4) h = k = p; — 1. Recall
that V_.NFFV, c V¥ fork <p; —1,and V_NFP~ 1V, =V4 If h ok <p; —1, by
the inclusions (5.3) and (5.4) we have

v, nroyrve = Yy a@ronv. Ly nrony: and Ly qpey, = Lyr qpey, Ly qpey, -
(7.6)
Hence, by the recursive definition (7.2) of W(z) and the inductive assumption, we
have

]1v+m(Ft)hv,W(Z)]lv,kav+
= Ly, nroyrv. Ly neony W(2) 1y apev, Ly ey,
min{h,k}
= —5h,k(—2)k+1(Ft)klv,mF’cVﬁ‘Z Z (=)' @] Ly, (pryev U Ly apsy, -
£=0 i€ F'(h,k)
(7.7)

The second term in the RHS of (7.7) is a polynomial in z of degree less than or
equal to min{h, k}. The coefficient of (—z)* in such term lies in U(g) ® Hom(V_ N
FkV V. N (FY)"V_), hence it can always be written as dicF(hk) w; (U for some
w; ¢ € U(g), proving (7.5). Next, consider the case h =p; — 1, k < p; — L. In this

case the argument is similar. Recall that V, N (F*)P*~'V_ = V! and hence, by the
inclusions (5.5) we have

Ly, nroye—1ve = Tyg = Tygly, qpop -2y - (7.8)
Hence, by the recursive definition (7.2) of W(z) and the inductive assumption, we
have
lva(Z)]lv,kaw
= lvf]lv+m(Ft)Pr2v; W’(Z)lv;anvﬂlv,kaer

= By —2(— 2" Ly s (FY T Ly ay, (7.9)

k
+ Z Z (*Z)eﬁg,e]lvf U'Ly_npwy, -
(=0 €F'(p1—2,k)
Note that the first term in the RHS of (7.9) vanishes since, loosely speaking, a
power of F' cannot map a row of length p; — 1 to a row of length p;. For the
second term in the RHS of (7.9) the argument is the same as for the second term in
the RHS of (7.7): it is a polynomial in z of degree bounded by k = min{h, k}, with
coefficients in U(g) ® Hom(V_ N F*V,, V). Next, consider the case h < p; — 1,
k = p; — 1. Recall that VzN FPr~1V, = V4 and by (5.5), we have

26



By the recursive equation (7.3) and the inductive assumption, we have

Ly, n(royrv W (2)1ya
1 —
= _EILV'*'Q(Ft)hV_ []]'V+Q(Ft)hvi W/(Z)]]‘V”i7 ]lptVilEfl]l:ﬂ.V—d
— ]].VJrﬂ(Ft)h,‘L ]].V+O(Ft)h,vi W/(Z)]]‘V”i Ft(Z]].V + EO + D)]]-Vf
p1—2
+ Z Res, 2" Ty, npoyrv. Ly, aeomv: W () ys apv,

X Ly npiv, (1+ 2 F) 7 IW () Ft Ly

h
1
72 : E : ( ) 1V+ﬂ(Ft)hV [ zZU ]lFtVdE ] ]1V_d (7 11)
" =0 i (hpr—2) :

- ]1V+ﬂ(Ft)hV ( - 6h7p1—2(_z)p1_1(Ft)pl_z]lvimFP1*2V+

+ Z 3 (—z)[ﬁi’eU'i)Ft(z]IV + Eo + D)1y
£=0 i€ F' (h,p1 —2)
p1—2

+ Z Res; Ifl]lwm(Ft)hv, ( — 0n,j (—=2)" T (FY Ly gy,
min{h,j) 4 _
+ Z Z (_Z)Zwi,éU”) Ly apiv, L+ 27 F) T TW (@) F' Ly,
=0 ieF'(h.j)

For the first equality of (7.11) we used the recursive definition (7.2) of W(z), and
the identities (3.9), (7.6) and (7.10). For the second equality of (7.11) we used the
inductive assumption (7.5). Having to prove (7.5), we are only interested in the
terms in the RHS of (7.11) with powers of z greater than h = min{h, k}. We wish
to prove that the sum of all such terms vanishes. They are

Snpr—2(—2)" "y, ey (F)P 7 (21y + Eg + D)1y
+ (—Z)h+1 Z ]lv+m(Ft)hV7@£)hU/iFt]lvjz
i€F' (h,p1—2)
— (=2)"™ Resg 2 Ly, epeyny. (FY) "Ly qpny, 1+ 2" F) "W (@) F'lya .
(7.12)
The first term in (7.12) is identically zero: for h = p; — 2, we have

]]-V+ﬂ(Ft)hV_ (Ft)pl_l = 0 .

We can compute the third term in (7.12) by computing explicitly the residue in x.
Since W'(z) = 1y, W'(x), we have

— (—Z)h+1 RGSI x_l]lV+Q(Ft)hV7 (Ft)h]lvithv;(l + Z'_lF)_lw/(J))Ft]lV:t
= (=2)" Resg(—2) 7"y, qpoyv. (F)" Ly_qpny, F"W (2) F' 1y
= (=2)"" Resy(—2) "My, npeyny W (@) F'Lya

=—(=2"" " Ly @ U My
i€F! (hyp1—2)
(7.13)
For the last equality we used the inductive assumption (7.5) on w (z) and we
computed the residue in . Combining (7.12) and (7.13), we get that (7.12) vanishes,
as claimed. Finally, we consider the case h = k = p; —1. The computation is similar
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to the previous case. Using (7.8) in place of (7.6), the same computations leading
to (7.11) lead to

p1—2

1 B .
= T Z (_z)e]lvf[wg,zU”7 ]lFtV_dEfl]lllv_d
! =0 i€F (p1—2,p1—2)

~ Ty (= (2P EY s

p1—2 )

+ 5 3 (—Z)Z@LZU’Z)Ft(z]lV + Fy + D)1y (7.14)
£=0 i€F'(p1—2,p1—2)
p1—2

+ Z Res, x_lllvf ( — (5j,p1,2(—z)j+1(Ft)j]lVinFjVJr
j=0

J ‘ .
+y Y (—z)%i,KU”)nmﬁw(l + a7 )T (@) F Ly
(=0i€F" (p1—2,j)

As before, in order to prove (7.5) we are only interested in the terms in the RHS
of (7.14) with powers of z greater than p; — 1 = min{h, k}. There is only one:

- (_Z)pllvg(Ft)pl_zlmem—2V+Ftlvf = _(_Z)pllvg(Ft)pl_llvf - (7.15)
Since (7.15) agrees with the first term in the RHS of (7.5), the claim is proved. O

Theorem 7.2. For every a € g[> 1] we have

[a, W(2)] € T[z] ® Hom(V_, V). (7.16)
Hence, W (z) has coefficients with entries in the W-algebra W (g, f):
W(z) € W(g, f)[z] ® Hom(V_,V,). (7.17)

Proof. We shall prove condition (7.16) with a two step induction. First, we prove
the two base cases p; = 1 and p; = 2. When p; = 1, we have g = g[0], and so
condition (7.16) is empty.

Let us consider the case p; = 2. In this case the I'-grading of V is as in the
following picture:

v
V+:V[%]:V’
Ve =V[-3]
—— -
4oy 7
FIiGURrE 11.

where dim(V¢) = r; and dim(V, ) = r. The I'-grading of g is g = g[—1] @ g[0] ®g[1],
where
g[_l] = HOHI(V+, V—d) ) g[l] = Hom(V_d, V—‘r) P
gl0] = ¢’ ®End(VY), ¢ = End(V,).

28

(7.18)



From equation (7.1) we have that
W(z) =21y + E' € U(g')[z] @ End V' . (7.19)

Let a € g[l]. By the recursive formula (7.2), W(z)]lvf = W’(z)lvg. Hence, by
(5.14) and (7.19), we have

[a,W(2)1vu] = [a, E'lyu] = [0, Egly«] = [F,A]lys =0 mod T,

since V* C Ker FNKer A. On the other hand, from equations (7.2) and (7.19), we
have

[mW(z)]lVf] = —%[a, [E, ILFtvjEfl]l]
— [a, B'|F!(z1y + Eo + D)1y — (21y: + E')F'[a, E) Ly 20
+ Resg z7 Ha, E'|lyu (1 + 2 'F) "N (aly/ +E' ) F'lya
+ (21y + E)Lyu[a, B')F' 1y
Note that E’ = 1y, Ey. Hence, by Lemma 5.4(b), we have
[E', 1peyaE_q)' = —rE_y, (7.21)
and applying equation (5.13) we get
B U e BT = (o, A]. (7.22)

1
By (5.13), we also have

la, Bo) = [F,A] modZ, [a,E']=][F,Ally, =—AF modZ. (7.23)

Moreover, again by (5.13), we have

la, E'NF!(21v + Eo + D)lya = Y _[a,u)U'F*(z1y + Ey + D)1y

i€l
= —AFF'(z1y + Eo + D)Lya + Y U'F'[[a, u;], Eo] Ly
i€ly
= —A(zly + Eo+ D)lya + Y U'F'[F,[A,Ui]| 1y (7.24)
i€l
= —A(zly + Eo+ D)Lya + 3 U'lpiy[A, Uillya
i€l

=—-A(zly +Ey+D)—rA modZ.

For the last equality we used Lemma 5.3. Similarly, we have
Res, 27 a, E'|1yu(1+ 27 'F) " (zly + E') F'lya
=Y Resya '[a,w]U'lyu (1 4+ 27 F) " (aly +E)F'ly.

i€l
= —Res, 2 "AFTy«(1+ 1'_1F)_1((E]]_V/+E/)Ft]].v:i
+ Y Res, o U Lyu (1 + 27 F) Yo, w], B F' 1y
i€ly
i€l
=—) U'lyu[A, U] FF 1y
iclo
== U'lya[A,Ulya
il
=(r—-r)A modZ.
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Again, for the last equality we used Lemma 5.3. Combining equations (7.20), (7.22),
(7.23), (7.24) and (7.25), we get

[a, W (2)1ya] = [Eo, Al + A(z1y + Eg + D) + 1A — (21ys + E')F'F A

(7.26)
+ (7" - 7"1)14 — (Z]lvf + El)]lVlLA mod T .

It is now easy to check that the RHS of (7.26) vanishes, using the facts that D|y« =
-, FtF + ]]-Vj‘ = ]]-V+ and EOJ]-V+ =F.
Next, we prove the claim for p; > 2, assuming that (7.16) holds for p’. Note
that we can decompose
a[>1] = ¢'[> 1] ® Hom(VL, V).

We shall prove Claim (7.16) separately for a € g’[> 1] and for a € Hom(V 4, V).
For a € ¢’'[> 1], by the induction hypothesis we have

[a, W (2)1ye] = [a, W' (2)1y] € T[2], (7.27)

since Z' = U(g'){b — (f'|b) }peg/(>1] € Z. The last inclusion holds because, as it is
easily checked, (b|f’) = (b|f) for every b € g’[> 1]. Next, using equation (7.2) we
have

la, W (2)Lya] = =L la, [W(2), Lpeya B_a]'] = [a, W' (2)]F* (21y + Eo + D)Ly

1
— W/(2)F'[a, Eo)1ya + Resy 2~ [a, W/ (2)] Ly (1 + & F) "\ W' (2) F'1ya
+Res, o'W/ (2)1yu(1+ 2 F) " a, W' ()] F'1ya .
(7.28)

By the induction hypothesis, [a, W’(z)] =0 mod Z'. In particular, the last term in
the RHS of (7.28) vanishes modulo Z. The second last term in the RHS of (7.28)
vanishes as well (modulo Z, in fact modulo Z'), since by inductive assumption W (2)
has coefficients in W' := {y € U(g') | [a,y] € T ,Va € g/[> 1]}, and T' C W' is a
bilateral ideal. On the other hand, by (5.14), we have

[a, Eo] Ty = Lya[F, AJlya =0 mod T, (7.29)

since Flya = Alya = 0 (recall that A € EndV’). We are left to consider the first
two terms in the RHS of (7.28). For the second term, by the induction hypothesis
[a,W'(2)] =0 mod Z'. In other words, it is a linear combination of the form

la, W(2)] = Y _u(b— (f[b))C, (7.30)

with v € U(g') and b € g'[> 1] and C € Hom(V!, V). Hence, the second term of
the RHS of (7.28) has the form

=Y u(b— (b]f))CF'(z1y + Ey + D)1y

7.31
:—ZUCFt(Z]lv+Eo+D)1Vf(bf(b|f))7ZUCFt[b,E0]]lVf. ( )

Both terms in the RHS of (7.31) vanish modulo Z, the first by definition and the
second by (7.29). Next, let us consider the first term in the RHS of equation (7.28).
Using the notation introduced in (6.11) (cf. Lemma 5.2), we have

[a, [W’(z), lFtvjE—l]l] = Z[a, [W/(Z)’ Qi]]]lFtVfQi
ieJ
=" ([la. W' ()], qi] + [W'(2), [0, ¢i]]) Ly a Q"
eJ
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By construction, ¢; € h := Hom(F*V¢ V%) and a € ¢g/[> 1] € Hom(V',V[>
—2i-L 4 9]). Since FI'VINV[> -2 +2] =0and V4NV’ =0, [a,q;] = 0 for all
i € J. On the other hand, by (7.30) we have

[la, W' ()], il = ([l (b = (fIb)) + ulb,:])C' =0 mod T.

Indeed, for the same argument as above (with b in place of a), we have [b, ¢;] = 0.
Hence, (7.16) holds for a € g'[> 1].
We are left to prove Claim (7.16) for a € Hom(V%, V’). Note that

Hom(V?, V') = Hom(V, V'®) + [Hom(V?, V'?), ¢'[> 1]].

Hence, by the Jacobi identity, it suffices to prove Claim (7.16) for a € Hom(V ¢, V’i).
We have the following decomposition

Vo=V"e WV nvyevd. (7.32)

We shall consider separately the restriction of equation (7.16) to each of the sub-
spaces (7.32). When we restrict to V'* C V%, we have, by double recursion,

[a, W (2)Lyru] = [a, W (2)Lyru] = [a, W (2)1ye ] = 0,

since

[Hom(V<, V"), g"] = 0. (7.33)

Next, when we restrict (7.16) to v'in V¥ we have, by double recursion,

W(2)lyra qye = W(2)Lyra qyu
= _n}rri (W (2), Lpreyra E_1)' 1ya qpu

— W/ (2)F!(z1y + Eg + D)Lya
+ ReSI $71W”(z)]lvui (1 + xilF)ilwﬂ(l’)Ft]].V/ime 5

where, as before, ] denotes the height of the leftmost column of the pyramid p’
(which is equal to 1 or 7o depending whether p; > pa+1 or p; = pa+1 respectively).
Here we used Lemma 5.1. By (7.33), [a, W' (z)] = 0. Hence,

[a,W(z)lvlime]

1~ —
== W (2), Lpiyiafa, Efl]]l]lvuimvg —W"(2)F'[a, Eollyaqyu -

r1 4]
(7.34)

By equation (5.13), we have
Lpeyra[a, E-a]Lyiaqyu = Lpiyra [Eo, Allyria qyue =0,

since Aly, = 0 and Ej preserves V’. Hence, the first term in the RHS of (7.34)
vanishes. Moreover, by equation (5.14), the second term in the RHS of (7.34) is

—W"(2)F[a, Eo) Ly = — W (2)FY[F, AlLya qye =0,

since A(V'%) =0 and F(V*) = 0.
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We are now left consider the most difficult case: the restriction of (7.16) to V.
By double recursion (7.2) we have

W(Z)]lvf

1 1 —~ =
- _E [ N ry + 1! [W”(Z)7 ]lF/tV'iEl—l]l - W”(Z)F/t(fznv’ + E() + Dl)ﬂv"i
1

—~ —~ 1
+Res, y W (2) 1y (1 +y  F) YW () F ' 1ya ]lFtVfE_l}

1 —~ —~
— ( — - ’]"I [WN(Z), ]IF/tV/d El_l]l — W”(Z)F/t(z]lvl + E6 + D/)]lv/d
1 1 N N

+ Res, y*1W"(z)]lvni (1+ ylF/)1W”(y)F,t]].V/d>Ft(Z]].V + Ey + D)]].Vii
1
ry+r]

+Resp 2 "W (2) Ly (14271 F) " ( - (W (), Lpreyra B 4]

— W"(@)F" (z1ys + Ej + D)1y
+ Res, y "W (1) Ly (1 + ylF’)1W”(y)F’t]lV,d) F'lya
1

"t (W(2), Lprywa B = W(2)F" (21 + Ej + D)1y
1

+ Resy 271 <—

+ Res, y ™ W (2) Ty (1 + y-lF’>-1W"<y>F”ﬂw) Lyupyo (1427 F)7!

1 —~ —~
X < — + 7 [W”(SU), ]].F/tvld El_l]l — W//(l')F/t(ZZ?]].V/ —+ E(/) + D/)]].V/d
1 T - -

+Resy g W (g)Lyru (1+ ylF’)lW“@)F”ﬂw) F'lya.
(7.35)
For the last two terms we used the decomposition V¥ = V' @ (V¥ nV'%). By
assumption, a € Hom(V4, V') c g (and A € Hom(V%,V'%) c EndV). Hence,
[a,W"(2)] =0, and, by Lemma 5.6,
[a, Lpseyra EL = Lpseyra[a, E-1]lyia = gy [Eo, Allya =0.
Hence, if we use (7.35) to compute [a, W(z)lvg], we only need to consider the terms

in which ada acts on Ej), Ey and L1peyaFE_1. Which leaves us precisely with seven

terms (corresponding to the seven highlighted terms in the RHS of (7.35)). By
Lemma 5.6, we have

[a, Eg] = [E1,A] =[F,A] mod T,

[a, E)] = 1y/[E1, A]ly, = —AE; = —AF mod T, (7.36)

[a, E_1] = [Eo, 4] .
Note that 1ya E_1, 1yaEy, 1ya By, 14 AEp, are all matrices with coefficients
in End(V<4 @ ‘;"i) Cog, ;vhile W”iz) is a n;atrix with coefficients in g” C g. Since,
obviously, [g”, End(V< & V'*)] = 0, we have

[W”(z), ]lvld_ Efl] ! = [W”(z), ]].Vii@vui EO} ! = [W”(z), ]]'V/(i AEO] ! = 0 . (7.37)

Moreover, Eolya , E_11y/4, and 1y, AEq are matrices with coefficients in End(V’i),
Hom(V”‘i, V/i) and End(V?) C g respectively. Since, obviously, [End(V’ ¢
V"), End(V4)] = 0, we have

[Eo, 1ya AE]" = [E_1,1ya AE]' =0. (7.38)
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Let us now compute the first two contributions to [a, W (z)] (coming from the first
two highlighted terms in the RHS of (7.35)). They are

1 1~ _
[a, —— [ - (W (2), Lprigra B = W (2)F" (21yr + ) + D)1y
(a1 r1 + 1 - ¢

— — 1
—|—Resy y W () Ly (14 y F) W () F ,JlFtVf,E_l} }
1

oy 7@ e BT Lyl o, 4]

Til(Tl L

— = W@ F AR Ly, LpiyaBo)]

™

1 1
+— [W” VF' (21ys + By + D) lya , Lpiya [EO,A]]

T1

1
:7W” Lpieyria B, 1piyalEg, A]l*
rl(rl 7“1)[ () [ Frtyre =1 F\/i[ 05 H]

1~ 11— 1
- —W”(z)F’tA[El , ]1FtvdE,1} bW ()" [EO ey [EO,A}}
T1 - T1 -
—~ 1
— " i . 1
— 7’11(“ g [W (2), Lpreya [B1 11F/V4E0] } Aly. 1
_ TfNW”(Z)F’tA[El,]lFtVdE_ } + - W”( VF''[Eo, LpryaBy| Alya
X 4 a a

P [W(2), Lpriya By ] A]lvd W (2) A, E]1ya.
r1+ 1] - -

(7.39)
For the first equality of (7.39) we used (7.36) and (7.37), for the second equality we
used (7.37) again, for the third equality we have used (7.38), and for the last equality
we used Lemma 5.4(b). Next, let us consider the third and fourth contributions to
[a, W (2)1y4] (coming from the third and fourth highlighted term in (7.35)). We

have

1 —~ —~
a, ( — + 7 [W//(Z), ]].F/tvld E/_l}l — W//(Z)F/t(Z]].V/ —+ E6 + D/)]].V/d
1 T - -

+ Res, y~ W (2) Ty (14 y_lF’)_1W”(y)F't]lV,d)Ft(z]lv + Eo+ D)1y

= W' (2)F"[E1, AlLpya Ft(21v + Eg + D)1y

1 —~ —
— <_ , +T/ [W”(Z),]IF/tV/d El_l]l _W”(Z)F/t(z]lvl +E6+D/)]1V'd
1 1 - -

+Res, y W (2)Lyru (1+ ylF'>1’W"<y>F’t1w)FWF, Allya

= W(2)F"'[F, A1 peya Ft (21y+EotD) Lya+ W (2) F"' [ Br, Al L puya FYEg| 1ya

1 —
_ ( e () Ly By = WP (21vr + B+ D)y
1
+Res, y W (2) 1y (1 + ylF')lﬁ//”(y)F/tlv/d> LpeiyaAlya

= —W"(2)F"A((z = N + 1)1y + Eo)Lya — 1 W" (2)F" Alya

r 47 W (2), Lpreyra B L peya Ay
1

+ W"(2)F"((z = N + 2r1 4+ 7)1y + E)LpeyaAlya
—Res, y W (2) Ly (1 4y ' F) W (y) F" Lpeya Al ya .
(7.40)

For the first equality we used (7.36), for the second equality we used (7.36) and the
identities Fly« = 0 and F*F = 1p:ya, while for the third equality we used the
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identities Al prya = 0, F1piyaFt = Tya, Dlya = —(N —11) Ty, and D'1peya =
—(N = 2r1 — )1 geya (cf. (5.8)), and the fact that, by Lemma 5.4(c), we have

[E1, LpeyaF Eo)' = r11ya.

Next, the fifth contribution to [a, W(z)ﬂvj] coming from (7.35)) is, by (7.36)

a,Resp 2 'W"(2) Ly (1 + 2 ' F)~! ( - W (x), Lpsiyra ELq)!

r1 + r’l
— W (@)F" (a1y + E) + D')1ya

+Res, y W () Ly (1 +Z/1F/)1W"(y)F’tILv/d)Ft]lvd (741)

= Resy 2 ' W (2) 1y (1 + x_lF)_IW”(:U)F’tAF]lV,i F'lya
= Resp 2 "W (2)1yru (1 4 x_lF)_1W”(x)F'tA]lvj :

Next, let us consider the contribution to [a, W(z)]lvj] coming from the sixth high-
lighted term in (7.35)). It gives

— Res, "W (2)F"'[a, EQLysa yunyra (1427 F)

1 — —~
x (- W), Lpreypra BN = W () F" (a1y: + E) + D)1y
re+r - -

+Resy g W (§) 1y (1+ y—lF’)—lﬁ"(y)F’t]lV,d)Fﬁlvd

= Res, 2 W/ (2)F" AE 1ypupya (1 4+ 27 1 F) 7

1 ~ —
) <_ ri+r] (W (@), Lpreyyra By )Y = W (@) F" (@lys + Eg+ D)Ly
1
+Resy g~ W (g)Lyre (1+ y‘lF’er”(y)F’tﬂv'd) Flya

= Res, 2 W/ (2)F"" A| By, Tyupya (14271 F) 7

1 = —
X <— T (W (), 1preya B 4] — W”(:c)F't(x]lV/ +Ey+ D)1y
r1T7r - -
1

+ Resy 7 W () Ly (1 + ylF’)1W”(y)F’t]lV,d> F'lya.

(7.42)
For the first equality we used (7.36), for the second equality we used the fact

that £y = F' mod Z and the identity F'ly« = 0. Note that ElILV’i is a ma-
trix with coefficients in Hom(V¢, V' i) C g, hence it commutes, with respect to
the bracket [-, ]' with W”(z) and with Lprysa B (which has coefficients in
Hom(F''V'® ,v'*)). While it has a non trivial bracket with E}, (which we re-

place by Ey thanks to Lemma 5.1). Hence, the RHS of (7.42) can be rewritten
as

—~ —~ 1
— Res, x_lW”(z)F’tA[El, Lyunyra (14 :c—lF)—lw"(x)F'tEo} Lyia F'lya.

(7.43)
Let

X = Resm x_l]lvfmvl(i (1 + x_lF)_lwu(l‘)F/t]lv/i
= ()" Res, 2 P M Lyupya FP2W (2) F 1ypa
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For the second equality in (7.44) we used the fact that W”(z) = 1V+W”(z) €
U(g) ® Hom(V"”,V,) and

ILVI(i (]. + x_lF)_l:ﬂ_V+ = (_1)p1x_p1+21vlinl_21v+ .
By Lemma 7.1,

W"(2) = aly, (1+2F) yw + Y @ ()U,
i€ F"
and w} (z) is a polynomial in z of degree at most p; —3, hence it does not contribute
to the residue in (7.44). Hence,

X = (—1)P* Res, & P 21 upya FP 21y, (14 2F) "y F ' 1y

. (7.45)
— 7]1Vj‘ﬂV"in172]lV+ (Ft)p173]l\/7~F/ ]lV“i _ 71Vfﬂ\/"i )
In view of (7.44)-(7.45), we can rewrite (7.43) as
— 1
— W"(2)F" A By, X Bo| Tya F'ly
. 1
- W"(Z)F’tA[El,nvw,i Eo} Lo Ftlya (7.46)

= _TiW//(Z)F/tAE1Ft]1Vj = —ﬁW”(z)F’tA]lViz .

For the second equality we used Lemma 5.4(b), while for the last equality we used
the fact that £y = F' mod Z. Next, let us consider the contribution to [a, W (2)1y,4]
coming from the seventh (and last) highlighted term in (7.35)). It gives

— Res, 27! (

+ Res, y~ W (2) 1y (14 y_lF’)_1W”(y)F't]lvui>

1

P (W"(2), Lprywa By = W (2)F" (21ys + By + D)1y
1

X Lyupyra (1 + 2 2F) YW (@) F" [a, EY)Lya Ftlya
1
= Res, 2~ ¢ <

/
r1+7r]

(W (2), Lpriyra By = W (2)F" (21ys + By + D)y
+ Res, y W (2) 1y (14 y_lF’)_rW”(y)F't]lV,i)

X Lyunyra (1+ 2 2F) YW (@) F" AF 100 F'1ya
1 —~
= —rl + r/ ReSx m_l[W//(Z), ]lFltV“i Elfl]lzﬂ'vl”ﬂv“i (]. + x_lF)_l
1

X W”(.I’)F/tA]].Vii —Res, 2 "W/ (2)F"'((z = N + 2r + 7)1y + E})

X Lyupyra (14 :E_lF)_IW”(x)F’tAILV_d + Res, Res, 2~ 'y 'TW" (2)

X Ty (1+y Y F) YW () F Ly (1 4+ 272 F) YW (2) F' Alya
1 o~

= " + 7"/1 [W”(Z), ]].F/tvlri El—l]l]lVﬁmV”i A]]‘Vj

+ W (2)F" (2 = N +2r1 + )1y + E)Lyupyra Alya

—Resy y W (2) Ly (1+y ' F) W (9) F' Ty Alya .

(7.47)

For the first equality we used (7.36), for the second equality we used the identities

equality we used equations (7.44) and (7.45). To conclude, we combine equations
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(7.35), (7.39), (7.40), (7.41), (7.46) and (7.47), to get

1 —~ 1
/ |:WN(Z>7 ]]-F/t\//d E—l} (1 - ]].Ftvd - ]].Vumvui )A]]_Vd
rL+r] - - - - -

+Res, 2 W (2) Ly (1 + 2 2F) T W (@) F" (1— Lpeya — Lyupyra ) Alya = 0

(7.48)
since, obviously, (1 — 1piya — Lyupqyra )A = 0. O

[a, WN/(Z)]lVf] =_

7.2. Recursive formula for the operator Z(z). Recall the matrix Z(z) €
U(gh)[z] ® Hom(V_, V) from equation (3.28).

Proposition 7.3. The matriz Z(z) satisfies the following recursive formula:

1
Z(2) = Z'(2)1y» - T—[Z’(z), ]lFfoE—l]l
1

— 22" (2)F'1ya — 21y, (1 + 2FY) " F By lya (7.49)
+ 21y, (1+ 2F") "lyuResp 2" (1 + 27 ' F) 7' 2 (2) F'1ya .

where Z'(z) € U(g'7)[2] © Hom(V", V,.) is the analogue of Z(z) with respect to g'.
Proof. First, let us consider Z(z)1y«. By (3.28) we have

Z(2)Llyw = 2Ly, (1+ 2F) " Tyu + Y ¢ (u)U' Ly
s (7.50)
=21y, (14 2F) My + > @)U Tyw = Z/(2) Ly
i€F’

Here, {u}};cx is a basis of Hom(V,,V’) C g, and {U’"};c7 is the dual basis of
Hom(V’,V,) C End V. Moreover, ¢ (u}) is defined as ¢, (u;), with F’ in place of
F. Hence, in the second equality we have used the fact that V¥ C V_ NnV’, and
that ¢/ and ¢, clearly coincide on a basis of Hom(V,,V*). When composed to
1y« the first term of the RHS of (7.49) vanishes, the second term gives

1 p1—2
—E[Z( 2), LpiyaE_q)' = —— Z > (= " ApeyaBE)t,  (7.51)
k=0 icF’
the third term gives
p1—2 )
—2Z' () F'Lya = 21y, (14+2F) " lya+ D> Y (=2) g (u)) U F'lya, (7.52)
k=0 ieF’
the fourth term gives
— 21y, (14 2F") ' F'Eylya = (—2)" 7 (FY)P ' Eolya, (7.53)

and the fifth term gives

2ly, 1+ 2F") "lyu Resp 2™ (1 + 27 F) 1 2/ () F' 1y

=Res, 21y, (1+ 2F") " lyu(1+ 27 ' F) 'y, 1+ 2F)  F'lya
p1—2 )
+ ) > Resp o' (—2) ¢j(u))2ly, (14 2F) M yu(1+ 2 ' F) U Fi Ly
i€F’ k=0
(7.54)
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The first term in the RHS of (7.54) vanishes since 1y« Fily, (F')71ya is always

zero for all 4,7 > 0. For the second term in the RHS of (7.54) we compute the
residue in z, to get

p1—2

>3 h(uh) Ly, (1+ 2F) Ly FFUT F' Ly
i€F’ k=0
p1—2

== > > M) Ly, (F) Ly FPU" F'Lya (7.55)
i€F! k=0
p1—2

- Z Z k+1¢k )1V+Q(Ft)kv U’ Ft]lvd .

i€F’ k=0

For the last equality we expanded 1y, = 221:_01 Ty, n(rtyrv_, and we used the
obvious identity

Ly, nereyev (FD)" Ly F" = 1y, n(poyry On -
Combining (7.51)-(7.55), we rewrite equation (7.49) (composed to 1y.a) as

p1—1 1 p1—2 )
DD (A )V s = —— 3 3 (=) (B, (u)U" L peya B!
i€F k=0 L k=0 ieF

p1—2 )
+ Z Z k+1¢k )UﬂFt]lVii + (_Z)pl_l(Ft)pl_lEO]lVf

k=0 icF’

p1—2

=S ()R () Ly, gy U F Ly

i€F’ k=0

(7.56)
We shall prove equation (7.56) by equating the coefficients of each power of z in
both sides. First, let us consider the constant terms in z. (Note that ¢g is the
identity map on w;.) Equation (7. 56) reduces to

ZUiUl]le = Z [W;U", Lpeya B, (7.57)
i€F Lier
which we need to prove. Pairing the LHS of (7.57) with an arbitrary element a € g,
we have
> (alu)U' Ly = Ty, Alya, (7.58)
i€F
where A is the element of End Vcorresponding to a € g (cf. Section 3.6). On the
other hand, pairing the RHS of (7.57) with the same element a € g, we have

_722 uj U ]].Ftvdelvd:—fZU”]].Ftvd[A U}]].Vd
zE]—" jel LieF (759)
= Z 1y, U LpeyaU/Alya = 1y, Alya,
r d 4 i
iel

where in the first equality we used the completeness identity (3.19), in the second
equality we used the fact that U1y« = 0, and in the last equality we used Lemma
5.3. Comparing (7.58) and (7.59), we get equation (7.57). Next, the coefficients of
(—2)*, for 1 <k < p; —2, in (7.56) give the equation

3 0rlu)U Ly = = S (0" Lyl
1€EF Lier (7.60)
(1_]1V+0(Ftk 1v_ Z¢k 1 U/ Ft]lvda
iEF’
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which we need to prove. As before, we pair the LHS of (7.60) with a € g (and denote
by A € EndV the corresponding endomorphism). As a result, we get, recalling the
definition (3.15) of ¢y,

h(t t\k ;pk—h\7718
k(g -
E (aldw (u; U]lVd E E tr(AFM(FY U, (FYHRFFFMUte, a

ie]:k 1€F h=0 (761)
— Z ]].V+ (Ft)ka‘th(Ft)kfh]lVf .
h=0

For the last equality we used the cyclic property of the trace and the completeness
identity (3.19). We also used the facts that >, ru; @ U" =3, ;u; @ 1y, U'ly._,
and F"(F')F1ya = (F')F""1ya for all h < k. If we pair the first term of the RHS

of (7.60) with a € g, we get, by the definition (3.15) of ¢y,

_72 Z ud)U ]lFtVdU

LieF ter R
-3 Zth AFY U F T U Ly aU e (162)
" €5 h=0 £eT
I Z ZZ“ A[(F)* U] (Ft)kF/k " lvdUe]lptvd])U”Ue.
L ieF h=o tel

For both equalities we used Lemma 5.2. We also used the fact that F"(F*)*1y, =
(FYk=h1y, if h < k and k < p; —2. Note that the summands in the RHS of (7.62)
with h < k vanish, since F'Lya =0 and 1piya(F)* "1y, =0 for h < k. Hence,
(7.62) becomes, by Lemma 5.3(b),

e SN tr(ALyaUpd oy o U (FHM U U
g e (7.63)
= " Z ]1V+U/Z]1FtvdU (Ft)kA]lvd = ]1v+(Ft)kA]lvd,

el

which coincides with the summand h = k in (7.61). If instead we pair the second
term of the RHS of (7.60) with a € g, we get

(1= Ty op-rve) Y (alghy (W)U F'ya

ieF’

(1 1V+m Foyhe 1V ZZ“ Ft k—h— 1U (Ft)k 1 prk—h— 1) V+U/iFt1Vf
i€l’ h=0
k—1

= (1= Ty, npeypve) Y Ly, (FOF PR AR R
k—1 h=0
Ly, (FY)FFMrAF) "1 .
h=0

(7.64)
For the first equality we used Lemma 5.2, for the second equality we used the cyclic
property of the trace and the completeness identity (3.19), and for the last equality
we used the following identity:

(1= Ly, qepeyery )Ly, (FH)F =1y, (FH)FF,
which holds for every k > 1, and we leave as an exercise to the reader. Note that
the RHS of (7.64) equals the summands in (7.61) with h < k. Hence, equation

(7.60) holds. Finally, we need to prove that the coefficients of (—z)P*~! in both
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sides of equation (7.56) coincide. In other words, we are left to prove the following
identity:

D bpi1 () ULy = (F)P Byl

ier , (7.65)

+ (1= 1y, q(pryrr-2v_) Z Py —2 (W)U F'1ya .

i€F

Pairing the LHS of (7.65) with a € g, we get, with the same computation as in
(7.61),

p1—1
> (algp,—1(w))U'Lya = Y Ly, (FHP T PPt mh AR 0 (7.66)
ieF h=0

Pairing the first term in the RHS of (7.65) with a € g, we get, by the completeness

identity (3.19)
FHP1=1(a| Eg) 1y
(F7)Pr 7 (al Eo) Ly (7.67)
= (F")P"~1Alya,

which coincides with the summand of (7.66) with A = p; — 1. Finally, pairing the
second term in the RHS of (7.65) with a € g, we get, by (7.64) with k = p; — 1,

(1= Ty, nEeypr-2v) Z (alg),, _o(u)U" F'1Lya
i€ F

p1—2 (7.68)
_ Z ]]-V+ (Ft)pl71Fp1717hA(Ft)p1717h]].Vii ’
h=0
which coincides with the summands of (7.66) with & < p; — 1. Combining (7.66),
(7.67) and (7.68), we get (7.65), completing the proof of the Proposition. O

7.3. A choice for the subspace Ul C g complementary to g/. For every
pyramid p, fix a subspace U+ C g compatible with the I'-grading of g and comple-
mentary to g/, cf. (2.7) (and we let U be its orthocomplement with respect to the
trace form). It is defined as follows:

Ut =1piy EndV @ 1y (EndV)[>0] Cg. (7.69)

In other words, with the “pictorial” description presented in Section 3, U' is
spanned by all arrows between the boxes of the pyramid which do NOT end in
a leftmost box (V_), and the arrows ending in a leftmost box but strictly bending
to the right (i.e. of strictly positive degree).

Lemma 7.4. The family of subspaces UL, depending on the pyramid p, defined in
(7.69) is compatible with the I'-grading of g, is complementary to g/, and satisfies
the following three conditions:
(i) U+ c U
(ii) [U'*, 4] =0, where h = Hom(F'V? V) C g;
(iii) ¢)(Hom(V,, F'V)) C UL for every { = 0,...,p1 — 2, where ¢} : g'g — g’{
is the map defined by (3.15).

Proof. The subspace U~ is obviously compatible with the I'-grading. Let us show
that it is complementary to g7. In order to prove that U+ Ng/ = 0, we can proceed
degree by degree, since all spaces 1ty EndV, 1y, EndV and gf are compatible
with the I-grading. Since, moreover, g/ C g[< 0], and obviously 1 p+y End VNg! =
0, we immediately get that U+ Ng/ = 0. Hence, to prove that U~ is complementary
to g/, we only need to perform a dimension computation. Obviously,

dim (1pry EndV) = N(N — 7). (7.70)
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By Lemma 3.1, we have (in the notation (3.1))

p1—1 min{h,k}
dim(g’) = > > dimHom(Vy N (F)"V_,V_ N F*V,)
h,k=0 ¢=0
s min{p;,p;}—1

s
= Z Z T = Z rir; min{p;, p; } = Zrirjpj + ZTiiji-

i,j=1 =0 i,j=1 1<j 127
(7.71)

In order to compute the dimension of 1y (End V)[> 0], having in mind the “picto-
rial” description of the space V presented in Section 3, for each of the r; leftmost
boxes of the pyramid in a rectangle r; x p;, we need to count all boxes strictly to

its left, which are 1 X (pl —pj), ro X (pg —pj), e, i1 X (pj—l —pj). Hence,
s j—1
dim (]1\/7 (End V)[> 0]) = Z’I‘j Ti(pi —pj) = Z’I‘i’/‘j(pi — pj) . (772)
j=1 i=1 1<j

Combining (7.70), (7.71) and (7.72), we get
dim(U*) + dim(g') = N(N = r) + > _rirjpi = N? = dim(g) .
,J

Next, let us prove condition (i). Obviously, F'V’ C F'V, so that
1pey EndV’/ C 1piy EndV .
Moreover, V'* C V", and 1y,4 (End V’)[> 0] = 0, so that
1y (End V/)[> 0] = Ly« (End V/)[> 0] C Ly (End V)[> 0].

As a consequence, condition (i) holds. Next, let us prove condition (ii). Since
VIAV =0, F'VeN F'Y = 0 and FYVEN V'™ = 0, we have

[1pey End V/, Hom(F'V4, V] =0 and [y (End V')[> 0], Hom(F'V<¢, V)] = 0.
As a consequence, condition (ii) holds. Finally, we prove condition (iii). For every
A€ EndV and i < £, we have
FYFY'A€ lpiyEndV Cc U,
while, for A € Hom(V, F*V%) we also have
FYFYA=AclpyEndV cUL.

Recalling the definition (3.15) of the map ¢;, we conclude that condition (iii) holds,
completing the proof of the Lemma. O

Recall the surjective algebra homomorphism 7/ : S(g) — S(g/) given by (2.8).
Lemma 7.5. (a) For every v € S(g') and u € S(g), we have

0! (vu) =1/ (" (v)u), (7.73)
provided that Utcut. m particular, (7.73) holds for the subspaces UL in
(7.69).

(b) Let b C g be a subspace such that [U’L, h] = 0. Then, for every v € S(g') and
h € b, we have
i (v, h]) = 0 ([0 (v), 1)) (7.74)
In particular, (7.74) holds for the subspaces U+ in (7.69) and h = Hom(F*V< V4) C

g.
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Proof. Both 1/ and 5 onf" are algebra homomorphisms, hence it suffices to prove
(7.73) for v € g’ C g and u = 1. Let

v=v;+vs =01 +02, (7.75)

with vy € gf, vo € UL, vy € g/, 05 € U'*. Since, by assumption, U’ C UL, we
have

Vi—v=vy—0vy e UL,
Hence,
107 () = 17 0+ (F10'2)) = 1+ (Fle = ') + (F10's) = w0 + () =7 (0).
For the third equality we used the fact that the forms (f|-) and (f’|-) coincide on
g’. This proves part (a). Next, let us prove part (b). Note that, since / and nf’

are algebra homomorphisms and ad(a) = [a, -] is a derivation of S(g), it suffices to
prove (7.74) for v € g’. Let us decompose it as in (7.75). We have

! ([ (v), 1)) = 0 (W1 + (f'|v'2), k) = 0 ([v'1, b))
=’ ([v,h]) = 0/ ([v'2,B)) = 0’ ([v, h]) .
For the fourth equality we used the assumption that [U’ l, h] = 0. Hence, (7.74)

holds. The last assertion of part (b) follows by Lemma 7.4(ii) and the definition of
the trace form. O

7.4. Premet’s form of the operator W (z).

Proposition 7.6. For the subspace UL defined by (7.69) there exists a Premet
map w: gf — W(g, f) (cf. Definition 2.3) such that

w(Z(z)) =W(z). (7.76)
Proof. By the definition (3.28) of Z(z) and Lemma 3.1, we have

Z(z) = zly, (1 + 2F") "'l

-l min{h.k} (7.77)
+ >y Z ) po(u;)U" € U(gf)[2] ® Hom(V_, V).

h,k=01i€F (h,k)

On the other hand, by Lemma 7.1, we also have

W(z) = W(2)T = 21y, (1 + 2F) 11y
p1—1 min{h,k} o (778)
+ 3 3N () @i AU € Wig, f)]z) © Hom(V_, V).
hk=0ieF(hk) £=0
Since, by Lemma 3.1, the collection of elements ¢;(u;), with ¢ € F(h,k), £ €
{0,...,min{h,k}} and 0 < h,k < p; — 1, is a basis of g/, equation (7.76) obviously
defines uniquely a linear map w : g/ — W (g, f), mapping

g’ 3 de(wi) = w(ge(w;)) == wi el € W(g, f). (7.79)
Recall the definition (2.4) of the Kazhdan filtration of U(g), and the induced
filtration (2.5) of W (g, f). We next prove the first Premet condition (i) in Definition
(2.3), i.e. if a € g/[1 — A] then w(a) € FAW(g, f). By the definition of the T'-
grading of g and the definition (3.14) of gg(h,k), it is immediate to check that,
if i € F(h,k), then u; has I-degree —k. Moreover, for 0 < ¢ < min{h,k}, by
the definition (3.15) of the map ¢, we also have ¢;(u;) € gf[—k + £]. Hence, by
(7.79), the first Premet condition amounts to proving that, for every i € F(h, k)

and 0 < ¢ < min{h, k}, we have
’I:Di)gl S F1+k,¢W(g, f) . (7.80)
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Let EndV = @?;ilplﬂ(End V)[j] be the I'-grading of End V' (which is the same

as the I'-grading of g). We extend the Kazhdan filtrations of U(g) and W (g, f) to
filtrations of U(g)[z] ® EndV and W (g, f)[2] ® End V by letting z have Kazhdan
degree equal to 1, and the elements of (End V')[j] have Kazhdan degree equal to
—j. In other words, we let

oo p1—1

FA(U(g)[z] @ End V) =Y >~ 2'FayrU(g) @ (EndV)[k], (7.81)
=0 k=—p1+1

and the same for W (g, f). For example, we have, recalling (3.22),
F € (EndV)[-1] C F1(U(g)[z] ® End V),
F'e (EndV)[1] C F_1(U(g)[z] ® End V), (7.82)
E; € glj] ® (End V)[~j] C Fi(U(g)[z] ® End V) , for every j € %z.

The filtration (7.81) is obviously an algebra filtration:
Fa, (U(g)[2]®End V) - Fa, (U(g)[z] ®End V) C Fa,1a,(U(g)[2]®End V), (7.83)
and, by the properties of the usual Kazhdan filtration of U(g), we also have

[Fa, (U(g)[z] @ End V), Fa, (U(g)[z] ® End V)] ' Fa+0,-1(U(g)[z] ® Enc(l V) )
7.84
Moreover, although the I'-grading of V' C V is NOT compatible with that of V' (due
to the shift by % of the z coordinates of the boxes in the corresponding pyramid),
the T'-grading of End V/ and End V' (being defined by differences in = coordinates)
are compatible: (End V’)[k] C (End V')[k]. Likewise, the I'-gradings of g’ and g are
compatible, and therefore the Kazhdan filtration of U(g’) is compatible with that
of U(g). As a consequence, we have

FA(U(g')[z] ® End V') C Fa(U(g)[z] @ End V). (7.85)

Using Lemma 7.1, we can then translate the claim (7.80), with respect to this
extended filtration, to

W(z) € F1(U(g)[z] ® End V), (7.86)

which we need to prove. We shall prove (7.86) by induction on p; using the recursive

definition (7.2) of W(z). For p; = 1 we have W(z) = z1y + E, and, since g = g[0],

the claim is obvious. For p; > 1, by the inductive assumption and (7.85), we have

W'(2) € Fi (U(g)[2] ©® End V), (7.87)
and hence, by (7.82) and (7.84), we also have
(W' (2), LpeyaE-1]' € Fi (U(g)[z] ® End V), (7.88)
and
W' (2)F'(21v + Eo + D) € Fi(U(g)[z] @ End V) . (7.89)

Moreover, we have, by (5.3) and (7.78)
Res, 2 "W/ (2)1yu (1 4 2~ 'F) "W/ (2) F!

p1—2
= — Z W Resw ) 1_€]IV7QF€V+F€/V‘[7/($)Ft
pP1— 2 )
=3 > W@y pey, F@; U F € Fi (U(g)[2] @ End V) .
=0 i€F(L,p1—2)

Condition (7.86) then follows by the recursive equation (7.2) and (7.87)-(7.90).
42

(7.90)



Finally, we are left to prove Premet’s condition (ii) in Definition (2.3), i.e.
nf (grp w(a)) = a for every a € g/[1 — A]. As above, we can rewrite this con-
dition in terms of the matrices Z(z) and W (z) using the extended filtration (7.81):

! (gr, W(2)1) = Z(2). (7.91)

Recall the surjective algebra homomorphism 7/ : S(g) — S(gf) given by (2.8). It
clearly maps S(g){b — (f|b)}veg-, to 0, hence it induces the corresponding homo-
morphism, which we still denote 17,

' s Wy, £) =~ (S(8)/S(@){b — (f1)}begs,)™ ™" — S(a).

Note that 1/ is a projection map: ()2 =7/ (since (f|g/) = 0). For v € S(g), we
have

0! (v) =1 (1), (7.92)
where v — v1¢ is the natural quotient map S(g) — S(g)/S(g){b— (f|b)}reg~,. On
the other hand, taking the associated graded with respect to the Kazhdan filtration,
we have gr U(g) = S(g). Hence, if we denote, as usual, v — v1 the natural quotient

map U(g) — U(g)/U(g){b — (f[b)}beqs,, then

gra(vl) = gra(v)1, (7.93)
for every v € FaU(g). In view of (7.92) and (7.93), we rewrite (7.91) as the
following equation

0 (gr, W(2) = Z(2), (7.94)
which we need to prove. We shall prove equation (7.94) by induction on p;. For
p1 =1, we have f =0, g/ = g = g[0] and W (z) = Z(z) = 21 + E, so the claim is
obvious. Next, let p; > 1. Recall the recursive definition (7.2) of W(z). Recalling
(7.82), (7.83), (7.84) and (7.85), and since D € Fy(U(g)[z] ® End V'), we have

gry (W (2)) = gr, (W (2)) Ly
- %[grl(ﬁ;/(z)), ]lFtVfEfl]l - grl(W’(z))Ft(z]lV + EO)HVE (7.95)
+ Resp 2L gr, (W (2)Lye (1 + 2 ' F) ! grl(W’(x))Ft]lVf .

For the last term, we used the following observation: taking Res, z~!F(z) amounts
to taking the coefficient of #° in F(x), and hence we can assign to x an arbitrary
Kazhdan degree, without changing the value of Res, 27! gry F(z) On the other
hand, if we assign to z Kazhdan degree 1, we obviously have

gry (W (2) 1y (1 4+ 27 F) " W/ (2) Ft1ya)
= gr, (W (2)Lye (1 + 27 F) " gry (W (2)) F'ya .

Next, we apply 7/ to both sides of (7.95). As a result, we get

1 (gry W(2)) = nf (g1, (W' (2))Lyw) — %nf([grl(ﬁ/’(Z)), LpeyaB_1])
— ! (zgr, (W' (2))F'Lya) — ' (g1, (W' (2)) F'EgLya) (7.96)
+ 1/ (Res, 27 gr, (W' (2))1yu(1+ 2 ' F) ! grl(WN/’(x))Ft]IVj) :

We discuss each term in the RHS of (7.96) separately. The first term, thanks to
Lemma 7.5(a), is, by the inductive assumption,

! (gry (W () 1ye) = f (0 (gr, W (2))1ve) = 0! (Z'(2)1ye) . (7.97)
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The same argument works for the third term in the RHS of (7.96), leading to
dE grl(W'(z))Ft]lv_d) =/ (22'(2)F'1ya) . (7.98)

Next, let us consider the second term in the RHS of (7.96). Note that, by Lemma
5.2, we have
]]'FtVf'E—l = ]]‘FtVfE]]‘Vj S ['] ® EndV,

where b is as in Lemma 7.4(ii). By Lemma 7.5(b) and the inductive assumption,
we thus have

Uf([gﬁ(wl(z)), ]1FtvjE71]1) = nf([nf/ (grq W/(Z))7 HF‘VEE71]1>
= Wf([Z'(Z)a ]lFfoE—l]l) :

For the fourth term in the RHS of (7.96) we shall need condition (iii) of Lemma
7.4. By Lemma 7.5(a), the inductive assumption, and equation (3.28), we have

nf(gﬁ(wl(z))FtEO]lvf) = 77f (ﬁf/ (g1 W/(Z))FtEo]lv_d)

(7.99)

0! (Z'(2)F'Eolya) =0/ (21v, (1 + 2F") ' F'Egly.a) (7.100)
£ 2 (= (G)U"F Bolya) .
i€EF LEL
By Lemma 5.2,

S U@ U Lpeya € Hom(Vy, F'VY) @ End V.
ieF!
Hence, by Lemma 7.4(iii) we have
> (G ))U L piya = > (FI(@)U Lpiyya = 0, (7.101)

iE€F iEF

since ¢, (u;) € had c g<o C f+. By (7.101) the second term in the RHS of (7.100)
vanishes, so that

1! (gry(W'(2))FtEolya) = 0/ (21v, (1 + 2FY) T F Eglya) « (7.102)
Finally, we want to prove that the last term in the RHS of (7.96) vanishes. First,
by the same arguments as above, based on Lemma 7.5(a), we have

0’ (Res, 2" gry (W (2)Lve (1427 F) ™! gr (W (2)) F'1ya)

(7.103)
=1/ (Res, 27 ' Z'(2)lye (1 + 27 ' F) ' 2/ (2) F'1ya) .

Since nf is an algebra homomorphism, in order to prove that (7.103) is 0, it is
enough to prove that

nf (Lyu(1+2 ' F) 12 () F'lya) (7.104)

vanishes. Since Ly« F'Ly, (F*)/1y.4 is zero for all ¢, > 0, we can replace Z'(z) in
(7.104) by its second contribution coming from the expansion (3.28), thus getting
ST (=) v+ a7 F) ! (¢(u))) U F Ly
i€F LEL

which vanishes by (7.101). Note that, the exact same argument proving that (7.103)
vanishes, also shows that applying 1/ to the last term in the recursive equation
(7.49) of Z(z) we get zero:
nf (Resp 27 2ly, (1+ 2F") 1y (1 + 2 F) 7 Z/(2) F'1ya) = 0. (7.105)
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Combining (7.96), (7.97), (7.98), (7.99), (7.102), (7.103), we get
—~ 1
W (e W) =0 (2 hve = [2(2), Lpya Bl = 22/ (2)F'Lys (7.106)
— 2y, (14 th)_lFtEo]lVg)

By equations (7.49) and (7.105), the RHS of (7.106) equals nf(Z(z)), which is the
same as Z(z) since nf|;s = 1. This proves (7.94) and concludes the proof of the
Proposition. O

Remark 7.7. The choice of the subspaces U+ C g complementary to g/ is obviously
not unique. A different choice is, for example,
p1—1
Ut = EndVipy @ ( @D (F')*+ End V1V+Q(Ft)m) Ca. (7.107)
k=0
Note that for this choice of subspace Lemma 7.4 fails, since conditions (ii) and (iii)
do not hold (but some similar properties do). On the other hand, it is possible to
check that, also for the choice (7.107) of U+, Proposition 7.6 holds (with essentially
the same proof).

8. RECURSION FOR THE QUASIDETERMINANT OF W(z) AND PROOF OF
THEOREM 4.5 FOR AN ALIGNED PYRAMID

8.1. Recursive formula for the quasideterminant of W(z). Consider the op-
erator W(z) € U(g)[z] ® Hom(V_,V,) as in (7.2), and the generalized quasideter-

minant \W(Z)\Vj,vg according to the decomposition (3.7) of V.

Proposition 8.1. For the operator |W(Z)|Vf,vf the following recursive formula
holds: )
17 _ _ nw 1
|W(i)|vj,vg =T (W (Z)|F"Vj,Vf7 IpiyaE ] 8.1)
— |W’(Z)‘Ftv_d’vat(Z]].V + EO + D)]].Vil s
where the bracket [-, -]! is on the first factor of U(g) @ EndV (cf. Section 3.7),
and for the quasideterminant |W/(Z)|Ftvj,vg we are considering the decompositions
(5.1) and (3.7) of V! and Vy respectively.

Remark 8.2. Note that equation (8.1) is indeed a recursive formula since, by the
hereditary property (4.2) of the quasideterminant, we have

‘W/(Z)|Ftvf,vg = HW/(ZNV@,V'i‘Fthny-
Proof. First, we prove that the quasideterminants |W(2)|Vj,vg and ‘W/(Z”Ftvf,vf
exist. For the first quasideterminant, by Proposition 4.1 it suffices to show that

1yuW(z)1yw is invertible in U(g)((2 1)) ® Hom(V*, V}*). By Lemma 7.1 we have

Ly W (2)Lye = 2Lys (1 + 2F) " Dy + Y @(2) Lyp Uty (8.2)
ieF
The first term in the RHS of (8.2) is invertible, with inverse
2 yu(14 271 F) ye € Flz1 @ Hom(VE, V).

Hence, we can rewrite the RHS of (8.2) as

Zlya(1+ 2F) ye (Tyw + Z 2 My (14 27 F) " ye@i(2)Uyw) . (8.3)
ieF
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It is immediate to check, using Lemma 7.1, that
Lyu(14 27 F) yewi(2)U' Ly € U(g)[z™'] @ End(VY).

Hence,

lyw + Z 2’71]].‘/1»(1 + ZﬁlF)il]].ViﬂLTJi(Z)Ui]].Vf
i€F

has inverse in U(g)[[z7!]] ® End(V*), which can be computed by geometric ex-
pansion. As a consequence, (8.3) has inverse in U(g)((z7!)) ® Hom(V¥, V).

With exactly the same argument, one can show that W(z) is invertible so that
|W(Z)|vf,vf exists by Proposition 4.1. With the same argument on can also show

that |W/(Z)|Ftvf,vg exists as well.

Next, we prove equation (8.1). By the definition (4.3) of generalized quasideter-
minant we have

W)y ya = Ty (’W(z) W (2) Ly (1Vfw(z)1vf)—1lvrmz))nvj . (8.4)

By the recursive formula (7.2) for W(z), the RHS of equation (8.4) becomes

1 . —
— Ly W (2), LpiyaE_1] 1y — ]lVfW’(z)Ft(z]lV + Eo+ D)1y
L , , ,
+ Res, x—lﬂvfw’(z)nvfu + 27 F) T W (2) F' 1y
1 —~ —~ 1 ~
+ E]lVfWI(Z)]lVE (JIV};W/(Z)HVE) ]lvi‘ [W/(Z), ]lFtV:LE_l]l]lvﬁl
+ Ty W (2)Tve (Lvp W (2)Tyw)  Typ W (2)F' 21y + Eo + D)1y
_ = = -1 = 157
—Resgz Ly aW/(z) Lyw (Lyp Wiz) 1) LypW (2) Lyl +a 'F) " W @) F Ly,
(8.5)
Note that the two residue terms (the third and the last one) in (8.5) vanish, since

. L~
(]].VfW/(Z)I].Vf) ILVJ;W/(Z)]]_V:L = ]]-Vj‘ .
Combining the second and fifth terms in (8.5), we get

— 1y W' (2)F*(21v + Eo + D)1ya

+ Ty W (2) Ly (Lyp W (2)Tyw) ~ Typ W (2) F (21 + Bo + D)1y
~ s . L

= _]]'Vf (W/(Z) - W/(Z)]].Vf (]lv_;_i W/(Z)]].Vf) ]].VJ_LWI(Z)) ]lFtV:l X

X Ft(Z]lV + E() + D)]IVE = _|Wl(z)‘FtVf,Vth(Z]1V + Eo + D)]lvg .

(8.6)

For the first equality in (8.6) we used the fact that F'(z1y + Eg+ D)1lya C F'V4,

while for the second equality we used the definition (4.3) of the quasideterminant

|/W7’(z)|FtV5,Vf, with respect to the decompositions (5.1) and (3.7) of V/ and V.

respectively. On the other hand, combining the first and fourth terms in (8.5), we
46



get
1

- E]lvf [W’(z), ]lFijE—l}l]lVf'

Ly )y (L () 1) s (77(2), Lpya B s
- _%[1‘4 (W’(z) W (2) Ly (]lqu’(z)]lvu) Hlvfﬁ’(z)), Lpiya E_q]!
Dy 3 e (L 7 ve) ) ey a0

Jje€l-1

1. ~
*EHW/(ZNFWE,Vf’]lFtVfE—l]l
1 ~ —
— =Ly > W)Ly (Lyp W' (2) 1y

T
b jer,

-t Uj]]lv_fﬁ;/(z)]lFtVEUj .

(8.7)
For the first equality we used the Leibniz rule for the bracket [-, -|* and the definition
(3.22) of E_;. Combining (8.4), (8.5), (8.6) and (8.7), we get our claim (8.1) once
we prove that the last term in the RHS of (8.7) vanishes. By Lemma (5.2), we have

Yo u @ Lpyal? =Y ;@ U7
jeI_y jeJ
where {u;};cs is a basis of
h=Hom(F'V4, v cg.
Hence, in order to prove the claim it suffices to show that

[W/(2)Lyu,u] =0 for every ueh. (8.8)

Note that we can decompose V¥ = V'" @ (V4N V’i). Hence, the LHS of (8.8)
decomposes as

W' (2) Ly u] + W (2) Ly ] (8.9)
By the recursive formula (7.2) for W(z), we have
W (2)lyn = W (2)1yn € U(g") @ Hom(V'™ V),

and the Lie bracket with u € h vanishes since, obviously, [g”, ] = 0. Hence, the first
term in (8.9) vanishes. On the other hand, by the recursive formula (7.2) applied

to W'(z), we have

1~
T+ 7] (W7 (2), Lpeyia By Dyueyra
1

— W"(2)F!(21ys + By + D) Lyupyra (8.10)
+ Resy 27 "W (2) Ly (14 xilF)*W“(x)Ft]lmev,i .

W/(Z)]IVfﬂV’i ==

As before, the bracket of u € b with W”(z) € U(g”)[z] ® End V" vanishes, since
[h,9"] = 0. Hence, the second term in (8.9) is

1
1+ 7]

(W (2), Lpiyra [BLy, ul] Tyupya — W (2)FHE, ullyunyia . (8.11)
By Lemma 5.2, we have
]]‘FtV"iELI]]'VfﬁV“i - Z ’U,]U] )
jEJ
where {u;},. 7 is a basis of

by = Hom(F'V'* v*nv'®) c g@EndV'.
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On the other hand, we clearly have [h1,h] = 0, since V/ N V< =0 and (V*NV'4)N
F*V< = 0. Hence, the first summand of (8.11) vanishes. Similarly, by Lemma 5.2,
we have
Eplyunyra = Z u; U7,
jET2
where {u;}, 7, is a basis of

b2 = Hom(V'*,V*nV'?) c g@ End V",

and again we have [62, h] = 0 for exactly the same reason as before. Hence, the
second summand of (8.11) vanishes. This completes the proof. O
8.2. Proof of Theorem 4.5 in the case of an aligned pyramid. First, we
observe that the operator W(z) = W(z)1 € W(g, f)[z] ® Hom(V_,V,) defined
recursively by (7.2) is the same as the operator W(z) which is associated via (3.30)
to the Premet map w : g/ — W (g, f) given by Proposition 7.6.

Since the algebra structure of W (g, f) is induced by that of U(g) we have that

|VV(Z)|VE,VJ5I = |W(Z)|Vj,vf .
Hence, the claim (4.7) can be restated as the following equation:
L(z) = W(2)lva e, (8.12)

which we need to prove. This equation holds since, by Proposition 6.4, L(z) satisfies
the recursive equation (6.19), and, by Proposition 8.1, |W(z)|v§’v€ satisfies exactly
the same recursive equation (8.1) (cf. Remark 8.2). The fact that for p; =1 (8.12)
is clear since, in this case, L(z) = z1y 4+ E (cf. Example 4.2), while ‘W(z)‘vj,vf =

W (z) = 21y + E by definition of W (z).

9. THE GENERAL CASE: ARBITRARY PYRAMIDS

In the present section we prove Theorem 4.5 in the general case, when the good
grading I" corresponds to a pyramid p which is not necessarily aligned to the right.

Throughout the Section we will consider several gradings of the Lie algebra g,
good or, in general, semisimple (cf. Definition 9.4 below) and we will make the
following fundamental assumption. We fix, once and for all, a nilpotent element
f, i.e. a partition pi*...pls of N, and we fix a basis of the vector space V of the
form f*(e;),i=1,....,r =Y ,1;, k=0,...,p; — 1. Hence, the basis of the vector
space V can be depicted, as we did in the previous sections, as a collection of boxes
arranged in a pyramid with rectangles of sizes p; x r;, i = 1,...,s (and the exact
shape of the pyramid is associated to a good grading of g).

As before, we shall assume that all the good gradings I' that we encounter are
compatible with the given basis. This amounts to require that the semisimple
element hr associated to the grading (see Section 3.1) is diagonal in the fixed basis.
Similarly, for all semisimple gradings G that we shall encounter, we require that
the semisimple element h attached to it is diagonal in the given basis.

9.1. Adjacent pyramids. Recall from Section 3.1 that good gradings I' for the
nilpotent element f € gl are in bijective correspondence with pyramids of N boxes,
cf. [EK05]. Following Brundan and Goodwin [BGO05] we introduce the notion of
adjacent pyramids, which will be essential in the present section.

Given a pyramid p for the partition pi*p5?...p%s of N, we denote by z(P)(3) the
x coordinate ot the box ¢. We say that a pyramid p, corresponding to the same
partition of IV, is adjacent to the right of p if 2?(i) = zP)(i) or () (i) + § for every
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box i. In this case we say that p is adjacent to the left of p and that p and p are
adjacent.

For example, in the following Figure 12, p is adjacent to the right of p, while P
is adjacent to the right of p but not of p.

Y

—_
]

| |

I I

-1 0 0

p p p
FIGURE 12.

It is clear by the definition, that given an arbitrary pyramid p, we can construct

a sequence of pyramids associated to the same partition of N, and hence of good
gradings

Tg=0,T14, ..., ' =Tg, (9.1)

such that the pyramid associated to I'; is adjacent to the right to the pyramid

corresponding to I';_; and T'g is the (unique) grading corresponding to the pyramid

aligned to the right for that partition. Hence, any two pyramids, are linked by a
chain of adjacent pyramids.

Let p and p be two adjacent pyramids, and let I" : g = @ie%Z g'[ijand T : g =
@D, iz gf[j] be the corresponding gradings. Note that given an elementary matrix
e;j € g, depicted as an arrow from box j to box 7 in the pyramid, which has degree
k = z® (i) — ) () with respect to the grading I, it must have degree k, k + 3 or
k— % with respect to the grading I'. In other words,

0" 1K = 0" IH N ) @ ("I o'k + 3 & " H Nl — 5] (92

Lemma 9.1. [BG05, Lemma 26] Let I and T be two adjacent good gradings for f.

There exist Lagrangian subspaces [ C g'[1] and c gf[%] (with respect to the form
w defined in Section 2.1) such that

log'[> 1] =Teg [>1]. (9.3)

Before proving Lemma 9.1, let us view how to implement it for the pyramids p
and p of Figure 12:

FIGURE 13.
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The spaces g'[1] and g"[1] are spanned by the depicted arrows. Consider for
example the space g"'[5]. The green arrows are the ones which have degree 1 with
respect to the grading T', and therefore we need to include them in [ in order for
equation (9.3) to hold. The red arrows are the ones which have degree 0 with
respect to the grading I, and therefore we do not include them in I. The gray
arrows are those that have degree % with respect to both gradings T' and T' (and
therefore are depicted in both pyramids), and we choose half of them (for example
those going upwards) in order to form a Lagrangian subspace.

Proof of Lemma 9.1. By (9.2) with k = %, we have
o"5) = (e (51N 710 & (6"5) N o™ 1]) @ (o5 NaT[5)

Note that ) )

dim (g"[5] Ng"[0]) = dim (g"[5] Ng"[1]).
(The LHS corresponds to the red arrow in Figure 13, while the RHS corresponds
to the green arrows.) Moreover, g''[3] is clearly orthogonal to g''[# 3] with respect
to w = (f|[-, ]). Hence, w restricts to a non-degenerate skewsymmetric form on

g'[3]Ng"[3]. Let [ be its Lagrangian subspace. Then, the claim is obtained for the
following choice:

(=Ta (¢ [3) na"11),
and .
[=1e (a"[5]na"[1])

Indeed, I C g"[4] and T C g"[3] are obviously isotropic, and they have half the

dimension of gr[%] and gf[%] respectively. Hence, they are Lagrangian. Moreover,
(9.3) holds by construction. O

As a consequence of Lemma 9.1 and of Definition 2.1, we get that the W-algebra
W (g, f,T, ) associated to the grading I" of g and the Lagrangian subspace [ C gr[%],

and the IW-algebra W (g, f, f,~[) associated to the grading I of g and the Lagrangian
subspace [ C g!'[1], are the same:

W(g. £.0.0) = W(a. £.1.0 = (V@U@ - (D). (04

where n C g is the nilpotent subalgebra (9.3) (cf. (2.2)).
Note that (9.4) is an equality (hence an isomorphism) of algebras, but NOT of
filtered algebras (with respect to the Kazhdan filtrations F' and F' defined in

(2.5)). Indeed, the gradings ' and T are different, and therefore the corresponding
Kazhdan filtrations do not coincide.

9.2. The Gan-Ginzburg isomorphism. Recall the following result of Gan and
Ginzburg:

Theorem 9.2. [GG02, Theorem 4.1] Let T be a good grading for f € g, and let
[L Cly C gr[%} be isotropic subspaces with respect to the bilinear form w in Section
2.1. Let also

my=Lag [>1] € my=Log'[>1] and ny =g [>1] D no =G ag'[>1],

so that W (g, f,T,5;) = (U(g)/U(9){b— (f]b) }bem.) , 1 =1,2. Then, we have an
isomorphism of the corresponding W -algebras, preserving the Kazhdan filtrations,

pEJg : W(g7 f7F7[1) L> W(gafarv[2)a (95)
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obtained by the restriction of the natural quotient map

U(g)/U(a){b = (f10)}oem, — U(g)/U(g){b = (f10)}pem, - (9.6)

Consequently, given arbitrary isotropic subspaces l1,lo C gr[%], the corresponding
W -algebras are isomorphic filtered algebras (with respect to the Kazhdan filtration):

(W(g, f,T,0), F") = (W(g, f,T, 1), F"). (9.7)

9.3. Isomorphism of W-algebras for different good gradings and isotropic
subspaces. As a corollary of Lemma 9.1, Theorem 9.2, and the observation behind
(9.1), we get

Theorem 9.3 ([BGO05, Thm.1]). Given two arbitrary good gradings I' and T for
f € g, and two isotropic subspaces | € g"'[3] and | € g''[3], there ezists an algebra
isomorphism

¢roupi s Wi f,1,1) = Wi(g, f,T,1). (9-8)

The isomorphism ¢r. ;i is constructed as follows. Let, according to (9.1),

=Ty, It,...,Tx="T,
be a chain of good gradings joining T’ and T such that for each i =0, ..., K —1, the
gradings I'; and I'; 4 are adjacent. By Lemma 9.1, for each 7 there exist Lagrangian
subspaces [; C g"[3] and [; C g"+1[}] such that [; ® g™ [> 1] = [; ® "+ [> 1]. In
particular, the corresponding W-algebras coincide:

W(g7.f7 Fi7[i) = W(gva Fi+1aii)~ (99)

Moreover, by Theorem 9.2, we have isomorphisms of filtered algebras

(W(gafa Fi+1aii)aFFi+l) — (W(ga fv Fi+1a [i+1)7FFi+l) :

Hence, we have a sequence of isomorphisms of algebras
GG ~ | GG
W(g,f,r, [) — W(gvf7F07 [0) = W(gvf7rl7 [0) — W(ga JBEE [1) =

(g S, @ (9.10)
= W(g7f7FKa[K—1) ﬁ W(g7f7r’ [)

This composition is the desired isomorphism ¢p. .
Note that, by the observation at the end of Section 9.1, Orpiis NOT an
isomorphism between the filtered algebras (W (g, f,T',[), F'') and (W (g, f, L,0), Ff).

In the next section we will develop a machinery to reconstruct how ¢ .77 acts on
the filtrations.

9.4. Semisimple gradings of g.

Definition 9.4. Let h be a semisimple element of End V' (that, according to the
basic assumption described at the beginning of Section 9, we assume to be diagonal
in the fixed basis of V). The corresponding semisimple grading Gy, of g is given by
ad h-eigenvalues:

g= @QG” [k] where g®[k] = {acg ‘ [h,a] = ka} .
kEF

Moreover, we say that G is neutral for the nilpotent element f, if the diagonal
matrix h has constant eigenvalues on the rectangles of size p; x r; of any pyramid
attached to f.
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Note that semisimple gradings of g form a vector space, (isomorphic to the space
of diagonal matrices in End V'), and neutral gradings form a vector subspace. Ex-
plicitly, given two semisimple gradings G; and G2 attached to the diagonal matrices
hi and hg, their linear combination is (c1,co € F)

g01G1-|-62G2 [k] — @ (gGl [kl] N gG2 []{;2]) . (9.11)
C1k1+02k2=k

Obviously, this is the semisimple grading attached to c1hy + coho.

Example 9.5. If I' is a good grading of g and we take h = %hr‘ defined in Section
3.1, the corresponding semisimple grading G}, coincides with I'. Hence, semisimple
gradings constitute a great generalization of good gradings. Recall that the various
good gradings for f are obtained by shifting the rectangles of sizes p; x r; of a
pyramid. It follows that, given two good gradings I'; and I's, their difference
I'y — I'y is neutral for f.

Clearly, a semisimple grading G is a Lie algebra grading (in fact it is an asso-
ciative algebra grading, if we identify g ~ End V). It follows that it induces an
associative algebra grading of the universal enveloping algebra U(g):

Ulg) = P U(a)“[k], (9.12)
k

where -
Uk => > g%k]...0%k].
5=0 ky+--+ko=k
It is natural to ask whether (9.12) induces a grading of the W-algebras. This is
true for neutral gradings, and it will be proved in Theorem 9.13 below.
The Kazhdan filtration F' and the G-grading of U(g) are related by the follow-
ing:

Lemma 9.6. Let I'1,T's be good gradings for f € g, and let k, A € %Z. We have
FA'U(9)" 2 (k) = Fp3,U(0) " 2[R

Proof. Since F't and F'? are algebra filtrations of U(g), and I'; — I'y defines an
algebra grading of U(g), it is enough to prove the claim on the generating space g.
On the other hand, we have

Fragm = @ (87 klng™ (k)
1—k1 <A, k1 —ko=k
= ) (6" (k1] N g™ [ka]) = Fa% 0™ T2 (K] .

1—ko<A+k, ky—ko=Fk
O

9.5. Semisimple grading of the W-algebras. Recall the definition (2.4) of the
Kazhdan filtration (U(g), F'), and the induced filtration (2.5) of the W-algebra
(W(g, £,T,0), FT). Asin (7.81) we extend it to a filtration F! of W (g, f,T,[)[2] ®
EndV by letting

FA(W(g, £,T,0)[] © End V)

=> Y FFAuW(g [T, @ (End V) (K] (9.13)
1<y kG%Z
[k|<p1—1

In other words, we assign to z Kazhdan degree equal to 1, and we let U €
(End V)''[j] have Kazhdan degree —j. We shall also consider at times the ana-
logue extension of the Kazhdan filtration of U(g).
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As for the filtration F' in (9.13), we extend a semisimple grading G = G}, (9.12)
to an associative algebra grading of U(g)[z] ® EndV, defined by letting z have
G-degree 0, and

(EndV)°[k] = {U € EndV |HU —UH = kU} .

(Here, with the usual convention, H is the same as h, viewed as an element of
EndV.) Hence,

(U(9)lz] ® End V) (k] = @ (U(0)C[i])]z] ® (End V)Cj]. (9.14)

i+j=k

The analogue of Lemma 9.6 holds for the extended I'-filtration and G-grading
as well:

Lemma 9.7. Let I'1,T's be good gradings for f € g, and let k, A € %Z. We have
FL (U(g)[z] @ End V)" T2 k] = FL2 (U(g)[2] @ End V) 72 [K].
Proof. By (9.13) and (9.14) we have
FX (U(g)[2] @ End V) (1]
= > > Y AR U@ k] @ (End V)]0 (End V) Rks))

Z€Z+]€ 7 k1+ko=k

=33 N AR U@ 2 k)@ (Bnd V)2 [ —ke] N (End V)2 k)

ZEZ+]€ Z k1+ka=k
I'-T
= F2 . (U(g)[z] @ End V) ' *[K].
O

Lemma 9.8. Let G be a semisimple grading of g, extended to a grading of U(g)[z]®
EndV as in (9.14). Then:

(a) the identity map 1y € EndV is homogeneous of G-degree O for every subspace
U C V spanned by some basis elements of V;

(b) for every j € 37, the operator E; € U(g) @ EndV defined in (3.22) is homoge-
neous of G-degree 0;

(c) the matrix D € EndV defined in (3.24) is homogeneous of G-degree 0;

(d) assuming, moreover, that the semisimple grading G is neutral for f, F and F*
are both homogeneous of G-degree O

Proof. Claim (a) is obvious. For claim (b), recall that E; = Zielj w; U, and we

can depict u; and U’ as arrows of the pyramid going in opposite directions. In
particular u; and U’ have opposite G-degree, and their product has G-degree 0.
The same argument proves claim (c). Finally, note that both F' and F' can be
depicted as a collection of arrows moving horizontally within the rectangles of the
pyramid. Hence, claim (d) follows by the definition of neutral grading. O

Proposition 9.9. For every semisimple neutral grading G of g and every nilpotent
element f € g, the operator W(z) € U(g)[z] @ EndV defined by (7.2) (with respect

to the right aligned pyramid associated to f) is homogeneous of (extended) G-degree
0.

Proof. Note that, if G is a semisimple neutral grading of g, then its restriction to

g’ is again semisimple and neutral. Then, the claim follows, inductively, by the

recursive definition (7.2) of the operator W (z), using Lemma 9.8. O
53



Proposition 9.10. Let I' be a good grading for f € g, | be an isotropic subspace
of g" 3] spanned by elementary matrices (with respect to the fized basis of V'), and
G be a neutral semisimple grading of g. Then the G-grading of U(g) induces a
G-grading of the W -algebra:

W(g, f.,T,0) = € Wi(g, f,T, ) [k].

kelz
Proof. Recall the definition (2.3) of the W-algebra:

W(g, f.T,0) = W/T,
where .
W = {u €U(g)|(ada)(u) €T forall a € tog'> 1]} ,
is a subalgebra of U(g), and
I =U@{b—(flp|beteg [>1]},
is its algebra ideal. First, observe that the space Z is compatible with any semisim-
ple neutral grading G of U(g). Indeed, if we choose a basis {u;} of [ ® g'[> 1]
consisting of elementary matrices, then u; — (f|u;) is homogeneous with respect to
the neutral grading G.

Note that, since the G-grading is defined by ad h-eigenvalues for a semisimple
element h, (g%[i]|g%[j]) = 0 unless i + j = 0. Since, by assumption, [ is compatible
with the G-grading, and since, by the neutrality assumption on G, f is homogeneous
of G-degree 0, it follows that [ = {a € g"[1]] (a|[f,1]) = 0} is compatible with the
G-grading as well. It follows, that W C U(g) decomposes as direct sum of G-graded
subspaces. The claim follows. O

Proposition 9.11. Let G be a semisimple gmding of g neutral for f. Let T,
' be good gradings for f, and | C g'[1], [Cg U[3] be isotropic subspaces. The
corresponding isomorphism ¢r i defined in (9.8) preserves the G-grading:

QSF,[;f,I : W(gv I [)G[k] — W(gv I faI)G[k] )
for every degree k.

Proof. First, consider the case I' = Fand [ C 1. In this case the isomorphism
Pr i c01n(:1des with the Gan-Ginzburg isomorphism pi; defined in (9.5). On

the other hand, the Gan-Ginzburg isomorphism is 1nduced by the quotient map

U(g)/U(g){b — (fIb)}rem — U(9)/U(g){b — (f]b)}pem, which is induced by the
identity map on U(g). Since the identity on U(g) preserves the G-grading and, by

Proposition 9.10, the G- gradings of W(g, f,T,1) and W (g, f,T,1) are induced by
that of U(g), it follows that p preserves the G-grading.

The claim in the general case follows by the above special case and the fact that,
by construction (9.10), the isomorphism ¢r. ;7 is a composition of identity maps
and Gan-Ginzburg isomorphisms. O

Corollary 9.12. Let T, T be good gradings for f, and | C g T3l [Cg [ | be
isotropic subspaces. Consider the isomorphism qu’[;f;[ defined in (9.8), emtended to
an isomorphism
W(g, f,T,1)[z] ® End V > W(g, f,T,)[2] ® End V,
commuting with z and acting only on the first factor of the tensor product. Let
A(z) € FX(W(g, f,T,0)[z] ® End V) be of G-degree 0 for every semisimple neutral
grading G. Then
Op i i(A(2)) € FA(W(g, f,T,)[z] ® End V).
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Proof. Recall that the isomorphism ¢r. . 7 is defined by a chain of identity maps and

Gan-Ginzburg maps as in (9.10). By (9.9) we have W (g, f,I',ly) = W(g, f,T1,10)
for some Lagrangian subspaces [y C g"'[3] and [y C g"*[3]. By Theorem 9.2 and
Proposition 9.11, and the assumption on A(z), we have

Pl (A(2) € FE(W(g, £.T.lo)[2] @ End V) “[0]
= FX(W(g, £,T1,To)[z] ® End V) “[0],

for every semisimple neutral G. Recall by Example 9.5 that the semisimple grading
G =T —T is neutral for f. Hence, by Lemma 9.7, we also have

Lo (A(2) € FLH(W(g, £,T1, 1)) ® End V) [0],

again for every semisimple neutral G. Repeating the same argument, by (9.9) there

exist Lagrangian subspaces [; C g'*[%] and I; C g"2[3] such that W (g, f,T'1,1;) =

W(g, f,T2,11), and, by Theorem 9.2, Proposition 9.11, and Lemma 9.7, we have
G
Pl P (A(2)) € FAY(W(g, f.T1, 1) [2] @ End V)7 [0]
7 G
= FY (W(g, f.T2,1)[2] ® End V) “[0]
= FL2(W(g, f,T2,1)[2] @ End V) 0],

for every semisimple neutral G. Proceeding by induction, we get the claim. O

Theorem 9.13. Given f, let T'r be the good grading associated to the right aligned
pyramid, T’ be an arbitrary good grading for f, and | be an isotropic subspace of

a'[3], and consider the algebra isomorphism ¢r, o.r, defined in (9.8). We have

WF’I(Z) = ¢FR,O;F,[(W(Z))) € P11F (W(g7 f7 T, [) [Z] Y Hom(V_, V+))G[O] ’ (915)

for every semisimple grading G neutral for f. In (9.15) the map ¢r, 0.0, is extended
to W(g, f,Tr,0)[2] ® Hom(V_, V) by acting only on the first factor of the tensor
product, and commuting with z.

Proof. By Theorem 7.2, condition (7.86) and Propositions 9.9 and 9.10, we have
W(z) € F{*(W(g, f,Tr, 0)[z] ® Hom(V_, V.)) “[0],

for every semisimple grading G neutral for f. Hence, the statement is a special case
of Corollary 9.12. O

9.6. Definition of the Premet map. Recall the definition of the subspace U+
in (7.69):
Ut =1py EndV @ 1y (EndV)'2[> 0] C g, (9.16)

where I'g is the good grading of f associated to the right aligned pyramid.
Lemma 9.14. For every good grading I', we have g"[> 3] C U*.

Proof. When going from a pyramid to the corresponding right aligned pyramid, an
arrow going upright goes even more to the right (i.e. the corresponding element
of g increases the degree), while an arrow going downright has certainly image in
FV. d

Recall the operators Z(z) € U(gf)[z] ® Hom(V_, V) in (3.28) and W'(z) €
W (g, f,T,)[z] ® Hom(V_,V, ) defined in Theorem 9.13.
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Proposition 9.15. Let I be a good grading for f € g and [ C g"[%] be an isotropic
subspace. The formula

wh ' (Z(2) = WH(2), (9.17)
defines uniquely a linear map w™' : g/ — W (g, f,T',1). Then, the map w"' satisfies
Premet’s conditions (i) and (i) of Definition 2.3 with respect to the subspace U~
in (9.16).

Proof. The same argument as in the proof of Proposition 7.6 shows that equation
(9.17) defines uniquely a linear map w'': gf — W (g, f,T, ). Indeed, Z(z) can be
expanded as (7.77) and, by Theorem 9.13, we have

Whi(z) = 21y, (1 + 2F") 11y
p1—1 min{h,k} B A
+ 3 3 Y (2 %rpora(@i 1)U € W(g, f.T,1)[z] ® Hom(V_, V).
h,k=0i€F(h,k) £=0
The first Premet condition can be restated, as we did in (7.86), as

Whi(z) € FY (W(g, f.T,1)[z] ® Hom(V_, V4 )),

which holds by Theorem 9.13. We are left to prove the second Premet condition,
which can be stated, as we did in (7.91), as

! (gry WHi(2)) = Z(2). (9.18)

By Theorem 9.13 all the operators W !(2) lie in G-degree 0 for every (T',[) and
every semisimple neutral grading G. On the other hand, by Corollary 9.12 the map
¢r .00, preserves the Kazhdan filtrations when restricted to elements of G-degree
0 for every semisimple neutral grading G. Hence, it induces a map on the associated
graded spaces preserving the Kazhdan degree. The LHS of (9.18) is then equal to

! (gr] W5H(2)) = nf (g1} éraor W (2)) = 0 (draorigry " W(z).  (9.19)

Recall that the isomorphism ¢r, o.r,; is defined by a chain of identity maps and
Gan-Ginzburg maps as in (9.10):

FK F2 1—‘1
. = PO~ O---0 0O~ O O~
Praort =Pl Pii © P

-1 -1

N N I I — T N
= p071[<K © (pO,{[(K_l) o0 p072[2 © (pO,%h) to p071[1 ° (pO}IG)

Recall also that each Gan-Ginzburg map pgi is induced by the quotient map with
kernel generated by the elements b — (f|b), with b € [+ gf[z 1]. By definition,
the map 7/ in (2.9) is induced by the quotient map with kernel generated by the
elements b — (f|b), with b € U*. Hence, by Lemma 9.14, we have nf o p(l;"[ =nf for

all good gradings I and all isotropic subspaces ~[, and equation (9.19) becomes
i (gry WH(2)) = 0/ (gri " W(2)) . (9.20)
The claim then follows by (7.91). O

9.7. Proof of Equation (4.7) (and of Theorem 4.5). Let I' be a good grading
for f € g and [ be an isotropic subspace of gp[%}. Recall the definition (4.4) of the
operator L(z), which we now denote with superscript (T, [) to remind its dependence
on the grading I' and the isotropic subspace I:

L"(2) = |21y + F + Ep + Du|ya yale € W(g, £,T,0((z™")) ® Hom(VZ, V),

(9.21)
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where m = [@® g'[> 1], p C g"[< 1] is complementary to m, Ej, is as in (3.21), Dy
is as in (3.24), and 1, is the image of 1 in U(g)/U(g)(b — (f|b))pem- Recall also
from [DSKV18a, DSKV17] (see also [Fed18]) that

LUY(z) = 2" |1y + By vl (9.22)
where 21! is the automorphism of U(g)[z*2] mapping a — z'~a for a € g'[i.
Equation (4.7), which we plan to prove, reads

(W () lva va = LM (2), (9.23)

where WT!(2) is defined by (9.15). Since ¢ry 0.0 : W(g, f,Tr,0) — W(g, f,T,1)
is an isomorphism of algebras, it commutes with taking quasideterminants. Hence,

|WF’[(Z)|vj,vg = ¢FR,0;F,r|WFR’O(Z)|vj,vg = ¢rpor i (L7™0(2)),
by (8.12). Hence, equation (9.23) can be rewritten as
orpor(L'0(2)) = L5(z), (9.24)

which we are left to prove.
Recall that the isomorphism ¢r, o.r,( is defined by a chain of identity maps and
Gan-Ginzburg isomorphisms as in (9.10):

_ ot
W(g, f,Tr,0) = W(g, £,T1,l) =% W(g, f,T1,) = ...
K
o= Wa £.Tr Tor) S W £ Tk k),
where T = T and [ = [. First, note that if (I',[) and (T, ) satisfy (9.3) (i.e.
m = m, and hence p = p), we obviously have
LF,[(Z) _ Lf"i(z)

by the very definition (9.21). On the other hand, given two isotropic subspaces
[1, [y of g"[3], we also have, by (9.22)

Pl (L7 (2)) = 02 (2),

since the Gan-Ginzburg isomorphism is induced by the map 1y, + 1n, (cf. (9.5)-
(9.6)). The claim (9.24) follows.

10. AN EXAMPLE

In this section we show how to compute the PBW generating set constructed in
Proposition 7.6 in the case of the partition A = 2P1%, p > 1 and ¢ > 0.

Recall that, in this case, the I'-grading of g is as in Figure 11, dim(V¢) = p and
dim(Vy) = p+q = r. Moreover, the I'-grading of g is g = g[—1] ¢ g[0] @ g[1], where
the homogeneous subspaces are described in (7.18).

It follows by a straightforward computation, using the recursion (7.2), equation
(7.21) and the fact that D|y.« = —r (see the proof of Theorem 7.2), that

W (z) =(z + Eo) Ly + E_1 — (2 + Eo)F'(z — 7 + Eg) Ly

(10.1)
+ (Z + EO)]]-Vj‘EOFt]]-Vii .

Recall that W(z) = W(Z)I Let A € gg = Hom(Vy, V_). Then, by equation (3.30),
we have
(W(2)|A)T = (W(2)|4) = zte((1+ 2F") 7" A) + w(¢=(a)) . (10.2)
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We use equations (10.1) and (10.2) to compute w(¢,(a)) for every a € gg. First,
note that, in the notation of (3.14) and Lemma 3.1c¢), we have

min{h,k}

o = P du(gh (h, k),

hk=0  £=0
where (see equation (3.15)), for A € gg,
do(A)=A and  ¢1(A) = F'Alpiya + 1y AF". (10.3)
By equation (3.7) it is clear that
g = Hom(Vy, VY) @ Hom(V,, V"), (10.4)
Let A € Hom(V,,V*). By equation (10.1) we have
(W(2)|A) = (2 + Eo|A) = 2tr(A) + a = 2 tr(A) + do(a) .

In the second identity we used the completeness relation (3.23) (with a and A
exchanged), and in the last identity we used the definition of ¢g given in (10.3).
Hence, by equation (10.2) we have (A € Hom(V,, V"))

w(p(a)) = w(po(a)) =w(a) = ¢go(a)l = al. (10.5)
Next, let A € Hom(V,, V). By equation (10.1) we have
(W(2)|A) = (B_1 — (2 + Eo)F'(z —r + Eo) + (= + Eo)lywEoF*|A).  (10.6)

The RHS of (10.6) is a polynomial of order 2 in z with coefficients in U(g[< 0]).
Let us compute each contribution from the powers of z separately. It is immediate
to check that the coefficient of 22 in the RHS of (10.6) is
— (F'A) = —tr(F'A). (10.7)

On the other hand, the coefficient of z in the RHS of (10.6) is

(LyuEgF' — FY(Ey — 1) — EoF*|A)

= (Eo|F*A(Lyu — 1y, ) — AF") + rtr(FA) (10.8)

= —(Eo|¢1(A)) + rtr(F'A) = —¢1(a) + rtr(FA).
In the first equality we used the cyclic invariance of the trace form, in the second
equality we used the decomposition of V. provided by Figure 11 and the definition
of ¢1 given by (10.3), and in the last equality we used the completeness relation

(3.23) (with @ and A exchanged). Finally, let us compute the constant term in the
RHS of (10.1). It is

(E_1]A) — (EoF"(Ey — r)1ya|A) + (Eglyu EgF'1ya|A) . (10.9)

Let us compute the three summands in (10.9) separately. Using the completeness
relation (3.23) (with a and A exchanged) and the definition of ¢¢ given in (10.3)
we have

(E_1|A) = a = ¢o(a). (10.10)
Using the invariance of the trace form and equation (3.22) the second and third
summands in (10.9) can be rewritten as

r(Eo|F'A) — (Eo|F'EgA) = ro(F'A) — Z uip(AUF?) . (10.11)
i€ly
and
(Eo|LyuEoF'A) = Z uip(FLAU ). (10.12)
i€lp
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In equations (10.11) and (10.12) we use the following notation: given A, B €
End(V), we denote by ¢(AB) € g the element corresponding to the endomor-
phism AB. Combining equations (10.7), (10.8), (10.10), (10.11) and (10.12) we get
(A € Hom(V,, V%))

(W (2)|A) = — tr(F'A)2* — (¢1(a) — rtr(F'A))z
+ ¢o(a) + rp(FtA) — Z uip(AUF?) + Z uip(FP AU 1yw) .
i€l =
Hence, using equation (10.2) we get (A € Hom(V,, V%))
w(:(a)) = —2(61(a) — rtx(FLA)T + do(a)1 + rp(FLA)T
- Zuitp(AUiFt)T—F Zuigo(FtAUi]lVg)T. (10.13)
iclo i€l

We can give an even more explicit form of the generators w(¢,(a)) by fixing
a basis of gly. Let us number the boxes of the pyramid from 1 to N = 2p + ¢
going first from bottom to top and then from right to left and depict an elementary
matrix e;; € gly as an arrow going from box j to box i. Then, the entries W;;(2),
i,j =1,...,r, of the matrix W (z) given by equation (10.1) are the following (recall
also (1.3)):

N 0ijz + €ji Jj>p,
Wij(2) = €jri — 2ohoy (Oin2 + €ni) (0n; (2 — 1) + €jrhtr)
+ 2 hep i1 Ginz + eni)ejn J<p.
Hence, we get
w(¢z(6]2)):€j117 i:l,...,r,j:p+1,...,r,
and
W(¢Z (ejJrr,i)) = —z§i§p(eji + Ejtritr — 52']'7')1 + ej+r,ii + T@jii
P r
- Zehiej—i-r,h+7’I + Z ehiejhi7 i=1,...,r,5=1,...,p.
h=1 h=p+1

The above formulas provides a componentwise descriptions of equations (10.5) and
(10.13).
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