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CLASSICAL AFFINE W-ALGEBRAS AND THE ASSOCIATED
INTEGRABLE HAMILTONIAN HIERARCHIES FOR CLASSICAL

LIE ALGEBRAS

ALBERTO DE SOLE, VICTOR G. KAC, AND DANIELE VALERI

ABsTrACT. We prove that any classical affine W-algebra W(g, f), where g is
a classical Lie algebra and f is an arbitrary nilpotent element of g, carries
an integrable Hamiltonian hierarchy of Lax type equations. This is based on
the theories of generalized Adler type operators and of generalized quaside-
terminants, which we develop in the paper. Moreover, we show that under
certain conditions, the product of two generalized Adler type operators is a
Lax type operator. We use this fact to construct a large number of integrable
Hamiltonian systems, recovering, as a special case, all KAV type hierarchies
constructed by Drinfeld and Sokolov.
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1. INTRODUCTION

In our paper [DSKVnew| we proposed a new method of constructing integrable
(bi)Hamiltonian hierarchies of PDE’s of Lax type. It combined two well-known
approaches. The first one is the Gelfand-Dickey fractional powers of pseudodif-
ferential operators technique, based on the Lax pair method [GD76, Dic03]. The
second one is the classical Hamiltonian reduction technique, combined with the
Zakharov-Shabat dressing method, as developed by Drinfeld and Sokolov [DS85].

The central notion of the paper [DSKVnew] is that of a matrix pseudodiffer-
ential operator of Adler type over a Poisson vertex algebra (PVA) V, introduced
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in [DSKV15]. It was derived there starting from Adler’s formula [Adl79] for the
second Poisson structure for the M-th KdV hierarchy.

One of the important properties of an Adler type operator L(J) over a PVA V
is that it provides a hierarchy of compatible equations of Lax type in terms of its
fractional powers:

dL(0 n
O _ 150)} 10)] . mk € T, (1)
n,k
where the subscript + stands, as usual, for the differential part of the pseudodif-
ferential operator L(9)%. Furthermore, L(9) provides an infinite set of conserved
densities Ay, for the hierarchy (1.1), defined by

k n
b = ——Resgtr L(0)* , n,k € Z>1, (1.2)
n >

so that (1.1) is a hierarchy of Hamiltonian equations with the corresponding Hamil-
tonian functionals [h, j in involution. Moreover, if L(d) + €l is of Adler type for
every ¢ € F (the base field), then these conserved densities satisfy the general-
ized Lenard-Magri scheme [Mag78] and (1.1) is a bi-Hamiltonian hierarchy. See
[DSKV15] and [DSKVnew]| for details.

The ancestors of all Adler type operators constructed in [DSKVnew]| are given
by the following family of first order N x N matrix differential operators:

N
As(a) =1xn0+ Z ejiEij + S € Matyxn V[@] R (13)
i,j=1
where V is the algebra of differential polynomials in the generators e;;, i,7 =
1,...,N,and S € MatyxnF. It is easy to see that the operator (1.3) is of Adler
type over the affine PVA V(gly) = S(F[0]gly) with the A-bracket

{axb} = [a,b] + tr(ab)\ + tr(S[a,b]), a,b € gly . (1.4)

The key observation in [DSKVnew] is that any generalized quasideterminant of
an Adler type operator over a PVA V is again of Adler type. In particular, the
“ancestors” Ag(0) produce a large number of “descendent” Adler type operators
by taking generalized quasideterminants (for the theory of quasideterminants see
[GGRWO05], and for the definition of generalized quasideterminant see [DSKVnew]).

Recall that to a reductive Lie algebra g and its nilpotent element f, one associates
a PVA W(g, f), which is a subquotient of the affine PVA V(g) (see e.g. Section 3
of the present paper). The key observation of our paper [DSKV16b] is that for any
nilpotent element f of gl a certain generalized quasideterminant of the differential
operator Ag(d) produces a pseudodifferential operator L(9) whose coefficients are
elements of W(gly, f). Since L(9) is an operator of Adler type, we thus obtain
an integrable hierarchy of (bi)Hamiltonian Lax type equations (1.1) over the PVA
W(gly, f), with the infinitely many conserved densities (1.2).

This gave, for g = gly, an affirmative answer to the longstanding problem
whether any W-algebra W(g, f) carries an integrable Hamiltonian hierarchy.

In the present paper we solve the same problem for all classical Lie algebras g
and all their nilpotent elements f. Drinfeld and Sokolov solved this problem in
their seminal paper [DS85] for an arbitrary reductive g and its principal nilpotent
element f and, extending a series of previous papers [BAGHM93, dGHM92, DF95,
FHM93, FGMS95, FGMS96] etc., we solved this problem in [DSKV13] for arbitrary
reductive g and its nilpotent element f of “semisimple type”.

The method used in the present paper is a development of our previous papers
[DSKVnew] and [DSKV16b]. First, we construct a generalization of the “ancestor”
operator Ag(0) as follows. Given a reductive Lie algebra g and its faithful repre-
sentation ¢ in a finite-dimensional vector space V', we chose a basis {u;}ics of g
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and let U’ = p(u’), where {u'};cs is the dual basis of g with respect to the trace
form of V. We then define the generalized “ancestor” operator by

Asv(0) =01y +» wU'+ 5 €V(g)[d] @ EndV, (1.5)
il
where S = ¢(s), s € g. Our first main result is Theorem 4.2 which states that a
certain generalized quasideterminant of the matrix Ag y(9) produces a pseudodif-
ferential operator L(0) with coefficients in W(g, f). Also, from formula (4.8) in this
theorem, one can read off the generators of the differential algebra W(g, f).

In order to apply the ideas of [DSKVnew]| to arbitrary W-algebras we need to
introduce the notion of a generalized Adler type operator for an arbitrary pair
(g,V). It seems, however, that this is possible only for classical reductive Lie
algebras g and their standard representations V', i.e. for the linear Lie algebras
g =gly,sly,s0N,5py.

We define a generalized Adler type operator as an element L(9) € V((071)) ®
EndV, where V is a PVA and V is an N-dimensional vector space, satisfying the
following identity for some constants «, 3,7 € F:

{L()AL(w)} =a(1®@ L(w +A+9))(z —w— X —9) 1 (L*(A\ — 2) @ 1)

—aQ (L(z)® (z —w—A—0) ' L(w))

— Bl @ Lw+ A+ 0)QN(z +w+0) N (L(z) ® 1) (1.6)

+B(L* A - 2) @ 1) (z +w+0) " (1 ® L(w))

+9(1® (L(w+A+0) — L(w))) A+ ) " ((L*(A\—2) — L(z)) ® 1) .

Here Q = Zﬁfj:l Eij @ Ej;, Qf = Zgjﬂ Ejj ® Ej;, and we assume, if 5 # 0, that
V' carries a non-degenerate symmetric or skewsymmetric bilinear form, and denote
by AT the adjoint of A € EndV with respect to this form. Also, * : V((071)) —
V((071)) denotes the formal adjoint of a scalar pseudodifferential operator, and it is
extended to V((07!))®End V by acting only on the first factor. The examples when
Ag v (0) is a generalized Adler type operator that we know of correspond to (g, V) =
aly, sy, s0n,8py, for the values of «, 3,7 given in Table (5.30). In the case of gly
we recover the notion of an Adler type operator studied in [DSKV15, DSKVnew].

In the present paper we develop a theory of generalized Adler type operators and
their applications to the theory of integrable Hamiltonian systems along the lines
described above. First, we prove Theorem 5.11 which states, in particular, that the
generalized quasideterminant of an operator of generalized Adler type with param-
eters «, 3, is again of generalized Adler type with the same parameters. Second,
we prove Theorem 6.1, which states that if L(9) is an operator of generalized Adler

type, then the hy, ; € V defined by (1.2) are densities of Hamiltonian functionals in
involution, defining a compatible hierarchy of Lax type Hamiltonian equations

‘i{;—@) = [aL@®)F — p(L©))", L(9)]. (1.7)
n,k

We also prove Theorem 7.4 which states that, if L(9) + €l is of generalized Adler
type for every constant € € IF, then the densities h,, i, satisfy the generalized Lenard-
Magri scheme, and (1.7) is a bi-Hamiltonian hierarchy.

In the present paper we discover some new ways of constructing integrable Hamil-
tonian hierarchies using generalized Adler type operators. First, in Section 5.4 we
classify all scalar constant coefficients pseudodifferential operators of generalized
Adler type. But, what is most remarkable, it turns out that, under some condi-
tions, products of generalized Adler type operators produce compatible hierarchies
of Lax type Hamiltonian equations, similar to (1.7), see Theorem 8.1.
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In Section 9 we list the resulting integrable hierarchies of Hamiltonian equations
associated to all W-algebras for classical Lie algebras and their pairwise tensor
products. In particular, we recover all Drinfeld-Sokolov integrable KdV type hier-
archies that they attach to a classical affine Lie algebra (including the twisted ones)
and a node on its Dynkin diagram [DS85].

In Section 10 we describe a number of explicit examples of Lax operators. First,
we compute them in the case of a principal nilpotent of all classical Lie algebras re-
covering thereby the operators P, @ and R of Drinfeld and Sokolov [DS85]. Second,
we compute the Lax operators in the case of a minimal nilpotent of all classical
Lie algebras, recovering thereby our results from [DSKV16b] in the case of gly.
The next most interesting case is the distinguished nilpotent element in soy,, cor-
responding to the partition (2n + 1,2n — 1). The Lax operator in this case is given
by formula (10.35).

Finally, in Section 11 we write down explicitly in many cases the first non-trivial
equations of the constructed integrable hierarchies. First, we consider all cases with
one unknown function. All possibilities for the Lax operator are the Lax operator
L(g) for g = sp, or g = s0; multiplied by 1 or by *!. All these Lax operators
produce the KdV equation, with the following two exceptions: L = L(sp,)d, which
produces the Sawada-Kotera equation, and L = L(so03), which produces the Kaup-
Kupershmidt equation. In conclusion of the section we treat the case of g = sly and
sp and the minimal nilpotent f. For g = sl we recover the equations obtained in
[DSKV14a, DSKV15-cor|, which, after Dirac reduction, produce the N-component
Yajima-Oikawa equation, of which N = 3 corresponds to the classical Y-O equation
discovered in [YO76]. For g = sp, there are three choices for the Lax operator:
L(spy, fmin); L(5py, fmin)0 and L(spy, fmin)0~'. The corresponding first non-
trivial equation for the first Lax operator was studied in [DSKV14a|, while for
the last two Lax operators we find, after Dirac reduction, some apparently new
integrable system in N — 1 unknown functions. In the case N = 4 these equations

are:
du 3 " ” d /v vy — vy
Eiz(ivl%ijwl)’ E(Ug )7(1)’2”—1“)’2 )

for L = L(sp,, fmin)0, and
1" !
Ccll—l; =" — 6uu’ + g(fvlvg +vavf) %( 1 ) = ( U1 B 3(uv1) )
for L = L(spy, funin)0 L.

The quantum finite analogue of an operator of Adler type is an operator of
Yangian type, introduced in [DSKV17]. The defining identity for such operators
is the same as the identity defining the Yangian of gly, [Mol07]. Such operators
were used in [DSKV17| to describe the quantum finite W-algebras associated to
gly, in a way similar to the description of the classical affine W-algebras for gly
using Adler type operators. In our subsequent paper [DSKV18] we shall use the
twisted Yangian identity, similar to the generalized Adler identity, and related to
the theory of twisted Yangians [Mol07], to describe the quantum finite W-algebras
associated to all classical Lie algebras.

Throughout the paper the base field F is a a field of characteristic 0.
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2. PRELIMINARIES ON PSEUDODIFFERENTIAL OPERATORS AND POISSON VERTEX
ALGEBRAS

Let V be a differential algebra, i.e. a unital commutative associative algebra
with a derivation 9. As usual, we denote by [ : V — V/9V the canonical quotient
map of vector spaces.

We denote by V((07!)) the algebra of scalar pseudodifferential operators with
coefficients in V. Given a(9) = Zg:_oo and™, a, € V, we denote by a*(9) =
S (=) 0 a, € V(1)) its formal adjoint, by a(d); = Y.0_, a,d" € V]3] its
differential part, by a(9)- = ;i_oo a,0"™ € V[[07Y]] its singular part, and by
a(z) =3, anz™ € V((z71)) its symbol.

The following notation will be used throughout the paper: given a(9) € V((971))
as above and b,c € V, we let:

N
a(z+2)(],_,be= > an((z+0)"b)c €V, (2.1)
where in the RHS we expand, for negative n, in the domain of large z. For example,
with this notation, we have a*(z) = (‘zzaa(fz — z)). Furthermore, for a(z) €
V((z71)), we call the coefficient of 271 its residue, and we denote it by Res a(z).

Let M be a unital associative algebra. By an M-valued pseudodifferential op-
erator over V we mean an element A(9) € V((07')) ® M. We shall omit the
tensor product sign for such operators: for a(d) € V((071)) and A € M, we let
a(d)A be the corresponding monomial in V((97!)) ® M. The symbol A(z) of an
M-valued pseudodifferential operator over V is defined as above, and its formal
adjoint is defined by taking formal adjoint of the first factor: if A(9) = a(9)A, then
A*(0) = a*(9)A. Tts symbol, with the notation (2.1), is

A*(z) = (|m:aA(_Z - x)) ) (2.2)
Lemma 2.1. Given A(9),B(0) € V((0™')) @ M, we have:

(a) (AB)(z) = A(z + 0)B(z) (in the RHS 0 is applied to the coefficients of B(z));
(b) (AB)*(2) = (|,_,A"(2)) B* (= + ).

Proof. Part (a) follows from the definition of the product of pseudodifferential op-
erators. For part (b), we have

(AB)*(2) = (|,_p(AB)(=2z — 2)) = (|,_yA(—2 —x + ) B(~z — x))
= (|,,_0A(=z —2))(|,,_pB(—2 =21 —22)) = (|,,_pA"(2)) B*(z + z1).
O

A Laurent series involving negative powers of z + 0 or z+ X is always considered
to be expanded using geometric series expansion in the domain of large z, and
similarly for w. On the other hand, for a series involving negative powers of z + w
we shall use the notation ¢, or ¢, to denote geometric series expansion in the domain
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of large z or of large w respectively. For example, ¢,(z —w)~! = Yonez. PR T
For a(z) € V((271)) as above, we have

-1 -1

Resya(2)iy(z —w)™" =a(w)y , Res,a(2)iw(z —w)™ = —a(w)_. (2.3)

Lemma 2.2. Let t : M — M, A — A" be an anti-involution of the associative
algebra M, i.e. (AB)T = BYAT. Then, for A(9),B(0) € V((0~')) ® M, we have
(A*(@)H(B*(9))" = (BA)*(9))T.

Proof. Since x is an anti-involution of V((07!)) and t is an anti-involution of M,
the claim follows. g

Note that in the present paper M will be usually End V', where V is a vector
space. In this case A*(9) is NOT the formal adjoint of the matrix pseudodifferential
operator A(0), which is, in fact, 4*(9)F.

Recall from [BDSK09] that a A-bracket on the differential algebra V is a bilinear
(over F) map {-x-}: V x V — V[)], satisfying the following axioms (a,b,c € V):

(i) sesquilinearity: {Jaxb} = —A{axb}, {ar0b} = (A + 9){arb};

(ii) Leibniz rules (see notation (2.1)):

{axbc} = {axb}c+ {axc}b, {abyc} = {aAerc}(‘m:ab) + {bAerc}(‘Z:aa) .

A Poisson vertex algebra (PVA) A-bracket on V satisfies the following additional
axioms (a,b,c € V)

(iii) skewsymmetry: {bya} = _(‘x:a{a—*—wb});

(iv) Jacobi identity: {ax{b.c}} — {b.{arc}} = {{arb}r+pc}.

Recall that, if V is a Poisson vertex algebra, then V/9V carries a well defined Lie
algebra structure given by { [ f, [9} = [{frg}|r=0, and we have a representation of
the Lie algebra V/0V on V given by { [ f, g} = {frg}Irx=0. A Hamiltonian equation
on V associated to a Hamiltonian functional [h € V/0V is the evolution equation

du
E:{fh,u}, ueV. (2.4)

An integral of motion for the Hamiltonian equation (2.4) is a local functional [f €
V/dV such that { [h, [ f} = 0, and two integrals of motion [ f, [g¢ are in involution

it {[f. [g}=0.

Let V be a unital differential algebra with a A-bracket {--} and let M be a
unital associative algebra. Given the M-valued pseudodifferential operators over V
A(9), B(0) € V((01))® M, we define the A\-bracket of their symbols { A(z)B(w)}
as the element of V((z71,w™!)) ® M ® M obtained by taking the A-bracket of the
first factors. In other words, if A(9) = a(9)A and B(9) = b(9)B, with a(9),b(d) €
V((©071)) and A, B € M, we have

{A(2)rB(w)} = {a(z)rb(w)} A® B. (2.5)

(As usual, we omit the tensor product sign after the first factor.) In the sequel
we shall use the following properties of such A-brackets (which, in matrix element
form, appeared in [DSKVnew, Eq.(2.12)-(2.15)]):

Lemma 2.3. Let A(9), B(9),C(9), A¢(0), Be(0) e V(O7Y))@ M, £=1,...,s.
(a) We have

{AG)A(BC)(w)}

={A@)HBw+2)}(1® ’zzac(w)) + (1@ B(w+ A+ 9)){A(2)AC(w)}.
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(b) We have
{(AB)(2)AC(w)}
= {A(z + 2)a1:C(W) |,y B(2) ®1) + (|, _y A" (A = 2) @ 1){B(2)r44C(w)} -
(¢) We have
{A(2)A(By ... Bs)(w)}

=3 (1® (Bi...Bem1) (w+A+9) {A(2)2Be(w+2)} (1 ® | ,_, (Bes1. . .Bs) (w)) .
=1

(d) We have
{(41...45)(2)AB(w)}

=> (|, (A1 Ar) A=2) @) { Az +2) ity Bw)} (|, (A . As) (2)@1) .
=1

(e) For every n € Z>1, we have

{A(2)rB"(w)}

=Y (1B M w+ A +9){A()Bw+2)}(1®|,_, B (w)).
=0

(f) For every n € Z>1, we have

{A"(2)AB(w)}

n—

= Z (‘y:a(Aé)*()‘ —2)® 1) {A(Z + x)k-ﬁ-z-ﬁ-yB(w)}(|I:aAn_1_é(2) & 1) .
£=0

—

(g) If B(9) is invertible in V((0~1)) ® M, then

{A(2)xB™ (w)}
=-(1®@B Y (w+A+9){A(zBw+2)}(1® |, _,B~(w)).

(h) If A(D) is invertible in V((0~ 1)) ® M, then
{A7H (2)aB(w)}
= —(|,_o(A™)" (A = 2) @ D{A(z + 2)rsary B(w)} (| ,_, A7 (2) @ 1)
(i) If B(9) is invertible in V((0~1)) ® M and n € Z<_1, then
{A(Z)AB"(w)}

=— i (1@ B" " “w+ A+ 0){A@)\Bw+2)}(1®| _, B (w)).

l=n

(G) If A(D) is invertible in V((0~')) ® M and n € Z<_1, then
{A"(2)AB(w)}

= =3 (1, (A (= 2) © D{AG + D)arary B,y A" 1) @1).
l=n
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Proof. Formulas (a) and (b) are just the Leibniz rules (ii) above in the notation
(2.5). Formulas (¢) and (d) follow from (a) and (b) respectively, by induction and
Lemma 2.1. Formulas (e) and (f) are a special case of (¢) and (d). Formulas (g)
and (h) follow from (a) and (b) respectively, using the identity AA™! = A™1A = 1.
Finally, formulas (i) and (j) are obtained by (e)-(g) and (f)-(h) respectively. O

3. CLASSICAL AFFINE WW-ALGEBRAS

3.1. Construction of the classical affine WW-algebras. We review here the
construction of the classical affine W-algebra following [DSKV13]. Let g be a
reductive Lie algebra with a non-degenerate symmetric invariant bilinear form (- | ),
and let {f,2xz,e} C g be an sly-triple in g. We have the corresponding ad -
eigenspace decomposition

g= @ gr where gr = {a€g|[x,a] =ka}, (3.1)
kelz
so that f € g_1, z € go and e € g;. We let d be the depth of the grading, i.e. the
maximal eigenvalue of adz. For a subspace a C g we denote by V(a) the algebra
of differential polynomials over a, i.e. V(a) = S(F[0]a).
Consider the pencil of affine Poisson vertex algebras V.(g, s), where € € F and
$ € g4, defined as follows. The underlying differential algebra is the algebra V(g)
of differential polynomials over g, and the PVA A-bracket is given by

{aab}e = [a,b] + (a|b)A + €(s|[a,b]) for a,beg, (3.2)

and extended to V(g) by the sesquilinearity axioms and the Leibniz rules.

The F[0]-submodule F[0]g>1 C V(g) is a Lie conformal subalgebra of V(g, s)
with the A-bracket {axb}e = [a,b], a,b € g1 (it is independent of €). Consider
the differential subalgebra V(g<1) of V(g), and denote by p: V(g) — V(g<1), the
differential algebra homomorphism defined on generators by

pla) = mey (@) + (fla),  aeg, (3.3)
where T<lt 0 = 8<1 denotes the projection with kernel g>;. We have a rep-
resentation of the Lie conformal algebra F[a]gzé on the differential subalgebra
V(ggé) C V(g), defined by

ax(9) = plarg}e for a€g>1, g€ V(g<1)

(note that the RHS is independent of € since, by assumption, s € g4).
The classical W-algebra We(g, f, s) is, by definition, the differential algebra

W =W(g, f) = {w e V(<) | plarw}e =0 foralla € g51 }, (3.4)
endowed with the following pencil of PVA A-brackets [DSKV13, Lemma 3.2]
{vsw}? = p{vw}., v,wEW. (3.5)

With a slight abuse of notation, we shall denote by W(g, f) also the W-algebra
We(g, f,s) for e = 0 (or, equivalently, s = 0).

3.2. Structure Theorem for classical affine W-algebras. Fix a subspace U C
g complementary to [f, g], which is compatible with the grading (3.1). For example,
we could take U = g¢, as we did in [DSKV13] and [DSKV16a], or a different, more
convenient, choice for U as we did for g = gl in [DSKV16b]. Sincead f : g; — gj-1
is surjective for j < %, we have g< 1 C [f,9]. In particular, we have the direct
sum decomposition

g>_1= [fagzé] eU. (3.6)
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Note that, by the non-degeneracy of (-|-), the orthocomplement to [f, g] is g/, the
centralizer of f in g. Hence, the direct sum decomposition dual to (3.6) is

=Utagl. (3.7)
As a consequence of (3.7) we have the decomposition in a direct sum of subspaces
)=V(eH) o U, (3.8)

where (U+) is the differential algebra ideal of V(g<1) generated by Ut. Let 7y
V(g<y) — V(g7) be the canonical quotient map, with kernel (U1).

Theorem 3.1 ([DSKV16a, Cor.4.1], [DSKV16b, Rem.3.4]). The map mys restricts
to a differential algebra isomorphism

~

T = sl W V(gl),
hence we have the inverse differential algebra isomorphism
w: V() = w,

which associates to every element q¢ € g/ the (unique) element w(q) € W of the
form w(q) = q +r, with r € (U*L).

4. THE PSEUDODIFFERENTIAL OPERATOR L.(9) FOR THE WW-ALGEBRA
We(g, f,$) ASSOCIATED TO A g-MODULE V'

Let ¢ : g — EndV be a faithful representation of g on an N-dimensional vector
space V. Throughout the paper we shall often use the following convention: we
denote by lowercase Latin letters elements of the Lie algebra g, and by uppercase
letters the corresponding elements of End V. For example, F' = ¢(f) is a nilpotent
endomorphism of V' and we denote by p = (p1 > p2 > -+ > p, > 0) the corre-
sponding partition of N. Moreover, X = p(z) is a semisimple endomorphism of V'
with half-integer eigenvalues. The corresponding X -eigenspace decomposition of V'
is

V= Vi, (4.1)
ke3Z

with largest eigenvalue %, where D = p; — 1. The eigenspace associated to the
largest eigenvalue has dimension dim V[%] = r1, the multiplicity of p; in the par-

tition p. We also have the corresponding ad X -eigenspace decomposition of End V:

EndV = P (End V)[k], (4.2)
keiz

which has largest eigenvalue D.

Lemma 4.1. (a) For every k € 3Z st. —D < k < D, we have a canonical
isomorphism
(End V)[k] = €5 Hom(V[j], V[j +k]),
JEIZ
where the direct sum is over j such that —? <jij+k< %.
(b) In particular, we have a canonical isomorphism

(End V)[D] ~ Hom(V[fg], V[g]) .
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(¢) Identifying V[—2] with V[5] via the isomorphism FP : V[2] 5 V[-L] we
get the corresponding isomorphisms

(End V)[D] ~ End(V[%) , A AFP ) by

and
D
(End V)[D] ~ End(V[—E]) , A FPA |V[_2] :

Proof. Denote by rf : (EndV)[k] — Hom(V[j],V[j + k]) the restriction map.
Clearly, r* := @;rk : (EndV)[k] — @, Hom(V[j], V[j + k]) is injective for every
k, and by dimension counting it is easy to see that it is surjective too. This proves
part (a). Part (b) is the special case k = D of (a), and part (c) is an obvious
consequence of (b). O

Recall that the trace form of the representation V' is, by definition,

(alb) = try (p(a)p(b)),  abeg, (4.3)
and we assume that it is non-degenerate. Let {u;};cr be a basis of g compatible with
the ad z-eigenspace decomposition (3.1), i.e. I = Uyl where {u;}icr, is a basis of
gr. We also denote IS% = I_Ikgélk, and similarly for I<g, IZ%’ etc. Moreover, we
assume that {u;}ic; contains a basis {u;}icr, of g/. Let {u'}ic; be the basis of g
dual to {u;};cr with respect to the form (4.3), i.e. (u;|u’) = &; ;. According to our
convention, we denote by U; and U‘, i € I, the corresponding endomorphisms of
V.

Associated to the element s € gq we have the element S = ¢(s) € (End V)[d].
Let T € (EndV)[D]. If D = d, we can take T' = S, but in general d < D, so it
is not always possible to let 7" and S be the same endomorphism. Consider the
canonical decomposition 7' = IJ, where

J=T:V - ImT and I:Im7T < V is the inclusion map. (4.4)

Clearly, InT C V[%] and ®k>—§ VIk] € KerT. If T is of maximal rank (= ry),
then both inclusions become equalities: Im7T = V[Z], Ker T = @k>7% V[k]. We
shall assume that T satisfies the following condition:

V =KerT @ FP(ImT). (4.5)
This is equivalent to say that the endomorphisms Ty = TFP |V[ ny € End(V[Z])

and/or T_ = FDT‘VFQ] € End(V[-2]) (cf. Lemma 4.1(c)) are such that
2

KerTy NImTy = 0. Of course, if tk(T) = 71, then Ty are invertible and con-
dition (4.5) automatically holds.

Consider the following End V-valued differential operator with coefficients in
V(g) (depending on the parameter € € F):

A(0) =01y + > wU' +€S € V(g)[d] ® End(V). (4.6)
il
Here and further, we drop the tensor product sign when writing an element of
V @ End V. If we apply the map p (= p® 1), defined by (3.3), to A(9), we get

P(A(D) =01y + F+ Y wU'+eS €V(g<1)[0] @ End V.

i€l y
We shall consider its (I, J)-quasideterminant [DSKVnew], namely

Le(d) = Le(g, f,5,V,T)(d) := (J(a]lv +E+ Y wU +es)*11)71. (4.7)

i€l 1
<3
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Associated to the basis {u;};er we have the subspace

U = Span{u’ |i € Is} Cg>_1,

3
which is complementary to [f,g] in g, and to [f,gzé] ing>_1, and its orthocom-
plement in g 1,

Ut = Span{u; | i € Ici\If} Cocy,
which is complementary to g/ in g<1. Recall that, by Theorem 3.1, we have the
corresponding differential algebra isomorphism w : V(gf) = W(g, f), and let us

denote by w; := w(u;), i € Iy, the corresponding free generators of the the W-
algebra (as a differential algebra).

Theorem 4.2. L.(9) is well defined and

~1
L(d) = (J(a]lv FE4 Y wil + eS)_ll) e W(g, £)((07) @ End(ImT) .
icly

(4.8)

The above theorem consists of three statements. First, it claims that L(9) is

well defined, i.e. both inverses in formula (4.7) can be carried out in the algebra

of pseudodifferential operators with coefficients in V(g< 1 ). This is the content of

Lemma 4.4 below. Next, it claims that, in fact, the coefficients of L.(9) lie in the

We-algebra W(g, f), which is proved in Lemma 4.8 below. Finally, it gives a formula,

equation (4.8), for L.(9) in terms of the generators w;, ¢ € Iy, of the W-algebra
W(g, f). This formula is proved in Lemma 4.9.

Remark 4.3. Note that UL, and hence U, depend on the choice of the basis elements
u;, for i € I<%\If. As a consequence, the map w: V(gf) — W(g, f), as well as the
generators 11}1', t € Iy, change when we change the basis elements u;, 7 € IS%\If.
However, as a consequence of Theorem 4.2, the RHS of formula (4.8) is independent
of the choice of the basis of g.

)((071)) ® End(V).

Lemma 4.4. (a) p(Ac(9)) is invertible in V(g<1
D) ® End(ImT).

(b) J(p(Ac (D))~ is invertible in V(g<1)((0™

Proof. The differential operator p(A.(d)) is of order one with leading coefficient
1y . Hence it is invertible in the algebra V(ggé)((a_l)) ® End(V), and its inverse
can be computed by geometric series expansion:

p(A()) ! = 2(71)48*1((F+ 3 uiUi+eS)371)e. (4.9)
£=0 i61<%

This proves part (a). Recall that F € (EndV)[-1], U’ € (End V))[> —1] fori € Iy
and S € (EndV)[d] C (EndV)[> —1]. Recall also that Im/ = Im7T C V[Z] and

KerJ = KerT D V[> —%]. Hence, by keeping track of the X-eigenvalues, we
immediately get that

—0if <D,
] ¢
Ja—l((m 3 uiUl—l—eS)@_l) I{ =JFPIo=P if (=D,
i€l y V(g )0 1)o7 '@ End(Im T) if £ > D.

It follows from (4.9) that
Jp(Ac(0)™ ' = (=1)PJFPI197P + lower order terms. (4.10)
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By the assumption (4.5) on T, we have that JEPT = TFP|, 7 is an invertible
endomorphism of Im7T". Hence, (4.10) can be inverted by geometric series expansion,
proving (b). O

Lemma 4.5 ([DSKV13, Lem.3.1(b)]). Consider the pencil of affine Poisson vertex
algebras V = V.(g, s) with s € gq. Fora € g>1 andg € V(g), we have p{arp(g)}e =
plaxg}e.

Lemma 4.6. For a € g, we have Z[a, u;|U ZUZ
el iel

so(a)] € V(g)®End V.

Proof. By the completeness relation for g and the invariance of the trace form (- | -),
we have

YolawUt =Y (o, willw? yusp(u’) = Y- (1, allusujp(u’) = Y uy[U7, pla

i€l i,J€l i,j€T jeI

Lemma 4.7. For a € g, we have

{arAc(2)}e = Ac(z + Np(a) — p(a)Ac(z),
where Ac(z) is the symbol of the pseudodifferential operator A.(0) € V(g)[\] ®
End(V) defined in (4.6).
Proof. By definition (3.2) of the A-bracket in V(g), we have
{arAc(2)}e = Z{a,\ui}EUi = Z[a, u U+ Ap(a) + ep([s, a)) .
iel iel

On the other hand, by (4.6) we have

Ac(z + Np(a) = p(a)Ac(z) = Ap(a) + > wilU’, p(a)] + €[S, p(a)]

iel

The claim follows by Lemma 4.6 (recalling that S = ¢(s)). O
Lemma 4.8. We have p{axL-1(2)}c = 0 for every a € 9>1, where L71(2) is the
symbol of the pseudodifferential operator L71(0) = J o (p(A.(0)))~! o I. Equiva-
lently, L=1(9), and hence L.(0), has coefficients in the W-algebra W(g, f).

Proof. By the definition (4.7) of L.(9) and recalling that the map p is a differential
algebra homomorphism, we have

plax L (2)}e = plaad (pAd) ™M) }e = pJ{axp(AZH (2))}el - (4.11)
We then apply Lemma 4.5 to rewrite the RHS of (4.11) as

pI{ax(AZ" (2)}el
we use Lemma 2.3(g) to rewrite it as

prAzl(z + A+ 8){aAAE(z + x)}e(‘zzaAzl(z))I,

and finally we use Lemma 4.7 to equal it to

—p(Jp(a) AT ()I) + p(JAZ (2 + Np(a)]).
To conclude we observe that, since ¢(a) € (EndV)[> 1], both Jy(a) and ¢(a)l
vanish. m

Lemma 4.9. Equation (4.8) holds.

Proof. By Lemma 4.8 we have L.(9) € W(g, f)((07')) ® Im T'. Hence, by Theorem
3.1 we have L(9) = (w o mys)Lc(0). The claim follows by the definition of U and
the fact that w and 7yr are differential algebra homomorphisms. (I
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5. GENERALIZED ADLER IDENTITY

5.1. Some facts from linear algebra. Given a vector space V of dimension NV,
we denote by Qy € EndV ® EndV the permutation map:

Qu(vy ®vz) =va®@uy for all vy,ve € V. (5.1)

Often, if confusion may not arise, we shall drop the index V and we shall denote
Q = Qy. We shall also sometimes write Q = Q' ® Q" to denote, as usual, a
sum of monomials in EndV ® End V. In fact, we can write an explicit formula:

QO = Zﬁfj:l E;; ® FEj;, where E;; is the “standard” basis of End V' consisting of

elementary matrices w.r.t. any basis of V' (obviously, © does not depend on the
choice of this basis). By the completeness relation, we have

tr(QA)Q" = A. (5.2)
As an immediate consequence of (5.1) we have:

Lemma 5.1. Let U and V be vector spaces, and let A, B € U — V be linear maps.
We have

Qv(A® B)=(B® A)Qu (5.3)
Proof. It is an obvious consequence of (5.1). O

Let (-|-) be a non-degenerate symmetric or skewsymmetric bilinear form on V:

(ulv) = e(w|u) , uw,v eV, whereee {£1}. (5.4)

Let {v;}2_, be a basis of V and let {v*}_| be the dual basis with respect to (- | -):
(o) = e(vg|o") = 6y forall b,k =1,...,N.

By the symmetry of the inner product, we have

N N
ka®vk:eka®vk. (5.5)
k=1 k=1

Recall also that we have the following completeness relations:
N N

Z(vkh))vk = Z<v|vk>vk =v forallveV. (5.6)

k=1 k=1
For A € EndV we denote by A' its adjoint with respect to (- |-):
(u|AT(v)) = (A(u)|v) for all u,ve V.

It immediately follows from the completeness relation (5.6) and the definition of
adjoint that, for every A € End V', we have

N

ZA(vk)@)vk = ka ® AT (vg) . (5.7)
k=1

k=1

We shall denote by QI, (or simply QF) the element of EndV ® End V obtained
taking the adjoint on the first factor of 2:

Qf = () ®Q" €EndV @EndV. (5.8)
The following Lemma gives an explicit formula for the action of QT on V ® V:

Lemma 5.2. For every vi,ve € V, we have

N
QT(’Ul (9 ’UQ) = <’U1|’1}2> ka X Vg - (59)
k=1
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Proof. It suffices to take inner product of both sides of (5.9) with v3 ® vs. For the
LHS we have

(v3 @ 04| QT (01 @ v2)) = (3| ()T (01)) (V4] Q" (v2)) = (X (vs)]v1) (va] Q" (v2))
= (vz|v1)(valvs) = (v1]va)(vslva) .

For the third equality we used (5.3) and for the last equality we used (5.4) (and
the fact that ¢ = 1). Doing the same computation with the RHS of (5.9) we get,
by (5.6),

N N
(v1|v2) Z (v3 @ va|vF @ v) = (v1|vg) Z (3]vF) (valog) = (v1|ve) (vs|vs) .

k=1 k=1
O

Lemma 5.3. For every A € EndV, we have
Ao =1 ah0t | af4e 1) =0l (1o Al). (5.10)

Proof. We can combine both identities in (5.10) in

(A1) (B 1) = (1 ANQT(1® BT) for A,Bc€EndV . (5.11)

If we apply the LHS of (5.11) to v; ® ve we get

N
B(v1)|v2) g Av ®Uk,
k=1

while if we apply the RHS of (5.11) to v1 ® vo we get
N
(01 BT (02)) Y v* @ AT (uy).
k=1

Hence, (5.11) follows from the definition of adjoint operator and from equation
(5.7). O

Fix an endomorphism 7' € EndV and let T = IJ, with I : Im7T — V and
J: V — ImT, be its canonical decomposition given by (4.4). We shall assume
that T is either selfadjoint or skewadjoint with respect to the inner product (-|-):

TT = 6T where 6 € {+1}. (5.12)

Lemma 5.4. We have a well defined non-degenerate bilinear form {-|)T onImT,
depending on the endomorphism T, given by the following formula

(ur|ug)® = (J7 (uy)|[I(u2)) for all uy,us € ImT . (5.13)

The inner product {-|-)T has the following parity, depending on the parity (5.4) of
(-1-) and the self/skew-adjointness (5.12) of T':

(ur|uz)™ = €8 (ualur)T  for all uy,us € ImT . (5.14)

Proof. First, we need to show that the RHS of formula (5.13) is well defined, i.e.,
for uy,us € ImT, (ui|uz) does not depend on the choice of the representative
i1 € J71(u1). This is the same as saying that Ker J 1 Im I with respect to (-|-).
But KerJ = KerT and ImI = Im7T and, for a self or skew adjoint operator T,
KerT and Im T are automatically orthogonal.

Next, we prove that (-|-)7 is non-degenerate. Indeed, if the RHS of (5.13)
vanishes for all u; € Im T, then (v|I(uz)) = 0 for all v € V, which implies uy = 0,
since (- |-) is non-degenerate and I is injective.
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Finally, we prove the symmetry property (5.14). Let uj,us € ImT and let
U1, U2 € V be their preimages via J: J(u1) = u; and J(u2) = uz. We have

(ufuz)™ = (™M ()| I (ug)) = (i1 |uz) = €(uzlin) = e(J (d)|iir) = €b{iz|J (1i1))
= ed(ua|ur) = e5<u2|u1>T
O

Lemma 5.5. Let T € EndV satisfy condition (5.12), and let (-|-)T be the inner
product on ImT defined by (5.13). For A € EndV, we have

(JADTT = §JATT,

where t denotes the adjoint in EndV w.r.t. {-|-), and 7 denotes the adjoint in
End(ImT) w.r.t. (-|)7T.

Proof. By the definition (5.13) of (-|-), the assumption (5.4) and condition (5.14),
we have

(ur|(JAD) T up)” = (JATug Jug)" = (ATuy [Tug) = (Tup|AT Tuy)
= (AT Tug|Tuy) = e(J AT Tug|ur)T = €25 (uy|J AT Tug)T

([
Lemma 5.6. Let {t,})L, and {t"}} | be bases of Im T dual with respect to (-|-)T.
We have:
M N
St Ity => J) @,
v =y (5.15)
S I @ty =56 vk @ J(w)

Proof. We first observe that Zszl J(wF) @ v € ImT @ Im T Indeed, if we pair
the first factor with v € V| we have
N N
Z( (v")|v) ®vk—6z (W J(v)) @ vp = 6J(v) € ImT.
k=1 =1
Next, if we take the inner product (- | )7 of thl th @ty with u1 @uz € InT@Im T
we have, by definition of dual bases,
M
> (" ua) T (tnlug)” = (ualug)”
h=1
On the other hand, if we take the same inner product of the RHS of the first
equation in (5.15) with u1 ® u2 € ImT ® Im T', we have, by (5.6),
N N
S 008 fun) T (orfuz)T = S @F () (o) L))
k=1 k=1
= (J 7 (w) I (ua)) = (ualu2)”

This proves the first equation in (5.15). If we permute the two factors in both sides
of the first equation in(5. 15) we get

ZI th) @t = ka@)J(vk).

k=1

But 3, tp, @ th = eézht ® th, and >, v ® vF = €Y, v* ® v, The second
equation in (5.15) follows. O
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The following result will be essential in Section 5.3:

Lemma 5.7. Consider the operator QJ{/ associated to the vector space V' and its

inner product (-|-), and the operator Q}LmT associated to the subspace ImT and its
inner product {-|-)T. The following identity holds in Hom(V,Im T)®@ Hom(Im T, V):

(J@ 1)Ly @ 1) = (lynr ® DY, 7(J © L), (5.16)
and the following identity holds in Hom(Im T, V) @ Hom(V,ImT):
(ly @ HU, (T @ 1y) = (I ® limr) U, 7 (limr © J) . (5.17)

Proof. If we apply the LHS of (5.16) to v®@u € V @ Im T, we get

N
(WlT(u) Y I @ o,
k=1

while we apply the RHS of (5.16) tov®@u € V@ ImT, we get

(J()|u)™ Z th @ I(ty).
h=1

Hence, equation (5.16) follows by the definition (5.13) of the inner product (-|-)T
and by the first equation in (5.15).
Next, let us apply the LHS of (5.17) tou® v € InT ® V. As a result we get

(I(u)|v) ka ® J(vg) .
k=1

On the other hand, if we apply the RHS of (5.17) to u®@v € ImT ® V, we get

Wl J)™ > It @t .

Equation (5.17) follows by the second equation in (5.15) and by the following iden-
tity, (u|J(v))T = 6(I(u)lv), which is easily checked. O

5.2. Formula for the \-bracket of A.(z). Consider the pencil of Poisson vertex
algebras V.(g, s), € € F, associated to the Lie algebra g and its element s € g, with
A-bracket (3.2). Recall that, given a faithful representation ¢ : g < EndV of g,
we constructed the differential operator

A(0) =01+ Y wU'+eS €V(g)[d] @ End V. (5.18)
iel
Recall the definition (5.1) of Qy € EndV @ End V. We shall also denote by QF, (or
simply 09, if confusion may not arise), the following operator:

Q) =) U;@U" €EndV ®@EndV.
iel
We shall mainly be interested in the following three cases:

Case 1: g = gly and V = F¥ is the defining representation. In this case
Q8 =Q.

Case 2: g = sly and V = FV is the defining representation. In this case
Q=0-11®1.

Case 3: g={A € EndV | AT = —A}, where AT denotes the adjoint w.r.t. a
symmetric or skewsymmetric non-degenerate bilinear form (-|-) on V; in
other words, g ~ soy if the form is symmetric, and g ~ sp, if the form

is skewsymmetric, and V ~ F¥ is the defining representation of g. In this
case Q9 = 1(Q — Q).
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Lemma 5.8. (a) The following identity holds:
{Ac(2)rAcw)}e =D w1l @ UL, Q9] + M08 + e[1 5, Q9] .
el
(b) The following identity holds:
(I@A(w+A+0)(z—w—-A=3) 1A'\ —2)®1)Q
CQ(A) @ (2 —w— A— ) A (w))
=> wleU,Q+ 2+ l®5,0].
i€l
(c) The following identity holds:
(1® (Ac(w +A+09) — Ac(w)))A+0)  ((AF(A —2) — Ac(2)) ®1) = —AL® L.
(d) If g,V are as in Case 8 above, then the following identity holds:

(1@ A(w+ X+ (z+w+ ) (A(z) @ 1)
— (AN —2) @ DN (z +w+0) "1 ® Ac(w))
=> wleU’, QN+ + 1501,
el
Moreover, in this case we have (A*(9))T = —A(9).

Proof. By the definition (5.18) of A(z) and the definition (3.2) of the A-bracket in
Ve(g, s), we have

{Ae(z)/\Ae(’LU)}g = Z {Ui)\Uj}EUi X UJ

e o 5.19)
= Z ([Uiauj] +>\(ui|uj)+e(s|[ui,uj]))U1®UJ (

On the other hand, by the completeness relation in g, we have

Y U0 Ui = 3wl U U] =S w[le U 08,  (5.20)
ijel ikel kel
we have
D (wlu) U @U?I =) U U, =09, (5.21)
igel iel

and we have
Z(s“ui,uj NWieUi = ZUZ(X)(p s,u]) =[1® S, Q9]. (5.22)
i,jel iel
Combining equations (5.19)—(5.22), we get part (a).
Next, let us prove part (b). We have, by a straightforward computation,
A(w+A+0)@(z —w—A—0) LA* (N - 2)

S A ® (5 —w— A= 0) 1A (w) (5.23)
=MR1+) wU'el-10U)+eSe1-185).
i€l
Claim (b) is obtained multiplying both sides of (5.23) on the left by © and applying
(5.3).
Part (c) is immediate by definition (5.18), since Ac(w+A+0)— A (w) = (A+0)1
and A*(A— z) — Ac(z) = —AL.
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Finally, for part (d), we have, denoting a; = u; + €(s|u;),

(1@ A(w+A+0)(z+w+0) HA(2) ® 1)
— (AN —2) @D (z +w+0) " (1 ® Ac(w))
= (z(w+\) = (z = Mw)(z + w)~LQf

+> ((w +A+9)(z+w+0) QN (U @ 1)

iel
—(z=N(z+w+0) QN (1o U
+ 2(z +w) (1 @ UHQT — w(z +w) (U ® H)QT)
+ 3 izt w+0) ((11 QU (U e1)— (Ue ) (1e Uj)) .
i,j€1
(5.24)
By equations (5.10), we have Qf (U'®1) = —Qf (1eU?), (U'@1)Qf = —(1U")Qf,
and (1@ UHQN U@ 1) = (U 1)Qf(1 ® U?). Hence, the RHS of (5.24) becomes
AT+ a1 e U0,
el

proving the first assertion in claim (d). The last assertion in claim (d) is obvious. O

As a consequence of Lemma 5.8, in the three cases 1-3 described above we have the
following formulas for {A.(z)xAc(w)}e:
Case 1: For g = gly and V = FVN, A,(9) satisfies the following Adler identity
(cf. [DSKV15, Eq.(5.1)-(5.2)]):
{Ad(2)aAc(W)}e = (1@ A(w+ A+ ) (z —w - A= 0) HA'(N—2) @ 1)Q
QA @ (z—w—A—0)" A (w)).

(5.25)
Case 2: For g = sly and V = FV, A.(0) satisfies the following modified Adler
identity:
{Ac(2) 2 Ac(w (1@ A(w+A+9)(z—w—A—0)"HA:(N\—2) @ 1)Q

)}e =
—Q(A(2) ® (2 —w = X = 0) T Ac(w))
(10 (Afw+ A+ 0) — Adw)))(A+0) (AT~ 2) — A=) @ 1).
(5.26)

Case 3: For g ~ soy or spy and V ~ FN, A.(9) satisfies (A*(9))T = —A(9),
and the following twisted Adler identity:

{Ad(2)rAc(w)}e = (]1®A(w—l—)\—i—@))(z—w—)\—c’))_l(A:()\—z)Q@]l)Q
— 52 (Ac(z )®(Z*w*A78)’1Ae(w))

(1@ A(w+A+0)Q(z +w+9) HA(2) ® 1)

+ (AN =2) 2Dz +w+0) (1@ A (w)).

wl»—-wl»—‘w —

(5.27)

5.3. The generalized Adler identity. The following notion is introduced to in-
clude all three equations (5.25)-(5.27) as special cases.
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Definition 5.9. Let A(9) € V((071)) ® EndV be an End V-valued pseudodiffer-
ential operator over the PVA V. We say that A(J) is an operator of generalized
Adler type if

{A(2)rA(w )}_a(1®A(w+A+a))(z w—XA—0)"HA*N—2)®@1)Q
—aQ (A()® (z —w—A—9) " A(w))
75(1®A(w+>\+8))m(z+w+8) LA (z)®]l)

+B(A N —2)@ 1) (2 +w+ )11 ® Aw)

FA(1® (Aw + A +0) — Aw))(r+ )7 ((A*(A—z)—A(z)) ®1),
(5.28)
for some «, 3,y € F, where Q is given by (5.1) (for the vector space V). If 8 # 0,
we assume that V' carries a symmetric or skewsymmetric non-degenerate bilinear
form (-|-) and QT is given by (5.8). Moreover, in this case we also assume that

(A*(9))" = nA(9) where 5 € {£1}. (5.29)

Remark 5.10. In equation (5.28), as well as in the analogous equations above in
this Section, we can expand all terms either using ¢, or using ¢,, (but not both) and
the result is the same. Indeed, the coefficient of « is clearly regular in z —w—A— 03,
and, thanks to the assumption (5.29), the coefficient of 3 is regular in z + w + 0.
Note also that the last term of the RHS is regular in A + 0 (so no expansion is
needed).

For example, for the three cases listed in Section 5.2 equations (5.25), (5.26) and
(5.27) for the operator A(9) correspond to the following values of the parameters
a? ﬂ? /-y:

g Vila B ~v
gl F¥|1 0 o0
N ) (5.30)
sly F¥Vl1 0 =
soyorspy FY |1 1 0

Theorem 5.11. Let A(9) € V((071)) @ EndV be an EndV walued pseudodiffer-
ential operator over the Poisson vertex algebra V, of generalized Adler type. Then:

(a) If A(D) is invertible in V((0~1)) @ End V, then A=1(9) satisfies the generalized
Adler identity (5.28) with the opposite values of o and f (and the same value
of 7). Furthermore, if 3 # 0, then ((A=1)*(9))t =nA~1(9).

(b) Let T € EndV and I,J be as in (4.4). If B # 0, we assume that TT = 6T,
§ € {£1} and we consider the corresponding inner product {(-|-)T on ImT,
defined by (5.13). Then, JA(D)I € V @ End(ImT') ® End(ImT) satisfies the
generalized Adler identity (5.28) (with the same values of a,f,7v), and, for
B # 0, we have (JA*(0)I)IT = ndJA(O)I.

(¢) If, moreover, the generalized quasideterminant
|A0)|1,5 = (JATHO)) ™",

exists (i.e. A(D) is invertible in V((071)) @ EndV, and JA~Y(0)I is invertible
in V((071))@End(ImT)), then |A(d)|1,s satisfies the generalized Adler identity
(5.28) (with the same values of ., 8,7), and, for 8 # 0, we have (|A[} ;(9))'" =
6| A0)]r,7-
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Proof. If we apply Lemma 2.3(g)-(h), we get

{A7 A (w)} = ((}IIZB(A_l)*()\ —2)) @A (w+ A+ 31 + 22+ Y2 + 1))

x (‘u:a{A('z + -T2)>\+11+z214(w + 92)}) ((’xzzaAil(z)) ® (’yQZQAil(w))) :
(5.31)
Here we are using of the notation (2.1). We then use the generalized Adler identity
(5.28) to rewrite the RHS of (5.31) as

{A7 AT (W) =az —w = A —y2) AT () @ (|, _,A7 ()
— ((’IIZB(A_l)*()\ — z)) ® A_l(w + A+ :Cl))Q(z w—A—x)" !
—B((ATH)* N =2)® 1)Q (2 +w + y2) (1 ® (‘y2:6A71(w)))
+B(L @A™ (w4 A +2))QT (2 +w+22) 7 ((],,_pA ' (2)) ® 1)
+y(1e (A (w) — A‘l(w—i—)\—l—x)))()\+x)_1((|I:6A_1(z) —A)*(A=2))®1).
(5.32)
Here we used the identities
AT w+A+y)([,_pAw+ X)) =1, Alw+y)(|,_,A47 (w) =1
(‘Iza(A_l)*(/\ - z))A*()\ +x—2z)=1, A(z+ x)(|I:6A_1(z)) =1,
which are a consequence of the identities AA™* = A7'A4 = 1 and Lemma 2.1.
Equation (5.32) is the generalized Adler identity (5.28) for A=, with the opposite
values of o and . The last assertion of claim (a) follows from Lemma 2.2.
Next, for part (b), we have {JA(2)[ZJA(w)I} = (J @ J){A(z)rA(w)}(I & I).
Hence, by (5.28) we get
{JA(z)[\JA(w)I}
a(J @) (ly @ Alw +A+0)(z—w—XA—9) HA*N—2)@ 1y)Qy(I @ 1)
—a(J @ J)Qv(A(z) ® (z —w — A= 0) " A(w))(I @ 1)
— B @ J) 1y @ Alw + A+ ), (z +w+ ) L (A(z) @ 1y)(I @ 1)
+B(J @ J)A* (N —2) @ 1y)QL (z +w + )11y © A(w))(I @ 1)
+7(J@J) (Ly @ (A(w+A+0) — A(w)) ) (A+9) " ((A*(A—2)—A(2)) @ 1v) (I ]).
(5.33)

Obviously, we have Jl1y = ly,7J and 1yl = I, 7. We can then use Lemmas
5.1 and 5.7 to rewrite the RHS of (5.33) as follows:

a(lpmr @ JA(w + A+ (z —w —X—3) " HJA* N\ = 2)I @ Lim 1) QT
— Q7 (JAR) @ (2 —w — X — )" TA(w)I)
— Bl @ JA(w + A+ )N (2 +w+ ) H(JAR) @ limr)
+ BJA A = 2)] @ Lim 1)y (2 +w + 0) " (Limr @ JA(w)I)
+7(1y @ (JA(w+A+0) = JA(w)I) ) (A+0) ((JA*(A=2) = JA(2)])®@1y).
(5.34)
Hence, JA(O)I € V((071)) ® End(ImT') satisfies the generalized Adler identity

(5.28) (with respect to the space Im 7" with inner product (- | -)T). The last assertion
of claim (b) follows from Lemma 5.5.
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By part (a), A71(9) is an operator of generalized Adler type with parameters
—a, —fB3,7. By part (b) JA7Y(9)I is of generalized Adler type with the same pa-
rameters —«, —3,v. Finally, again by part (a), |A(9)|r,s is of generalized Adler
type with parameters «, /3,~, proving (c). O

Remark 5.12. We could try to generalize the generalized Adler identity (5.28) more,
in a way that Theorem 5.11 still holds. This leads to an identity of the following
type,

{AGENAW)} = ((|,_pA" (A = 2)) ® A(w + A+ 2))alz,w, A + )
+B(z+zw+y A+ 2)((|,_pA() @ (|, w)))
+(1® A(w+ A +z))y (z+xw)\+x((]7 ®1)

+ ((|,_pA" (A —2)) @ 1)d(z,w + y, A+ 2) (1 ® (’yzaA(w))) ,

(5.35)

where «, 3,7, § are functions with values in End V @ End V satisfying some compat-
ibility condition with T" € End V. However, despite our efforts, we were not able to
find any interesting pair (g, V'), other than the one listed in table (5.30), for which
the operator A.(9) € V(g)((07')) ® End V satisfies a generalized Adler identity of
the form (5.35).

Remark 5.13. Let A(9) be an operator of («, 3,7, d)-Adler type for the A-bracket
{*1-}, in the sense of Remark 5.12, i.e. we assume that equation (5.35) holds.
Skewsymmetry for the A-bracket {- ) -} translates to the condition:

[AEA(W) = ~{A(w)-r—0A()}" € VDI, w]][z.u] @ End V & End V,
(5.36)
where 0 : EndV @ EndV — EndV ® EndV is the transposition of the two fac-
tors. One can check that (5.36) holds provided that «, 3,7, 6 satisfy the following
conditions:
a(z,w,\) = —a’(w, z, =), B(z,w, A) = =B (w, z, =),
Y(z,w,A) = =6 (w, z, = A).

(5.37)

Furthermore, the Jacobi identity for the A\-bracket {- 5 -} translates to the condition:

{A(z)A{A(22),,A(23) 1} —{A(z2) {A(z1)a A(2)} } 1) = {{A(zl)xA(Zz)}x+ﬂ‘4((z3)}),
5.38

where (1,2) : End V®3 — End V3 is the transposition of the first two factors. One

can check that (5.38) holds provided that «, 3,7, satisfy the following conditions:

No,a,0) =0, T'(-,6,0)=0, T'(y,—a,y)=0, T(§~,—a)=0,
I'B,8,8)=0, I'(=B,7,7) =0, T(6-5,0)=0, I[(y,6-5)=0,
where
N(X,Y,Z) = Xi2(z1,22 — A — p, \)Yasz (22, 23, A + 1) — Yaz(22, 23 + A, 1) Z13(21, 23, A)
— Z13(21 + p, 23, A+ ) X (21, 22, —p) + X12(21 — A — 1, 22, —p) Z13(21, 23, A + )
+ Z13(21, 23 + 1, A)Yas (22, 23, 1) — Yas(zo + A, 23, A + ) X12(21, 22, A) .

(5.39)

Here we are using the standard notation X2 = X @ 1 € (End V)®3, and similarly
for X23 and X13.

Remark 5.14. As a special case of Remarks 5.12 and 5.13, let a = —f,andy=§ =0
in equation (5.35). Moreover, assume that a(z1, 22, A) = a(z1 — 22— \) is a function
of z; — z2 — A. Then, condition (5.37) is equivalent to

a(z) = —a(—2)7, (5.40)
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and condition (5.39) is equivalent to

2(z —w+ A = p)ags(w + 1) + a13(2)azs(w)
+ 0412(2’ — ’LU)Oélg (Z) — 0423(11) + ,LL)Oélg (Z + A) (541)
—ai3(z+ Naga(z —w+ A= p) — ags(w)ae(z —w) =0.

Equation (5.40) is the same as [FT07, Ch.III, Eq.(1.40)]. For A = = 0, equation
(5.41) reduces to [FT07, Ch.III, Eq.(1.41)], see also [BD82, Eq.(1.4)]. Moreover, in
this case the identity (5.35) reduces to the so-called fundamental Poisson bracket
given by [FT07, Ch.III, Eq.(1.20)].

Remark 5.15. Assuming that a(z1, 22, \) = a(z1 — A, 22) is a function of z; — A\ and
zg, then, the first equation in (5.37) can be rewritten as a(u1,us) = —a(ug, u1)?,
which is called unitary condition in [BD82], while the first equation in (5.39), i.e.
(o, a, ) = 0, is equivalent to

aiz(uy, ug — Nagg(uz — A ug) + aqz(ur, us + @)ooz (ug, us)
+ a12(u1, uz)oas(ur — p, uz) — aas(ug, ug + A)aas(u1, us)

— g (u1, ug)arz(ur + p, uz) — aas(ug, us)oz(ur, uz) = 0.
which, for A = u = 0, reduces to [BD82, Eq.(1.1)].

Corollary 5.16. Let g,V and the parameters «, 8,7 be as in table (5.30). Let
{f,2x,e} C g be an sly-triple, consider the corresponding ad x-eigenspace decomn-
positions (3.1) and (4.2), let s € g4, T € (EndV)[D], and assume that condition
(4.5) holds. In Case 3 (i.e. g = soy or spy and V = FN) assume also that
Tt = 6T, 6 € {= 1}, and consider the corresponding inner product {(-|-)T on
ImT defined by (5.13). Consider the pencil of W-algebras We(g, f,s), € € F, and
the End(Im T')-valued pseudodifferential operator L(0), defined by (4.8), over the
PVA W(g, f,s). Then Lc(0) is an operator of generalized Adler type for every
ecF.

Proof. By (5.25), (5.26) and (5.27), A.(0) satisfies (5.28). Hence, by Theorem
5.11(c) so does the generalized quasideterminant (J(A-1(9)I)~!. Applying the
differential algebra homomorphism p to both sides of the generalized Adler identity
(5.28) for this generalized quasideterminant (and applying [DSKV13, Cor.3.3(d)]),

we get the desired result. (I

5.4. Scalar operators with constant coefficients of generalized Adler type.
It is natural to ask when a scalar operator with constant coefficients, A(9) = a(9)1,
satisfies the generalized Adler identity (5.28). In this case (5.28) reads:

(z)a(w + X) —a(z — ANa(w)

a(z — Na(w + \) — a(2)a(w) a

“ z—w—A -5 z4+w af
a(z—A) —a(2))(a(w + A) — a(w)) (5:42)

0=~ aleatw -

In order to make sense of equation (5.42), we may assume that a(9) lies in F((9~1))
or in F((9)). If dimV > 1, the operators Q,Qf and 1® 1 € EndV ® EndV are
linearly independent. Hence, in this case, equation (5.42) implies a(9) = a € F.
Let us then consider the case when V = F, in which case Q = Qf = 1 ® 1, and
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equation (5.42) becomes

CYa(,z —Na(w +A) —a(z)a(w) ﬁa(z)a(w +A) —a(z = Na(w)
Z—w—A z+w
(a(z = A) —a(z))(a(w + ) — a(w))
A

(5.43)
=0.

If we take the derivative at A = 0 of both sides of equation (5.43), we get

s2)d(w) — dza(w)  jalz)a(w) + @'(z)a(w)
zZ—w zZ+w
We can then take the limit for z — w of both sides of (5.44) to get

a((d'(w))* - a(w)a” (w)) - B

—yd (z)d (w) =0. (5.44)

W —y(d (w)*=0. (5.45)

Letting y(w) = ‘Z/(w) equation (5.45) reduces to the following first order differential

(w)
equation for the function y(w):

oy + 6% +9y* =0, (5.46)

which can be easily solved by the method of variation of constants. The general
solutions of equation (5.46), and, up to a multiplicative constant, of equation (5.45),
are given in the following table:

conditions on «, 3, y(w) a(w)

— 0 1

a—F—ny=0 % w" ’ (5.47)
an—1)+B=0,a#0,y=0 | kw" ! exp(kw™)
B=a,v#0,a—ny=0 2Otz | (k+logw)"

where k£ € F. To conclude, we need to see which of the solutions a(w) listed in
Table (5.47) are indeed solutions of the generalized Adler identity (5.42). As a
result, we get the following complete list of scalar operators of generalized Adler
type (in dimension 1), up to a multiplicative constant:

conditions on «, 3,7 | a(9)

— 1

a—pf—v=0 0

a—B+v=0 o1 (5.48)
a=—[F=x 0?

a=—F=—v 02

a#0,0=v= e kel

6. INTEGRABLE HIERARCHIES FOR GENERALIZED ADLER TYPE OPERATORS

Theorem 6.1. Let A(0) € V((0~1))®EndV be an End V -valued pseudodifferential
operator over the Poisson vertex algebra V. Assume that A(D) is an operator of
generalized Adler type, and that it is invertible in V((0~')) ® End V. For B(9) €
V((0™1))®EndV a K-th root of A (i.e. A(0) = B(9)X for K € Z\{0}) define the
elements hy, g €V, n€Z, by (tr =1 tr)

—-K
hin,p = —— Res. tx(B"(2)) forn #0, hog=0. (6.1)
n
Then:
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(a) All the elements [h, p are Hamiltonian functionals in involution:
{[hm.B, [hn,c} =0 for allm,n € Z, B,C roots of A. (6.2)
(b) The corresponding compatible hierarchy of Hamiltonian equations satisfies

dA(w X
T — ([l Alw)} = [0(B") = B((B") ) Al(w) n € 2 B root of A
(6.3)

(in the RHS we are taking the symbol of the commutator of matriz pseudodif-

ferential operators), and the Hamiltonian functionals [hy ¢, n € Z4, C root of

A, are integrals of motion of all these equations.

Remark 6.2. One can state the same Theorem 6.1 without the assumption that
A (and therefore B) is invertible, at the price of assuming that K > 1, and of
restricting the sequence h,, in (6.1) to n € Z,. Moreover, since the proof of (6.2)
and (6.3) is based on Lemma 6.5, one needs to restrict equation (6.2) to m > K
and n > L, where BX = Cl' = A, and equation (6.3) to n > K.

In the remainder of the section we will give a proof of Theorem 6.1. This theorem
is an extension of [DSKVnew, Thm.5.1] to the case of the generalized Adler identity
(5.28). Tts proof is based on the following Lemmas 6.4 and Lemma 6.5, which are
essentially the same as Lemmas 2.1 and 5.6 in [DSKVnew] respectively, but written
in terms of endomorphisms instead of matrix elements.

Lemma 6.3. Let A, B be in EndV @ End V. Then
(a) (tr®1)(RA) = A’A” € End V;

(b) (trtr)(QA) =tr(A’A") e F;

(c) (tr®1)(AQIB) = A”"(B'A)'B") € EndV;

(d) (tr@tr)(AQTB) = tr(A”(B'A")IB")) € F.

Proof. Parts (a) and (c) are immediate consequences of (5.2) and the cyclic property

of the trace. Parts (b) and (d) are obvious consequences of (a) and (c) respectively.
(]

Lemma 6.4. [DSKVnew, Lem.2.1| Given two operators A(9), B(0) € V((071)) ®
EndV, we have

(a) Res, A(z)B*(\ — z) Resz A(z+ A+ 0)B(z);

(b) | Res, tr(A(z + 0)B(z)) = [Res, tr(B(z + 9)A(2)).

Proof. Part (a) is a consequence of the combinatorial identity Res, 2" (z — \)" =
Res.(z + A\)™z™, which holds for every m,n € Z. For part (b) we have

J Res. tr(A(z 4+ 0)B(z)) = [ Res, tr(A(z)B*(—z)) = [ Res. tr(B*(—2)A(z))
= [Res; tr(B(z + 0)A (z)) :
In the first equality we used (a) (with A = 0), in the second property we used the

cyclic property of the trace, and in the third equality we performed integration by
parts. O

Lemma 6.5. [DSKVnew, Lem.5.6] Let A(@) V((071)) @ EndV and let B(9) €
V((071)) ® EndV be its K-th root, i.e. BX(9) = A(9), for K € Z\{0}. Let
hn,p €V be given by (6.1). Then, for a € V, n € Z, we have

{hanAa’}‘)\zo = — Res, tr{A(z + z),a} (‘zzaBn_K(zz)) ,

6.4
f{a,\hn,B}h:O =- /Resw tr{ayA(w + m)}|>\:o(‘m:aBn_K(w)) . (6.4)
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Proof. By Lemma 2.3(f) and (j), we have, for every n € Z,

{B"(2)ra} = % Y (o BY A=) Bzt2)rsaryal |,y B (=), (6.5)
£

where the sum over £ is 3p— if n > 1, and 3, if n < —1. We let n = K in
(6.5), replace z by z + 0 and A by 0 acting on B"¥(z), and take Res, and tr, to
get:

Res. tr{A(z + z).a}(|,_,B" " (2))

_ % ; Res. tr (|, (B (~2)){B(= + @1 + 22)sy 400450}

X ([yeeB T 2+ 22)) (|, B" 7 (2)

_ % zg: Res. tr (|,_,(B)*(~2)){B(z + 2)arya} (|, _,B" "~ (2))

_ % ; Res, tr{B(z + @)o4ya} (|,_y B () (|, _y(B)(~2))

-5 D Res: r{B(z 2 + Dy (g B4 0) (1, B'(2)

= % ; Res, tr{B(z + z),a}(|,_,B" " '(2))

= K Res. tr{B(z + z).a}(|,_,B" "' (2)) -

(6.6)

In the first equality of (6.6) we used (6.5), in the second equality we used Lemma
2.1(a), in the third equality we used the cyclic property of the trace, in the fourth
equality we used Lemma 6.4(a), in the fifth equality we used Lemma 2.1(a) again,
and in the last equality we used the obvious identity » , = |K|. With the same
line of reasoning, we get, by the definition (6.1) of h,_p and equation (6.5),

{hn, B/\a}‘A—o = _5 Res., tr{B"(z)Aa}‘)\:O
T o Rese 1 (B (=2 (Be + vyl p B (2)

= *m Z Res. tr{B(z + 2)a1ya} (| ,_,B" "' " (2)) (]y:a(Be)*(—z))
6.7)
I ZRGW{B@HW e (|oB 4 ) (0B )
= *m Z Res, tr{B(z + z)xa}(’I:aB” 1(2))
¢

= —K Res, tr{B(z + x)za}(‘mzaanl(z)) ,

where this time ), = |n|. Comparing the RHS’s of equations (6.6) and (6.7), w
get the first equation in (6.4).
By Lemma 2.3(e) and (i), we have, for every n € Z,

{axB"™(w)} S Z B" Y w4+ X+ 9){arxB(w + x)}(’zzaBé(w)) . (6.8)

Inl

where, as before, )", stands for ZZ:_OI if n > 1, and for Ze_:ln ifn < —1. We let
n = K in (6.8), let A = 0, replace w by w + @ where 9 acts on B" X (w), and take
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J, Res,, and tr, to get:
[ Resy tr{arA(w + x)}\AZO(\zFaB"—K(w))
_ % ; J Resy tr BE=(w + 9) {axB(w + o1 + 22)}|,_,
X (‘zlzaBé(w + z2)) (|z2zaBn_K(w))
_ % XZ: J Res, tr BE="L(w + 9) {axB(w + 2)}|,_, (| _, B+ (w))

N % > S Resu tr{axBlwta+y)}|,_o(|,_o B (wt)) (|, B w))
4

= % Z fResw tr{a)B(w + 'T)}‘/\ZO(‘I:aBnil(’w))
4

= Kf Res,, tr{axB(w + x)}}/\zo(}m:aanl(w)) .

(6.9)
In the first equality of (6.9) we used (6.8), in the second equality we used Lemma
2.1(a), in the third equality we used Lemma 6.4(b), in the fourth equality we used
Lemma 2.1(a) again, and in the last equality we used the obvious identity >, = | K.
With the same line of reasoning, we get, by the definition (6.1) of h,, g and equation
(6.8),

J{axhnB}|\_y = —%f Res,, tr{axB™(w)}|,_,
— _WK| Z f Res,, tr Bn—é—l(w + 0){arB(w + x)}’AZO(‘zzaBé(w))
¢

— 7% ZfResw tr{axB(w + x + y)}|A:0(‘mzaBl(w + y)) (‘y:aBanl(w))
¢

S Res B+ ]y (], )
£

= —K [Resy, tr{axB(w + x)}‘AZO(‘I:aB”A(w)) .

(6.10)
Comparing the RHS’s of equations (6.9) and (6.10), we get the second equation in
(6.4). O

Proof of Theorem 6.1. Suppose B is a K-th root of A, K € Z\{0} and C is an
H-th root of A, H € Z\{0}. Applying the second equation in (6.4) first, and then
the first equation in (6.4), we get

{[hm.B, [hnc} = /Resz Resy, (tr @ t1){A(z + 7). A(w + y)}

< ((|,_oB" 5 () @ (|, ())) -

We can now use the generalized Adler identity (5.28) to rewrite the RHS of (6.11)
as

(6.11)

a/ResZ Resy,(tr@tr)(z —w —xp —y)
< Q(Aw+ a1+ w2+ 9) (0B ) @ (|, _pA"(=2) ([, C" " (W))
— a/ReSZ Res,(tr@tr)(z —w —y; —y2) "

x QA +2)(|,_pB" () @ (|, _pAw +12)) (|,,_,C" " (w)))
(6.12)
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- ﬂ/ResZ Resy,(tr@tr)(z +w + 21 + 22 +y) !
« (18 w2 (|, _p Al (B () (), _,C" " w)
+0 / Res, Res, (tr @tr)(z + w + 2 4+ 41 +y2) !
x (A"(-2)® 1)Q! ((|zzaBm_K(2’)) @ ([, _pA(w+y2)) (|y2:6cn_H(w)))
+ / Res, Res,, (tr @ tr)(z; + 22) 7!
X (|, —o(A7(=2) = A+ 22))) (|, B " (2)
® (A(w +x+a2ty) — Alw+ y)) (’y:aC”*H(w)) .
(6.13)
Note that (cf. Remark 5.10) the coefficient of o (resp. ) in (5.28) is regular in
z—w—A—0 (resp. z+ w+ J). Hence, if we expand each term of (8.22) in the

domain |z| > |w| (or, equivalently, |z| < |w|), the result is unchanged. We can use
Lemma 6.3(b), to rewrite the first term in the RHS of (8.22) as

a/Resz Resy tri,(z —w —a1 —y) "

X A(w + @1 + 22 + y)(|m:aBM7K(Z)) (|z1:6A*(7Z)) (|y:60n7H(w)) :

By (2.2) and (2.3) and the identity A = BX we can then rewrite (6.14) as (o1
a/Resw tr A(w +z +y)(|,_oB™ (w+y)) (‘yzaC’"_H(w)) :
or, equivalently, as
a/Resw tr A(w + 9)B™(w + 9); C" (w) . (6.15)
Furthermore, by Lemma 6.4(b) and the identity A = CH (6.15) becomes
a/Resw tr B™(w + 9)+C™(w) . (6.16)

Next, let us consider the second term of (8.22), which, by Lemma 2.1 and the
identities A = BX = CH, can be rewritten as

— a/Resz Resy, (tr @ tr)e, (2 — w — y)_lQ(Bm(z) ® (’yza(}"(w))) . (6.17)
By Lemma 6.3(b), we can rewrite (6.17) as
— / Res, Resy, tri,(z —w — y)_le(z)(|y:60"(w)) : (6.18)
and by (2.3), (6.18) is equal to
Ca / Resy, tr B (w + )4 C" (w). (6.19)

Combining (6.16) and (6.19), we conclude that the coefficient of « in (8.22) vanishes.
Next, let us consider the third term in (8.22), which, by Lemma 2.1(a) and the
identity A = B¥, can be rewritten as

- ﬂ/ResZ Resy(tr@tr)e,(z +w+z +y)~ !

(6.20)
x (1@ A@w+ 2+ )0 ((|,_,B™(2) @ (|,_,C" " (w)))
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By Lemma 6.3(d), (6.20) is equal to

—B/Resz Resy, trLZ(z+w+:I:+y)_lA(w—|—:I:—|—y)(|mzaBm(z))T(‘yzacn_H(w)).

We then use equation (2.3) and (2.2), to rewrite (6.21) as (020
=6 [ Resutr Afw + 2+ 3) (|, (B (w0 + ) (|, _pC" " (w)
or, equivalently, as
_3 / Resy, tr A(w + 0)((B™)* (w + 9)) | 0" (w) (6.22)

Furthermore, we can use Lemma 6.4(b) and the identity A = C*| to rewrite (6.22)
as

_ 3 / Res, tr (B™)*(w + 9)) | C"(w). (6.23)

Next, let us consider the fourth term in (8.22), which, by Lemma 2.1(a) and the
identity A = C| can be rewritten as

ﬁ/ResZ Resy, (tr @ tr)e, (z + w4z +y) "

(6.24)
x (A" (=2) @ 1) ((|,_pB" () @ (],_,C"())) -

We can use Lemma 6.3 to rewrite (6.24) as

B/Resz ReswtrLZ(erw+:chy)_l((‘IzaBm_K(z))A*(fz))T(|y:60"(w)).

(6.25)
Using (2.2) and (2.3), we can rewrite (6.25) as

ﬁ/Resw trLz(z—l—w—i—x—l—y)_l((‘zza(Bm_K)*(w—i—y))A*(w—i—x—i—y))i(‘yzacn(w)).

(6.26)
By Lemma 2.1(b) and the identity A = B, (6.26) is equal to

ﬁ/Resw tr ((B™)*(w + 8))10"(10) . (6.27)

Combining (6.23) and (6.27), we conclude that the coefficient of 3 in (8.22) vanishes.
Finally, let us consider the last term of (8.22), which, by Lemma 2.1(a) and the
identities A = BX = CH, can be rewritten as

W/Resw tr (A(w +z+ y)(‘yZGC"*H(w)) - C”(w))xfl

. (6.28)
x| Res.tr (B (2)A*(~z) — B (z)) :
By Lemma 6.4(a), we have
Res, B™" X (2)A*(—2) = Res, B" X (2 + 0)A(z) = Res, B™(2). (6.29)

Hence (6.28) vanishes. In conclusion, also the coefficient of v in (8.22) vanishes,
proving (a).



W-ALGEBRAS AND INTEGRABLE SYSTEMS FOR CLASSICAL LIE ALGEBRAS 29

We are left to prove part (b). We have
{5, A(w)} = {hn. 5 Aw)}|,_,
= —Res, (tr 1){A(z + z) A(w) } (‘zzaB"*K(zz) ® 1)
= —aRes.t,(z—w—y) ! (tr ®1)Q(A(w+z+y) (|,_oB" " (2)® (‘yzaA*(—z)))
+aRes, t.(z —w —y) " (tr ®1)Q(B”(z) ® (‘y:aA(w)))
+ BRes.(tr@1)i,(z +w+x)~ (]1®Aw—|—x M(|,_yB"(2) ® 1)
— BRes; (tr @1)e: (z+w+az+y) (A" (—2) @ DQI(| 6B" K2 ‘ _pAw))
f'yResZ(tr(X)l)(x+y)_1(‘y:6(A*( z+z)))(|z 5B K(2))
® (A(w +z +y) — A(w))
= —aRes,1.(z —w—y) " A(w+x + y)(’I:aanK(z)) (‘y:aA*(_Z))
+aResyt,(z —w— y)le"(z)(|y:6A(w))
+ BRes, t:(z +w+ ) P A(w + z)(|zzaB”(z))T
—BRes; t.(z+w+az+y)™* ((’I:aB”_K(z))A*(—z))T (‘y:@A(w))
—v(A(w + 9) — A(w)) 0~ trRes, (A*(—2)B" 5 (2) — B"(z))
= —aA(w + 0)Res, B" K (2)1.(z —w — 9) 1 A*(—2)
+ aRes, B"(2)t.(z —w — 9) ' A(w)
+ BA(w + 0)Res, 1. (z +w+9)~! (B"(z))T
— BRes. 12 (z+w+z+y) 7 ((|,_pB () A% (=2) (|, A(w)
= —ad(w+0)B"(w)s + aB"(w + 0); A(w)
+ BAw + 0)(B")"(w)4)" = B((B")*(w +0)4) Aw).
(6.30)
In the second equality we used the first equation in (6.4), in the third equality we
used the generalized Adler identity (5.28) and some algebraic manipulations based
on the identity A = B in the third equality we used Lemma 6.3(a) and (c), in the
fourth equality we did some algebraic manipulations and we used equation (6.29),

in the fifth equality we used (2.3) and Lemma 2.1. This proves (6.3) and completes
the proof of the Theorem. O

6.1. Integrable Hamiltonian hierarchies associated to WW-algebras.

Corollary 6.6. Let (g,V) be as in the three Cases 1., 2. or 3. in Section 5.2 and,
for an arbitrary nilpotent element f € g, consider the classical WW-algebra W(g, f)
with PVA \-bracket {- x-}§V given by (3.5) (with e =0). Let T € (End V)[D] have
canonical decomposition T = I1.J, and assume, in Case 3., that TT = +T. Consider
the operator (cf. (4.8)):

a1
L) = L(g. £.1)(0) = (J(01y + F + Y wit")"'1)
i€ly (631)
€ W(g, f)((071)) ® End(ImT).
Then, the elements hp,g € W(g, f), n € Z, B a root of L, defined by (6.1), are

Hamiltonian densities in involution, i.e. (6.2) holds, and the corresponding hierar-
chy of Hamiltonian equation takes the form (6.3), with «, 8 given by Table (5.30).

Proof. Tt follows by Corollary 5.16 and Theorem 6.1. O
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Remark 6.7. Recall from [DSKV16a] that we have an injective Poisson vertex al-
gebra homomorphism 1 : W(g, f) =V :=V(go) ® F(g1), where V(go) is the affine
Poisson vertex algebra over the subalgebra gy C g, whose A-bracket on genera-
tors is given by equation (3.2), and F (g%) is the algebra of differential polynomials
S(F[0]g1) endowed with the A-bracket defined on generators by {axb}"* = (f][a, b]),
for every a,b € gL The map p is called generalized Miura map.

By applying p to both sides of (6.31), and using the fact that it is a differential
algebra homomorphism, we get the identity

-1
W(L(9)) = (J(61V+F+ 3 uiUi)_ll) = L™4(9) € V((9~!))@End(Im T) .
iGIouI%

(6.32)
The above identity yields another definition of the generalized Miura map. By
Corollary 6.6 the elements h,, g = p(h, ) € V are Hamiltonian densities in invo-
lution with respect to the Lie algebra structure induced by the PVA V), and the
corresponding hierarchy of Hamiltonian equations takes the form (6.3) with L™°¢
in place of L and u(B) in place of B (note that u(B) is a root of L™°¢ since p is a
differential algebra homomorphism).

7. OPERATORS OF GENERALIZED BI-ADLER TYPE AND CORRESPONDING
INTEGRABLE HIERARCHIES

7.1. Generalized bi-Adler identity. Recall that a bi-PVA V is a differential
algebra endowed with a pencil of PVA A-brackets {-x-}e = {-x-}o+€e{-1-}1, e €F.

Definition 7.1. Let S € EndV and let A(9) € V((07')) ® End V, where V is a
bi-PVA. We say that A(9) is of generalized S-Adler type if

A (0) = A(D) + €S

is of generalized Adler type w.r.t. the PVA A-bracket {- -}, for every e € F (and
with values of the parameters «, 8, independent of €). Equivalently, A(J) satisfies
the generalized Adler identity (5.28) w.r.t. the PVA A-bracket {-  -}o, and

{AENAW)h = aQ(S© (2 —w = A = 0)THA (A — 2) — Aw)))
—aQ((z—w—N)""A(z) - A(w+A) ® 5)

+8(S®@1)QN(1® (2 +w+ 0) H(A(w) — A*(2)))
—B(1®(z4+w) HAw+A) — AN —2)))Q(Se 1).

(7.1)

As usual, for f # 0 we assume that V carries a symmetric or skewsymmetric
non-degenerate bilinear form (-|-), Qf is given by (5.8), and we assume that

(A*(9))T =nA(9) and ST =S, wherene {+1}. (7.2)
We also say that A(J) is of generalized bi-Adler type if it is of generalized S-Alder
type, with S = 1.
Example 7.2. Consider the operator (cf. (5.18))

A@@) =01+ wU' € V(g)((07")) ® EndFY
icl

in the three Cases 1., 2. and 3. of Section 5.2, i.e. for g = gly,sly,s0n or spy. By
equations (5.25), (5.26) and (5.27), A(0) is of S-Adler type w.r.t. the affine bi-PVA

structure on V(9) defined by (3.2) (where S = ¢(s) and s € g4). The corresponding
values of the parameters «, 3,7 are given by Table (5.30).
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Recall by [DSKVnew, Thm.4.5] that, if S € End V' has canonical decomposition
S =1J, where I : ImS — V is the inclusion map and J =5 : V — Im S, then
the following identity holds

|A+€S|]1J:|A|[7.]+€]]., eclF (73)
provided that the above generalized quasideterminants exist.

Example 7.3. Let (g,V) be as in Cases 1., 2. or 3. from Section 5.2. In the
notation of Section 4, assume that D = d, and let T' = S. Consider the End(Im S)-
valued pseudodifferential operator over the bi-PVA W.(g, f, s), e € F, (cf. (4.7))

L(0) = |pA@)|r.s = (JOL+ F+ > wU)7'I)

el
<3

-1

By Example 7.2 and equation (7.3), L(9) is an operator of bi-Adler type, with the
same values of the parameters «, 3,v as in Table (5.30).

7.2. Integrable bi-Hamiltonian hierarchy for a generalized bi-Adler type
operator.

Theorem 7.4. Let A(0) € V((071))®EndV be an End V -valued pseudodifferential
operator over the bi-PVA V, of generalized bi-Adler type. Assume also that A(D) is
invertible in V((0~1)) @ End V. Let B(9) € V((071)) @ EndV be a K-th root of A
(i.e. A(0) = B(0)X for K € Z\{0}). Then, the elements h, p € V, n € Z, given
by (6.1), satisfy the following generalized Lenard-Magri recurrence relation:

{JhnB, A(w)}1 = {[hn—k,B, Alw)}o, nE L. (7.4)

Hence, (6.3) is a compatible hierarchy of bi-Hamiltonian equations over the bi-PVA
subalgebra Vi C 'V generated by the coefficients of the entries of A(z). Moreover, all
the Hamiltonian functionals [hn.c, n € Z, C a root of A, are integrals of motion
in involution of all the equations of this hierarchy.

Proof. By the first equation in (6.4), we have

{Jhn.B, A(w)}1 = {hn,B, (w)}lhzo

7.5
=— Resz(tr QU{A(z + x). A(w) }1 (}mzaanK(z) ®1). (7.5)

We then use the generalized bi-Adler identity (7.1) (with S = 1) to rewrite the
RHS of (7.5) as

— aRes,(z — ) Htr@l)Q([,_, B (2) @ (|,_p(A" (—2) — A(w)))

(z —w)~ (tr®1)Q((A(z+:c)fA(er:E))(}I B E(z))®1)
— BRes,(z+w+z+y)” (tr®1)QT((‘I:6B"_K(z)) ® (‘y:a( (w) — A*(2+2))))
(

+ BResz(z+w+z)  (tr@1) (1 @ (A(wtz) — A(=2))) QT ((|,_,B" " (2)) @ 1).

~

Next, we use Lemma 6.3 to rewrite (7.6) as

—aRes,(z —w—y) ' B" K(Z)(‘ (A*(—Z)_A(w)))
Rz =) (Afs + ) = Aw + )|,y B" ) (77)
— BRes.(z+w+z+y) " (], _ BB” K(z2)! ({ — A% (2 +2))) -
(

+ BResz(z+w+x) H(A(w+z) — A(—2))(| _ B”K )T.
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Furthermore, using equation (2.3) we can rewrite (7.7) as
—aB™(w)4 +aB" K (w + 0) 4y A(w) + aB™(w)y+ — aA(w + 0)B" 5 (w)
— BB (w +9)+) Aw) + Bn((B")* (w))'
+ BA®w +0) (B" ) (w)) ' = Bn((B") " (w)+)'
= [a(B"5) 4 = B(B" )i, Al (w)

(7.8)
where we used the identities A = BX assumption (7.2) and Lemma 2.2. Comparing
(7.8) and (6.3), we get equation (7.4), completing the proof. O

7.3. Integrable bi-Hamiltonian hierarchies associated to W-algebras.

Corollary 7.5. Let (g,V) be as in the three Cases 1., 2. or 3. in Section 5.2.
Let f € g be a nilpotent element and assume that the depth does not drop from
EndV to g, i.e. D = d, where d largest ad z-eigenvalue in g and D 1is the largest
ad z-eigenvalue in End V. For an element s € g4, consider the pencil of classical
W-algebras We(g, f,s) with PVA X-bracket {- -}V, € € F, given by (3.5). Let
S = ¢(s) € EndV have canonical decomposition T = I1.J, and consider the operator
L(g, f,S5)(9) defined in (6.31). Then, the Hamiltonian densities hn,, g € W(g, f),
n € Z, B a root of L, defined by (6.1), are in involution and they satisfy the
generalized Lenard-Magri recurrence relation (7.4) (with A replaced by L). Hence,
(6.3) (with o, B given by Table (5.30)) is a compatible hierarchy of bi-Hamiltonian
equations over the bi-PVA subalgebra Vi C We(g, f,s), € € F, generated by the
coefficients of the entries of L(z). Moreover, all the Hamiltonian functionals [hy ¢,
n € Z, C a root of A, are integrals of motion in involution of all the equations of
this hierarchy.

Proof. Tt follows by Corollary 5.16 and Theorem 7.4. O

8. PRODUCT OF OPERATORS OF GENERALIZED ADLER TYPE AND
CORRESPONDING INTEGRABLE HIERARCHIES

Theorem 8.1. Let A4;(9),...,A45(9) € V((0~')) @ EndV be End V -valued pseudo-
differential operators over the PVA' V. Assume that A1(9), ..., As(0) have pairwise
vanishing Poisson \-brackets:

{Ae(2)AAr(w)} =0 forall L#T, (8.1)
and assume that they are all operators of generalized Adler type with values of the
parameters oy, Be,ve, £ =1,....,s, of the following two types

(i) aon=--=as €F and Be =y, =0 for all £, with s € Z>o;
(i) s =2 and aq = ag, f1 = P2 and y1 = —72.
Assume also that A1(), ..., As(d) are invertible in V((0~')) @ End V. Let
L(0) = A1(0) ... As(D). (8.2)
For B(0) € V((071)) @ EndV a K-th root of L(9) (i.e. L(d) = B(9)¥ for K €
Z\{0}), define the elements hy, g €V, n € Z, by (6.1). Then:

(a) All the elements [hy p are Hamiltonian functionals in involution:
{[hm,B: [hn,c} =0 for allm,n € Z, B,C roots of L. (8.3)
(b) The corresponding compatible hierarchy of Hamiltonian equations satisfies

dL(w)

T = (o L)} = [on (B") = (4B R AL+ 7. 1) 0), (84
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where n € Z, B is a root of A, and
fi' =0 Res. tr (A2B" % A1)(z) — B"(2)) € V/Kerd.

The Hamiltonian functionals [h,.c, n € Zy, C root of L, are integrals of
motion of all the equations (8.4).

Proof. Suppose B is a K-th root of A, K € Z\{0} and C is an H-th root of A,
H € Z\{0}. Applying the second equation in (6.4) first, and then the first equation
n (6.4), we get

{[hm,B: [hnc} = /Resz Resy (tr @ tr){L(z + z).L(w + y)}

< ((,_oB™ @) @ (|,_oC" ().
By Lemma 2.3(c)-(d), we have

{L(2)rL(w)}

S

(8.5)

(|z1 6(A1 .. .Agfl)*(A — Z)) X (Al .. .Ar,l)(w + A + 21+ 22 + (5 + ’U)
L,r

(|’U B{Af z+ $2)A+Il+$2A7‘(w + yl)})
(‘Iz 9 Ag+1 AS)(Z)) X (’ B(AT+1 e AS)(U})) .

Yi1=

(8.6)
Using (8.6) and Lemma 2.1(a), we can rewrite the RHS of (8.5) as
Z /Resz Res,, (tr @ tr)
£r=1
(‘mI:B(Al L A) (=2) @ (A A (wH 2z y o) (8.7)

X (|v:8{Al(z + 22) 2y 4y Ar(w + y)})
X (|12:6(Aé+1 .. .AsBm_K)(z)) ® (‘y:B(ATJ’_l .. .ASC"_H)(w)) .

We next use the cyclic property of the trace (tr ®1), Lemma 6.4(a) and then Lemma
2.1(b), to rewrite (8.7) as

Z/ReszReswtr (A1 ... Ar))(w+z+y+0)
£,r=1

X (1@ tr) (lo=o{Ae(z + z) Ar(w + 1) })
X (|, _p(Ars1.. . AB™ KA A 1)(2) ® (|—p(Ars1 . .ASC"‘H)(w))) :

(8.8)
We then use Lemma 6.4(b) and then Lemma 2.1(a), to deduce, from (8.8)
{[hm.B: [hn,c} = Z /Resz Resy, (tr @ tr){Ap(z + 2) 2 Ar(w + y) }
L,r=
: (8.9)

X (‘m:B(Aé‘H A AsBm KA1 ce Ag_l)(z))

(024 (‘yza(AT+1 e ASCH_HAl e AT_l)(’LU)) .

By (8.1), only the summands with ¢ = r survive in (8.9). We then use the gen-
eralized Adler identity (5.28) for A¢(9) (with o and S independent of ¢, and with
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v =0), to get

{[hm,B: [hn,c} = Z/Resz Resy, (tr @ tr)
(=1

<OéeLz(Z —w—a1—y) QAW+t +y)® (’m:aAz(*Z))

X (| ,_p(Arg1. . AB™TEALL .Ag,l)(z))®(|y:6(Ag+1. CACTTHAL LAy (w))
—apt(z—w—y—11) QA2 +2)® (‘ylzaAg(w + y))

% (|, (e AB™ R4y A 1)(2)) @]y (Arr. - AC™ HAr L Ag_y)(w))
— Bz w+az+ i +y) (1@ Adw + 2+ 21 +9)Q (|, Az +2) @ 1)
% (|, _p(Aesr. . AB KAy A 1)(2)) @ (|, (Aegr. - ACT Ay Agy)(w))
+ B (z+wtz+y+y) (A (—2) @ 1)QT ]l®] pAc(w +y))

X (’m:B(AZJrl' . .AsBmiKAl Ag 1 ) (}y Ag+1 ASC’" HAl. . .Ag,l)(w))
+'yg(x+z1)_1(‘m1:6(AZ( —Ai(z+x) )) (Ag (w+z+x1+y) — Ao( ery)
X (‘z (Ag_,_l AsB™ A 1)( )) ® (‘y:a(Af-i-l---AsC HA1 A 1 )

8.10

The first term in the RHS of (8.10) can be rewritten as follows:

Zag/Resz Resy,(tr@tr)e,(z —w — 21 — y)~'Q
(=1

X Aflw+z+z1+y)® (|z1:aA€ (*Z))
X (|, Aesr- - AB™ A1 A )@) @ (|, _fAer. - ACT AL A )W)

= Z 17, /Resz Resy triz(z —w — a1 —y)  Ag(w + x4+ 21 +y)
/=1

(Aot ABE AL A ) () (|, AT(—2))
X (‘ 6<A€+1 . Ascn_HAl . Ag_l)(’w))

S

ar | ResytrAg(w+ x4+ 21+ y)

— —~—1

(\
X»—l

( 2=0 Ag+1 ASBmiKAl N Azfl)(’w + x4+ y))
x (

o Aewﬂ,))) (|, —o(Aerr - ALC™ AL Ap 1) (w))

Res,, tr Ag(w + 8)(A4+1 .. .AsBm_KAl ... AgflAg)(’u} + 8)+

Il
\

=1
X (Ag+1 ce ASCH_HAl AN Ag_l)(w)

Resw tI‘(Angl ‘e ASBmiKAl ‘e AgflAz)(’w + 8)+

I
~
Q
~
—

=1
X (A[+1 . AscniHAl s AlflAE)(w) )

(8.11)
where we used Lemma 6.3(b) for the first equality, equations (2.2) and (2.3) for
the second equality, Lemma 2.1(a) for the third equality, and Lemma 6.4(b) for the
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fourth equality. The second term in the RHS of (8.10) is

- Zag/ResZ Resy, (tr @tr)e, (z—w—y—y1) 1 QA(z + 7) ® (|y1:6Ag(w +y))
(=1

x_(|m:6(Al+1' . .ASBmiKAl. . .A¢,1>(Z)) (24 (‘ (Aerl. . .AscniHAl. . .Ae,1>(’u}))

y=0

S
= —Zag/ResZ Resy tri,(z —w—y—yi) "
=1

X Ag(z+2)(|,_py(Aes1. .. AB™ R A A )(2))
X (‘ylzﬁAe(w + y)) (|y:6(Ae+1 e AscniHAl e Agfl)(’lU))
= — Z Qy /RGSZ Resw tI’(AgAg+1 . AsBm_KAl . Ag_l)(’w + 8)+

=1
X (AgApyr .. . ACPHAL L AL (w),

(8.12)
where we used Lemma 6.3(b) for the first equality, Lemma 2.1(a) for the second
equality, and equation (2.3) for the last equality. If &3 = - = ay, combining (8.11)

and (8.12), we get a telescopic sum where only the ¢ = s term in (8.11) and the
¢ =1 term in (8.12) survive. As a result we obtain

o / Res,, tr(B™ R Ay ... Ag)(w+ 0)4 (C" 7 Ay .. Ay)(w))
- /Resz Res, tr(A; ... A;B™ XY (w 4+ 8) 4 (A; ... A,C" ) (w) (8.13)

— o /Resw tr (B™ (w4 0)4(C"(w) — B™(w +9),C"(w)) = 0.

where we used the identities A; ... A, = L = BX = C*. This proves claim (a) in

case (i), i.e. when ag = --- = a; and B, = v, = 0 for all £. To prove claim (a) in
case (ii), we let s = 2 and we consider the last three terms in the RHS of (8.10).
For the third term, we have
—p1 /Resz Res, (tr@tr)e,(z +w +x +y) N (1@ Ay (w + z +y))QF
X (|,p(A1A2B™ ) (2)) @ (|,_p(A20" ") (w))
— o / Res, Res,, (tr@tr)e,(z + w4z +y) (1 @ Ao(w + x + y))Q
X (|,—p (A2B™ R A1)(2)) @ (|, _y (C" 7 A1)(w))
=—p /Resz Resy tri, (z+w+z+y) Ay (w + = + y>(|$:6(A1A2Bm_K)(Z>)T
y (}yza(AQCn—H)(w)) — Bs /Resz Resy tr iz (z+w+z+y)  tAs(w + 2 + )
% (g A2B™ K A)(2) (] p (€ A1) )
=0 ReswtrAl(w+z+y)(|Z:6(A1A2Bm*K)*(w+y)+)T(}yza(AgC"*H)(w))
— B2 ReswtrA2(w+x+y)(]IZB(AQBWKAl)*(wjtyn)T(\y:a(C”*HAl)(w))
S /Resw tr Ay (w + 0) (A1 A B K (w + 8) 1) (Ao ") ()
— ﬂg / Resw tr AQ (w + 8)((A2Bm_KA1)*(w + 8)+)T(CH_HA1)(’LU)
(8.14)
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_ 5 /Resw o (A1 A2B™ ) (w + 0),) (42077 A1) (w)
— ﬂg / Resw tr ((AQBmiKAl)*(w + 8)+)T(C’"*HA1A2)(1U)
=5 /Resw tr ((B™)*(w + 3)+)T(AQC”7HA1)(1U)

— B / Res,, tr ((A2B™ % Ap)* (w + 8)+)TC"(w) .

(8.15)

Here we used first Lemma 2.1, then we used Lemma 6.3(d) for the first equality,
equations (2.2) and (2.3) for the second equality, Lemma 6.4(b) for the fourth
equality, and the identities A; Ay = BX = CH for the last equality. Similarly, for
the fourth term in the RHS of (8.10), we have

ﬂl/ReSZ Resy, (tr @ tr)e, (2 +w + z +y) (A} (—2) @ 1)QF
% (| (A2B™7)(2)) @ (|,_p (A1 420" ") (w))
+52/Resz Resy, (tr @ tr)e, (2 +w + 2 +y) L (A3(—2) @ 1)QF
% (o (B A0)(2) © (|, _p(A2C" A1) (w)
= 51 [ Res. Resy tria(e -+ 2 +)7 (1, (A B™5)(2) 45 (-2))
% (], _p(A1 420" ) (w)) +ﬂg/ReszReswtrLz(z+w+x+y)*1
(Lo (B 41)(2) A5(-2)) (|, (420" A1) w)
=61 [ Resutr((],_y (42" ) (k) Afw+49)) | (], (A142C™ 7))
R 4

B AY ) A3 0) (1, (4207 A1) )

X

+ Bo | Res,tr

1/R€Sw I‘((A B™™ KA (’LU+(9>+ T(AlAQCn_H>(’LU)

)
+ By [ Resytr (B™ 5 Ay Ag)* (w + ) 4 ) (A,C" 7 Ay) (w)
)

:ﬁl/Resw r( (A2 B™™ KA1 Y (w+90)+ TC”(w)

(¢
+ /Resw tr ( (w+ 5)+)T(AQCH_HA1)(U’) )

(8.16)
where we used first Lemma 2.1, then we used Lemma 6.3(d) for the first equal-
ity, equations (2.2) and (2.3) for the second equality, Lemma 2.1(b) for the third
equality, and the identities A; Ay = BX = CH for the last equality. If 31 = B2, as
assumed in case (ii), we can combine (8.14) and (8.16) to get zero. Finally, let us
consider the last term in the RHS of (8.10). It is equal to

" / Res, Resy oL tr (‘zza(AT(fz) — Ai(2+0)) (AQBm*sz))
<t ((Ar(w+ 2+ ) = A1 (w + 9)) (AL ) (w))

+ / Res. Resy oL tr ( (A3(=2) — As(= 4 9)) (Bm*KAg(z))
xtr ((Az(w + @+ 0) — Az (w + 9)) (C™ Ap)(w))

(8.17)
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By Lemma 6.4(a) and (b), the cyclic property of the trace, and the identity A; As =
BX, we have

Res. tr ((45(—2) = A1( + 9)) (4:B™ %) (2))

= Res, tr ((AgBm_KAl - AlAQBm_K)(z)) .

Moreover, integrating by parts, we can also replace in (8.17)

Res, tr ((Al(w +2+0)— Ay(w+0)) (AQC’"_H)(w))
— Res, tr E(A’{(—w) ~Ay(w+ 8))(AQC”_H)(w))

= Resy tr ((A,C"H Ay — C”)(w)) .

Hence, (8.17) becomes

Y1 /Resw tI‘(AQCniHAl — C”)(w)871 Resz tI‘(AQBmiKAl — Bm)(z)
(8.18)
+72/ Resy, tr(C" — AyC" A1) (w)0! Res, tr(B™ — Ay, B™ K A1) (2),

which is zero since, by assumption, v; = —v2. This completes the proof of (a).
Next, let us prove part (b). By the first equation in (6.4) and Lemma 2.3(d), we
have

%(,? = {Jhn,5, Ae(w)} = {hn,B\Ac(w)}],_,

= —Res, (tr@1){L(z + z)mAg(w)}(’I:aanK(z) ® 1)
=— ZResz(tr ®1)(‘z2:6(A1 A1) (—2) @ DA 2+ 21w e, Ae(w) }

X (’11:6(AT+1 LA+ ) ® 1) (‘IzaanK(z) ® ]1) .

(8.19)
We can use the cyclic property of the trace, Lemma 6.4(b) and Lemma 2.1(a), to
rewrite the RHS of (8.20) as

— Y Res.(tr@1){Ap(z42) A (W)} (|,_p(Ana ... AB" KA A () ®1).

r=1
(8.20)
By assumption (8.1), only the » = £ term in (8.20) is non zero, and we can use the
generalized Adler identity (5.28) to rewrite (8.20) as
—agRes, t.(z —w —x1) H(tr@1)Q
X Ag(w+z+21)(|,_p(Aeg1 .. AB" AL A1) (2) @ (|, _p Al (—2))
+asRes, 1, (z —w —y) " Htr®1)Q
X (AgAg.;,_l - Aan_KAl .. Ag_l)(z) & (|y:6Ae(w))
+BeRes; 1. (z +w+ ) (tr@1) (1 ® Ag(w + 2))QF
X (‘m:a(AfA”l CCABYEALLL A (2)®1)
—BeRes, t:(z+w+z+y) (trel) (4 (—2) @ 11)91L
X (}I:B(Aé"'l ... Aan_KAl R Ag_l)(z) ® }yzaAg(’w))
(8.21)
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— e (Ae(w + 0) = Ap(w)) 0" Res. tr (47 (~2) — A(2-+2)) (8.22)

% (|, _y(Arp1.. . AB" K Ay .AH)(z)))
Next, we use Lemmas 6.3(a)-(c), 6.4(b) and 2.1, and equations (2.2) and (2.3), to

rewrite (8.21) as
— o Ag(w + ) (Aps ... ALB K AL L Ay Ag)(w) s
+op(AgApyr .. ABYEAL Ay ) (w4 0) 4 Ag(w)
+ BeAr(w+ 0) ((AgApyr ... AB™ KAy A1) (w)y)"
— Be((Apsr - AsB KAy Ay 1 A (w+0) 1) Ag(w)
— Yo (Ag(w + 0) — Ag(w))d~" Res, tr ((AM. CABYEAL L A A))(2)
— (AgAgsr. . ABEA .Ae,g(z)) :

(8.23)
Rewriting (8.23) in operator form, we get the following evolution equation for
A(0) € V((071)) @ EndV
dAg(0
AO) o, 41(0) B (0)s + B (0)2 Ac(0)
dtn.B (8.24)

+ BeAe(9)((B-1)"(9)+)T = Be((BE)(9)+)TAc(0) — 7e[A(0), f71],
where
B0) := (Agp1... AB" KA .. A)O) e V(0 1) @EndV, (8.25)
and
fir:=0""Res. tr (B}'(z) — Bj'_1(2)) € V/Kerd. (8.26)
Note that f;' is a well defined element of V/ Ker 0 since, by Lemma 6.4(b),
J Res. tr B (z) = [ Res. tr B} 1(z).

We now recall the definition (8.2) of L(8) and compute %“) uging the Leibniz

dtn, B
rule:
PO S 10 A% D 40130). 40
™ =1 ™
== o A(9)... A(0)B}(0)+ Ar41() . .. As(0)
=1
+ A (9) ... Ar-1(9) B 1(0) 4 Ar(0) . .. Au(0)
St (8.27)
+> BeAD) - AdD)(Bf-1)"(9)4) T Ar41(9) .. As(9)
(=1
=Y BeAi(D) . A (D)((BF)*(9)4)T Au(D) ... As(0)
(=1
= A1) .. A1 (9)[Ae(D), fi'Ar1(D) ... As(D).
(=1
For a; -+ = ag, the first two terms of the RHS of (8.27) form a telescopic sum

where only the ¢ = s term of the first sum and the £ = 1 term of the second sum
survive. As a result we get

— 1 L(9)B"(9)4 + a1 B™(9)+ L(D). (8.28)
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Here we used the fact that A; ... A; = L and Bff = B! = B™. This proves equation
(8.4) in case (i).

We are left to prove equation (8.4) in case (ii) (i.e. when s =2, a1 = ag, 51 = S
and ;3 = —72). In this case, the S-terms in the RHS of (8.27) are

B1AL()((B")*(9)4)T A2(8) + B2L(D)((BY)*(9) 1)}
— Bi((BR)*(9)4)TL(9) — B2 A1 (D)((B™)"(9)1) A2(9) = —Bu[((BY), L] .
(8.29)

where we used the identities A1 A, = L, Bj = By = B". Finally, let us compute
the ~-terms in the RHS of (8.27). Note that, for s = 2, we have, by (8.26),

= —f8=0"'Res, tr(B}(z) — B"(2)).
Hence, the y-term in the RHS of (8.27) is
—71[A1(0), f1'142(0) — 12A1(0)[A2(9), f3'] = —[L(9), f1'] - (8.30)
This completes the proof of (8.4) and of the Theorem. O

9. INTEGRABLE HIERARCHIES FOR W-ALGEBRAS ASSOCIATED TO CLASSICAL LIE
ALGEBRAS

As a consequence of Theorem 8.1 and the results of Sections 4-6, we get the
following list of hierarchies of Hamiltonian equations associated to W-algebras for
classical Lie algebras:

1. Let s € Z>1, N1,...,Ns € Z>1, let f1 € gly,,..., fs € gly, be nilpotent
elements (of depths Dx,..., D, respectively). Let Ty € (EndF™)[D4],...,Ts €
(End FN+)[D,] satisfy condition (4.5) and dim(Im7}) = --- = dim(Im7}). Fix
linear isomorphisms U :=Im7T} ~ --- ~ ImTs. Consider the PVA

W = W(g[Nlafl) Q- ®W(9[N37fs)7
and the operator
L(9) = L(gly,, [1,T1)(9) - .. L(gly,, fs, T5)(3) € W((0™")) @ End U ,
where L(g, f,T) is defined by (6.31). It defines an integrable hierarchy of Hamil-
tonian equations over W of Lax form:

T = (") Ll (w). 0.1

where n € Z and B € W((0~!))® End U is a root of L. Moreover, the Hamiltonian
functionals [hy, g, n € Z and B a root of L, defined by (6.1), are integrals of
motions in involution for all the equations of the hierarchy (9.1).

Remark 9.1. Recalling Table (5.48), we could consider a larger class of operators:
L(9) = eMPL(gly,, f1,T1)(0)e"? .. .e*OL(gly , fs, Ts)(9)e"+1?,

where k1, ..., ks11 € F, and we assume that dim(Im7;) = 1 for all 7. It should still
be of Adler type, so it should define a Hamiltonian hierarchy of Lax equations. But
to make sense of it we need to enlarge the algebra of operators that we consider,
since, if we expand the exponentials, L(9) has infinitely many positive powers of 9
and we might get diverging series.

2. Let N € Z>y, let f € sly be a nilpotent element (of depth D), and let
T € (EndFN)[D] satisfy condition (4.5). Consider the PVA W = W(sly, f), and
the operator

L(9) = L(sly, £,T)(0) e W((0™")) @ End(ImT),
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defined by (6.31). It defines an integrable hierarchy of Hamiltonian equations over
W of the Lax form (9.1), and the Hamiltonian functionals f hn B, n € Z and B root
of L, defined by (6.1), are integrals of motions in involution for all the equations
of the hierarchy (9.1). Note that this hierarchy is bi-Hamiltonian in both cases 1.
and 2., cf. [DSKVnew, DSKV16b].

3. Let g ~ son or spy, with N € Z>1, and let f € g be a nilpotent element (of
depth d in g and D in EndFV). Let T € (End F)[D] satisfy condition (4.5) and
be such that 7T = £7. Consider the PVA W = W(g, f), and the operator

L(8) = L(g, f,T)(0) e W((0~")) ® End(ImT) .
It defines an integrable hierarchy of Hamiltonian equations over W of Lax form:

dtnp 2

where n € Z and B € W((07!)) ® End(ImT) is a root of L. Moreover, the
Hamiltonian functionals [h, g, n € Z and B root of L, defined by (6.1), are
integrals of motions in involution for all the equations of the hierarchy (9.2). This
hierarchy is bi-Hamiltonian provided that d = D, which is always the case for
g=spy-

4. Let g, N, f,T and W be as in 3., assume that dim(Im7") = 1, and consider
the operator

L(0) = L(g, £, T)(9)0*" e W((07")).
It defines an integrable hierarchy of Hamiltonian equations over W of Lax form:

ii(? N %[(B"h — (05 B T L](w), 9:3)

where n € Z and B € W((07!)) is a K-th root of L. Moreover, the Hamiltonian
functionals [k, g, n € Z and B root of L, defined by (6.1), are integrals of motions
in involution for all the equations of the hierarchy (9.3). Similarly, we can consider
the operator

L(9) = 0*' L(g, f, T)(0) e W((07)),
and, in this case, we need to replace 0B~ X L(g, f,T) by L(g, f,T)B"~50%! in
(9.3).

5. For £ = 1,2, let gy ~ son, or spy,, with Ny € Z>1, and let f, € g be
a nilpotent element (of depth Dy in EndF™¢). Let T, € (EndF™¢)[D,] satisfy

condition (4.5) and be such that Tg = +7T,. Assume moreover that the there is an
isometry U := Im T} ~ ImT5. Consider the PVA

W =W(g1, f1) @ W(g2, f2),
and the operator
L(8) = L(g1, f1, T1)(9)L(g2, f2, T2)(d) € W((0™")) ® End U .
It defines an integrable hierarchy of Hamiltonian equations over W of Lax form:

dL(w 1 — *

T _ 2B~ (W fo OB Lo f1, T D), (94
where n € Z and B € W((071)) ® EndU is a K-th root of L. Moreover, the
Hamiltonian functionals [h, g, n € Z, and B root of L, defined by (6.1), are
integrals of motions in involution for all the equations of the hierarchy (9.4).
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Remark 9.2. By Remark 6.7, we get integrable hierarchies of Lax type equations
for the PVA'V = V(go) ® F(g1) by replacing the pseudodifferential operator L

in (9.1), (9.2), (9.3) and (9.4) by the corresponding modified Adler operator L™°%
defined in (6.32).

10. EXAMPLES OF GENERALIZED ADLER TYPE OPERATORS

10.1. Example 1: Lax operator L.(z) for principal nilpotent f in gly.
This computation already appeared in [DSKV16b]|. Let g = gl in its standard
representation. As usual, we denote by E;; € gly the elementary matrix with
1 in position (ij) and O elsewhere and we denote by e;; € g the same matrix
when viewed as an element of the differential algebra V(g). Consider the principal
nilpotent element f = Z,iv:_ll ex+1,k € 9. In this case the depths of the grading
(3.1) and (4.2) coincide: d = D = N — 1. Moreover, gy—1 = Fejn. Hence, we may
choose T'=85 = E1N.

As a subspace U C g complementary to [f, g] and compatible with the grading
(3.1) we choose (see [DSKV16b]) U = Span{u’ | 0 <i < N — 1}, where

u' =e; n_i, 0<i<N-1. (10.1)
The dual basis {u; | 0 <3 < N — 1} of g/ is given by

i1
UizzeN—i-k—i—l,ka 0<i<N-1.
k=1

Let w : V(g/) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let w; = w(u;), for 0 <4 < N — 1. By Theorem 4.2 we have [DSKV16Db,
Sec.7.1]
N-1
Le(a) = |]lN8+ F+ Z w; E1n_; +€S|1N
=0 (10.2)

N-—1
=—(=)N+ ) wi(-0)' + e W(g, )[I].
1=0

Thus in this case the Adler type operator L.(9) is the generic scalar differential
operator of order N [GD76, DS85, DSKV15].

Remark 10.1. The generators w;, ¢ = 0,..., N — 1, can be computed explicitly, as
elements of V(g<1), comparing equations (4.7) and (10.2) for the matrix Lo(0).
We thus recover the formula for the w;’s obtained in [DSKV16b, Sec.7.1]. The
generators of the W-algebra in the remaining examples can be computed in a similar
way, but we will not provide the details.

Remark 10.2. By equation (6.32), the Miura map u : W(g, f) — V(go) is given by
(see also [DS85])

1(Lo(0) = ()N +en1) ... (0+enn) € V(g0)[0].

10.2. Example 2: Lax operator L.(z) for principal nilpotent f in sly.
This computation is similar to the one performed in Section 10.1. Let g = sly

in its standard representation. Given the elementary matrix E;; € gl we denote

by Egj = i — %]l;v its projection on sly and we denote by egj € g the same

matrix when viewed as an element of the differential algebra V(g). Consider the

principal nilpotent element f = Zg;ll er+1,6 € sly. As in Section 10.1, we have
d=D=N—-1,gny-1 =Fejn, and we choose T'= S = E1n.
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As a subspace U C g complementary fo [f, g] and compatible with the grading
(3.1) we choose U = Span{u’ | 0 < i < N — 2}, where

u' =e; N i, 0<i<N-2. (10.3)
The dual basis {u; | 0 <i < N — 2} of g/ is given by
i+1
Ui:ZQNJrkfifl,kv 0<i<N-2.
k=1

Let w : V(g/) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let w; = w(u;), for 0 < i < N — 2. As in the case of gly, we have

N—2
L (0)=|1n0+ f+ Z w;Bin_i + €S|in
i=0 (10.4)

N-2
= (=) + Y wi(=0)' +e€W(g, )[I].
i=0
Remark 10.3. By equation (6.32), the Miura map u: W(g, f) — V(go) is given by
(see also [DS85])
p(Lo(@)) = (=DM O +€l)) ... (9 + elyy) € V(90)[0].

10.3. Example 3: Lax operator L.(z) for principal nilpotent f in g of type
B or C. For N > 2 let V = FV be an N-dimensional vector space with basis
{v;}Y¥,, and let

e =(—1)", 1<i<N. (10.5)
We define a non-degenerate bilinear form on V as follows:
(vilvj) = —€idi v, ,j=1,...,N, (10.6)
where i/ = N + 1 —i. It follows from (10.6) that
(ulv) = (=D)N L (v|u). u,v €V, (10.7)

Let AT denote the adjoint of A € End V with respect to (10.6). Explicitly, in terms
of elementary matrices, it is given by:

(E‘Z)T = eiejEj/i’ .
Let g = {A € EndV | AT = —A}. Then, by equation (10.7), g ~ soy if N is
odd, and g ~ sp, if N is even. For i,j =1,..., N, we define

Ej = Eij — eiejEj’i’ ( = 7}71-2) . (108)

The following commutation relations hold (¢, 4, h,k=1,...,N):
[Ej, Fhk] = thik — 61@1’th — €i€j6i’hFj’k + eiejékj/Fhi, . (109)
By (10.8) the following elements form a basis of g

1 1

{1+5ij,f” T 110,

(i,5) eI},

(eij — €i€jejrir)

where
{(i,j)[1<i<N,1<j<i} if Niseven
C {G@i)|1<i<N1<j<i'} if Nisodd.

Its dual basis, with respect to the trace form (4.3), is

{%fji | (i,4) € I} .
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Let f = zg;ll ex+1,k € EndV. Then, f € g and it is a principal nilpotent
element. Indeed we can write

1
+ + oot fone1+ =far1n if N iseven
:{ Ja1+ f32 Jnn—1 2f +1, | (10.10)
for+ fao+ -+ fan-1+ fnsin if Nisodd.
where we denote by n = [%] the integer part of % We can include f € g in the

following sly-triple {e, h = 2z, f} C g, where:
n—1 2

n Z k(N =) fr k41 + %fn,n-‘,—l if N is even

N+1-2k —
R =
D> k(N k) fipsr +n(n+1) fangr if N is odd
k=1
(10.11)
It is immediate to check using the expression of x € g and the commutation relations
(10.9) that

d=2n—-1 s gd:FfLQn, D=N-1 N (EDdV)[N—l]ZFElN
So, D = d only for even N. We thus choose s = %flgn and T = Fiy,and S =T
for even N.

As a subspace U C g complementary fo [f,g] and compatible with the grading
(3.1) we choose U = Span{u’ | 1 < i < n}, where

|
u' = §f1,2(7l+1—i) 5 1 S ) S n. (1012)
The dual basis {u; | 1 <i < n} of g/ is given by
N-1-2(n—i)
u; = Z €kt 142(n—i).k 5 1<i<n.
k=1

Let w : V(g/) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let us denote by w; = w(u;), for 1 < i < n. By Theorem 4.2 we have that
(cf. [DSKVnew, Prop.4.2])

1 n
Le(®) = |10+ F + 5 > wiFy ani1—i) + €S| (10.13)
=1

By an explicit computation we get

1

n

L) = =(=0)" + 5 3~ (=N o wppip + wosa - (~0)¥ )
k=1
1 n—1n—k
4 Z Z W 1w (=) N T2 o ap, g+ e(—0)N T € W(g, £)]0).
k=1 h=1

(10.14)

Note that L.(9) = (=1)NL.(9)*, in other words, for N even we get a generic
selfadjoint operator, and for N odd a generic skewadjoint operator [DS85].
We can rewrite the operator L.(0) (for e = 0) given by equations (10.14) as
N—2
Lo(z) = —(=2)N + > wnz® € W(g, f)[2].

k=0
The elements Wy —_or € W(g, f), for k =1,...,n, provide a different set of differen-
tial generators for the differential algebra W(g, f) which coincide (up to a rescaling
of the variables f;; ) with the set of generators constructed in [MR15].
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Remark 10.4. By equation (6.32), the Miura map u : W(g, f) — V(go) is given by
(see also [DS85])

W(Lo(d)) = (—1)N+1 (0 + %fll) L0+ %fn,maN*?”(a - %f,m> (0- %fll).

10.4. Example 4: Lax operator L.(z) for principal nilpotent in g of type
D. Let N =2n > 2 and let V = F¥ be an N-dimensional vector space with basis
{v;}.,. We introduce the the following notation: for i € {1,..., N}, we let

J_ [ N-i, l<isN-1, [ (-1}, 1<i<N-1,
TN i=N anc. &= i=N.

) 3

(10.15)
Then, we define a symmetric non-degenerate bilinear form on V' as follows:

(vilvj) = —€:djir . (10.16)
The adjoint with respect to (10.16) is then
(El)T = €i€jEj/i/ .

Let g={A€EndV | AT = —A} ~s0oy. For 1 <i,j < N —1 we let Fj; be defined
as in (10.8), and, as usual, we also denote by f;; the same elements when viewed
as elements of g C V(g). It is immediate to check that the same commutation
relations as in (10.9) hold. A basis of g is {fi; | (ij) € I} where

I={(ij) [1<i<N-21<j<d}U{(Ni)|1<i<N-1}.

Its dual basis, with respect to the trace form (4.3), is {3 i | (i,5) € I}.

Let f = 22;11 fe+1,6 € 9. It is a nilpotent element associated to the partition
p= (N —1,1). Hence, it is a principal nilpotent element. We can include f € g in
the following slo-triple {e, h = 2z, f} C g, where:

n—1 n—1

h=> (N=2k)fux, e=> k(N—1-k)firs1. (10.17)

k=1 k=1
It is immediate to check that:
d=N-3, ga=FFiny2, D=N-2, (EndV)[N-2]=FFEin_1.

We thus choose T' = Ej y—1, and s = %flyN,Q.
As a subspace U C g complementary fo [f, g] and compatible with the grading
(3.1) we choose U = Span{u’ | 0 <i <n — 1}, where
i1 .
u :ifLN,Qi, nggnfl (1018)

The dual basis {u; | 0 <i <n — 1} of g/ is given by
i
up = fn,N=1, Ui:ZfN-Hc—Qi—l,k; 1<i<n.
k=1

Let w : V(g/) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let w; = w(u;), for 0 < 4 < n — 1. By Theorem 4.2 and [DSKV16b,
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Eq.(2.14)] (see also [DSKVnew, Prop.4.2]), we have

n—1

1
L.(0)=|1n0+F+ 3 Z;wiFlN—Qi +eShno1=
— ( 0 %wn,1 0 %wn,g 0O ... 0 %(wl +e¢) %wo ) o
1 0 ... 00\ " %(“’10+ €)
0 1 Lu, (10.19)
0 0 . 0
: a0 1w
0 0 1 0 2 5‘1
0 0O 0 o0 1
—Luyg

We can compute the inverse matrix in the RHS of (10.19) by expanding in geometric
series in its upper left block to get

n—1
1
Le(a) —_ aN—l o 5 Z (aN—l—Qk 0 Wn_p + ’LUnfkaN_l_Qk)
k=1
n—2n—k—1
n Wy VL2006 (10.20)
k=1 h=1

Note that L.(9) = —Lc(9)*, so it is a weakly non-local skewadjoint pseudodifferen-
tial operator.
We can rewrite the operator L(0) for e = 0 given by equations (10.20) as

N-3
Lo(2) = 2N 704 3 @t + (1) o(z + 0)yo € Wia, £)((=71)
k=0
The elements yg = ~ (gl)n wo and Wak—1 € W(g, f), for k =1,...,n — 1, provide

a different set of differential generators for the differential algebra W(g, f) which
coincide (up to a rescaling of the variables f;;) with the set of generators constructed
in [MR15].

Remark 10.5. By equation (6.32), the Miura map u : W(g, f) — V(go) is given by
(see also [DS85])

PLo@) = (04 1 ) .. (94 3 Facr )
x (0 — ifzvna_l o fan) (0 — %fn—l,n—l) (00— %fll) :

10.5. Example 5: Lax operator L.(z) for minimal nilpotent f in gly. This
computation already appeared in [DSKV16b] and we briefly review it here. Let
g = gly in its standard representation. The minimal nilpotent element f = en; in
g = gly is associated to the partition p = (2,1,...,1), and it is embedded in the
slo-triple {e, h = 2z, f} C g, where

- €11 — ENN
€ = €1N, T=—F5"
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In this case the gradings (3.1) and (4.2) coincide and their non-zero components
are

g1=Ff, g1 = Span{enp, er1 |2< k<N -1},
go = Span{eir,enn,enx | 2 < h,k < N —1},
g%:Span{elk,ek;\f|2§kz§N—1}, g1 = Fe.

Hence, we may choose T'= S = Ey.
As a subspace U C g complementary fo [f, g] and compatible with the grading
(3.1) we choose (see [DSKV16b]) U = Span{u?® = ej; | (ij) € Iy}, where

Iy ={(11),(N1)}U{(Nk), (k1) [2< k<N =1} U{(hk) |2 < h,k <N —1}.
The dual basis {u;; | (ij) € Iy} of g7 is given by
U11:€11+6NN, uij:eij, (Zj)elf\{(11>}

Let w : V(g/) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let w;; = w(u;;) for (i5) € Iy. By Theorem 4.2 we have [DSKV16b, Sec.7.4]

Le(a) = |]].N(9+F+ Z wijEjZ- + €S|1N

(iels (10.21)
= —0* — w110+ wn1 —wi1(Iy_20 + Wiy) towny +e,

where
Wy = ( w21 ... WN-1,1 ) )
w22 e WN—-1,2 WN2 (10'22)
Wiy = : : ; WN4 =
Ww2N-1 ... WN-1,N-1 WN,N—1

10.6. Example 6: Lax operator L.(z) for minimal nilpotent f in sly. The
minimal nilpotent element f = en; in g = sly is also associated to the partition
p=(2,1,...,1). Similarly to the computation in Section 10.2, we can recover the
results for the Lie algebra sl from the analogous results for gl provided in Section
10.5. In this case, L.(9) is the scalar pseudodifferential operator in (10.21) where

—wi1 = W2 + W33+ -+ WN_1N-1-

We omit the details of this computation.

10.7. Example 7: Lax operator L.(z) for minimal nilpotent f in sp,. Let
N =2n > 2 and V = FV be an N-dimensional vector space endowed with the
non-degenerate skew-symmetric bilinear form defined in (10.6). Let AT denote the
adjoint of A € EndV with respect to (10.6) (recall that, in terms of elementary
matrices, we have (E;;)T = (=1)"9Ej;;, where i’ = N +1 —1i). Then, g = {A €
EndV | A = —A"} ~ spy. Fori,j = 1,...,N, let Fi; be defined as in (10.8).
Recall from Section 10.3 that we have the following basis of g

1 1
{ 1+ (Sij/ fz]

=10, (eij — eiejejr) | (i,5) € I},

where
I={(,j)|1<i<N,1<j<i}.
and that its dual basis with respect to the trace form (4.3) is

(Ghl ) e Ty,
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Let f = %le € g. It is associated to the partition p = (2,1,1,...,1), hence
it is a minimal nilpotent element. We can include f in the following slo-triple
{e,h =2z, f} C g, where
1 1
€*§f1N, zfifn-

Using the commutation relations (10.9) one checks that the non-zero components
of the grading (3.1) are
g1 =Ff, g_y =Span{fp [2< k<N —1},
go = Span{ fi1, fax |2<h <N —-1,2<k <h'},
g%:Span{f1k|2§k§Nfl}, g1 = Fe.
Moreover, we have that D = d = 1, and (End V)[1] = FE; n. Hence, we may choose
T=S5=Fn.
As a subspace U C g complementary fo [f,g] and compatible with the grading
(3.1) we choose U = Span{u/’ = 1 f;; | (ij) € Iy}, where
Ip ={(k1) |2< k< N}U{(hk) [2<h<N-1,1<k <N}
The dual basis {u;; | (ij) € I} of g/ is given by u;; = H%fij, for (ij) € Iy.
Let w : V(gf) — W(g, f) be the differential algebra isomorphism given in The-

orem 3.1, and let us denote by w;; = w(u;;), for (ij) € Iy. By Theorem 4.2, and
performing a similar computation as in Section 10.7, we have

1
L (0)=|1n0+ F + 3 Z wi; Fj; + €S)hn

()ely (10.23)
1 1
=-0*+ wn1 — Zw-i-l(]lN—Qa + §W++)71 oW1 + €,
where
W41 = ( w21 w31 ... WN-1,1 ) )
—WN-1,1
N—1 A’
= - : (10.24)
Wiy = Z ZwkhFhk , Wil = : .
h=2 k=2 —W31
w21

In (10.24) Fyx denotes the matrix Fj,; where we have removed the first and last
row, and the first and last column.

10.8. Example 8: Lax operator L.(z) for minimal nilpotent f in soy. For
N > 2, let V =F¥ be an N-dimensional vector space with basis {v;}Y, and let
us denote by n = [%] the integer part of % We introduce the following notation

fori=1,...,N:
(-1, di=1,...,n,
e " 10.2

€ {(1)1, i=n+1,...,N, (10.25)
where i’ = N + 1 —i. We define a non-degenerate symmetric bilinear form on V as
follows:

<’Ui|’Uj> = _ei(sj,i’ y i,j = 1, ey N. (10.26)
Let AT denote the adjoint of A € EndV with respect to (10.26). As in Sections
10.3, 10.4 and 10.7, in terms of elementary matrices, it is given by

(Ez )T = eiejEj’i’ . (1027)

Let g = {A € EndV | AT = —A} ~ soy. For 1 <i4,j < N —1 we let Fj;
be defined as in (10.8), and, as usual, we also denote by f;; the same elements
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when viewed as elements of g C V(g). It is immediate to check that the same
commutation relations as in (10.9) hold. Recall that, by (10.8), a basis of g is

{fij | (i,4) € I} where
I={(i,j) | 1<i<N,1<j<i'}.

Its dual basis, with respect to the trace form (10.25), is
1 o
{3fs G T}

Let f = fn—11 € g. It is associated to the partition p = (2,2,1,...,1) thus it

) ) 3

is a minimal nilpotent element. We can include f € g in the following slo-triple
{e;h =2z, f} C g

1 1
e= fi,N-1, $*§f11+§f22-

Using the commutation relations (10.9) one checks that the non-zero components
of the grading (3.1) are

Q—lZFfa gfé:Span{fhk|3§h’§N72;k:172}5
go = Span{ fi1, fi2, fo1, fa2, fak | 3<h < N —2,3 <k <h'},
g%:Span{fhk|h:1)233§k§N_2}, g1=Fe.

Moreover, we have that D = d = 1, and (EndV)[1] = Span{Ep; | 1 < h <
2,N—-1<k < N}. Hence, we may choose T =S = Fiy_1 + Es n, and we let
S = IJ be its canonical decomposition (4.4):

_( 1 _
(0N_2> and  J=(0y_2 12). (10.28)

As a subspace U C g complementary fo [f, g] and compatible with the grading (3.1)
we choose U = Span{u/® = 1 f;; | (ij) € I;}, where

Iy ={(11),(12), (21), (N = L, 1)} U{(hk) [ 3<h< N —2,1 <k < h'}.
The dual basis {u;; | (ij) € I} of g/ is given by
un = fu = faa,  owy=fiy, (i) € Ip \{(11)}.

Let w : V(g7) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let us denote by w;; = w(u;;), for (ij) € Iy. By Theorem 4.2 we have

1
Le(a):|]lNa+F+§ Z wi; Fji + €51

(ij)€ly
1 1 1 1
0+ zwi1  Fw2 5W41 SWN-1,1F€ 0
1 1
W12 0 SWy2 0 SWN-1,1 T €
1 1~ 1~
= Onv—ax1 On—ax1 In_40+ Wiy 5W2 W41
1 O1xN—4 O1xN—4 0 5Wa1
1 1
0 1 0 §w12 8 - 5’[1)11 IJ
1 1 1 1 1
_ —(5 + §w11)5+ SWN-1,1 — zW21W12 —550 W21 — §w215
= 1 1 1 1 1
—§w125 - 55 0 W12 —0(0 — §w11) + 3WN-1,1 — 7W12W21

1 1 -t _
— Z (31;) (]lN_4c’) + §W++> o (’LU+2 w+1) + ely € Mataoyo W(g, f)((@ 1)),
(10.29)
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where (k= 1,2)

Wi+ = ( w3k Wik ... WN-2F ) )
EN—2WN -2,k
’
Nz2h 1l } - : (10.30)
W++ == E E wkhFhk y Wyp = (71) . .
h=3 k=3 €4W4qk

€3W3k

In (10.30) Fy; denotes the matrix Fj,; where we have removed the first two and
the last two rows and columns.

10.9. Example 9: Lax operator L.(z) for a distinguished nilpotent in so4,.
Let V = F*" be a 4n-dimensional vector space with basis {v;}#,, and let ¢ = 2n+1.

For i € {1,...,4n} we introduce the following notation
"Il dn414qg—i, g+1<i<dn, T (-1)*, g+1<i<dn.

(10.31)
We use the bilinear form on V' given by (10.26). The adjoint with respect to
this form is given by (10.27). Let g = {4 € EndV | AT = —A} ~ s04,. For
1 <i4,j <4n—1 we let Fi; be defined as in (10.8), and, as usual, we also denote
by fi; the same elements when viewed as elements of g C V(g)). It is immediate
to check that the same commutation relations as in (10.9) hold. A basis of g is

{fij | (ij) € I} where
I={(ij) | 1<i<q-11<j<i}U{(ij) |q+1<i<dn,1<j<q}
U{@ij) lg+1<i<q.q+1<j<i'}.

Its dual basis, with respect to the trace form (4.3), is {3 i | (i,5) € I}.
Let

n n—1
F= " frrrk+ Y forhirark €9

k=1 k=1

It is a nilpotent element associated to the partition p = (¢,q — 2) of 4n. This
element f is distinguished in the sense that the reductive part of its centralizer is
trivial. We can include f € g in the sly-triple {e, h = 2z, f} C g, where

quJrl Zq qurqurkv
k=1

n n—1
= k(g = k) frrrr+ D k(g —2— k) forkqirit-
k=1 k=1

(10.32)

Using the commutation relations (10.9) it is immediate to check that:
d= q— 2 , 9d = IE‘Fl,qfl @FFlAn , D= q— 1 y (EndV)[D] = iFElq .

We thus choose T' = E14, and s = %qu_l + bf1,4n, for arbitrary a,b € F.

As a subspace U C g complementary fo [f,g] and compatible with the grading
(3.1) we choose U = Span{ut’ 1 <i<n,u’1<i<q—-2,u",1<i<n-—1},
where

1 0i 1 .1

umt = §f11q+1721‘, uv = §f1,q+i, u = §fq+1,4n+172i- (10'33)
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The dual basis of gf is given by

i
Uy = § fq+k—2i,k ) 1< < n,

q—1—1

- Z fq—l—‘,—k-‘ri,ka 1§k§q_2a
k=1

K2
U_ ;= E Sanyk—2iq+k, 1<i<n—1.
k=1

Let w: V(g’) — W(g, f) be the differential algebra isomorphism given in Theorem
3.1, and let
Wi, = w(Ut ), wo,; = w(ug;), w_; =w(u_;).

By Theorem 4.2 and [DSKV16b, Eq.(2.14)] (see also [DSKVnew, Prop.4.2]), we
have
q 2 n—1

L(0)=|In0+F+ - ZwJMUJ”—i— ZwOZUoz—i— ZwﬂU —|—eS|1q

=1 = =

(10.34)

The quasideterminant (10.34) is computed using the usual formula, see [DSKVnew,
Prop.4.2], and the result is

Le(9) = Wi(9) — Wa(0)Wa(0) ™' W3(9), (10.35)
where
1 n
Wi (8 a2n+1 . 5 Z a2n+172k oWy py1_k + 1U+7n+17k82n+172k)
k=1
1 e
1 Z Z Wy n1-nd?" T o
1 2n—22n—1—
Z Z Z w07h82”717(h+k) owp — €ao,
k=1 h=1
1Rl
ZZ Z wo,i 2n112jow7nj eb,
Ws(0) =W2(9)"
n—1
1
W4(a 6271 1 5 Z 8277,—1—2]6 OW_ pk 4 w_,n_kaQn—l—Qk)
k=1
1 2n—1—k
k=1 h=
In the above formulas we set w_ , = —2. Note that L.(0)* = —L(9). As noted in

Remark 10.1, by comparing equation (10.35) with the quasideterminant (4.7) one
gets an explicit formula for the generators of the W-algebra W(g, f).

11. EXAMPLES OF INTEGRABLE HIERARCHIES FOR GENERALIZED ADLER TYPE
OPERATORS

11.1. L(slz) = L(sp,). Let f € sly ~ sp, be a principal (= non-zero) nilpotent ele-
ment. Recall from Section 3 that, as a differential algebra, W(sla, f) = W(sp,, f) =
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Clw™ | n € Z,]. By equation (10.4) (or (10.14)), we have
L(5[25 f) = L(5p25 f) = _62 +w e W(5[25 f)[a] :
Consider the operator L(9) = —L(sla, f) = —L(sp,, f) = 0% — w. Its square root is

B(@)=0-507"+ “’Z/a*? LR w0 4 0(07%) € Wishy, 1)((071)). (11.1)

By a straightforward computatgi;on we get
B(9)* = 0° - ;wa - %w/ + %(311)2 —wo™ +0(071). (11.2)
Using equations (11.1), (11.2) and (6.1) we get
Jhs=fuw,  [hs=0,  [fhep=—1fu?, (11.3)
and the corresponding non-zero Hamiltonian equations (9.1) are
d;l:}B =, dzl:]B = i(w”’ — 6ww’) .

The second equation is the Korteweg-de Vries equation.

Remark 11.1. Let sly = Span{e = ea1, h = 22 = e11 — €22, f = €21} in its standard
representation, then in the ad z-eigenspace decomposition (3.1) we have go = Fz.
By Remark 10.3 the Miura map u : W(sly, f) — V(go) = F[z™ | n € Z,] is given
by

W(L(D)) = 8% — p(w) = (0 +2)(0 — 2.
Hence we get pu(w) = 2% + 2/, which is the famous Miura transformation [Miu68].
Applying the Miura map to the integrals of motion given by equation (11.3) we get

- - 1
[hip = [2°+2, fh37B:—fo4—xx”.
The corresponding Hamiltonian equations are
d.fl,' !/ d:r 1 " 2,/
=1, = (2" -6 ,
it dipp 1@ 0

The second equation is the modified Korteweg-de Vries equation.

11.2. L(sp,)0*!. Consider the operator L(0) = —L(spy)0 = 9% — wd € W(sp,, f).
Its cube root is

/
B(8) =0 - %afl + %3*2 - %(wQ +2u")0~ + é(4ww’ + )9
1
-5 (5w3 +45(w')? + 45w’ + 3w<4>) 875 + 0(87%) € Wi(sp,, £)((071).
(11.4)
Then, we have
2_ 2 2 £—171 2 1 a—2 w_w’_g
B(0)* =0 3w+33 9(w +w")0" " + 3 0
1
3 (4w3 +27(w')? + 24ww” — 3w(4)) O™t +o(07),
4 2 2 1
B(0)' = 0" — ~wd* — w0 + = (w? —w") + = (v — 2ww')0™?
. 3 3 9 9 (11.5)
_ 3 AV (4) -2 —2
+ a1 (4w +9(w)? — 3w )a +o(072),
B(9)° = 9° — gwas — gw’GQ + g(w2 —2w")0

1
+ — (5w3 — 15ww” + 3w<4)) ot +o(07h,



52 ALBERTO DE SOLE, VICTOR G. KAC, AND DANIELE VALERI

and, by equations (11.4), (11.5) and (6.1), we get

1
Jhig= [w, [hop= [hsp= [hap=0, fh5,3:727fw3—3ww”. (11.6)

Note that B* is a third root of —9LA~!. Tt follows from [DSKV15, Prop.1.1(a)]
that B = —9~1B*0. Thus we have

B" =(-1)"0"YB™)*0, ncZ. (11.7)
Using equation (11.7), the Hamiltonian equations (9.3) become

flifn(j == (2—1)" (B")+,L](z), neZ. (11.8)

Using (11.4) and (11.5) we get that the first non-zero Hamiltonian equations (11.8)
are

dw , dw L 5 ;o " 9
== - — = - 5 - 5 5 .
0 w', s 9(w ww ww" + bww")

The second equation is the Sawada-Kotera equation [SK74].
Remark 11.2. Since sp, =~ sly, the Miura map u : W(spy, f) — V(go) = Flz(® |

n € Z4] is given by u(w) = 2% + 2’ (see Remark 11.2). Applying the Miura map
to the integrals of motion given by equation (11.6) we get

: . 1
[hip=[2*+2",  [hsp= 72—7]:56 +1522(2')? — 5(2')® + 3(2")?.

The corresponding integrable Hamiltonian equations are

d d 1
T oy , S ——(x(5)+5x’x”’—5x2x’”+5(x”)2—QOxz/z/’—5(x’)3+5z4z’) .
dtl,B dt57B 9
(11.9)
The second equation is the modified Sawada-Kotera equation.
Consider now the operator
L(@0) = —L(sp)0™" =0 —wd ™" € Wisps, )(@71).  (11.10)
We have
L*0)=0* —w—0owd™ ' +wd t owd™!,
L30)=0% —wd —dow —d* owd™ ' +w?0™ ' +wd tow (11.11)

+0owd towd™t —wd owd owd ™t
Using equations (11.10), (11.11) and (6.1) we get

JhiL = [w, Jhor =0, th,L:_f'LUQ-

Note that, also in this case, equation (9.3) reduces to (11.8) (where we should
replace B by L). Hence, using (11.10) and (11.11) the first non-zero Hamiltonian
equations are

dw , dw

=, =w" —6ww'.
dtir1, dtsr,

So we get again the Korteweg-de Vries equation.
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11.3. L(so3). Let f € so3 be the principal nilpotent element. Recall from Section 3
that, as a differential algebra, W(sos, f) = Clw™ | n € Z,]. By equation (10.14),

we have ,

L(sos, f) = 8 — wd — % € W(sos, )[0)]

Consider the cube root of L(sos, f):
_a W, 3’727i 2 " a—3 w_w’74
B(0) =0 38 + 68 18(2w +w")o0™ + 3 0

— 33 E 2 1 //7i (4) -5 -5 -1
(8110 +36(w) +3ww Vi 07 +0(077) € W(sos, /)((077)).
(11.12)

Then, we have

B(0)* = 9% - %w — %8(21”2 — w07 — %(w/” — 4ww)07?

4 3 5 "2 [ " 1 (4) —4 —4
(8110 +3(w) —|—5ww 2w + o( ),

2 2 1
BO)* =0* - §w82 - 582 ow + §(2w2 +w")
1 1
_ §’LU’UJ” + ﬁw(él)) 6_2 +0(a—2)’

(11.13)

+
7N
B -

g
w
|
—

ot 0o

—
g\

N~—
o

5 5

B(9)° = 9° — “wd® — ~9* =
(0)° =9 6w6 68 ow—i—18
i 3_3 ’2_3 /" i @) g1 -1
+(81w 3G(w) 57 WW +27w 07 +0(07),

and, by equations (11.12), (11.13) and (6.1), we get

(w2+w//)a+%ao(w2+w//)

w3 ww'”

thB:f’LU, fhgyB:fhgyB:fhzlﬁB:O, fh5,3:7/2_77 36 . (1114)
Note that B* is a third root of —L. Hence, it follows from [DSKV15, Prop.1.1(a)]
that B* = —B, and so we have (B™)* = (—1)"B". Using this fact and equations
(11.12) and (11.13) we get that the first non-zero Hamiltonian equations (9.2) are:

dw ’ dw 1 (5) 25 ’ o " 2
== = — = e - 5 5 .
dtL w dt57 g(w 5 ww ww + oww )

The second equation is the Kaup-Kupershmidt equation [Kau80].

Remark 11.3. Let s03 = Span{e = 2(e12+e23), h = 20 = 2(e11 —e33), f = ea1 +e32}
in its standard representation. By Remark 10.4 the Miura map u : W(sos, f) —
V(go) = Flz™ | n € Z,] is given by

W(L()) = 9 — p(w)d ~ Lu(w) = 0+ L2)(0 ~ 1),

Hence, we get pu(w) = izQ +2'. Applying the Miura map to the integrals of motion
given by equation (11.14) we get
1

_ 1 _
hip= =22 ! he p = —

Jhp = Jqettats Jhss = -1

The corresponding Hamiltonian equations are

dx / dx 1 (5) 5 yom D 2,1 5. 2 /0 N3 5 4,1
= — = —— —— —— ) —= — .

Thn a', P g(ac UL =y 2(3@ )*—bax'x («") —|—16$ x')
(11.15)

Note that by rescaling the variable z by a factor f% the above equations are the

same as equations (11.9).

[2% + 602%(2")* + 40(z")? + 48(x")?.
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Remark 11.4. In [DS85], Drinfeld-Sokolov hierarchies are constructed for any affine
Kac-Moody algebra g and a node of its Dynkin diagram. The Sawada-Kotera

equation corresponds to the pair (AgQ), ¢p), while the Kaup-Kupershmidt equation

corresponds to the pair (Ag), ¢1). On the other hand, modified Drinfeld-Sokolov
hierarchies do not depend on the choice of a node in the Dynkin diagram of g.
This is the reason why the modified equations (11.9) and (11.15) coincide up to a
rescaling.

11.4. L(s03)0%*!. Consider the operator
/
L= L(sog, /)0~ =& —w— 07" € Wisoa, /)((07)).

and its square root

2
B(0) =0 - %8‘1 - %8‘3 +0(873) € W(sos, f)((071)). (11.16)
By a straightforward computation we get
1
B(9)’ = 0° - gwa - ;w' - g(3w2 — 4w+ o(07h). (11.17)

Using equations (11.16), (11.17) and (6.1) we get

1
JhiB = Jw, Jha =0, fh3,B:_wa2a

and the corresponding non-zero Hamiltonian equations (9.3) are

dw dw
:w/’ :w///__ww/.
dt1, B dts B 2

Also in this case we get the Korteweg-de Vries equation.
Finally, consider the operator

!
L = L(sos, ) = 8* — wd? — %a € W(sos, f)[071],

and its fourth root

!
1
B@) =0 - %a—l + %0—2 — 55 (807 + 4u)9 7 4 0(07%) € Wisos, ))((971)).
(11.18)
Then, we have
/ 2
BO)?=0°— o+ 07 = 072+ 0072,
; 4 . 8 (11.19)
B(9)? =9° — Zwa - 5(311)2 — 4w 0™t +o(07h).

Using equations (11.18), (11.19) and (6.1) we get

1
Jhis = [w, Jhop =0, fhs,B:§fw2,
and the corresponding non-zero Hamiltonian equations (9.3) are

dw _ 'LU/ d'LU _ _1 w/// _ §ww/
dtig dts g 2 2 '

Thus we obtain again the Korteweg-de Vries equation.
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11.5. L(sln, fimin). Let f € sly be a minimal nilpotent element. The generalized
Adler type operator for W(sly, f) has been computed in Section 10.6. It is

L(sly, ) = =0 —wnd+wy1 —wi1(In-20+Wii) " owny € W(sly, /)((071),
(11.20)

where

— Wil = W2 + W33+ FWN_1,N-1, Wyl = ( W21 ... WN-1,1 ) ;

wWo2 WN-1,2 WN2
Wiy = : : ; WN4 =
W2N-1 ... WN-1,N-1 WN,N—-1

Consider the operator L = —L(sly, f), and its square root

B(9) = 9+—=L— <% + %%1 + %) 8~ o0 1) € Wisly, £)((871)). (11.21)

From equations (11.20), (11.21) and (6.1), we get

4
Using the following commutation relations for pseudodifferential operators
[0,0+a) =0 +a) " oa—ad+a)!,
[0%,(0+a)") = (a* = a)(@+a)"' = (0 +a) "o (a® +d),

which hold for any differential polynomial a, and equations (11.20), (11.21) it is
immediate to compute the corresponding Hamiltonian equations (9.1). As a result
we get:

2
JhiB = /wz\n + and Jhop = —[wirwng .

dw 1 1 dW.
7 = wiy + 5“’11“/11 + 57«‘/1/1 ; 7 = —o,
1,B 1,B
dwyq , w11 dwn w11
Bt s e (-
dir 5 Wig — Wiy ( T o Wyt + \(War =57 Jwny
and
dwn1 dWi 4
— =2 ! — =0
dt27B (w+1WN+) ’ dt27B ’
dw 1
ki wf{_l — 2wg_1 Wity —-wi1 | — w+1W_/‘_+
dts p 2

+ Wi Wiy (Wig —wi1) — wiiwne,

1
= —wy — 2 <W++ - gwu) Wy — (Wi —wi)wny

= (Wig —wi)Witwny + wniwny

d’U_)N+
dto. B

The above equations agree with the results in [DSKV14a, Sec. 6, arxiv version].

Remark 11.5. As explained in [DSKV16b, Cr.5.5], the variables w;;, for 2 <14, j <
N — 1, do not evolve in time. By applying a Dirac reduction procedure, see
[DSKV14b], we get the following Dirac reduced Hamiltonian equations:

dwpn1 o dwyq o dwp + o
dtl,B N1> dtl,B +1> dtl,B N+
and
dwn - _9 / dw+1 7 dwN+ _ "
—— = 2(wyiwny), = Wi —W+1WN1, = —WnL tWNIWN 4,
dt27B dt27B dt2,B
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which is the multicomponent Yajima-Oikawa equation (it is the Yajima-Oikawa
equation [YOT76] for N = 3, see also [DSKV15-cor| and the references therein).

11.6. L(spy, fmin). Let n > 1, N = 2n and f € spy be a minimal nilpotent
element. The generalized Adler operator for W(spy, f) has been computed in
Section 10.7. It is

1 1 . -
L(spy, f) = —0° +wn1 — Fw+1(In—20+ §W++)71 0wt € Wispy, f)(071)),
(11.22)
where w41, W44 and wy; are defined in equation (10.24). Consider

1 . - _ _
L=—L(spy, f) = 9> —wn1 — g(w+1W++w+1 + 201w 1) + 0(07%)
and its square root

!/
B@)=0—- 2ot DN

. 2 4 (11.23)
- E(Qw?\n F Wi Wi + 2wl + 2071)0 77 +0(07%) .
Then,
3 3
B(5)3 = 63 — 5’11}]\/‘16 - Z’LU§V1
1 (11.24)
+ 1—6(6’(11?\[1 - 3w+1W++’lIJ+1 — 6’11]_;,_1’(11{’_1 — 2’(1}?([1)8_1 + 0(6_1) .

From equations (11.23), (11.22), (11.24) and (6.1), we get
1 . -
fhl,B :f’LUNl, fh2,B :0, fh?,,B = —§/2w?Vl—’LU+1W++’LU+1 —2’LU+1’LU3F1.

The above integrals of motion agree with the ones obtained for the generalized
Drinfeld- Sokolov hierarchy constructed in [DSKV14a]. Hence, the corresponding
Hamiltonian equations (9.2) have already appeared there.

11.7. L(spx, fimin)OF!. Consider the operator
1
L=—L(spy, f)0 = atwmafg(wﬂw%w“ +2w1W )0 +0(07 1) (11.25)
and its cube root

/
BO) =0 Mot INLy-2

3 3
w?\n 1 . 1 ~ 7 2 4 -3 -3 (11'26)
- (T + g WWes iy + G, + §U’N1>8 +0(077).
Then
2 9 2 Wy o1
B(9)* = 0 = Jwni + —0
, (11.27)

Wiy 1 - 1 ~/ wal -2 -2
- (T + Ew+1W++w+1 + PR + T)a +0(077).

From equations (11.26), (11.27), (11.25) and (6.1), we get

8

Using equations (11.25), (11.26) and (11.27) it is straightforward to compute the
corresponding Hamiltonian equations (9.3). We omit the details of this computa-
tion. By applying the Dirac reduction by the variables w;;, for 2 <7 < N —1 and

1
Jhis = Jwni, [hop=0, [hsp=-< /w+1W++u7+1 + 2w Wl -
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2 < j <14, we get the following first non-trivial Hamiltonian equations

dwn 3 ~ 11 dw+1 "

/
= —wW W — =W, —WNIW, .
dt37B 4 +1%41 dt37B +1 +1

Finally, consider the operator

1
L= *L(EPN, f)a_l == 8 - ’lea_l - g(erlWJrJr’Lz}Jrl + 2w+1ﬁ/+1)8_3 + 0(8_3) .

(11.28)
Then
L(c’))2 = 82 — 2’LUN1 — wg”(’)_l
1 - 1 5 _ B
+ (Wi — Zw+1W++w+1 - §w+1w’+1)3 24+ 0(07%),
(11.29)

L(0)? = 0% — 3wn10 — 3wy,
3 . 3 - _ _
+ (3w — §7~U+1W++w+1 - Zw+1wﬁr1 —wi)d +o(07h).

From equations (11.28), (11.29) and (6.1), we get

1 - 1 5
Jhe = Juni, [hor =0, [hyr =~ /w?\n — gWr Wit — Zw+1wﬁr1 :

Using equations (11.28) and (11.29) it is straightforward to compute the correspond-
ing Hamiltonian equations (9.3). Again, we omit the details of this computation.
By applying the Dirac reduction by the same variables as above we get the following
first non-trivial Hamiltonian equations

dle " d'LUJ,_l "

3
/ ~ 1 /
= Wx1 — 6’IUN1'LUN1 + Z’LU+1’LU+1 R —dtg L =wi; — 3(’wN1’LU+1) .
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