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DOUBLE POISSON VERTEX ALGEBRAS AND
NON-COMMUTATIVE HAMILTONIAN EQUATIONS

ALBERTO DE SOLE, VICTOR G. KAC, DANIELE VALERI

ABsTrACT. We develop the formalism of double Poisson vertex algebras (local
and non-local) aimed at the study of non-commutative Hamiltionan PDEs.
This is a generalization of the theory of double Poisson algebras, developed by
Van den Bergh, which is used in the study of Hamiltonian ODEs. We apply
our theory of double Poisson vertex algebras to non-commutative KP and
Gelfand-Dickey hierarchies. We also construct the related non-commutative
de Rham and variational complexes.
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0. INTRODUCTION

First, we recall the notion of a Poisson vertex algebra. Given a unital commu-
tative associative algebra V with a derivation 0, a A\-bracket on V is a linear map
VRV —= V[, a®b— {a)b}, satistying the following axioms:

{0axb} = =Maxb}, {ax0b} = (A + 9){axb} (sesquilinearity) , (0.1)
{axbe} = {arb}c+ {axc}db (left Leibniz rule) , (0.2)
{abxc} = {artoc} b+ {brroct—a (right Leibniz rule).  (0.3)

The algebra V, endowed with a A-bracket satisfying
{axb} = —{b_r_pa} (skewsymmetry) , (0.4)
{ax{buc}} — {b{arc}t} = {{arb}rypuc} (Jacobi identity) , (0.5)

is called a Poisson vertex algebra (PVA). (Of course, if 0 = 0, then (0.2)—(0.5) turn
into axioms of a Poisson algebra if we let A =y =0.)

In the case when V is the algebra of functions on the space of jets of a finite-
dimensional manifold, the notion of a PVA is equivalent to that of a local Poisson
bracket [BDSKO09]. In order to accommodate non-local Poisson brackets one needs
to introduce the non-local PVA, for which the A-bracket takes values in V((A™1)),
the formal Laurent series in A=! (instead of polynomials in A). The axioms (0.1)-
(0.4) can be easily interpreted, but for the Jacobi identity (0.5) to make sense in the
non-local case, one needs, in addition, the admissibility property of the A-bracket:

{ax{buc}y € VN =t 0+ ) I[N, w]], for all a,b,c €V, (0.6)

(see [DSK13] for details).

Local and non-local Poisson brackets play a fundamental role in the theory of
integrable systems (see e.g. [FT86]). In recent years there have been attempts
to develop a theory of integrable systems on non-commutative associative algebras
(see e.g. [DF92, 0S98, Kup00, MS00, ORS13]). An important advance in this
direction was made by Van den Bergh, who in [VdBO08] introduced the notion of a
double Poisson algebra structure in a non-commutative associative algebra V. His
basic idea was to consider a 2-fold bracket {—, —} on V', with values in V®@V. The
Leibniz rules of a 2-fold bracket are almost identical to the usual Leibniz rules:

{a,bc} = {a,b}c+ b{a,c}, (0.7)

fab,c} = {a,c}x1 b+ ax {b,c}, (0.8)

where (a1 ® a2) *1 ag = ajas @ ag, a1 *1 (a2 ® ag) = a2 @ ajaz. The skewsymmetry
axiom is

{a, 0} = —{b,a}}7, (0.9)

where o is the permutation of factors in V ® V', and the Jacobi identity is

{av {bac}}}}L - {bv {a’ac}}}}R = {{aab}}vc}Lv (010)

where we denote {a1,a2 ® as}r = {a1, a2}t ® a3, {a1,a2 @ as}r = a2 @ {a1,a3},
{a1 ® az,a3}r = {ar,a3}} ®1 a2, and (a ®b) ®1 ¢ =a®c®b. (Formula (0.10) is
slightly different from but equivalent to the Jacobi identity in [VdABO0S].)
An associative algebra V', endowed with a 2-fold bracket {—, —J}} satisfying ax-
ioms (0.9) and (0.10), is called a double Poisson algebra.
2



Given a double Poisson algebra V', Van den Bergh defines the following bracket
on V with values in V:

{a,b} = m{a, b}, (0.11)
where m : V @ V — V is the multiplication map. The bracket (0.11) still satisfies

the left Leibniz rule, but does not satisfy, in general, other axioms of a Poisson
bracket. However, this bracket induces well-defined linear maps

VivvieVv—v and  VivvieVivvi= Vv,
given by
{tr(a),b} = {a, b} and {tr(a), tr(b)} = tr{a, b}, (0.12)
where tr : V — V/[V’ V] is the quotient map and [V, V] is the linear span of
commutators ab — ba. These maps have the following properties, important for the
theory of non-commutative Hamiltonian ODEs: the vector space V/[V7 V] is a Lie
algebra and one has its representation on V' by derivations, both defined by (0.12)
(see Proposition 2.5).
Brackets (0.12) allow one to define the basic notions of a Hamiltonian theory.
Given a Hamiltonian function tr(h), h € V', one defines the associated Hamiltonian
equation

d
d—f = [{tr(h), 2z}, z€V. (0.13)
Two Hamiltonian functions tr(f) and tr(g) are said to be in involution if
{tr(f), tr(g)} = 0. (0.14)
In the case of V' = Ry, the algebra of non-commutative polynomials in ¢ variables
Z1,...,x¢, any 2-fold bracket can be written in a traditional form (f,g € Ry):
{f.gt =VgeHe (Vf)7, (0.15)

where V f, the gradient of f, is the vector of 2-fold derivatives g—i : Ry — Ry ® Ry,
defined by g—{i(xj) = 6i;(1 ® 1) (see [CBEGO7]), H = (Hi;)i;_,, where H;; =
{zj,z;} € V@V, and e denotes the multiplication in V ® V°P. Moreover, the 2-
fold bracket (0.15) is skewsymmetric if and only if skewsymmetry holds on any pair
of generators z;,x; (equivalently, if the matrix H is skewadjoint: (H")? = —H),
and, provided that H is skewadjoint, the Jacobi identity (0.10) holds if and only if
it holds on any triple of generators x;, z;, x; (see Theorem 2.8).

In the case of V' = Ry the Hamiltonian equation (0.13) becomes the following

evolution ODE, where o = (z;)¢_;:

dx

i m (H(Vh)7) , (0.16)
and the bracket {—, —} on Ré/[Re, R,] becomes:
{tr(f),tr(g)} =tr (m (Vge H e (Vh))) . (0.17)

Developing the ideas of [MS00], we study in detail the Euler hierarchy, obtained
via the Lenard-Magri scheme from the following pair of compatible double Poisson
brackets on Ro = F(x,y), where y is central for both 2-fold brackets:

{z,2}o=10y—y1, {r,2h=2c0y—yex. (0.18)
Letting
ho=1 and hn:%(ery)” forn>1, (0.19)
it is easy to establish the following recursion relations:

{tr(ho),z}o =0 and {tr(h,),z}1 = {tr(hpt1),2}o forneZ;.
3



Hence, by the Lenard-Magri scheme, all tr(h,) are in involution with respect to
both brackets, and we obtain, by (0.16), the following compatible set of Hamiltonian
ODEs (m € Zy4):

dx m m dy _
E—$($+y) y—ylr+y)"z, g~

for which all h,,, n € Z,, are conserved densities. Thus, by definition in [MS00],
the hierarchy of Hamiltonian ODEs (0.20) is integrable (see Section 2.6 for details).

We develop this theory in the natural generality of a (non-commutative) algebra
of ordinary differential functions. This is a unital associative algebra V endowed
with ¢ strongly commuting 2-fold derivations %. We say that the 2-fold derivations
D and E strongly commute if D, o E = Er o D, where Dy, (a1 ® as) = (Dpai) ® as
and Dg(a1 ® az) = a1 @ (Drag) (then D and E commute).

Formula (0.15) defines a 2-fold bracket on any algebra of ordinary differential
functions V', and V is a double Poisson algebra if and only if the matrix H is
skewadjoint and (0.10) holds on any “triple of generators” (see Theorem 2.8 for
details).

The assumption of strong commutativity of the 6%1- is used in the proof of the
Jacobi identity for the 2-fold bracket (0.15) and the proof that d? = 0 for the de
Rham complex Q(V), discussed below.

For an algebra of differential functions V we construct in Section 2.7 the de

(0.20)

Rham complex Q(V) as a free product of V' and the algebra of non-commutative
polynomials in the indeterminates dxi,...,dxy. This is a superalgebra with the
Zy-grading given by deg(V) = 0, deg(dx;) = 1, compatible with the parity, and
with the de Rham differential d being the odd derivation such that d(dz;) = 0 and
df = Zle m (g—i ®1 dxi) for f e QO(V)=V.

The relevant to the theory of non-commutative evolution ODEs is the reduced
complex

V) = 2V, a(v)) - (0.21)

In Section 2.8 we give an explicit description of the space of k-forms Q¥(V). In
particular: Q(V) = V/[V’ V], QUV) = VO QX(V) = (Matyx,(V @ V))_, where

the subscript _ means that (A;); ;_, = —(A%)¢,_;. Under these identifications
the formula for d becomes:
1
dltr f) =m(Vf)". dF = L(Jh— Jf). (0.22)

where for ' = (F;){_, € V%’ we define the 2-fold Jacobian matrix as Jp =
¢ ~

(aFi)' L We also prove that both complexes (Q(Ry),d) and (Q(Ry),d) are
ij=

e
acyclic.

The theory of double Poisson algebras and non-commutative Hamiltonian ODEs,
over an algebra of ordinary differential functions V', developed in Section 2 sets the
stage for the theory of double PVAs and non-commutative Hamiltonian PDEs over
an algebra of differential functions V, which we develop in Section 3.

In a nutshell a double PVA is a cross between a double Poisson algebra and a
PVA. Let V be unital associative algebra with a derivation 9. We define a 2-fold
A-bracket on V as a map {—x—J} : V@V — (V @ V)[)], satistying sesquilinear-
ity (3.5) and left and right Leibniz rules (3.6), similar to (0.1) and (0.2),(0.3) for
PVA. A double PVA is the algebra V, endowed with a 2-fold A-bracket satisfying
skewsymmetry (3.8) and Jacobi identity (3.9) (= cross between (0.4) and (0.8), and
between (0.5) and (0.10), respectively). If 9 = 0, the axioms of a double PVA turn
into the axioms of a double Poisson algebra if we let A = = 0.
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A non-local double PVA is defined in the same way as a non-local PVA (but the
one cannot put A = 0).

For a (local) double PVA V, we denote by [ the quotient map V — V=
VIV, V] + 9V). Similarly to (0.11), define the map {—x—}: V@V — V[)] by

{axb} = m{a b} . (0.23)
As for the (local) PVA (see [BDSK09]), (0.23) induces well-defined maps
VoV -V and VRV -V,

given by formulas, similar to (0.12):

{[a,b} = {axb}|,_, and {fa, [0} = [{axb}|,_,- (0.24)

As before, these maps have properties important for the theory of non-commutative
Hamiltonian PDEs: V is a Lie algebra and one has its representation on V by
derivations, both defined by (0.24) (see Theorem 3.6). We have definitions of a
Hamiltonian function f h € V, the corresponding Hamiltonian equation in V, similar
to (0.13), and involutiveness, similar to (0.14), where tr is replaced by |.

We define an algebra of (non-commutative) differential functions as a unital
associative algebra V with a derivation 0 and strongly commuting 2-fold deriva-
tions ﬁ, i=1,...,4, n € Z4, such that the following two properties hold (cf.

[BDSK09)):

for each f €V, % = 0 for all but finitely many (¢,n), (0.25)
Ui
O ol-_9 (0.26)
au§"> 6u§"71)

The most important example of an algebra of non-commutative differential func-
tions is the algebra of non-commutative differential polynomials R, in the indeter-
minates uz(."), i=1,...,¢,n € Z,, with the derivation 0 defined by au§"> = ul(.nﬂ).

First, we prove a PVA analogue of Theorem 2.8. Namely, any 2-fold A-bracket
on Ry has the form (cf. (0.15)):

that= ¥ aaf’m-<A+a>"Hij<A+a><—A—a>m-(aaé;)) - 020)
ijer dUj U,

m,nel

where H;;(A) = {ujau;} € (Re®@Re)[A]. Formula (0.27) defines a 2-fold A-bracket
on any algebra of differential functions ). This 2-fold A-bracket is skewsymmetric
if and only if H(9) = (Hj; (8))%21 is a skewadjoint differential operator over YV ® V
and, provided that H(0) is skewadjoint, the Jacobi identity holds if and only if it
holds on any triple of generators (see Theorem 3.10).

Next, the non-commutative Hamiltonian PDE, associated to the matrix differen-
tial operator H(0), defining the 2-fold A-bracket, and to the Hamiltionan functional
Jh €V is the following evolution PDE, where u = (u;)f_; (cf. (0.16)):

d
d—;‘ = m(H(D) e (5h)°), (0.28)
¢
where 6h = (%) € (V@ V)® is the vector of 2-fold variational derivatives
i/ i=1

5h oh




The bracket {—, —} on V is given by a formula, similar to (0.17):
(£, [gy = [m(6ge H©O)e(5)) . (0.29)

Furthermore the de Rham complex (~2(V) over an algebra of differential functions
V is defined in the same way as the de Rham complex (NZ(V) over an algebra of
ordinary differential functions V. Moreover, the action of d on V naturally extends
to an action on {(V), commuting with the de Rham differential § (see Section 3.5).
This allows us to define the variational complex

Q) = 2VHo0W) + [0W), 2W) -
In Section 3.6 we give an explicit description of the space of the variational k-forms
QF(V). In particular,
QPO =V/ov+ v, V), 2V) =V, V)= Matex (V@ V)N)_,
where the subscript _ means that (A;;()\))¢ —(Aji (=X —9)7)t Under

ij=1 — i,j=1"
these identifications, the formula for ¢ is similar to (0.22):

5([f)=m(f)7. (5F)(@) = %

where (Dr(9))ij = > ez, a?fjt) 9" is the 2-fold Frechet derivative.

(Dp(0)" — Dp(0)*7), (0.30)

We also prove that both complexes (2(R;),d) and (2(R¢), d) are acyclic. Hence,
in particular, we obtain the description of the kernel and the image of the 2-fold
variational derivative 4.

The main motivation for introducing double Poisson algebras was the observation
that, given a unital finitely generated associative algebra V', each double Poisson
algebra structure on V associates for each positive integer m a Poisson algebra
structure on the algebra of polynomial functions V,,, on the affine algebraic variety
of m-dimensional representations of the algebra V' [VdBO0S|.

Note that V,, is isomorphic to the commutative associative algebra with gen-
erators {a;; | @ € V,i,j = 1,...,m}, subject to the relations (3.51) in Section
3.7.

If V is a (non-commutative) differential associative algebra with derivation 0,
then V,, is a commutative differential associative algebra with derivation defined
on generators by d(a;;) = (0a);;. Similarly to [VABO08|, we show that, given a
double PVA structure on V), one can associate for each positive integer m a PVA
structure on V,, (see Theorem 3.22).

The simplest example of a double PVA is the following family of compatible
double PVA structures on Ry = F(u, v/, u”,...):

fuup =10u—-u®@l+c(l®@1)A,
where ¢ € F is a parameter. In this case the associated PVA structure on (Rq),, =
F[ugl) | 4,7 =1,...,m,n € Zy] is just the affine PVA for gl (see Section 3.8.1).
The extension of this double PVA structure on R; to the double PVA structure

on Re = Flu,v,u/,v,...), where v is central, produces the following hierarchy of
non-commutative Hamiltonian PDE’s (n € Z, ):
dv

du v(u+v)"u —u(u +v)" v+ cd(u+v)"t, — =0.
dtn, dtn,

Our next example is a compatible pair of double PVA structures on the algebra
Ry (resp. Reo), associated to the “generic” differential (resp. pseudodifferential)
operator with coefficients in Ry (resp. R ), similar to the PVA structures in the
commutative case, considered in [DSKV14a] (see Section 3.8.2).
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We apply for the latter example the theory of Dirac reduction for (non-local)
double PVA developed in Section 4.2, similar to that for (non-local) PVA, developed
in [DSKV14b]. As a result, we obtain compatible non-local double Poisson vertex
algebra structures on ¥V = Ry and R, such that the corresponding non-local PVA
structures on V,, coincide with those in [DSKV14a| (see Example 4.11).

Finally, in Section 5 we apply the Lenard-Magri scheme to the double PVA
constructed in Section 3.8.2 to prove integrability of the non-commutative KP hier-
archy and of non-commutative Gelfand-Dickey hierarchies. In particular, we prove
integrability of the non-commutative KdV and Boussinesq hierarchies.

Throughout the paper we let F be a field of characteristic 0, and, unless otherwise
specified, we consider all vector spaces, tensor products, etc., over the field F.
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1. PRELIMINARIES AND NOTATION FOR ASSOCIATIVE ALGEBRAS

Throughout this and the next section, we let V' be an associative algebra over
the field F.

1.1. “Double” linear algebra. Consider the associative product e on V®V given,
in Sweedler’s notation, by the formula

AeB=A'B @B'A". (1.1)
(It is the product in V ® V°P.) The endomorphism o of V ® V obtained by ex-
changing the two factors:

(a®@b)?=b®a, (1.2)
is an antiautomorphism of the e-product:
(AeB)? =B e A7. (1.3)

We define an inner product (-|-) on the vector space (V @ V)% with values in the
algebra V @ V, letting for F = (F){_, and G = (G;){_, (F;,G; € VaV):

4
(FIG)=> FieGY. (1.4)

By (1.3), it satisfies the following symmetry property:
(GIF)” = (FIG). (1.5)

Let H = (Hij)fﬁjzl € Matgy¢(V ® V). We define its action on (V @ V)®¢ by the

following formula:
‘

(HF); = (Hij o F). (1.6)
j=1
In Sweedler’s notation, it is (HF); = Z§:1 FiH[, @ H,F}. The adjoint of the
matrix H is defined by
(H")ij = (Hj)" - (1.7)
7



It is adjoint with respect to the inner product (1.4) in the usual sense:
(FIHG) = (H'F|G), F,Ge (VoV)%. (1.8)

1.2. Trace map and reduction. Denote by m : V@ V. — V (or, in general,
m: V& — V) the multiplication map:

m(a®b)=ab.
We define the following “reduction” map (V @ V) — V& by
[od [eg e
F s m(F°) (: (m(E ))izl) . (1.9)

Furthermore, let [V, V] be the subspace of V' spanned by commutators ab — ba, for
a,b €V, and denote by
tr: V= Vv, V] (1.10)
the canonical quotient map.
The inner product (1.4) induces a well defined inner product (- |-) : V& x V&
V/[V7 V] so that the following diagram is commutative:

1)

(Ve V)% x (Ve V) — VeV
m oal ltr om
Vel « ot (|)> V/[V, V]

It is given explicitly by
¢
(FIG)=>_ t(FGi), F,GeV®. (1.11)
i=1
This bilinear form is obviously symmetric.
Furthermore, the action (1.6) of the matrix H € Matyx¢(V ® V) induces an
action on V®* via the commutative diagram

(Ve v)e ., (Vo v)e
vee L H> Vel

Explicitly, it is given, in Sweedler’s notation, by

Feve, (1.12)

1

4
(HF); =Y H};F;H}
j=1

1.3. V-module structures of V®", The space V®" has the following outer V-
bimodule structure:

alby ® -+ @bp)e=(aby) @by -+ @bp_1 ® (bpe) . (1.13)

More generally, for every ¢ = 0,...,n—1, we define the i-th left and right V-module
structures of V& by

a*x (1@ Qb)) =b1® - @b @abjt1 @ ® by,

(1.14)
(al®"'®an>*ib:al®"'®anfib®"'®an-

(The index denotes the number of “jumps”.) In particular, the bimodule structure
(1.13) is given by aBc = axg B *q c.
8



We use a similar notation for ®-product of an element of V' and an element of
yen,
AR (1@ Qb)) =01 @ Rb; AR bj11 @R by, (1.15)
(al®"'®an)®ib:a1®"'®an—i®b®"'®an- ’

For example, the action (1.12) of H € Matyx,(V ® V) on V¥ can be rewritten,

using this notation, as (HF)Z = Zﬁ:l Hl(Hw X1 Fj)( = Z?:l IH(FJ X1 HU) =

S m(Hij % Fy) = Y5y m(Fy %+ Hij)).
Note that, for f € V and A, B € V®2, we have
(fA)eB=f(AeB), (Af)eB=(AeB)f,

(1.16)
AO(f*lB):f*l (AOB), AO(B*lf):(AOB)*lf.

We also will be using the multiplication map VE™ x V& — y@(mtn=1) giyen
by

(a1®~~~®am)(b1®~~®bn):a1®~~~®am,1®(amb1)®b2~~~®bn. (117)

1.4. Some further notation. We define three possible left and right actions of
the algebra V®2 on V®3 denoted by e;, i = 1,2,3, as follows (here the subscript
indicates the place where no multiplication occurs)

(a@b)e; (zQ@Y®z2z)=2rQay®zb, (TRY®z2)e; (a®b) =2 ya® bz,

(a@b)ey (2@Yy®z2)=arRyRzb, (TRYRz2) e (a®b) =24y bz,

(a@b)e3 (rRYR2)=arRybRz, (TRYRz)e3(a®b) =2aRby® 2.
(1.18)

Lemma 1.1. (a) The o; left (and right) actions of V2 on V&3 are indeed actions,
i.e. they are associative with respect to the e-product of V&2:

Ae;(Be; X)=(AeB)e; X and (Xe;A)e, B=Xe,(AeDB),

for every A,B € V®2 and X € V3,
(b) The left o; and the right e; actions commute for every i,j =1,2,3:

Ae;(Xe;B)=(Ae;X)e; B

for every A,B € V®2 and X € V3,
(c) The o1 and e3 left (resp. right) actions of VE2? on V&3 commute:

Ae; (Bes3 X)=DBe3s(Ae; X) and (X e A)es B =(Xe3DB)e; A,

for every A,B € V®% and X € V®3. (In general, the o; and e; left (resp.
right) actions do NOT commute if |i — j| =1.)

Proof. Straightforward. O

Lemma 1.2. For every A € V®2 and X € V®3 we have

(Ae1 X)" = X" 0, A7, (Ao X)" =X 034°, (Ae3X)" =Ae; X7,

(A1 X)7 = Aoz X7 | (Ao X)” =X 01 A7, (Ae3X)” =X ey A°,

(Xeog A7 =A"03 X7, (XegA) =A"03X7, (Xe3A)7 =X"e A,

(X0, A7 =X 034, (XeaA)” =A% X7, (XegA)7 =A% 03 X7 .
(1.19)

X.l X.Q

)

Proof. Straightforward. O



1.5. n-fold derivations.

Definition 1.3. An n-fold derivation of V is a linear map D : V — V®" such that
D(ab) = (Da)b+ a(Db) , a,beV, (1.20)

where, in the RHS, we use the bimodule structure (1.13).

We can extend the n-fold derivation D : V — V®" to a map D : VO™ —
y@(mtn=1) for every m € Z,, by

D(a1®~~~®am):Za1®~~~®(Dai)®~-~®am, (1.21)
=1

where, in the RHS, we use the concatenation product in the tensor algebra over
V. We can also extend the n-fold derivation D to a map V®™ — V@m+n-1 by
applying D to only the i-th factor, and we denote the corresponding map by D;:

Dip(a1 @+ @ am) =a1 @+ @ D(a;) @+ @ ap . (1.22)

We will use the special notation for the derivation on the leftmost and the rightmost
factors:

Dy, := Dy and Dpg = Dy, - (1.23)
The symmetric group S, acts on V™" in the usual way: for 7 € S,,, we have
(a1 ® - ®an)" =ar-1(1) @ @ r1(y) - (1.24)
For every n, we shall denote by o the cyclic permutation (1,...,n), so that
(1 ® - ®ap)’ =, a1 QR ap_1. (1.25)

For convenience, we write here the formulas for the action of the whole cyclic group
Cpon A®" (s =1,...,n):

(al ®...®an)as :an+1—5®"'®an®a1®"'®an*57 (126)
and on an n-tuple of indices (i1,...,4,) € {1,...,£}™
(g1 rioe(m) = (int1—ss =iy it -y ins). (1.27)
Lemma 1.4. Let D : V — V" be an n-fold derivation of V. For A € VO™ e
have
DZAG-:D,L AG’) forlglgm—l,
(D) )Un +1)( ’ (1.28)
(DmyA)7 = D)(A7).
Proof. Straightforward. O

Lemma 1.5. If D : V — V®" is an n-fold derivation of V, then, for every
AeV® and B e VO (hk € Z,), we have

D(AB) = (DA)B+ A(DB), (1.29)
where, in the RHS, we use the multiplication map (1.17).
Proof. Straightforward. O

Given an m-fold derivation Dy : V — V®™ and an n-fold derivation Dy : V —
V" we can compose them, using their extension (1.21), to get a map

DioDy: V= V=1 (Do Dy)(a) = Di(Dsa). (1.30)
Proposition 1.6. Let D1 and D4y be respectively an m-fold and an n-fold derivation
of V.. Then:

(a) The commutator [Dy1, Dy] = Dy o Dy — Dy o Dy is an m +n — 1-fold derivation
of V.
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(b) (D1)r, 0 Dy — (D2)gr o D1 is an m + n — 1-fold derivation of V.

Proof. Part (a) follows from Lemma 1.5. Using the fact that Dy is an n-fold deriva-
tion, and by the definition (1.23) of (D;)r, we have (a,b € V)

((D1)r © D2) (ab) = (D1)(D2(a)b) + (D1)z(aDa(b))

(1.31)
= ((D1)r(D2a))b + (D1a)(D2b) + a((D1)1(D2b))

where in the second term we are using the multiplication in the tensor algebra given
by (1.17). Similarly we get

((D2)r o D1) (ab) = ((D2) r(D1a))b + (D1a)(D2b) + a((D2) r(D1b)) . (1.32)

Combining equations (1.31) and (1.32) we get part (b). O

Remark 1.7. Suppose that the algebra V is counital (with counity e € V*), so
that F is an A-bimodule (using the counit). Then, by Proposition 1.6, we have a
Z-graded Lie algebra g = @, _; gn, where g, is the space of n+ 1-fold derivations
of V.

1.6. n-fold brackets.

Definition 1.8. An n-fold bracket on V is a linear map {—, -+, —J} : A®" — A®"
satisfying the following Leibniz rules (using the notation (1.14)):

{ar,...;be,...;an} =bx; {ar,....c,...;ant+{ar,. .., b, . an}xn_ic, (1.33)

for all i =1...,n (in the first term of the RHS we let *,, = %).

Note that, if {—, -, —} is an n-fold bracket, then, for every ai,...,a,-1 €
V, the map {ai,...,an_1,—} : V — V& is an n-fold derivation of V. Then,
according to the notation (1.23), we let, for aj,...,an—1,b1,...,bm €V,

far,...;an—1, 1@ @b} ={ar,...,an-1,01} Qb2 @ - @ by, (1.34)
far,...;an—1, 01 @ Qb r=01 - Qbpm_1® {a1,...,an-1,bm} .
As a special case of Lemma 1.4, we get the following result, which will be used later
Corollary 1.9. Given a 2-fold bracket {—,—} on V', we have
{a, {b,c}br={a,{b,c}7}]. (1.35)

Proof. Equation (1.35) is a special case of equation (1.28) for D = {a,—}: V —
Ve, O

The following result will be used later as well.

Lemma 1.10. Let {—,—} be a 2-fold bracket on the associative algebra V. For
every a € V and B,C € V®2, we have

{G,B b C}}L =B {a’a C}L + {a’aB}L o C,
where in the LHS we use the product (1.1) while in the RAS we use notation (1.18).

Proof. Straightforward. O
11



2. DOUBLE POISSON ALGEBRAS AND NON-COMMUTATIVE HAMILTONIAN ODES
2.1. Definition of double Poisson algebras.

Definition 2.1 ([VdBO08]). A double Poisson algebra is an associative algebra V
endowed with a 2-fold bracket {—,—} : V®V — V ® V satisfying the following
axioms:

(i) skewsymmetry: {a,b} = —{b,a}?,

(ii) Jacobi identity:

fla, b, chhr + b, fe, a3 + fe. fa, 03B = 0. (2.1)
(Here we are using notation (1.34), i.e. we let {a,b® c}r = {a,b} ®@c €
VeVveVv.)

We can write explicitly the Leibniz rules for a double Poisson algebra bracket:
equation (1.33) with ¢ = 2 and 1 reads, respectively,

{a,bc} = {a,b}ec+ bfa,c}, (2.2)
and
fab,c} ={a,cprx1 b+ ax {b,c}. (2.3)

Note that equation (2.3) follows from (2.2) and the skewsymmetry axiom.

Remark 2.2. We can write the Jacobi identity (2.1) in an alternative way, analogous
to the usual “representation theoretic form” of the Jacobi identity for Lie algebras.
For this we extend the notation (1.34) of {—, =} and {—, —} r to the case when
we have an element of V' ® V in the first entry. We do this in analogy to the two
terms in the RHS of (2.3): using notation (1.15), we let

fa@b,chr i =f{a,c}p 10, {a®@b,chr:=a®; {bc}. (2.4)

With this notation, it is not hard to check, using skewsymmetry, that the Jacobi
identity (2.1) can be equivalently written as follows:

{av {bac}}}}L - {bv {a’ac}}}}R = {{aab}}vc}L' (25)

Lemma 2.3 ([VABO8]). If {—,—} : V — V®2 is a 2-fold bracket satisfying the
skewsymmetry axiom, then the LHS of the Jacobi identity (2.1)

fa,b,c} = fa, {b, ch o+ {b, fe, ap BT + fe, fa, 0} 37 (2.6)
is a 3-fold bracket on V.
Proof. Using the Leibniz rules for the 2-fold bracket {—, —J}}, we have

{a,{b,cd} B} = {a, {0, c}d}r + {a,c{b,d} } 1
= {a,{b,c}}rd+ {a,c}{b,d} + c{a,{b,d} } 1,

{0o,{cd,a}}g = ({b, ck1 {d,a} B+ {0, {c,al} %1 d}L)G
= (cx2 £b, {d, a} Yo + b, {c,a} B x1 d+ {c, a} {b, d}{c,a}"”)’ (2.8)
=c{b,{d,a} }7 + {b,{c,a} }5d+ {c,a}°{b,d} .

Hereafter we use Sweedler’s notation: for A € V&2 we let A = A’ ® A” (omitting
the sign of summation). Similarly,

{ed, {a, b} 37 = (cx1 {d. {a. b} Yr + fe {a b Jrxad)”
= cfd, o, b} 37 + e, o, b3} d.

12
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Combining equations (2.7), (2.8) and (2.9), and using the skewsymmetry assump-
tion on {—, —}}, we get

{a,b,cd} = cf{a,b,d} + {a,b,c}d, (2.10)
i.e. the Leibniz rule holds on the third entry. The Leibniz rules (1.33) on the first
and second entry follow from (2.10) and the following obvious identities (a,b,c € V)

{a,b,cl} = {b,c,a}’ = {c,a, b}}"2 . (2.11)
O

2.2. The trace map and connection to Lie algebras. Let {—, —} be a 2-fold
bracket on the associative algebra V. By composing it with the multiplication map
m: V®V — V, we obtain the corresponding map {—,—}: VeV — V:

{a,b} = m{a,b}. (2.12)
It is immediate to check that this bracket satisfies the Leibniz rule on the second
entry:
{a,bc} = b{a,c} +{a,b}c. (2.13)
(While, in general, it does not satisfies the Leibniz rule on the first entry.) Hence,
for every a € V, the map {a,—}: V — V is a (1-fold) derivation, and we extend it
to a map {a,—}: VO — VO for every n € Z,, via (1.21).

Lemma 2.4 ([VdABO08]). If {—, =} is a skewsymmetric 2-fold bracket on V', then
the following identity holds in V®?% (a,b,c € V)

{a,{b,c}} — {{a,b},c} — {b,{a,c}} = (m®1){a,b,c} — (1@m){b,a,c}, (2.14)
where {a,b,c} is as in (2.6).

Proof. Let us compute the three terms appearing in the LHS of equation (2.14).
Using the Leibniz rules we get, after a straightforward computation,

{a,{b,c}} = m){a, {b,c}}r+ (1 @m){a,{b,c}}r
= (m®1){a, {b,cp}r — (T @m){a, {c, 0} }7 .

For the last equality we used Corollary 1.9 and the skewsymmetry assumption.
With similar computations, we get

fo.{a,c}} = A @m){b, {a,c}}r — m@1){b, {c, a} 7, (2.16)

(2.15)

and
f{a,b}, ¢} = —fe, {a, b3} = —(meD{e, o, b} 37 + (1 @m){e, {b, a}}}}(%; 7

Combining equations (2.15), (2.17) and (2.16), and using the definition (2.6) of
{a,b,c}, equation (2.14) follows, thus concluding the proof. O

Proposition 2.5 ([VABO08|). (a) If {—,—} is a 2-fold bracket on V', then the as-
sociated bracket {—,—} defined in (2.12) induces well defined maps (which we
denote by the same symbol) {—,—} : V/[V7 V]®V =V, given by (recalling

(1.10))

{tr(a),b} = {a,b} (2.18)
and {—,—}: Viv,vieViv,v] = V/v,v], given by
{tr(a),tr(b)} := tr{a,b}. (2.19)

(b) If V is a double Poisson algebra, then V/[V, V] is a Lie algebra with the bracket
defined by (2.19), and (2.18) defines a representation of this Lie algebra by
derivations of V.
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Proof. First, we have, using Sweedler’s notation,
{ab,c} = {a,c}'b{a,c}” + {b,c} afb,c}’ = {ba,c}. (2.20)
Moreover, by (2.13), we have
{a,bc} — {a,cb} = [{a,b}, ] + [b,{a,c}] € [V,V]. (2.21)

Equations (2.20) and (2.21) imply that both brackets (2.18) and (2.19) are well
defined, proving (a).

The skewsymmetry for the bracket {—,—} on V/[V7 V] follows immediately by
the skewsymmetry axiom for the 2-fold bracket {—,—}. By the Jacobi identity
axiom (in Definition 2.1), the RHS of equation (2.14) is identically zero. Applying
the multiplication map m to its LHS, we obtain the Jacobi identity for the bracket
{—,—} of V/[V7 V], and, at the same time, the claim that (2.18) defines a repre-
sentation of the Lie algebra V/[V’ V] on V. Finally, this Lie algebra action is by
derivations of the associative algebra V', thanks to equation (2.13). O

2.3. Double Poisson brackets on an algebra of (non-commutative) ordi-
nary differential functions. Consider the algebra of non-commutative polynomi-
als Ry = F(x1,...,xy), i.e. the free unital associative algebra in the indeterminates
T1,...,2Tp. Let 6% : Ry - Ry® Ry, i = 1,...,¢, be the linear maps defined on

k3

monomials by

a S
%(-Th .. 'wis) = Z 61']“1' Tip oo Xy & Tifyq - Liy - (2.22)
’ k=1
The partial derivatives 6% are clearly 2-fold derivations of Ry;. Furthermore, by

Proposition 1.6, {%, %} is a 3-fold derivation. Since it is zero on generators xy,
i J

k=1,...,¢, we obtain
0 0 0 0

O—— = ——0 .
8:@- aiCj axj (9:6Z

(2.23)
Lemma 2.6. We have the following equality of maps Ry — Rg®3 (i,j € Zy):

0 0 0 0

Proof. By Proposition 1.6(b) it follows that

0N 0 (D) 0
8:@- L 896]- 895]- R (9:6Z

is a 3-fold derivation. The claim follows since this 3-fold derivation is obviously
zero on the generators xy, k=1,..., /(. ]

Note that equation (2.24) implies (2.23), by the definition (1.30) of the compo-

sition of 2-fold derivations. Hence, we will say that the 2-fold derivations 6% and
[é)

Da; strongly commute.

Definition 2.7. An algebra of ordinary differential functions is a unital associative
algebra V', endowed with ¢ strongly commuting 2-fold derivations % V=VeV,
i.e. satisfying (2.24).

An example is the algebra Ry = F(x1,...,z¢) of non-commutative polynomials
in the variables z1,..., 2, endowed with the 2-fold derivations (2.22). Other ex-
amples can be obtained as extensions of Ry by localization by one or more non-zero
elements.
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Theorem 2.8. (a) Any 2-fold bracket on Ry has the following form (f,g € V)

9y af \°
{f.9} = ijzzl o, o {zi,z;}te (8_501) ; (2.25)
where o is as in (1.1).
(b) Let V' be an algebra of ordinary differential functions, and let H be an £ x ¢
matriz with entries in V. @ V. Denoting its entries by Hj; = {xi,2;}, 4,5 =
yo oy b, formula (2.25) defines a 2-fold bracket on V.
(¢) Equation (2.25) defines a structure of double Poisson algebra on V if and only
if the skewsymmetry axiom (i) and the Jacobi identity (ii) hold on the x;’s,
namely, for all i,7,k =1,...,¢, we have

{zi,2;} = —{zj,2:}° (equivalently, recalling (1.7), H' = fH) , (2.26)

and

2o, oy, 2ed b + Lo fan, 2} 3L + Lo, {22} 3E =0, (2.27)

where each term is understood, in terms of the matrixz H , via (2.25), for example

fou oy} b = Y (5, Hi) o . (2.28)
h=1

Proof. We prove that the RHS of (2.25) satisfies the Leibniz rules (2.2) and (2.3).
Using the fact that partial derivatives are 2-fold derivations, the LHS of (2.2) is

14 o 14 h o
Z (;—j]h) o {z;,x;}e <g—£> + Z (gg—x]) o {z;,z;} o (aaa{l) . (2.29)
7,j=1 7,j=1

By (1.16) we have that (2.29) is the same as RHS of (2.2). The Leibniz rule (2.3)
is proved in the same way using again (1.16). Since any 2-fold bracket is extended
uniquely from the generators to Ry via the Leibniz rules, this concludes the proof
of (a) and (b).

The fact that the bracket given by equation (2.25) satisfies the skewsymmetry
axiom is immediate from (1.3) and the assumption that {z;, z;} = —{x;, x; }7 for
every i, =1,...,/0.

To conclude the proof of part (c) we are left to prove Jacobi identity (2.1). First,
for f € V and G € V®?2 we have, by (2.25) and the definition of the e; actions,

1= 3 ((22),6) o (tmbe (L)) e

Then, by equation (2.25), Lemma 1.10, and equation (2.30), we get

{{fa {{ga h}}}}L

- B ), () (e () ) (e (2))

o> fai, {zj, 2} o o3 (a_x{)” o ((,f—jj)a (2.32)

(o=t o (3, () o (tomn = (55) ).

(2.33)

PN
L
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Note that in the RHS above we avoided using unnecessary parentheses, in view of
Lemma 1.1. From the above equation, permuting f, g and h, applying the permu-
tation o, and using Lemma 1.2 several times, we get

{o. 4 337

S () (), () (et ()

3

(2.34)
2226 or oy o nbbion (1) w0 (22 (2.35)
S () ()Y (e (22) Yot (2))
(2.36)

and, similarly,

{h 41 9337

- m;;ﬂ (;Z; ° {{xk’xh}}a) " ((%)L (3%)) ({{x“x]}} (ai)o)

(2.37)

fo@y e
b o (12), () ) (i (2))

(2.39)

o {an, @i,z } }5 o3 <5$Z

=
I

Since, by assumption, the Jacobi identity (2.1) holds on generators, we have that
(2.32), (2.35) and (2.38) sum up to zero. Note that here we are using the fact that
the o1 and 3 actions commute, by Lemma 1.1(c). Furthermore, by Lemma 1.4 and
assumption (2.24), we have

(), Gar) ) - (G), () - (o), (350)-

It follows that (2.31) and (2.36) are opposite to each other by the skewsymmetry on
generators. Similarly, (2.33) and (2.37) (respectively (2.34) and (2.39)) are opposite
to each other. This concludes the proof. O

Definition 2.9. The matrix H = (Hij)szl € Matyyo(V®V) satisfying (2.26) and
(2.27) is called a Poisson structure on the algebra of ordinary differential functions
V.

Remark 2.10. Formula (2.25) for the 2-fold bracket of f, g € V' can be written in a
“traditional” form as

{f.9% = (Vg|lHVf), (2.40)
where Vf = (az) _ € (VaV)® H = (H;) s € Matgxr(V®V) is the matrix

with entries H;; = {xi,2;}, its action on (V ® V)®* is defined by (1.6), and (-] )
is the inner product (1.4).
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Remark 2.11. One can define a double Lie algebra as a vector space g endowed with
a double bracket {—,—} : g x g = g ® g satisfying the skewsymmetry and Jacobi
identity axioms from Definition 2.1. Then, by Theorem 2.8 the tensor algebra T (g)
is a double Poisson algebra, with the 2-fold bracket given by (2.25).

2.4. Evolution ODE and Hamiltonian ODE. Let V be an algebra of ordinary
differential functions. An evolution ODE over V is an equation of the form

' —PcV, i=1,... 0. (2.41)

By the chain rule, a function f € V evolves, in virtue of (2.41), according to the
equation

z (7

It is immediate to check that the time derivative E : V= V as given by (2.42)

is a derivation of V. In particular, it induces a well defined map on V/ [V, V] An

) (2.42)

integral of motion for equation (2.41) is an element tr(h) € V/[V, V] constant in
time, i.e. such that

dtrhit zf: (

Given P € V¥, we define the corresponding evolutionary vector field Xp as the
derivation of V given by the RHS of (2.42):

Xp(f)=) m (R- ®1 gi) : (2.44)

i=1

) ~0. (2.43)

Evolutionary vector fields form the Lie algebra Vect(V'), with commutator given by
the usual formula:

[XP,XQ] = X[pﬁQ] 5 where [P, Q]z = XP(Qi) - XQ(Pl) 5 1= 1, . ,f. (245)

This can be easily checked using condition (2.24) on V.
Equation (2.41) is called compatible with another evolution ODE % = @,
i=1,...,¢, if the corresponding evolutionary vector fields commute: [Xp, Xg] = 0.
A Hamiltonian ODE on an arbitrary double Poisson algebra V', associated to
the Hamiltonian function trh € V/[V7 V] is an equation of the form

d“ = {trh,u}, ueV. (2.46)

An integral of motion for the Hamiltonian ODE (2.46) is an element tr f € V/[V, V]
such that {trh,tr f} = 0. In this case, by Proposition 2.5, the derivations X" =
{trh,—} and X/ = {tr f, —} (called Hamiltonian vector fields) commute, and equa-
tions 9% = {tr f,u} and (2.46) are compatible.

In the special case when V is an algebra of ordinary differential functions and
the 2-fold bracket {—, —} is given by a Poisson structure H on V via (2.25), where

{xi,z;} = Hj;, the Hamiltonian ODE (2.46) becomes the following evolution ODE

dml - Z (—)U (2.47)
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Furthermore the Lie algebra bracket {—, —} on V/[V, V] associated to the double
Poisson bracket (2.25), defined by Proposition 2.5, is:

{tx(f), tr(g)} tr(mi %.Hﬁ. (g—i)a) , fgev. (2.48)

In this case the notions of compatibility and of integrals of motion are consistent
with those for general evolution ODEs, due to Theorem 2.8(c).

Remark 2.12. Recalling the definition (1.12) of the action of the matrix H €
Matyx¢(V ®@ V) on V¢ formula (2.47) can be written in the “traditional” form

dx
— = Hdh 2.49
" _ Han, (2.49)
and similarly formula (2.48) can be written as (see (2.40))
{tr(f), tr(9)} = (dg|Hdf), (2.50)

where (-] -) is the inner product (1.11) on V¢ and df = m(Vf)? (cf. (1.9)). The
latter notation is compatible with the theory of the reduced de Rham complex, cf.
(2.70).

2.5. Lenard-Magri scheme for Hamiltonian ODE. Let H € Matyx,(V ® V).
We define a bilinear form associated to H, (—, )y : V& @ V& Viv,v) as
follows

(F,G)g = (F|HG) , F,Ge V. (2.51)
Here we are using notation (1.11) and (1.12). Recalling (1.8), we obtain that the

form (2.51) is symmetric (resp. skewsymmetric) if H is selfadjoint (resp. skewad-
joint) (see (1.7)).

Lemma 2.13. Let Hy, Hi € Maty,(V ® V) be skewadjoint, and let {F,}N_, C
V& be such that
HoF™" ' = H\F" forn=0,...,N—1.
Then, the following orthogonality relations hold:
(F", F™Yg, = (F", F™)g, =0 forn,m=0,...,N.
Proof. Same proof as in [Mag78| or Lemma 2.6 in [BDSKO09]. O

Corollary 2.14. Let {—,—}o and {—, —}1 be two skewsymmetric 2-fold brackets
on an algebra of ordinary differential functions V- given by the equation (2.25) for
Ho, Hy € Matyx,(V ®@ V) respectively. Let {h,}N_o C V be such that

{tr(hn),u}o = {tr(hpt1),u}r forueV ,n=0,...,N—1. (2.52)
Then we have

{tr(hn), tr(hm) o = {tr(hp), tr(hm)}1 =0 form,m=0,...,N.
(See (2.12), (2.18) and (2.19) for notation).
Proof. It follows from Lemma 2.13 and equation (2.50). O

Remark 2.15. The analogues of Propositions 2.9 and 2.10 in [BDSKO09] still hold in
the present setup with the same proof.

Theorem 2.16. Let V = Ry be the algebra of non-commutative polyomials in ¢
variables. Let Hy, Hy be compatible Poisson structures on V, and assume that K
1s a non-degenerate matrix. Let ho,hy € V and F € V¢ be such that
Hydhy = Hodhy , Hydhy = HoF', (2.53)
18



where, as before, dh = m(Vh)?, and we are using the notation (1.12). Then, there
exists ho € V' such that F' = dhs.

Proof. First, one checks that the Jacobian of F, (defined after equation (0.22)), is
self-adjoint, i.e. Jp = J}. The proof of this claim is long but straightforward, and
the argument is the same as in the commutative case, cf. e.g. [O1v93, Lemma 7.25].
The proof uses non-degeneracy of the bilinear form (1.11), which follows from the
well-known property of the algebra V' = Ry that for a € V', tr aV = 0 implies a = 0.
Then, one uses the exactness of the reduced de Rham complex, proved in Theorem
2.18 below, to conclude that the 1-form F' is exact. O

Using this theorem and Remark 2.15, one shows that the Lenard-Magri scheme
works for V' = Ry, i.e. the Lenard-Magri recursive relation in Corollary 2.14 for
N =1 can be extended to N = oo, provided that the orthogonality condition,
similar to that in [BDSKO09, Proposition 2.9], holds.

2.6. Examples. It is claimed in [VdBO08| that the only non-zero double Poisson
brackets on R; = Flz] (up to automorphisms of R;) are given by
{z,2} =2®1-1®2z and {z,2} =2’®z— 2>,

The corresponding Lie algebra brackets on Rl/[ Ry, Ry] given by (2.48) are trivial.
Hence, we do not get non-trivial Hamiltonian equations.
The simplest double Poisson bracket on Ry = F(x,y) has the following form:

{z. 2} =p®q—q@p where p,g € Ry, {z,y} ={y.y}=0. (2.54)

The double Poisson bracket given by (2.25) and (2.54) is obviously skewsymmetric
and it satisfies Jacobi identity if and only if equation (2.27) holds for z; = z; =
xr = x (see Theorem 2.8). Using equation (2.28), this condition can be rewritten
as follows (using Sweedler’s notation)

a / a " a / a " a / a "
(B () o0~ (&) () or-(2) ()
! "
X

=k qRp a ® p + cyclic permutations = 0.
ox ox
(2.55)
We found the following three types of solutions:
(a) p=py), ¢=a(y);
(b) p=uz, ¢=q(y);
() p=1,q=af(yz
In fact, one can show that, up to automorphisms of Rs, these are all solutions.
Replacing « by = + 1 in (b) we get the following compatible double Poisson
structures (where y is central for both structures):
{z,2}o=10y—y®1 and {z,2}hh =2Ry—yx.
Let
1
ho=1 and h, =—(x+y)" for every integer n > 1. (2.56)
n
We have the following recursion relations
{tr(ho),z}o =0 and {tr(h,),z}1 = {tr(hn+1),2}0, n € Z4 . (2.57)
which can be proved using equation (2.48) and the fact that for n > 1

Oh, 1 1
EZEZ(CU‘HJ)]C@@‘HJ) h
k=0
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Hence, by Corollary 2.14, we get that all tr(h,,) are in involution with respect to
both brackets {—, —}o,1 on RQ/[ Ry, Ry], given by equation (2.48). Furthermore all
the tr(hy,) are integrals of motion for the corresponding compatible Hamiltonian
ODEs, which are computed using (2.47):
C;lﬁ—i:x(:ery)”yfy(:EnLy)":E, jt—i:O, nely. (2.58)
Note that the algebra Ry is Zi—graded in the obvious way. The homogeneous
components of the h,,’s are still in involution with respect to both brackets and the
corresponding Hamiltonian vector fields still commute. Thus, for n € Z,, equation
(2.58) produces n + 1 compatible Hamiltonian ODEs, and they are compatible for
all n. For example, for n = 0, equation (2.58) is

dx dy 0

— =zy—yxr, — =0.

dto gy dto
The homogeneous components of equation (2.58) for n = 1 produce the following
two Hamiltonian ODEs:

dx 2 2 dy

= — = 0
dt Ty —yr, dt )
dx 9 9 dy 0
— =ay* —y‘z, — =0.
dt; 4 v, dty

As explained in [MS00] the first of the above equations is a higher symmetry of the
Euler equation and they find infinitely many its conserved densities. For n = 2, the
homogeneous (2, 2)-component of equation (2.58) produces the following equation
which also was found in [MS00]:
d d
d—txo = ay® + ayry — yayr —ya?, d—tyo
Furthermore, let us consider on Ry the following double Poisson structure (of
type (c)):

=0.

{z.2} =z@ayr —ayz®z,  {z,y}={y,y}=0.
Let hg =1 and
hp, = r =2y, hy = x(yx)"™ for every integer n > 1. (2.59)
n

Using the fact that

Ohy, 1 i k —1—k Ohy, — k —1—k
—_— == " @ a" , —:Zz @2y,
ox (s ox Pt

877’" n — k n—1—k
5y —1® (yx) +kzzow(yx) Y@ (yx) :

and equation (2.48), it is straightforward to show that
{tr(X,), tr(Y;n)} = 0 for every integers n,m > 1,

where X and Y can be h, h or h. Hence, we get the following integrable hierarchy
of Hamiltonian ODEs:

da Loy

[ n+1 _ n-+ — 0 >1

. ,? ) Yyxr — xyx ", , =1,

d — - d

é = Igoz"_ky:ck"'ly:c — zyaFtlya™ Tk % =0, n>1, (2.60)
dz -

dt. " dt,



The first equation of the hierarchy, corresponding to n = 1 (and the Hamiltonian
density hy = x), is

dx 2 2 dy

d—tlf:c yx — xyr”, prai
This equation already appeared in [MS00], where its higher symmetries of degree
n+ 2 in the variable  and degree 1 in the variable y were found (which correspond

to the first line in equation (2.60)).

2.7. Basic de Rham complex over an algebra of ordinary differential func-
tions. Let V be an algebra of ordinary differential functions. We define the basic
de Rham complex Q(V) as the free product of the algebra V and the algebra
F(dxy,...,dz;) of non-commutative polynomials in ¢ variables dx1,...,dz,. It is a
Z-graded unital associative algebra, where f € V' has degree 0 and the dx;’s have
degree 1. We consider it as a superalgebra, with superstructure compatible with
the Z,-grading. The subspace Q"(V) of degree n consists of linear combinations
of elements of the form

w = fidz;, fodx,, ... fndz;, fns1 , where fi,..., fns1 € V. (2.61)

In particular, Q°(V) = V and Q'(V) ~ &/_, Vdz, V.
Define the de Rham differential d on (V) as the odd derivation of degree 1 on
the superalgebra Q(V') by letting

df = Z(af) <a§) e QUV) for feQOV), d(dz)=0.  (2.62)

2

In order to check that d is a differential on ﬁ(V)7 ie. d? =0, it suffices to check
that d2f = 0 for f € V. Using Sweedler’s notation and equation (2.62) we have

Pr= 3 (a% L)) (5) ) (52,)
zz_1<8$1) ( ,7:]<6x1)1/)ldzj(8ixj<gi)”)”
= 3w ((55), (52)) 1)

4
7i7]_z:1m (d:ci *1 ((%)R(Sg‘i)) *1 dxj) =0.

The last equality follows by condition (2.24) on V. So we can consider the corre-
sponding cohomology complex ((NZ(V), d).

Given an evolutionary vector field Xp € Vect(V) (cf. (2.44)), we define the
corresponding Lie derivative Lp : Q(V) — Q(V) as the even derivation of degree 0
extending Xp from V, and such that Lp(dx;) = dP;, i =1,...,¢. In other words,
if @ is as in (2.61), then, recalling (2.62), we have

n+1
@)=Y fdwi, fo. . dwi,  Xp(f)dui, ... du, foi
s=1 (263)

Jrsiifldz“ﬁ (%Zl)ldx (3PZS) fot1 - -dag, fosr -

Next, we define the corresponding contraction operator vp : Q(V) — Q(V) as the
odd derivation of degree —1 defined on generators by tp(f) = 0, for f € V, and
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tp(dx;) = P;. In other words, if @ is as in (2.61), then

ix @) =Y (=1 fadas, fo .. dwi,_, foPi, feprdai, oo dai, frir . (2.64)

s=1
Proposition 2.17. The Lie derivatives (2.63) and the contraction operators (2.64)

define a structure of a Vect(V)-complex on Q(V) In other words the following
relations hold for P,Q € V* (recalling (2.45)):

(CL) [LP7 LQ] =0;

(b) [Lp,iql = yp.q)

(¢) [Lp, Lol = Lipq);

(d) Lp = [vp,d] (= tpd+dep) (Cartan’s formula).

Proof. Both sides in each formula are derivations of the superalgebra Q(V), and
they are obviously equal on generators dz; and f € V. O

Theorem 2.18. The complex (U(Ry),d) is acyclic, i.e. H"(QURy),d) = O, 0F.
¢

Proof. Let A = (zi)i:
Then LA is a diagonalizable operator on Q(R[), with eigenvalues given by the total
degree in the x;’s and the dx;’s. Moreover, h = 1A is a homotopy operator for
the complex (Q(Ry),d): by Cartan’s formula we have h(di) + d(h@) = ki, for
every W € (NZ(Rg) of total degree k. In particular, if & # 0 and dw = 0, then

w = 1d(hw) € dQ(Ry). The claim follows. O

L € RY (it corresponds to the degree derivation X of Ry).

Remark 2.19. Let A; = (5ijxi)§:1 € V!, Consider the filtration Vy ¢ V3 C --- C
Vi, =V, where

of o
Vi’{fe‘/’a_xj*() forallj>z},

and extend it to a filtration of Q(V), letting ﬁ? (V) contain elements of the form
(2.61), with f1,..., fuy1 € Vi and 41,...,4, < . Then, L, preserves the space
QF(V), and wa, (QF(V)) € QF1(V). Assume that La, : QF(V) — QF(V) is sur-
jective and its kernel is ﬁfﬁl(V). This is true, for example, for the algebra R, of
non-commutative polynomials in ¢ variables. Then, it is easy to check that the
operator h; = LE oA, : ﬁf(V) — ﬁffl(V), defined up to elements of Qf:ll V),
is a local homotopy operator, in the sense that

(doh;+h;od) (@) —& e QF (V) for every & € QF(V).

As a consequence, under the above assumptions the basic de Rham complex is
acyclic.

2.8. Reduced de Rham complex. Obviously the subspace [Q(V), (V)] € (V)
is compatible with the Z -grading and it is is preserved by d. Hence, we can consider
the reduced de Rham complex

QV) = V)V, (V)] = Bnez, Q(V), (2.65)
with the induced action of d. Since Lie derivatives Lp and contraction operators ¢p,
for P € V*, are derivations of the superalgebra Q(V'), they preserve the commutator
subspace [Q(V),Q(V)]. Hence, they induce well defined maps on the reduced de
Rham complex Q(V') satisfying all relations of Proposition 2.17.

It follows by the same argument as in the proof of Theorem 2.18 that the complex
(Q(Ry),d) is acyclic as well:

H™(Q(Ry), d) = 6,.0F . (2.66)



We obviously have Q°(V) = V/v,v]. Elements of (V) can be understood

as 1-forms w = Zle fidx;, and elements of Q™(V') as sort of cyclically skewsym-
metric “products” of 1-forms. We provide now an alternative explicit description
of the spaces Q"(V) for n > 1 as follows. We identify the space Q" (V) with the

space X"(V) of arrays (Ail___in)e | with entries A;,_;, € V@n  satisfying the

following skewsymmetry conditic;ﬁ.;.’ "
Ail---in, = —(—1)”(141'2.“1'”1'1)0 for all il;---ain e {1,...,[}, (267)

where o denotes the action of the cyclic permutation on V™ as in (1.25). To prove
the isomorphism Q*(V) ~ ¥"(V) we write explicitly the maps in both directions.
Given the coset w = [W] € Q™(V), with @ as in (2.61), we map it to the array

(recall (1.26) and (1.27)) (Ail...in,)f € ¥"(V), with entries A;, ;. = 0,

Lyeoyin=1

unless (j1,...,Jn) is a cyclic permutation of (i1,...,4,), and
1 .
Ajy ==Y g @d"@d Ml @’ @ ®@ad®, (2.68)
n

for (j1,...,Js) = (ios(1)s- -+ »ics(n)); The inverse map X" (V) — Q"(V) is given by
(in Sweedler’s notation):
¢
(Anmin)fl,__,z-n:l =Y AL de AL da, AL ] (2.69)
i1yeeeyin=1

It is easy to check that the maps (2.68) and (2.69) are well defined, and that they
are inverse to each other, thus proving that the space Q™ (V') and the space of arrays
Y"(V) can be identified using these maps.

It is also not hard to find the formula for the differential d : X*(V) — L H1(V)
corresponding to the differential d of the reduced complex Q(V') under this identi-
fication. For n = 0, we have (recalling (1.10))

af o\ ¢
d(tr(f)) = (rn (ax.) )Z_Zl. (2.70)
For A = (Ailmin)fl i —y €X"(V), where n > 1, we have, using notation (1.22)

and recalling (1.26) and (1.27),

1 (e sn+t—1 9
(dA)i iy = P Z Z(_l) ((3%6

s=1 t=1

s

)G . (2.71)

t
where . 7. means that we skip the index i,s(;). Thanks to Lemma 1.4, we can rewrite
formula (2.71) as follows

(dA)i,.

)4 .
sy ? (B) i) ios (nt1)

g1
o n n et o o ) . ' oAl
Cn+1 (;( 1) (8%5)(5)141'1.?.1'”“ +(=1) ((8@”“)(1)14““'1") ) '
(2.72)
In particular, for n = 1, we have, for F = (FJ')§:1 c Ve =xN(V),
. 1 aFj OF;\°
(dF):; = 5(0301- B (axj) ) ' (2.73)
Forn =2, let A = (Aij)fj:1 € ¥2(V), namely Ai; e VoV and (A4,)7 = —A;;.
We have 7
2 0 0 o o2
= 5((r) e () e+ () o)) e
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As an application of (2.66), we get the following

Corollary 2.20. (a) A 0-form tr(f) € QV(Ry) is closed if and only if f € F +
[Re, Ry].

(b) A 1-form F = (Fi)le € RP' = XY (Ry) is closed if and only if there exists
tr(f) € Re/[Re,Re] such that F; = m (g_xfi)a for everyi=1,... L.

(c) A 2-form o = (Aij)f,jzl € Y%(Ry) is closed if and only if there exists F =
(Fi)l S R;M such that

=1
=552 - G-

for everyi,j=1,...,¢.

Remark 2.21. For F € V® = $1(V), define the Jacobian

OF;\"
Jrp = ( ) GMathg(V(X)V).

Then equation (2.73) becomes:
1
aF = 5 (Jb— J) -
(Here, t stands for transpose.) Therefore, recalling (1.7), we see that dF' = 0 if and
only if Jp = J}.
3. DOUBLE POISSON VERTEX ALGEBRAS AND NON-COMMUTATIVE HAMILTONIAN
PDESs

3.1. Definition of double Poisson vertex algebra. By a differential algebra we
mean a unital associative (not necessarily commutative) algebra V over the field F,
endowed with a derivation 9 € Der V.

Definition 3.1. An n-fold M\-bracket on V is a linear map

La = = =V = VO A A
which satisfies the following sesquilinearity conditions
Lairn, - a1 (0ai)x; - an—1x,_an} = —Nifain, - an—1x,_,an}, (3.1)
foralli=1,...,n—1, and

{{alkl o Ap—1), 1 (aan)}} - ()\1 R )\n—l + a){{alkl T an—lkn,lan}} 5 (32)

and the following Leibniz rules:

Laixn, ---bex, o an—1n,_an}} = e b) %; Laixn, --exn, - an-1x, ,an}
(3.3)

+ faixn, - byto. - @n—1x, an o *n_icC,

for all i = 1,...,n, where x, = %o. The notation on the RHS of (3.3) needs
some explanations. The %;-products were introduced in (1.34). Given a polynomial
P, A1) =01 @ @ap\ht ./\i":ll € VO [\1,..., \n_1], we denote

(eaaxif) *; P()\h...,)\i,...,)\n,l)
Bk , 4

= Z (jz)m ®...a; @ (0 flai1 ®...®an)\’1€1 _._Afi—].“)\fln_—ll,
7=0
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in other words, applying e?2*i amounts to replacing \; by A\;+0, and the parentheses

mean that 0 should be applied to f. Moreover, we denote

P(AI)"')Ai+a"")An_1)_> *n—lf
ki k. . .
:ZZ (jz)al®~~~®ai(8]f)®~~~®an)\]f1 D D Wt
=0

in other words, the arrow means that 0 is applied to f.

(3.4)

In the special case of 2-fold A-brackets, the sesquilinearity conditions (3.1) and
(3.2) are

{0a b} = —A{arb}, {ardb} = (A +9){arb}, (3.5)
and the Leibniz rules (3.3) are
Larbe} = {arbf e+ b{axch
flabac} = farioc) - x1 b+ (€992a) % {back .

In analogy with (1.34) and (2.4), we also let, for a,b,c € V,
farx(b@ o)} =faxb} @c, {ax(b@c)}r:=b® {arch,
{(a@b)rclr := {arroc)— @10, (3.7)
[(@® backn = () &1 foach = Dorsoch— @1a).

Definition 3.2. A double Poisson vertex algebra is a differential algebra V), with
derivation 0 : V — V, endowed with a 2-fold A-bracket {—x—} : VxV =V @V
satisfying the following axioms:

(3.6)

(i) skewsymmetry:
{{a,\b}} - —{{b_)\_aa}}a 5 (3.8)
where —\ — 0 in the RHS is moved to the left, acting on the coefficients.
(ii) Jacobi identity (cf. Remark 2.2)

farxfbuch e — foufarchbr = {faxbhasuche . (3.9)
Lemma 3.3. (a) The sesquilinearity relations
{{aA)\B}}L(resp.R) = _)\{{AAB}}L(T‘GSP.R) )
{Az\aB}L(resp.R) = (>‘ + a){Ax\B}}L(resp.R) )

hold if either A or B lies in V @V, and the other one lies in V.
(b) Fora,beV and A,B €V ®V, the following skewsymmetry relations hold

{asBY Lirespry = —ABr_oa} %)
{ANDY Lrespry = —fb-r—0 AR
(¢) Fora,b€V and A,B €V ®YV, we have
{axB}] ={axB°}r, {Axb}r ={A\b}R.
Proof. Straightforward. O

Lemma 3.4. Let {—x—} be a 2-fold A\-bracket on V satisfying the skewsymmetry
aziom (3.8). Then the linear map {— —, =} + V¥ — V(X 4] defined by
(a,bceV):
faxbuch := farfbuch o — foufarchbr — {{arbPrrpche, (3.10)
is a 3-fold \-bracket on V.
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Proof. Sesquilinearity properties (3.1) and (3.2) follow easily from Lemma 3.3(a)
and (3.5). Let us prove that {—x —, —} satisfies the Leibniz rule (3.3) with ¢ = 3.
By (3.6) and (3.7), we have

farfoucd} e = farfbuckprd + cfar{bud o + farch{o.dy
foufarcd} b r = foufarchprd + cfbufard} b r + {archbudy,  (3.11)
{{aAb}}AJr#Cd}L = {{a)\b})\Jr#C}Ld + C{{a)\b})\Jr#d}L .

Hence, equation (3.3) with ¢ = 3 holds.
Next we prove that

farbucl} = {buc_r—p—0a}”. (3.12)
Equation (3.3) with ¢ = 1 and 2 then follows from (3.12) and (3.3) with ¢ = 3. By
Lemma 3.3(b) and (c), we have

farfbucdbe = farnfuc} s = —{{buch—r—0a},

foufarchbr = {bufarch”}7 = —{bufic-r-0a}}7, (3.13)
faoirinche = —{{buads che = fer-n-afbua} Bz
Combining the three equations (3.13) we get (3.12). O

3.2. The trace map and connection to Lie conformal algebras. Given a
(not necessarily commutative) differential algebra 1V, we denote by [V,V] C V the
commutator subspace. For f € V, we let tr(f) € V/[V,V] be the corresponding
coset. Furthermore, for f € V, we also let [ f be the coset of f € V in the quotient
space V/([V, V] + 9V).
Given a 2-fold A-bracket {— —J} on V we define the following map {—x—} :
VeV — V[ by
{axb} = m{arb} (3.14)
(we extend the multiplication map on ¥V ® V to a multiplication map m : (V ®
V)[A] = V[}] in the obvious way), and we also define the map {—,—}: V@V =V
by
{a,b} = m{{arb}| =0 - (3.15)
Lemma 3.5. If {—\—1} is a skewsymmetric 2-fold A\-bracket on V, then the fol-
lowing identity holds in VE2|\, u] (a,b,c € V):

{ar{buc}) — fbufarct} — farbharnch = el farbue) — (1@ m){baarch .

(3.16)
where we set {axb® ¢} = {a b} @ ¢+ b @ {axc}.

Proof. Let us compute the three terms of the LHSof (3.16). Using (3.7), we get,
after a straightforward computation,

{axfbuch} = mel){ar{ouch e + (1 @ m){ar{buchr,
{ou{arct} = A @m){b farch}r + (mel){b.farc}}r,
{{axbhripcl = m@){{arbParpchr + (1 @m){{arbPat chr.

By skewsymmetry and Lemma 3.3(c), we can replace the last term in the RHS
of the third equation by —(1 ® m){{b,a}r+.c}r. Hence, combining the three
equations above, we get (3.16). O
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Theorem 3.6. Let V be a differential algebra, with derivation 0, endowed with a
2-fold \-bracket {—x—1}, and let {—x—} and {—,—} be defined as in (3.14) and
(3.15).

(a) O[V,V] C [V,V]. Hence, we have a well defined induced map (denoted, by abuse
of notation, by the same symbol) O : V/[V,V] — V/[V,V], given by O(tr f) =
tr(0f).

(b)) {[V,V]\V} = 0, and {V»\[V,V]} C [V,V] @ F[\]. Hence, we have well defined
induced maps (denoted, by abuse of notation, by the same symbol)

{—x—}: V/[V,V] x V= V[,
and
(== Vv v < Vv, v = Vv, v

given, respectively, by

{tr(f)agt = m{/rgl, (3.17)
and

{tr(f)atr(g)} = tr(mf frg}) - (3.18)
(c¢) If the 2-fold \-bracket is skewsymmetric, then so is the A-bracket (3.18):

{tr(f)atr(9)} = —{tr(g)-r-a tr(f)}-

(d) If the 2-fold A-bracket defines a structure of a double Poisson vertex algebra on
V, then the A\-bracket (3.18) satisfies the Jacobi identity (f,g,h € V)

{tr(F)a{tr(g)u tr(h)}} — {tr(g)u{tr(f)x tr(h)}} = {{tr(F)x tr(g) }rsp tr(R)},

thus defining a structure of a Lie conformal algebra on V/[V, V). Furthermore,
the A-action of V/[V,V] on V, given by (3.17), defines a representation of the
Lie conformal algebra V/[V, V] given by conformal derivations of V.

(e) {V,V]+0V,V} =0, and {V,[V,V]|+ 0V} C ([V,V]+ 0V) ® F[\]. Hence, we
have well defined induced brackets (denoted, by abuse of notation, by the same
symbol)

{= =} Vv v+ov)xV =V,

and

{= =}V, v +ov) x Vv, V] +ov) = VIV, V] + aV),

given, respectively, by

{[f.9} = m{rg}lr=0, (3.19)
and

{Jf. [a} = [m{frg}lr=0- (3.20)

(f) If the 2-fold A-bracket is skewsymmetric, then so is the bracket (3.20).
(9) If the 2-fold \-bracket defines a structure of a double Poisson vertex algebra on
V, then the bracket (3.20) defines a structure of a Lie algebra on V/([V’ V] + 9V)-

Furthermore, the action of V/([V,V] + ) on V, gwen by (3.19), defines a rep-

resentation of the Lie algebra V/([V,V] +0V) by derivations of V commuting
with 0.

Proof. Part (a) is clear, since 0 is a derivation of the associative product of V. By
the second Leibniz rule (3.6) we have, for a,b,c € V,

{abxc} = mfabyc} = m ((eaa*a) @1 forc} + farrock - @1 b) .



Note that the expression in parenthesis in the RHS above is unchanged if we switch
a and b (cf. the last identity in (3.7)). Hence, {abxc} = {bayc}. Furthermore, we
have
{axbe} = mfarbe} = m (farble+ bfarc}) = {arb}e + b{axc}.
Namely, the A-action {a —} is by derivations of the associative product of V. But
then
{axbe — cb} = [b, {axrc}] + [{ardb},c] € [V, V] @F[\].

This proves part (b). Part (c) is immediate. Part (d) is an immediate consequence
of Lemma 3.5. Finally, parts (e), (f) and (g) can be proved in the same way, or

by using the usual construction that associates to a Lie conformal algebra R the
corresponding Lie algebra R/a R and its representation on R. O

3.3. Double Poisson vertex algebra structure on an algebra of (non-
commutative) differential functions. Consider the algebra of non-commutative
differential polynomials Ry in ¢ variables u;, i € I = {1,...,¢}. It is the algebra of

()

Re=Fu!” |ieI,nel),

non-commutative polynomials in the indeterminates u

endowed with a derivation @, defined on generators by 8uz(-") = uz(-"H), and partial

derivatives ﬁ, for every i € I and n € Z, defined on monomials by
Ui

o (U(nl) . ’u,g;ﬂs)) = Zéimiénk,n U(nl) .. $(nk71) & U(-nk+1) N UEnS) ) (321)
k=1

au(n) i1 i1 g 7o) Tht1 s
which are commuting 2-fold derivations of R, such that
0 0
,0| = , (3.22)
ﬁuz(-") 8uz(-"_1)
where the RHS is zero for n = 0.

Lemma 3.7. For any non-commutative differential polynomial f € Ry, andi,j € I
and n,m € Z., the partial deriwatives strongly commute, i.e. we have

(m) () (n) (m) *
ou, 1, Ou; ou; " ) L, Ou,

Proof. Same as the proof of Lemma 2.6. (]

Definition 3.8. An algebra of differential functions in £ variables is a unital asso-
ciative differential algebra V), with derivation 0, endowed with strongly commuting
2-fold derivations % V= VeV,iel ={1,...,4}, n € Z,, such that (3.22)
holds and, for every f € V, we have % = 0 for all but finitely many choices of
indices (i,n) € I x Z.. '

An example of such an algebra is the algebra R,, endowed with the 2-fold deriva-
tions defined in (3.21), or its localization by non-zero elements.

Lemma 3.9. Let {—x—} be a 2-fold \-bracket on a differential algebra V. For
every a € V and B,C € V®?, we have

{{a)\B ° C}}L = B ey {{GAC}L + {a,\B}}L o (',
{a/)\B.C}R:B.Q {{a,\C}}R—i—{{a)\B}}R o3 (. (323)
{{B ° C)\a}}L = {{B)\_;,_aa}}LH o3 C + {{C)\_,_aa}}LH o, B7.

In the last equation the arrow has a meaning similar to (3.4) (with e product in

place of * product).
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Proof. Straightforward. O
Theorem 3.10. (a) Any 2-fold \-bracket on Ry has the form (f,g € R¢):

9 of '\’
fhad =Y 5 e\ +0) funtou} o (-1 —0)" e <—(fm> - (3.24)
i,5€l J 7
m,n€ly

where o is as in (1.1).

(b) LetV be an algebra of differential functions in € variables. Let H(\) be an £ x £
matriz with entries in (V @ V)[A]. We denote its entries by H;;(N) = {uj uif,
i,j € I. Then formula (3.24) defines a 2-fold \-bracket on V.

(¢) Equation (3.24) defines a structure of double Poisson vertex algebra on V if
and only if the skewsymmetry axiom (i) and the Jacobi identity (ii) hold on the
u;’s, namely, for alli,j, k € I, we have

{uiruip = —{u;_\_puil?, (3.25)

and

fuinfw wd e — {uy, fuinw b b r = {{uinw by, unde (3.26)
where each term is understood, in terms of the matriz H, via (2.25), for example

funfw, =) ((L)LHM (M)) os A+ 0)" Hpi(A).  (3.27)

(n)
i€l neZ, uy,

Proof. The proof is similar to the proof of Theorem 2.8 using Lemma 3.9. (]
Remark 3.11. For a matrix differential operator H(9) = (H; (6))fj:1, with entries
H;j(0) € (V®V)[9], we define its adjoint operator HT(9), with entries (H);;(0) =
((Hji)*(0))7, where A*(0) denotes the formal adjoint of the differential operator
A(0). Then property (3.25) means that the matrix differential operator H(9) is
skewadjoint.

Definition 3.12. A matrix differential operator H(9) = (H; (6))f j—1» With entries

H;;(0) € (V®V)[0], satistying (3.25) and (3.26) is called a Poisson structure on
the algebra of differential functions V.

3.4. Evolution PDE and Hamiltonian PDE over an algebra of differential
functions. An evolution PDE over the algebra of differential functions V has the
form

du; .
CZ:PiEV, iel={1,...,0}. (3.28)
(n)
Assuming that time derivative commutes with space derivative, we have —i— =
0" P;, and, by the chain rule, a function f € V evolves according to
af n af \ _
W= 2 m(ERye =) =xe(). (3:29)
(i,n)EIXZy %

An integral of motion is a local functional [f € V/av + [V, V] constant in time:

dff _ n of \ _
(i,n)EIXZy i
A wvector field on V is a derivation X : ¥V — V of the form (cf. (2.44))
of
X(f)= >, m (Pz-,n ®1 au(.’”) , (3.31)
(i,n)EIXZy 7
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where P, ,, € V for all i,n. Note that the RHS of (3.31) is a finite sum since, by
63({1) = 0 for all but finitely many choices of indices (i,n).

An evolutionary vector field is a vector field commuting with 0. By (3.22), it
has the form (cf. (3.29))

Xp(f)= > m(@P)e

(i,n)EIXZy

assumptions on V,

af), (3.32)

oul™

for P = (P;)¢_, € V', called the characteristics of the evolutionary vector field X p.

Vector fields form a Lie algebra, denoted by Vect(V), and evolutionary vector
fields form a Lie subalgebra, denoted Vecta(V). The Lie bracket is given by the
same formulas as in the finite case, equation (2.45).

Equation (3.28) is called compatible with another evolution PDE Cil“;' =Q;, i€,
if the corresponding evolutionary vector fields commute.

The Hamiltonian equation on a double Poisson vertex algebra V), associated to
the Hamiltonian functional [h € V/([V’ V] +0V) is

du
M by (333)

for any w € V. An integral of motion for the Hamiltonian equation (2.46) is an
element [f € V/([V,V] + 0V) such that {[h, [f} = 0. In this case, by Theorem

3.6(g), the derivations X" = { [h, —} and X/ = { [ f, —} (called Hamiltonian vector

fields) commute, and equations 4% = {tr f,u} and (3.33) are compatible.

In the special case when V is an algebra of differential functions and the 2-fold
A-bracket {—,—} is given by a Poisson structure H(9) on V via (3.24), where
fuwiru;} = Hji(N), the Hamiltonian equation (3.33) becomes the following evolu-

tion equation

dm:: ﬁé Hij( (;Z), (3.34)

where % €V ® YV denotes the variational derivative of h:
J

oh oh
— = —o)" . 3.35
fu = 2 O (335)
neZy J
In equation (3.34) 9 is moved to the right of the e product, acting on 2. Further-

more the Lie algebra bracket {—, —} on V/ ([V,V] + 0V) defined by (3.20)7 becomes

(f,g€V):
Urdan = [ Su(L) w(m@an(L)). e

i,5€1

In this case the notions of compatibility and of integrals of motion, are consistent
with those for general evolution equations, due to Theorem 3.10.

Remark 3.13. For H(9) € Matox(V ® V)[0] and F € V¥ let H(O)F € V' be
defined by (where we write H;;(9) = 3, ¢, (Hj;,, ® Hjj ,)0")
JeI jinl n€Z4

Then, formula (3.36) can be written in the more traditional form

(1. fa) = / 59+ (H(0)51) . (3.38)



éui

where - denotes the usual dot product of vectors and (0 f); = m ( 5—) . The latter

notation is compatible with the theory of the variational complex (see equation
(3.46)).

Remark 3.14. The theory of the Lenard-Magri scheme discussed in Section 2.5 for
double Poisson algebras V' holds verbatim for double Poisson vertex algebras V' if
we replace the matrix H by the matrix differential operator H(9) and the map tr
by the map |.

3.5. de Rham complex over an algebra of differential functions. Let V be
an algebra differential functions. We define the de Rham complex (V) as the free
product of the algebra V and the algebra F(éuz(-") l[ielI={1,....,0},n € Zy) of
non-commutative polynomials in the variables 5u§"). The action of 0 is extended
from V to a derivation of (V) by letting (du{™) = su{"™ for all (i,n) € I x Z,..
This makes Q(V) a differential algebra. It has a Z-grading, such that f € V has
degree 0 and the 6u§")’s have degree 1. We consider it as a superalgebra, with

superstructure compatible with the Z,-grading. The subspace QF (V) of degree n
consists of linear combinations of elements of the form

&= fioul™ f26ul™ L foul™ frin ) where fi,... firi €V, (3.39)
In particular, QO(V) =V and ﬁl(v) = @(i,n)EIxZ+V5uz('n)V.

Define the de Rham differential § on (~2(V) as the odd derivation of degree 1 on
the superalgebra Q(V) by letting

0 NV - §
1= % (gm) ol (o) €000 for g v, and ) =0

(i,n)EIXZy i

(3.40)

The proof that §2 = 0 is the same as for the algebra of ordinary differential func-

tions (cf. Section 2.7), so we can consider the corresponding cohomology complex
©(V),9).

Given a vector field Xp = 37, ) cryz, mO (Pz-ﬁn®1 ﬁ) € Vect(V) (cf. (3.31)),

we define the corresponding Lie derivative Lp : (V) — Q(V) as the even deriva-
tion of degree 0 extending X p from V, and such that Lp(éuz(-")) =P, iel, ne
Z. Next, we define the corresponding contraction operator vp : Q(V) — Q(V) as
the odd derivation of degree —1 defined on generators by tp(f) = 0, for f € V,
and ¢p (5uz(-")) = P;,. It is easy to show, in analogy to Proposition 2.17 and The-
orem 2.18, that (V) is a Vect(V)-complex and the complex (Q(Ry),d) is acyclic:

H"(2(Re),d) = on,0F.

3.6. Variational complex over an algebra of differential functions.

Proposition 3.15. In the de Rham complex (2(V),d) we have:

(a) The commutator subspace [QUV), Q(V)] is compatible with the 7., -grading and
is preserved by 9.

(b) & and & commute: Dod = §00; hence, IQ(V) is compatible with the Z., -grading
and is preserved by §.

(¢) The Lie derivative Lp and the contraction operator tp, associated to an evo-
lutionary vector field Xp of characteristics P = (P;)5_, (cf (3.32)), commute
with the action of & on Q(V).
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Proof. Part (a) is immediate, since J is a derivation of the associative product in
Q(V). For part (b) we just need to prove that §(0%) = 9(6@) for every & € Q(V).
Since [6,8] is a derivation of Q(V), and it is obviously zero on dul™, it suffices to
check that it is zero on f € V. We have, by (3.40),

oon= Y (o of ) oul™ (o of )’

(i,n)el xg} /{)ugn) » a/;uz(n)
+ 6u§”+1) O\
(i,n)ezszJr (8u§") ) (augn) )

and

5N = (Waf))’(;ugn) (8(81‘))/'_

(i,n)EIXZ.y auz('n) augn)

Hence, 9(0f) = 0(9f) by (3.22).
As for part (¢), since Lp, tp and 9 are derivations of the associative product of
Q(V), it suffices to check that [Lp,d] and [tp,J] act as zero on generators, i.e. on

f €V and on 5u§"). This is straightforward. O

Thanks to Proposition 3.15(a-b), we can counsider the Z,-graded wvariational
complex

QW) = Q(V)/(aﬁ(V) + V), QV)]) = Bnez, 2" (V), (3.41)

with the induced action of 6. Furthermore, by Proposition 3.15(c) the Lie deriva-
tives Lp and contraction operators ¢p, associated to the evolutionary vector field
Xp of characteristics P € V*, induce well defined maps on the variational complex
Q(V), and they define a structure of Vect?(V)-complex on Q(V).

Since the total degree vector field X, with characteristics A = (u;)%_,, is an
evolutionary vector field on R, the same argument in the proof of Theorem 2.18
shows that the complex (Q(Ry),d) is acyclic, i.e.

H*(Q(R4),6) = 0k oF. (3.42)

As we did in the finite case, Section 2.8, we give an explicit description of the
complex (Q(V),d). We obviously have Q°(V) = V/(@V + [V, V])- For k > 1, we
identify QF(V) with the space ¥*(V) of arrays (Ail___ik Ay )\k_l)fl

entries A;, i, (A1, Ae—1) € VEF[A1, ..., \p_1], satisfying the following skewad-
jointness condition (i1, ..., € I):

=1 with

-
Air iAo Apmr) = _(_1)k(Ai2...iki1 (A2 Aty = A1 — o = A1 — 8))0 ,

(3.43)
where o denotes the action of the cyclic permutation on V¥ as in (1.25), and
the arrow means that 0 is acting on the coefficients of the polynomial. To prove
the isomorphism QF(V) ~ X¥(V) we write explicitly the maps in both directions.
Given the coset w = [@] € QF(V), where @ is as in (3.39), we map it to the array
A= (Ajlmjk (Al, ceey )\kfl))? S Ek(V), with entries Ajl---jk ()\1, ey )\kfl) =
0 unless (j1,...,Jk) is a cyclic permutation of (i1, ...,4), and

i1, =1

1 S(k—s) yMs+1 n n Ns—1
Ajl---jk ()‘h .- 'a)‘k—l) = E(_l) e ))‘1 N "')‘kis)‘klferl : ")‘kfl

(A= = X1 =)™ (fo41 @ @ [u @ i1 /i@ 2@ ® fs),
32
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for (j1,..-,Jx) = (igs(1),- -+ @0+ (k)). The inverse map YF(V) — QF(V) is given by
(in Sweedler’s notation):

4
ni...Nkg—1yny Nk—1
(> amearar) e
Vlyenny Zkzl
NLyenny ng_1€ZL4

k—1 k

/-/\ /-/\
Z [(Anlnk—1>/5u£:7/1)(Anl Mg — 1) /5 (ng— 1)(An1 Mg 1) I(Su%}.

1.0 i1...0k Tk—1 110k
i1yt €1
nl,...7nk,16Z+

(3.45)
It is easy to check that the maps (3.44) and (3.45) are well defined, and they are
inverse to each other, thus proving that the space Qk(V) and the space of arrays
Y¥(V) can be identified using these maps.
It is also not hard to find the formula for the differential 6 : ¥*(V) — XF+1(V)
corresponding to the differential § of the reduced complex (V) under this identi-
fication. For k = 0, we have

0= (S oY) (= ()LL) e

nely

For A = (4;,.. ik()\l,...,)\k_l))f ...i.:l € YF(V), where k > 1, we have, using
notation (1.22) and recalling (1.26) and (1.27),

(0A)iy. i (A1, Z Z ék—i—t 1y
e . (3.47)
X Z (( ) A t ()‘0'5(1) .?.)\Us(k)))\zs(t)) ,
(n) (1) os(1)-los (k1)

neZy z o5 (t)

t
where .7. means that we skip the index i,:(;) and, as before, we need to replace

Ak+1, when it occurs, by —A; — -+ — A\ — 9, with 9 acting on the coefficients (here
o denotes the action of the cyclic element (1,2,...,k+1)). We can use Lemma 1.4
to rewrite formula (3.47) as follows

(6’4)11 k41 ()‘h vy )\k)

0 s
D () AL O A
= EZZ (Zl Quil/ (o) ik (3.48)
0 "
A = A — 0 (( ) i1 7 A ’ A )
+( ) ( 1 k ) auggil 1 ; 7k( 1 k 1)

In particular, for k = 1, we have, for F' = (Fj)ﬁzl eV =3x4(V),

(6F)i;(\) = % > ( 861(7;) A (A a)n(aaij))”) . (3.49)
nezy YU U

For k =2, let A= (A;;(N)),
0))7 = —A;;(X). We have

6500 =3 ¥ ((55), At
nezy Ol (3.50)

(52) ot s 3= -0 (), ).

€ ¥2(V), namely A;;(A\) € V®?[A] and (Aj;(—)\ —
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Remark 3.16. In analogy with [BDSKO09|, we introduce the Beltrami 2-fold -
bracket {— —}P using equation (3.24) where we let {u; u;}? = 6;;(1 @ 1), for
i,7 € I (note that this 2-fold A-bracket is commutative and does not define a double
Poisson vertex algebra structure on V). Then equation (3.50) can be rewritten as
follows

2
(04N ) = 3 (fuardie(IE = {ujudn (VIR + {45 Marpwd L) -
More generally, generalizing notation (3.7), we set (s =1,...,k and a,b; € V)

fabhi @ - @b} =0 ©- Qb1 @ farbs }F @ bsp1 @ @by,
and
{2 bk)\a}g) = {biroall @1 (o @~ @ by) .
Then we can rewrite equation (3.48) as follows:

k
k s
(OA) iy iy sy M) = k—H(Z<—1)S“{{uisAsA R CIRR P TS) i

81 k41
s=1

+(71>k{Ai1 ----- ik ()‘h SR /\kfl)/\1+"'+>\kuik+1 }g)) :
As an application of (3.42), we get the following

Corollary 3.17. (a) A 0-form [f € Q%Ry) is closed if and only if f € F +
[Re, Re] + OR.

(b) A 1-form F = (Fi)le € R;el = YY(Ry) is closed if and only if there erists
[fe Ré/([Re,Re] + ORy) such that F; = m (5%)6 for everyi=1,...,¢.

(c) A 2-form a = (Aij(/\))f,jzl € Y2(Ry) is closed if and only if there exists
F = (Fi)le S RZM such that

1 8Fj n n OF; \°
Aij@)*gZ( A *(*)\*3)( )),

AT o

for everyi,j=1,...,¢.
Remark 3.18. For F € V®¢ = X1(V), define the Frechet derivative

14

oF;
Dr(N) = > Ok € Matyxo(V @ V)[N] .
n€Zy au] ij=1

Therefore, recalling Remark 3.11, we see that 6F = 0 if and only if Dp(9) is
selfadjoint.

Note also that, using the Beltrami 2-fold A-bracket introduced in Remark 3.16
we have

Dr(N)i; = funF}7 .

Furthermore, for f € V, we have (i € )

(s_i)a = {Huw}’|,_,-
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3.7. Poisson vertex algebra structure on V,,. In this subsection for each dou-
ble PVA V and a positive integer m we construct a Poisson vertex algebra V,,. This
construction is similar to the construction of a Poisson algebra V,,,, associated to a
double Poisson algebra V' in [VABO0S].

The construction of V,,, is motivated by the following considerations. Let V be
a unital finitely generated associative algebra, and let Y,, be the affine algebraic
variety of all homomorphisms from V to Mat,,x,m F. Let V;,, := F[Y;,] be the
algebra of polynomial functions on Y,,. We have a natural map V' — Mat,, xm Vin,
which induces the map

O V/[V,V] — V.

It was shown in [VABOS§] that if V' is a double Poisson algebra with a 2-fold bracket
{—,—}, then V,, is a Poisson algebra with the bracket

{aij, bn} = {a, b}, a, b} -

It is easy to check that ¢, is then a Lie algebra homomorphism.

Note that by the above interpretation of the algebra V,,, it follows that for
V = Ry = F(z1,...,zn) the algebra V;, is a polynomial algebra as well (on
generators (zs);j, s=1,...,N,4,j=1,...,m).

Given a differential algebra V we define for each positive integer m a commutative
differential algebra V,,, as the commutative algebra generated by the symbols a;;,
fora € V and i,j = 1,...,m, subject to the relations (k € F, a,b € V):

(ka)ij = kaij (a+b)ij = aij + bij, (ab)ij = Zaikbkj : (3.51)
k=1

The derivation (which we still denote by 9) on V,, is defined by
d(aij) = (0a)s; -

Example 3.19. Let V = R; = F(uz(") | i € I,n € Zy) be the algebra of non-
commutative differential polynomials in the variables u;, ¢ € I. Then, by the above
discussion, for every m > 1,

Vi :F[ng)b |iela,be{l,...,m},neZ],
z(':lz)b = (Uz('n)
the variables u; q4p.

where u )ab, 18 the (commutative) algebra of differential polynomials in

Proposition 3.20. Let V be a differential algebra endowed with a 2-fold \-bracket
==}, written as faxb} =3, 7, ((anb)’ ® (anb)”) A", for all a,b € V. Then,
for every m > 1, we have a well-defined A-bracket on V,,, given by (a;j,bng € Vin)

{aigabur} = D (and)p;(and) i A", (3.52)
nely

and extended to a bilinear map {-x-} : Vin @ Vi, = Vi[A] by sesquilinearity (0.1)
and the left and right Leibniz rules (0.2) and (0.3). This A-bracket is skewsymmetric
(i.e., it satisfies (0.4)) if the 2-fold X-bracket is.

Proof. First we need to verify that the map {-x-} : Vi @ Vi, — V[ is well
defined, that is, it is compatible with the defining relations (3.51) of V,,. Clearly,
the RHS of (3.52) is linear in a and b since {—»—} is a linear map. Hence, we are
left to show that

{aija(bc)n}t =Y {aijbuci} (3.53)
=1
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and

N
{(be)nrrais} =Y {bniciaai;} - (3.54)
=1
Using the definition of the A-bracket (3.52) and (0.2), we have

RHS(3.53) Z Z (anb)h;(and)iicik + (anc)ij(anc)ipba) A" .

=1 n€Zy
On the other hand, by the first formula in (3.6),
farbel = barch + farbhe = Y (b(ane) @ (an€)" + (anb) © (anb)"c) A".
neZy
Hence, using (3.52), we have

LHS(3.53) = Z ((b(anc)')hj (anc)i + (anb)ﬁlj((anb)”c)ik) A"

neZy

N
= Z Z (bhl(anc);j (anc);/k + (anb)%j (anb);/lclk) A"

=1 neZy

where in the second identity we used the third relation in (3.51). Hence, the identity
(3.53) follows by the commutativity of V,,. For (3.54), using the right Leibniz rule
(0.3) and the definition of the A-bracket (3.52) we have

RHS(3.54) Z > ((bna)y (bna)y; (X + 0)"cur + (cna)iy, (cna) s (A + 0)"bni) -

=1 neZy
On the other hand, by the second formula in (3.6),

fbeaal = {baroal_ x1 ¢+ (e25b) %1 {eaal
= Z ((bpa) A+ 0)"c @ (bpa)” + (cna)’ @ (A + 3)™b) (cpa)’) .

neZy

Hence, using (3.52), we have

LHS3.54) = > (((ba0) (A + )"0y (bua)f; + (cna)ls (A +0)"b)(ena)"),,; )
nely
= 3 (Ba)uA+ 0)" e (baa)f; + (na)ia A+ 0)"bua)(cna)iy)
neZy

where in the second identity we used the third relation in (3.51). Again, the identity
(3.54) follows by the commutativity of V,,.

Let us prove skewsymmetry of the A-bracket given by equation (3.52) provided
that the skewsymmetry (3.8) of the 2-fold A-bracket holds. We have to show that

{aijabni} = —{bhr—x—saij}, (3.55)
for all a;j,bnir € V. We can rewrite (3.8) as the following identity
> (anb) @ (anb) ) A" == > (=X = )" ((bna)” @ (bna)’) .
n€EZy n€Zy
Hence, we have
Z (anb);Lj (and)i A" = — Z (A — a)n(bna)%j (bna)iy, , (3.56)
n€EZy neZy

for all 4,j,h,k = 1,...,m. Using (3.52) and the commutativity of V,,, it follows
that (3.56) is equivalent to (3.55), thus concluding the proof. O
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Proposition 3.21. Let V be a differential algebra with a 2-fold A\-bracket {—x—1}.
Let

{arbuch = 3 (M, @l @ 1) Wpt

P,q€L

and

fouarch = Z (9pg ® Gpg @ Gpg) N1,

P,q€L+

be the associated, by (3.10), 3-fold A-bracket. Then, for any m > 1, we have
(aij;bhkacln S Vm)

{aija{brkpcin}t — {bnkplaijacin}y — {{@ijabnr frpucin}

- Z ((h;NZ)lj (hgq)ik (hlg‘/l)hn o (gzlvq)lk (gl/?/q)hj (gz/)/l;)m) APt (3.57)
P,q€L+

Proof. Expanding in powers of A and p equation (3.10) using (3.7), we get

forbuch = 3 ((@p(bee)) @ (aylbe))” @ (bye)”

P,q€L4
— (10)' @ (b(a0)") © (byla)")" ) Nu"

= 3 ((@he) ® O+ )" @) @ ((ab)ie)”)

Exchanging a with b and A with pu, we get

fouanch = > ((balae)) @ (by(ape))" @ (ay0)”

P,q€L4
— (g0 @ (ay(bye)") & (ap(bge)")") Ny

+ 2 (i) @ Ot +0) apb) © ((@b)e)")

P,q€L+

where in the last term we used skewsymmetry (3.8) and Lemma 3.3(a). From the
above equations it follows that

RHSG5T) = > ((ap(bae)')i; (ap(boc) )iy (b0l

1 Balap)" Vi (b)), ) N

(
= 3 (b)), (At s+ 0)7 (b)) (aphlye), ) W
/ ., (3.58)

((balare) iy (alape)' )y (ap0),

p
= (Bg) (apbac) ")y (ap(bye)" Vi ) Np

=3 (el (s 0 aghly, ) (b)) ¥
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On the other hand, using (3.52) and left and right Leibniz rules (0.4) and (0.5), we
get

{aijn{bnrpcin}t = > {aia (0g0)yy, (beo)y, b
P,q€L

= > (a0, (ap(ba) i (o, (3.59)

P.qEL4
= (000 (aplbye) )y (ap(by)")i ) Nu
— {bnrpf{aijrcm}} = - Z {onkp (apc);j (apc)gln})‘p

P,q€L

== 37 (alap))yy (balape) )y (@), (3.60)

P,q€L
1+ (ap0),; (balape)" )iy (balape) )y, ) Nou

— Haiabuitarucm} = — D {(aph)y,; (apb)i arucin} AP

P,q€L+

- Z (((apb);c);j ((apb)fzc);:n A+ p+0)? (apb);/k (3.61)
P,qE€Ly

+ ((apb)e)y (b))l ot D)7 (ah)y, ) A

Adding up (3.59), (3.60) and (3.61) and using the commutativity of V,,, we see that
the RHS of (3.56) is equal to (3.58), thus concluding the proof. O

Theorem 3.22. If V is a double Poisson vertex algebra, then, for any positive
integer m, Vp, is a Poisson vertex algebra with \-bracket defined by (3.52).

Proof. By Proposition 3.20, formula (3.52) gives a well-defined skewsymmetric \-
bracket on V,,. Since V is a double Poisson vertex algebra, by Definition 3.2,
farbucl} = 0, for all a,b,c € V. Hence, by Proposition 3.21, the RHS of (3.57)
is equal to zero, for all a,b,¢ € V, proving that the A\-bracket defined by (3.52)
satisfies the Jacobi identity (0.5). O

3.8. Examples: affine and AGD double PVA structures.

3.8.1. Affine Poisson vertex algebra for g = gl,,. Let us consider the differential
algebra V = Ry = F(u,u/,u”,...) and let

{fuu} =10u—u®l+c(l® 1)\ e V2N, (3.62)

where ¢ € F. Tt is obvious that the skewsymmetry (3.8) holds for the pair u, u, and
it is easy to check that the Jacobi identity (3.9) holds for the triple u, u, u. Hence,
by Proposition 3.10, we have a family of compatible double Poisson vertex algebra
structures on V, uniquely extending (3.62). By Theorem 3.22, we get Poisson
vertex algebra structures on the commutative differential algebra V,, = IF[uZ(?) |
i,j=1,...,m,n € Z;] (see Example 3.19). Using (3.62) and (3.52), we get the
explicit formula for the A-bracket among the generators of V,,:

{uigaunk} = Ojnttir = Oitnj + djndincA,

for all 4,5,h,k =1,...,m. This is the A\-bracket among the generators of the affine
Poisson vertex algebra for gl,, (where we fixed the nondegenerate invariant bilinear
form to be a scalar multiple of the trace form).
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Example 3.23. Consider the differential algebra Ro = F(u,v,u’,v’,...) with the
double lambda bracket {uyu}}, given by (3.62) with v central. Then a similar
computation as the one in Section 2.6 shows that hg = 1, h,, = %(u + v)" for
n > 0, are in involution, and the corresponding integrable hierarchy of Hamiltonian
equations is:

du

dt,,
3.8.2. Adler type non-commutative pseudodifferential operators. Let us recall from
[Kac9§| that the d-function is, by definition, the F-valued formal distribution

0(z —w) = Z 2w € Fllz, 27w, w ).

n€Zy

=v(u+v)"u —u(u+v)"v + cdu+v)"*t | dv/dt, =0, n€Z, .

Let a(z) = ;.5 a:2" be a formal Laurent series in 27! with values in some vector
space V. Then, we have

a(2)0(z — w) = a(w)d(z —w). (3.63)
We denote by i, the power series expansion for large |z|. For example,
i(z—w)t = Z Rk Lz —w—A—0)7 = Z 2R w4+ A+ 9).
keZy kEZy
Using this notation, the d-function can be rewritten as follows:
S(z—w) =i(z —w) ' —iu(z—w)"t. (3.64)

In the sequel, we use the following notation: if a(z) =
formal Laurent series in z~!, then

a(z+ A+ 0)®@b(2) = Y an ®i.(z+ A +0)"b(2),
nez

nez 2" and b(z) are two

namely, for any n € Z, we expand (z + A+ 9)™ in non-negative powers of A+ 9 and
we let powers of 9 act to the right, on the coefficients of b(z). In order to emphasize
that 0 does not act on some factors, we enclose in parenthesis the terms on which
0 does act.

We denote by Res, the coefficient of z—!. The following identity holds for every
formal power series a(z) =, € Zanz",

Res, a(2)i.(z —w) ™! = a(w), (3.65)
where a(w); = Y,° janz" is the positive part of a(z). Furthermore, the following
identity is a consequence of integration by parts:

Res.(t.a(z +1t) @ b(2)) = Res,(a(z) @ t.b(z — 1)) . (3.66)
Definition 3.24. Let V be a differential algebra endowed with a 2-fold A-bracket

{—>—}. We call a pseudodifferential operator L(d) € V((0~1)) of Adler type for
{—x—1} if the following identity holds in V®2[\, u]((z~ !, w™1)) (cf. [DSKV14al):

{L()ZL(w)} = L(2) @i (z —w — X — 9) ' L(w)

~Lw+A+0)®i.(z —w—\—0) ' L*(—2+\),
where L*(0) is the formal adjoint of the pseudodifferential operator L(9), and L*(z)
is its symbol.
Proposition 3.25. Let V be a differential algebra, let {—x—} be a 2-fold A-bracket
on V, and let L(0) € V((0~1)) be an Adler type pseudodifferential operator. Then:
(a) The following identity holds in V[N ((z=, w™1)):

fL(aL(w)} = —{L(w)-r-aL(2)}"
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(b) The following identity holds in V3N, u)((27 ", 251, 25 1))

3) b — {L(z2)ufL(z0)rL(2) } i r

{L(z)r{L(22), L(2
L(z1)aL(22) frt+pL(z3) }r -

={
Proof. By (3.67) we get

{L(w)-r—0L(2)}° = L(w+ A+ 0) @iw(z —w— A —9) ' L* (=2 + \)
—L(2) ®iy(z —w—XA—09) ' L(w).

Hence, in order to prove (a) we are left to show that
L(z)®i.(z —w—X—0)"'L(w)
—Lw+A+0) Qi (2 —w—A—9)"1L*(—z + \)
=L(2) @iw(z —w—X—09) 1 L(w)
—Lw+A+0)Qiy(z —w—A—9) " L*(—z+ \),

which can be rewritten, using equation (3.64), as

L(z)®6(z—w—=A=0)L(w) = Lw+A+0)®@(z—w—-A—=0)L"(—z+ ).

(3.68)

Identity (3.68) holds by applying the property of the d-function given by equation

(3.63).

In order to prove part (b) let us compute the three terms separately using (3.7)

and (3.67). We have

fLGOAML(z2)u L(z3) B B e
= L(21) ® (iz, (21 — 22 = A — 0) "' L(22)) ® iz, (22 — 23 — p— 8) " L(z3)
— (L(z2+ A+ 0) @iz (21 — 20 — A= 0) 'L* (=21 + \))
@iy (22 — 23 — pp— 0) " L(23)
—L(21) @iz (21 —23 = A—pu—0) ' L(z3 + pu+09)
@iz (22 — 23 — = )T L (=22 + pr)
+ L(z3 4+ A+ pu+0) @i, (21 —23 = A—p—0) 'L (=21 + A
@iz (22 — 23 — = )T L (=22 + ) ;

— {L(z2)u i L(z0)rL(z3) b} r

(3.69)

(3.70)

(3.71)

(3.72)

= —L(21) @iz (21 — 23 = A —p—0) ' L(22) @iny (22 — 23 — u — 0) "' L(23)

+ L(21) @iz (21 — 23 = A —pu— 9) "L(23 + pu+ 0)

Rz (22— 23 —p— ) L (=22 + p1)
L3+ A+ p+0)®i, (21 —23 —A—p—09)"*

X (L*()\—l—u—l—@ —21) ®izy(21 — 20 — A — 8)_1L(z2))0
+L(z3+ A+ pu+0) Qi (21 —23—A—p—0)""

x (L*(—z2 + p1) @iz (21 — 20 — A — 9) ' L*(—2 +)\))g ;

40



fALGOAL(z2) BarnL(z3) o
=L(21) @iz (21 — 23— A—p—0) " (L(23) @iz (21 — 22 — A — 8)_1L(z:2))6

(3.77)

— Lz + A+ p+0) @iz (21 —23 = A—p—9)"" (3.78)
K (L5 A+ 40— 21) @iy (21— 22 — A— )" L(22))” '

— (L(zz +A+0)®is (21 — 22— A—0) 'L*(—21 + )‘>) (3.79)
® iz (20 — 23 — p— 0) "' L(z3) '

+L(zs + A4+ p+0)® (izy (21 — 20 — A= 0) ' L*(—21 + A)) (3.80)

® (22 — 23 — 1 — 0)_1L*(—z2 + ).
Note that
(3.70) = (3.79) and (3.71) + (3.74) = 0.
Next, we claim that
(3.69) + (3.73) = (3.77).
Indeed, we can rewrite the above identity as
ia (21— 20 — ) iy (20 — 23 — y) 1L(21) ® (}IZHBL(ZQ)) ® (}y:HaL(z@)
=iy(z1—zs—x—y) " (is(z1 — 22 —2)7"
sz = 23— 9) ) L) ® (|, o L022) © (|, o L(23)) .
3.81

(Here and further, for a Laurent series P(z) = 22[2700 cnz™ € V((271)) and ele-
ments a,b € V, we let

o
The identity (3.81) follows from the obvious identity

a v =dg(a+b) 70 dig(a+b) et

N
P(z+ :c)b) = Z ai(z+v+0)"(cnd).)

r=v-+0

In order to prove part b) we are left to show that
(3.72) + (3.75) + (3.76) = (3.78) + (3.80) . (3.82)
Note that, using the definition and the properties of the §-function we have

(3.75) — (3.78)
=L+ A+ p+0) @i, (21— 23— A—pu—0)" "

X(L*A+pu+0—21)®08(21 — 20 — A —9)L(22))° (3.83)
=L(z3+ A+ pu+0)@i (21 —23 —A—p—0)"*

X (L*(=22+p) @(21 — 20 = A= 9)L* (=21 + \)7 ;

(3.76)
=L(z3+ A+ pu+0)@i (21 —23 —A—p—0)"*
X ( (—zo+ 1) @iz (21 —22 — A — 8)71L*(—21 + )\))a (3.84)

)
— Lz + A+ p+0) @iz (21— 23— A—p—0)7"
X (L*(—22+p) ®(21 — 20 — A — 9)L* (=21 + N)’
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Using (3.83) and (3.83), identity (3.82) is proved once we show that
ia (21 — 20 — ) i, (20 — 23 —y) !
X L(zs+x+y)® (| L (=21 +A) @ (|, o L (—22 + 1))
=in(z1—23—2—y) is(z1 — 22— ) His(z2— 23 —y) ) ¥
X L(zs +z+y) @ (| L*(—z1+ ) @ (] L* (=22 +p)),

which can be proved as we did in the previous claim. O

Tz=\+0

T=A+0 y=p+0

Theorem 3.26. Let V be a differential algebra, endowed with a 2-fold \-bracket
{—x—}. Let L(9) € V((0~1)) be a pseudodifferential operator, and let U C V be
the differential subalgebra generated by the coefficients of L(9). If L(D) is of Adler
type, then {—x—} restricts to a double PVA A-bracket on U.

Proof. By (3.67) {—A—} restricts to a 2-fold A-bracket of U, and by Proposition
3.25, together with Proposition 3.10, we have that U is a double PVA. O

3.8.3. AGD Poisson vertex algebra structures for generic matriz (pseudo)differential
operators of order N. Let V be the algebra of non-commutative differential poly-
nomials in the variables u;, ¢ € I, namely

V=R, =Ful" |iclnez,).
The index set I will be either I ={i € Z|i> —-N}orI_ ={-N,—-N+1,...,—1}.
Let us collect the differential generators of V into the generating series
L(z) = 2N + Zuiz_i_l eV((z™)).
iel
By Example 3.19 we have that V,,, = Flu;ap |7 € I,a,0 € {1,...,m},n € Z], for
every m > 1. Let us denote
Lap(2) = 2N+ iz € Vn((z7Y),
il
for every a,b=1,...,m.
Corollary 3.27. V has two compatible double Poisson vertex algebra structures
with 2-fold \-brackets defined on generators by the following generating series:
{L(2)2L(w)} g = L(2) @i(z —w — XA — ) ' L(w) (3.85)
—Lw+A+0) @i (z—w—\A—0) 'L (=2 + ) '

and
{L()AL(w)} g =i(z —w —N)"YL(z) — L(w+\) ® 1
1 @i (z —w—X—9)"YL(w) — L*(=z+ ).
Furthermore, for all m > 1, V,, has two compatible Poisson vertex algebra struc-
tures, with \-brackets on generators given by the generating series

{Lap(2)xLea(w)} = Lep(2)iz(z —w — X — 0) " Laq(w)
—Lep(w+A+0)i(z —w—A—9)"1L: (A — 2)

(3.86)

and
{Lab(z),\LCd(w)}K = 5adiz(z —w — )\)_1 (ch(z) — ch(w + )\))
+Oeviz(z —w — A —0) " (Lga(w) — L* (A = 2)) ,
for all a,b,c,d=1,...,m.
Proof. The fact that V has two compatible double Poisson vertex algebra structures

follows by Theorem 3.26 applied to the pseudodifferential operator L — ¢, ¢ € F.
The second claim follows by Theorem 3.22. (]

42



Remark 3.28. The compatible PVA structures on V,, are the same as the one
appearing in [DSKV14a, Eq. (4.7)].

The following results will be used in Section 4.1.

Lemma 3.29. In the double Poisson vertex algebra V, with \-bracket defined by
(3.85), we have:

(a) fu_nrL(w)}g =1® L(w) — Llw+ \) ® 1;

(b) {LGu-n b =18 L (—24+ N — L(z) @ 1;

(C) {{U_N,\U_N}}H =1Qu_ny —u_n®1— (1 (024 1)N)\

Proof. Same proof as Lemma 2.17 in [DSKV14a]. O

The following results follow immediately from the previous lemma and equation
(3.52).

Corollary 3.30. For m > 1, in the Poisson vertex algebra V,,, we have (a,b,c,d =
1,...,m):

(a) {u—nNaprLea(w)} = dep Laa(w) — daaLen(w + A);

(b) {Lap(2)au-N,ca} = OebLyg(—2 4+ A) = daaLen(2);

(c) {u—N,abrxU—N,ca} = OcbU—N,ad — Oadl—N,cb — Oaddcp N A.

4. NON-LOCAL DOUBLE POISSON VERTEX ALGEBRAS AND THEIR DIRAC
REDUCTION

4.1. Non-local double Poisson vertex algebras. The notion of a non-local
double PVA is similar to that of a non-local PVA, introduced in [DSK13]. As in
that paper, given a vector space V', we denote

Va = VIA ™ O+ ) A ],

namely, the quotient of the F[\, u, v]-module VA=, p=1, v ][\, i, v] by the sub-
module (v — X — p)VI[[A™L u=t, v ][\, i, v]. Recall that we have the natural em-
bedding i, : Vi, <= V(A7) (1)) (see the beginning of Section 3.8.2).

Let V be a differential algebra with a derivation 9. A (non-local) 2-fold A-bracket
on V is a linear map {—x—J} : V®% — V®2((A71)) satisfying the sesquilinearity
conditions (3.5) and the left and right Leibniz rules (3.6). Here and further an
expression {ax;ob}_*i ¢ is interpreted as follows: if {axb} = SN (b, @h!))A",
then {axtabl}— %1 ¢ = Zngoo hl (A4 9)"c) ® hl’, where we expand (A + 9)™ in
non-negative powers of 9 acting on ¢. The (non-local) 2-fold A-bracket {- -}
is called skewsymmetric if equation (3.8) holds. The RHS of the skewsymmetry
condition should be interpreted as follows: we move —A — O to the left and we
expand its powers in non-negative powers of 0, acting on the coefficients on the
2-fold A-bracket. We say that the (non-local) 2-fold A-bracket {—x—J} is admissible
if

far{v.ch}r € V%i for all a,b,c € V. (4.1)
Here we are identifying the space Vi\?i with its image in V&3 ((A71))((n~1)) via the
embedding i,,.
Remark 4.1. If {—x—1} is a skewsymmetric admissible (non-local) 2-fold A-bracket
on V, by equation (3.13) we have also {b,{arc}}r € VT2, since foi = V%3 and

A0 1,0
similarly {{axb}rpuche € V%Z’ for all a,b,c € V.

Definition 4.2. A non-local double Poisson vertex algebra is a differential algebra
V endowed with a non-local 2-fold A-bracket, { —x—} : V@V — V((A™1)) satisfying
skewsymmetry (3.8), admissibility (4.1), and Jacobi identity (3.9), where the latter
is understood as an identity in the space foi.
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4.2. Dirac reduction for non-local double Poisson vertex algebras. Dirac
reduction for a double PVA is similar to that of a PVA, constructed in [DSKV14a].
Let V be a non-local double Poisson vertex algebra with 2-fold A-bracket {—»—J}.
Let 04,...,60,, be elements of V and let us consider the matrix pseudodifferential
operator

C(0) = (Cas(9))i p=1 € Matmxm VEX(971)),
where the symbol of the pseudodifferential operator C,, ﬂ(a) is

Cap(N) = {05200} - (4.2)

Given a pseudodifferential operator A(9) = > - n An0™ € Maty,xm VE2((071)),
recall that we defined its adjoint by B

A =Y (=9)" o (A])7,
n<N
where A!, denotes the transpose matrix of A,. By the skewsymmetry condi-
tion (3.8), the pseudodifferential operator C'(J) is skewadjoint. We shall assume
that the matrix pseudodifferential operator C'(9) is invertible with respect to the
e-product (1.1), and we denote its inverse by C~1(9) = ((C*l)ag(a));”ﬂzl €
Mat,xm VE2((071)).

Definition 4.3. The Dirac modification of the 2-fold Ad-bracket {—»—}, associated
to the elements 61,...,0,,, is the map {—,—} : V®2 — V&2((A~1)) given by
(a,beV):

farb}” = faxb} — > {05, b} ¢ (CT pa(A+0) @ farba} . (4.3)
a,f=1
Theorem 4.4. Let V be a non-local double Poisson vertex algebra with 2-fold \-
bracket {—x—}. Let 01,...,0,, €V be elements such that the corresponding matriz
pseudodifferential operator C(8) = (Cap(9)) 5= € Matyxm VE2((71)) given by
(4.2) is invertible.
(a) The Dirac modification {—x—}* given by equation (4.3) is a 2-fold \-bracket
onV, giwing V a structure of a non-local double PVA.

(b) All the elements 0;, i = 1,...,m, are central with respect to the Dirac modified
A-bracket: {ax0;}P = {0ixa}P =0 foralli=1,...,m and a € V.

Before proving the theorem we state some lemmas that we will use in the proof.

Lemma 4.5. Let A\, p) € V{5 and B\, p) € V2, and let S, T : V& — V3 pe

endomorphisms of V&3 (viewed as a vector space). Then
AN+ S, u+T) o1 B\ p) € V?@ :

AN+ S, p+T) ez B\, p) € V),

where we expand the negative powers of A+ S and p+ T in non-negative powers of
S and T, acting on the coefficients of B, and

B+ S, u+T) e A(\,p) € VY

A 9
B+ S, u+T)e3 A\ ) € V?j%,

where now S and T act on the coefficients of A.

Proof. The proof follows the same lines as the proof of Lemma 2.3 in [DSK13] using
the definition of the e-products given by equation (1.18). O
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Lemma 4.6. Let {— —J}} : Vo2 x V®2 — VO2((A71)) be a 2-fold A\-bracket on the
differential algebra V. Suppose that C(9) = (Cj; (8))fj:1 € Matyy, VE2((071)) is
an invertible £ x ¢ matriz pseudodifferential operator with coefficients in V®2, and
let C71(0) = ((C™1)y; (8)):?&:1 € Matyy o VE2((071)) be its inverse. The following
identities hold for every a €V and i,j=1,...,¢:

14

ax(C™1 ij = — ’L'# ct ir(A 0
fax(C™ )i ()} Tgl (C)ir(A+p+0) )

ofaCu@bro (| (€ () e VO,

L

fax(C™N) (W) }r = — Zﬂ i (C™Yir (A + i+ ) )

o Co@aes (| (Do) € VEHA)N().

y=p+0

y=p+0
and

4
(C oW == Y ACu@ b o (|, € 6)

o1(| O D)) € VE(O AT,

where iy : VY — VEI((AT))((u™) and iy : VTS — VER(((A + )~ ))((A7)
are the natural embeddings defined above. In equations (4.4) and (4.6), C(\) €
Matsx, V((A™1)) denotes the symbol of the matriz pseudodifferential operator C
and C* denotes its adjoint (its inverse being (C~1)*).

Proof. The identity C o C~! = 1 ® 1 becomes, in terms of symbols,

14
> Crelp+0) o (CN)j(n) = 6,5(1@1).

For all a € V, we have, by sesquilinearity and the left Leibniz rule (the first equation
in (3.23)):
‘

0="> farCri(n+0) e (C™")y; (1) }r

t=1

= Xe:{{axcrxy)}h o (‘ (Cil)tj(u))
?1

y=p+0

370G+ s+ 9) w2 an(C sy ()}
t=1
Note that i, C'(A+ p+9) is invertible in Matg e (VE2[0](A™1))((w™1))), its inverse
being i,C~ (A + p+ ). We then apply 4, (C~1);r (A + p+ 0)es on the left to both
sides of the above equation, and using Lemma 1.1(a) and summing over r = 1,..., ¢,
we get

¢

4
> uf{ax(C (e == Y iu(Cir (A + g+ 0)e
faCu@heo (| (©Muw),

proving equation (4.4). The proof of the equation (4.5) is done in a similar way
using the second equation in (3.23).

y=p+0
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For the third equation we have, by the right Leibniz rule (the third equation in
(3.23)):

14
0= 3 2(CH(+9) (O aspabs

—Z{{cﬁ Diroakis o (| (C7u0)

r=\+0

+Z{{ (Maseroals ., o (ixCl (1) -

We next replace in the above equation p (placed at the right) by p + 9, and we

apply the resulting differential operator to i ,\(CT_l)”'(u). As a result we get, after
summing overr=1,...,¢:

Z f(C7 ) Mapuroaln_0n = Z {Cre() s ppyoabr_,
es([_, (€D o1 (5 )l).
proving equation (4.6). O

Corollary 4.7. Let {— —} : V& — V(A7) be a 2-fold A-bracket on the
differential algebra V. Let C(9) = (Cij(a))szl € Matrx, VE2((071)) be an in-
vertible £ x £ matriz pseudodifferential operator with coefficients in V2, and let

Cc—19) = ((c—l)ij(a))‘f € Matgye VE2((071)) be its inverse. Let a € V, and

4,j=1
assume that

{arCi;j(w) B € V%i foralli,j=1,....0. (4.7)
(As before, we identify V®3 with its image i (V5 3) V®3((A’1))((u’1)).) Then,
we have {ax(C }}L, i Magpals € V In fact, the following

identities hold in the space V ot

{{axgc_l)ij (W} =

_ Z (C—l)ir()\ +u+0) e {arCri(y) )1 o1 (‘y:wa(c_l)tj (H)) 7 (4.8)
{{aAgcfl)ij (Whr=
=Yt nt e faCu@hes (| € Do), Y
{(C_l) (Matpals =
7thl {CN )\Jr,quaa}L*} 3 (’I:/\JFB(C*l)tj()\)) [ 31 ((CTil)”(‘u)) . (410)
Proof. Tt is an immediate corollary of Lemmas 4.5 and 4.6. (]

Remark 4.8. Lemmas 4.5 and 4.6 are the double PVA analogues of (respectively)
[DSK13, Lemmas 2.3 and 3.9]. Corollary 4.7 is the double PVA analogue of
[DSKV14b, Corollary 1.4]. Naturally, if we put A = 0 in (4.3), we obtain Dirac
modification of the corresponding double Poisson algebra.

Proof of Theorem 4.4. Both sesquilinearity conditions (3.5) for the Dirac modified

2-fold A-bracket (4.3) are immediate to check. The skewsymmetry condition (3.8)

for the Dirac modified 2-fold A-bracket (4.3) can also be easily proved: it follows

by the skewsymmetry of the 2-fold A-bracket {—»—}, by the fact that the matrix
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C(0) (hence C~1(9)) is skewadjoint, and by equation (1.3). Moreover, by equation
(1.16), it follows that the Dirac modified 2-fold A-bracket {—,—} satisfies the
Leibniz rules (3.6).

Next, we prove that the Dirac modified 2-fold A-bracket {—x—}? is admissible,
in the sense of equation (4.1). For this, we compute {a){b,c}P}P using the defi-
nition (4.3), the sesquilinearity conditions (3.5), the Leibniz rule (3.6) and equation
(3.23). We get

[arfbuc} PP = farfbuch }e (4.11)
- 2 (bbb (|, Monln+0)n,0,) (112)
_ 7%::1{{96/\+u+60}}—> o farx(C Vs, (1) Y1 &1 (‘yzwa{{b*ﬁ”}}) (4.13)
— > {Osrsps0c}-(C sy A+ i+ 0)) 02 {ar{bub, 3 }r (4.14)
v,0=1
_ Z {{9,8>\.|_a{{buc}}}}LH o3 ((Cil)ﬂa()\ + 5){{@\9&}}) (4.15)
a,f=1
" aﬂ%zl{{oﬁz{{%w}}}h *3 (L:Ha(cil)ﬁa(/\ + 8){{@9&}})
'1( y:uw(cfl)év(ﬂ + 5){{%97}}) (4.16)
Y sniurocho 02 05,(C7 e )
a,B,y,0=1
.3( z:,\+a(071)ﬂ0‘()\ * 8){{@,\9a}}) °1 (‘yzwa{{buev}}) (4.17)

+ Y (Mrruroch (O oA+ 1+ 0)) o2 {05, o {bub- e,

a,f,7,6=1

3((C™"pa(A +0){arba}) - (4.18)

All the terms (4.11), (4.12), (4.14), (4.15), (4.16), and (4.18), lie in V%Z by the ad-
missibility assumption on {—,—} and Lemma 4.5. Moreover, by the admissibility
of {—x—J} and the definition (4.2) of the matrix C(9), condition (4.7) holds. Hence,
we can use Corollary 4.7 and Lemma 4.5 to deduce that the terms (4.13) and (4.17)
lie in foi as well. Therefore, {a){b,c}P}P lies in foi for every a,b,c € V, i.e.
the Dirac modification {—,— 3% is admissible.

In order to complete the proof of part (a) we are left to check the Jacobi identity
(3.9) for the Dirac modified 2-fold A-bracket. We can use equation (4.8) in Corollary
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4.7 and Lemma 1.1(a,c) to rewrite the terms (4.13) and (4.17). As a result, we get

farfibuc} 32 = farfbuck e (4.19)
LT (|, ot +-0) 0,0 (4:20)
+ Y ({Osriproc}-(C sc(A+ 1+ 0))

7,6,m,¢=1

oforfOnfchhe e (| (O m(ut0)fh}) @21)

- Z ({{95/\+u+60}}—>(071)67()‘ + A+ a)) 2 {{ak{{buev}}}}l (4.22)

v,0=1
= > {085 0fbuch Y i 03 ((CHpa(N + 0){arba}) (4.23)

SR ROy e

a,B,7,6=1
.1(
y=p+0

+ Z ({{95)\4_“-1-60}}%(071)5( (>‘ +p+ 3))

ain € salA O)fada})

(C™V)ar (1 + 0) (0,6, }) (4.24)

2005, 8000 he s (| (€A + 0)farda})

‘B(Iyzwra(cil)m(ﬂ + 8){17#97}) (4.25)

+ > (frrproch (O oA+ 1+ 0)) o2 {05, o {bub- e,

a,f,7,6=1

o3 ((C™ ") pa(A+ 0){arba}) - (4.26)

Next, we compute the second term in the Jacobi identity using the definition (4.3),
the sesquilinearity conditions (3.5), the Leibniz rules (3.6), equations (3.23) and
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(4.9) and Lemma 1.1(a,c). We get

{bufarch” i = foufarch}, (4.27)
= > fbuds b hres (| (€ Dsa(A+ D) farta}) (4.28)
a,f=1
+ Y ({srrur0c}-(C oy (N + 1+ 0)) 02 £0,465,6, 3} r
a,B,v,0
(.., (0 Dsalr+0){arba}) (4.29)

({0r+n+0c}=(C™ sy (A + i+ 0)) @2 {bufarts } R r (4.30)

2 2
HNGERANGE

B ts.roflarchin_, o ((C_l)év(ﬂ +0){bu0,}) (4.31)
i aﬁﬁ%zl{{eéy{{eﬁzc}}}}fz . (‘yzwa(c’l)aw (1 +0) {00 )
s(],_y 1o (€ a1+ Dlarta}) (4.32)

— Z ({96)\+M+BC}~>(071)5C A+ p+ 3))

a,B8,7,6,m¢=1

>0, 805,03 n e (|,
.3(

+ Z ({95/\+#+BC}%(C_1)5C(A ot 8))

v,6,m,¢=1
o2{0n, . o{ar0c 3 hr_ o1 (C7(n+ (B0 Y) . (434)

IR I VERII DU )

(C™)pa(A+ O)farba}) (4.33)

Tz=\+0

In a similar way we compute the RHS of the Jacobi identity for the Dirac modified 2-

fold A-bracket, using the definition (4.3), the sesquilinearity (3.5), the right Leibniz

rule (3.6), equation (4.10) (recall that the matrix C' is skewadjoint), and Lemma
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1.1(a,c). We get

{{a)\b}D)\+HC}€ = {{aAb}})H»HC}}L (435)

_ aﬁzﬂ {05, 0 rrurocke_, o3 (‘I:Ma(cﬂ)ﬁa(/\ + 3){{%9&}}) (4.36)
a,ﬁ%q {{{{9ﬁz9w}A+u+aC}L_> o3 ( I:AJFB(C*l)ﬂa()\ + 3){{%%})

.1((0*1)57(u+8){{9L#78b}a) (4.37)

=3 farthaiochi o (O i (ut 06, b)) (438)

1

({0r+ntroch—(C™ sy (A + 1+ 0)) o2 {{axb}yi 0,3 (4:39)

7= 21

ML

* 3 oo Okt 0)
| ;2{{;{9ﬂmb}}k+u+aev}h (‘z:)\Jra(C_l)ﬂa()‘ + 5){{%%}}) (4.40)
. i  W00rnroch (€0 1 +0)
b o (0 )
o1 ((C7 ) (1 + )0, _,,_ob}7) (4.41)
n (ﬁ;l ({05rspr0¢} -(CNsc A+ 1+ 9))
.i{ﬁ;;a}mwaen}m o1 (1) (i + ) {05 _,_,b}°). (4.42)

The following equations hold due to the skewsymmetry (3.8), the Jacobi identity
(3.9), and the fact that the matrix C' is skewadjoint:

RHS(4.19) — RHS(4.27) = RHS(4.35) , (4.20) — (4.31) = (4.38)
(4.23) — (4.28) = (4.36) , (4.22) — (4.30) = (4.39)
(4.21) — (4.34) = (4.42), (4.26) — (4.29) = (4.40) .

Moreover, using Lemma 1.1(c), the skewsymmetry (3.8) and the Jacobi identity
(3.9), we also get

(4.24) — (4.32) = (4.37), (4.25) — (4.33) = (4.41).

This concludes the proof of the Jacobi identity for the Dirac modified 2-fold M-
bracket, and of part (a).

Note that the identities C(9)C~1(9) = C~1(9)C(9) = 1 ® 1 read, in terms of
the symbols of the pseudodifferential operators C(9) and C~1(9), as

m

Z{{Gﬂx.i_aea}}—ﬁ(c_l)ﬂv()‘ cw 1®1 Z aﬂ )“"a)'{{ev,\eﬁ}} 6cw(1®1)

B=1 p=1

Part (b) is an immediate consequence of these identities and the definition (4.3) of
the Dirac modified 2-fold A-bracket. g
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Definition 4.9. Let Z C V be a two-sided differential ideal. We say that Z is a
double Poisson vertex algebra ideal if

I} ATV e VOI+IRV)N.

If Z C V is a double PVA ideal then we have an induced double PVA structure on
the quotient differential algebra V/I.

Corollary 4.10. The two-sided differential ideal T = (61, ...,0,)y CV, generated
by 01,...,0pm, is a double PVA ideal with respect to the Dirac modified double -
bracket {- x-}¥. Hence, the quotient space V/T is a (non-local) double PVA, with
2-fold \-bracket induced by §{—x—}7, which we call the double Dirac reduction of
V by the constraints 01, ...,0,,.

Proof. The statement follows by the sesquilinearity conditions and the left and right
Leibniz rules for the Dirac modified 2-fold A-bracket. (]

Example 4.11. Let us consider the non-commutative algebra of differential poly-
nomials V = Ry = F < ugn) | i € I,n € Z; > (the index set may be either
I={i€Zli>—-N}orI_={-N,—N+1,...,—1}) with the double Poisson vertex
algebra structure defined by equation (3.85). Let us denote C'((\) = {u_nru—n}u.
By Lemma 3.29 we have that

CAN=1®u_ny—u_-ny®1—(121)NA,

thus C(9) € V®2((9~1)) is an invertible pseudodifferential operator. Denote by T

the two-sided differential ideal of V generated by u_ . Note that V/I ~F < uz(-") |
i € IN{—N},n € Zy >. Using the explicit expression for C'(A), the formula for the
Dirac reduction given by (4.3), and the expression for the 2-fold A-bracket {—x—} i
given by (3.85) and Lemma 3.29, the Dirac reduced 2-fold A-bracket on the quotient

space F < uz(-") |ie I\{-N},n € Z; >, which we denote by {—x—}} yp, becomes
{L(2)2L(w)} g = L(2) ®@i,(z —w — A — 9) "' L(w)
—Lw+A+0) @i (z —w—A—d) 'L*(—z + \)
1 1
—NL(w FAF)@AN+0) L (—2+ )) — N((A +0)7'L(2)) ® L(w)

1 1
+Lw+ A+ ) (A + ) 'L(z)®1+ ~ @ (A +0)"'L*(—z + \)) L(w).
(4.43)
Using equations (4.43) and (3.52), the corresponding A-bracket on (V/I)m =F<
ug,; |1 € IN{=N},a,b=1,...,m,n € Z; > is given by the following generating
series

{Lab(z),\Lcd(w)}Ho = ch(z)iz(z —w—\— 8)’1Lad(w)
—Lepy(w+ A+ 0)iz(z —w—X—0) ' Li(—2z+\)

1 1
_NLCb(w FAF)AN+) L (—2+ N) — NLad(w)()\ +9) ' Lep(2)

Lo (4.44)
+N géachk(w + A+ 8)()\ —+ a)_lLkb(Z’)

1 m
+ > SepLra(w)(A +0) " Lip(—z+ A).
k=1

This is the same as equation (4.11) in [DSKV14a].

Example 4.12. For N = 2, we have Ra/7 = Flu™ | n € Zy) (where u is the
image of u_1). The two compatible double PVA structures (H?, K) given by the
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equations (4.44) and (3.86) (using that L(z) = 22 4 u) are
A1 1
furu}ppr = (1 ® 1)? + 5(2/\+ Nuxl+leou)— FU® A+ 09)" 1w

1 1 1
—5 (A + ) ') @u+ FuA+ N 'ul+ 3® (A +0) ") u,

fuupr =212 1)A.

The above double Poisson structures are (up to a scalar factor) the same as that
appearing in formula (6.15) in [OS98|. Note that the Olver and Sokolov formula is
given in terms of operators on R2/7, rather than as an element of (R2/7 @ R2/7) [A].
The rule to recover their formula is the following: we should replace an element
p® q € R2/7 ® R2/T by the operator L, o Ry, where L, (respectively R,) denotes
the left (respectively right) multiplication by p (respectively ¢).

Example 4.13. For N = 3, we have R3/7 = F(u(™ 0™ | n € Z ) (where u is the
image of u_o and v is the image of u_1). The two compatible double PVA structures
(HP,K) given by the equations (4.44) and (3.86) (using that L(z) = 2z 4+ uz + v)
are

{urupgo = % (uAN+0)'u@1+1® (A+9) 'u)u)

—%(u@()\—l—@)_lu—l—((A+6)_1u)®u)+1®v—v®1
+1R@uWA+A+)u®1+2(1® 1)\,
furvppo = % (A +9) fu®l+1® ((A+09) u)v)

—%(v@()\—l—@)_lu—l—((A—i—@)_lu)@w)+%(u2®1—u®u)

1
+1®(2A+a)v+(u®1)A+§(A+a)2(u®1—1®u)+(u®1)A2
+ (1@ 1)\,
1 2
forv}go :g(v(/\+8)7lv®1+1®(()\+8)71v)v)+§(u®va®u)

Jr%(uv@l—1®uv)—§(u®(>\+8)u)+§((A+8)2(1®v)—(v®1)/\2)

F(OFP e -1 80N) - 2 (A1 eu) -~ (@e)N)

2
73(1®1)>\5,

furufr =0, furv}r =31 @1)A, ok =u®l-12u.
5. ADLER-GELFAND-DICKEY NON-COMMUTATIVE INTEGRABLE HIERARCHIES

In this section we want to show how to apply the Lenard-Magri scheme of integra-
bility (see Section 2.5) in order to obtain integrable hierarchies for the compatible
pair of PVAs we constructed in Section 3.8.2.

First we state a technical lemma.

Lemma 5.1. Let V be an arbitrary differential algebra endowed with a 2-fold \-
bracket {—x—}. Let L(9) € V((071)) be a monic pseudodifferential operator of
order N > 0. Then, for all k > 1, the following identity holds in V((w™')):

Res, m ({{L% (Z)AL(w)}HA:O)
- % Res, m ({{L(z +2)o L(w)} %1 (’z:aL%il(’z))) '
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Proof. Since, L~ (z) = L~ (z + )L~ (2 + 0)...L~(z) (k times), we have, by
sesquilinearity and the right Leibniz rule,
k
1—

{{L% (2)ZL(w)} = Z (|y:6(L*)Tl(7Z + )\))

=1 ‘ (52)
1 LN (2 + 2)x oy L(w) ) 1 (ool ™ (2)) -
Since m(a x1 X *1 b) = m(X 1 ba), for all a,b € V and X € V®2 we have
k
m{L¥ (L)} = 3 m (LLF (2 + @)y L(w) }
=1 (5.3)

!

#1(J,2o LT (@) (g (B F (=24 1) )

Taking the residue of both sides of equation (5.3) and using (3.66) with t = A + v,
we get

k
Res, m{ L~ (2)yL(w)} = Res, Z ({{L% (24 A+ 2+ YrsesyLw)}

*1(|Z:6L%(Z[+)\+y))(‘y aL (2 )))’

and setting A = 0 we get

Res, m ({{L%(z AL(w }}‘ ) =

2|‘ [

ko (5.4)
k Res, m ({{LN (z+2) L)} * (|, T(z))) :
On the other hand, letting k = N in (5.2), we have
N
fLEAL@)Y =Y (|l ™ (2)

A LF (4 gy L)} 51 (|, (L9)'F (—2 4 )

If we replace in equation (5.5), z by z 4+ @ and A by A + 8 acting on L~ ~(z), and
we apply the multiplication map m we get

({{L(z + @) rta L(w) } +1 (‘zzaL%A(Z)))

fz (2% G+ sy L) 1 (|, o LS ()(|, o2 T (=24 1)) -

(5.6)
Taking, as before, residues of both sides of equation (5.6) and using (3.66) with
t = A+ y, we get, after setting A = 0,

Res: m ({L(z + @) L(w)} 1 (|,_, L 71(2))) 5
= NRes.m (LY (2 + 2)e L)} (|,_, L7 (2))) - |
Equation (5.1) follows from equations (5.4) and (5.7). O
As in Section 3.8.2, let V be the non-commutative algebra of differential polyno-
mials in the variables u;, ¢ € I, namely
V=R, =Ful" |icI,neZ,).
(The index set I may be either I = {i € Z | i > —N} or I = {-N,—N +
.,—1}). Let us collect the differential generators of V into the generating series
2)=2N+ Zuiz_i_l eV((z™),
icl
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and let us consider the compatible double PVA structures (H, K) on V defined by
Corollary 3.27. Let, for k > 1,

N
hi = - Res LV(2) €V, (5.8)

where L~ (9) € V((8™1)) is uniquely defined (see Proposition 1.1 in [DSKV14a]).

Lemma 5.2. For the compatible pair of double PVA structures (H,K) on V, we
have for k > 1:

(a) mf{hiL(w)}u|,_y =L (w+0)1 L(w) — L(w + 0)L~ (w);
(b) m{hiaL(w)} x|,y = L¥ " (w+0) 4 L(w) — L(w + O) LN~ (w)y.
Proof. By Lemma 5.1 and equation (3.85) we have

m {{hk,\L(w)}}Hb\:kO = Res, L%(z)iz(z —w—0)"'L(w)

—L(w+ d)Res, LN "1 (2)i (2 —w — 8) "' L*(—2).
Using (3.65), we have

Res, L%(z)iz(z—w—0)71 = L¥(w+0),, (5.10)

while, using (3.66) and equation (3.65), we have

(5.9)

Res. L%fl(z)iz(z —w—0)"'L*(—2) = Res, L%fl(z + )i (z —w) ' L(2)
= Res. LV (2)i.(z —w) ™' = LV (w)4 .

(5.11)
Combining equations (5.9), (5.10) and (5.11), we get part (a). Similarly, for part
(b), we use Lemma 5.1 and equation (3.86) to get

m {heaL(w)}i|y_y = Res. i.(z — w) (L(z +0)— L(w+ 8))[%‘1(2:)

\ (5.12)
+Res, LN 1 (2)iz(2 —w — 0) "' (L(w) — L*(—2)) .
By equations (3.65) and (3.66), we have
Res., iz(z—w)_lL(z—i—@)L%_l(z) = L%(w)Jr (5.13)
= Res, L%fl(z)iz(z —w—0)" 'L (~2). '
Moreover, by equation (3.65) we also have
Res. i.(z — w) ' L(w + G)L%_l(z) =L(w+ G)L%_l(w)_ir , (5.14)
and . .
Res, LN "1(2)i (2 —w — 0) "' L(w) = L¥ Y (w + 9) 4 L(w) . (5.15)
Combining equations (5.12), (5.13), (5.14), and (5.15), we get the claim. O

The following Theorem says that the Lenard-Magri scheme of integrability works
for the bi-Poisson structure (H, K'), see Remark 3.14:

Theorem 5.3. (a) For every e € {1,..., N}, we have

{fhg,u}K:0, forallueV. (5.16)
(b) For every k > 1, we have the Lenard-Magri recursion
{fhk,u}H:{fthrN,u}K, forallueV. (5.17)

Proof. For 1 < ¢ < N, we have L~¥~'(w); = 0, and therefore, recalling (3.19),
equation (5.16) holds by Lemma 5.2(b). Moreover, m{{hNAL(w)}}KL\:O = L(w) —
L(w + 0) -1 = 0. This proves part (a). For part (b), by Lemma 5.2, the recursion
(5.17) holds for u = L(w), the generating series of the generators of V. Hence,
(5.17) holds for all u € V by the left Leibniz rule. O
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Remark 5.4. Tt follows from Lemma 5.2 that the Hamiltonian equation correspond-
ing to the Hamiltonian functional [hy, k& > 1, can be written as (in terms of
generating series)

dL(w)

dty,

where on the RHS we have to take the symbol of the usual commutator of pseudodif-
ferential operators. This equation is the symbol of the usual Lazx pair representation
of the AGD hierarchies of Hamiltonian equations.

= [(L™)+, L)(w), (5.18)

Example 5.5. On F(u\" | i,n € Z.), we have L(9) = 8 + Yien, w0~ By an
explicit computation we get

L*(0) = 0% + 2up + (2u1 — up)0~ "t + (2ua +u) +ud)0 ™2 + ...,
L3(0) = 0% + 3up0 + 3(uy + up) + (ug + 3uf + 3ud +uf)o™2 +....
Hence, the first few integrals of motion are
fhl :ftI'(UO), fhg zftr(ul), fh3 :ftr(ug—i—ug),...

To find the corresponding bi-Hamiltonian equations, we use Lemma 5.2. We have
L(w)y = w, L*(w)4+ = w? + 2ug, L3(w)4 = w3 + 3ugw + 3(uf + u1). Hence,

%}E?}) =0L(w) , %}E;ﬂ) = 0°L(w) 4+ 2woL(w) + 2(uoL(w) — L(w + d)uo),
dzl(fw) = O°L(w) + 3wd” L(w) + 3w*0L(w) + 3ugdL(w) ,
3

+3(((w + d)uo + u1)L(w) — L(w + 9)((w + O)ug + u1)) ...
(5.19)
Consider the first two equations in the second system of the hierarchy (5.19), and
the first equation in the third system of (5.19). Namely,

duo

i ug + 2uf
% — ! +2u, + 2 ) _9
a, At Aue T 2ot + 2uour — 2uito ,
d
% = ugy' + 3u} + 3ub + 3ugug + 3ujug -
3

We can eliminate the variable us from this system. After relabeling to =y, t3 =,
u = 2ug and w = 4u; + 2uy, we get the system

!
uy =,
{ 3wy = 4duy — v — 3(u?) + 3[u,w], (5.20)

We call the system (5.20) the non-commutative Kadomtsev-Petviashvili (KP) equa-
tion.

Example 5.6. On F(u™ | n € Z,), we have L(d) = 9> + u. By an explicit
computation we get

u' 1

LE@) =0+ ga—l -0 g )
3 3 3 3 I 1 2 ma—1
L2(9) =0 +§u8+1u +§(3u +u )0 4.

Hence, the first two integrals of motion are [hy = [tr(u) and [hy = [1tr(u?).
To find the corresponding bi-Hamiltonian equations, we use Lemma 5.2. We have

L2(w)y =wand L2 (w), = w® + Suw + 3u’. Hence, j—ﬁ = and
d 1
% = 5 (" + 3uu + 3u') . (5.21)
3
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The equation (5.21) is the non-commutative KdV equation.

Example 5.7. On F(u(™ v | n € Z,), we have L(9) = 0> + ud + v. By an
explicit computation we get

L3 (0) =0+ §871 + %(v —u )07 + %(21/’ —u? =303 ...,
L3 (0) = 0% + %u + %(21} —u )0~ + %(31/’ —u? =300 4 ... .

Hence, the first two integrals of motion are [h; = [tr(u) and [he = [tr(v).
To find the corresponding bi-Hamiltonian equations, we use Lemma 5.2. We have
Li(w)y = w and L3 (w)y = w? + 2u. Hence, the corresponding Hamiltonian

: duv _ 1 dv __
equations are 7= =u', & =v and
{ ity = 20— u” (5.22)
dv __ 0 2,1 2,1 2 :
=V —3u suu’ + 5[u,v].

We call the equation (5.22) the non-commutative Boussinesq equation (since it
reduces to the classical Boussinesq equation if [u, v] = 0).
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