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Abstract

Poisson brackets between conserved quantities are a fundamental
tool in the theory of integrable systems. The subclass of weakly non-
local Poisson brackets occurs in many significant integrable systems.
Proving that a weakly nonlocal differential operator defines a Poisson
bracket can be challenging. We propose a computational approach to
this problem through the identification of such operators with super-
functions on supermanifolds.
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https://arxiv.org/abs/1909.07695

Introduction

In the geometric approach to the integrability of PDEs a central role is played
by Poisson brackets [II, 4, 24]. A system of PDEs

U;Lf :fz(t7x7ujuugmugcx7) (1>
with n unknown functions u',..., u" (only two independent variables ¢, x

for simplicity) admits a Hamiltonian formulation if there exists a differential
operator P and a density H = [ hdz such that

w=ri (35 @)

ou’

where P = (PY) is a Hamiltonian operator, i.e. a matrix of differential
operators PY = P%?9, where 0, = 0,0---00, (total z-derivatives o times),
such that SF 5C
F G - —A.Pijgag—‘ d 3
{ Y }P / 5uz (5“,] x ( )
is a Poisson bracket (skew-symmetric and Jacobi). Such properties are equiv-
alent to the conditions

1. P* = —P, skew-adjointness of P, and

2. [P, P] = 0, where the (square) bracket is the (variational) Schouten
bracket of differential operators.

Soon after the introduction of Hamiltonian operators in the theory of
PDEs it was observed that Hamiltonian operators for many PDEs were in-
deed nonlocal (or pseudodifferential) operators. This fact was first described
in [20] for the Krichever-Novikov equation. A wide class of such operators
is constituted by the so-called weakly-nonlocal Hamiltonian operators [I8]:

P9 = P79, + e*w’ 0, 'w! (4)

where e® are constants and w’ = w’,(u’,u’,...). The problem of defining the
Schouten bracket of nonlocal operators in a non-ambiguous way has caught
the interest of researchers, and it is still a lively topic. Indeed, the definition
of (local) Hamiltonian is geometrically invariant. This implies that we can
consider them as geometric properties of PDEs, like symmetries or conserved



quantities (see [14]). A rigorous approach to the computation of Schouten
bracket for a wide class of nonlocal Hamiltonian operators has been proposed
in [3], and it is based on the notion of nonlocal Poisson Vertex Algebra. In
the case of weakly nonlocal Hamiltonian operators a computational solution
to the problem has been recently proposed through the parallel development
of an algorithm in the three different languages of distributions, operators,
and Poisson Vertex Algebras [2].

The Poisson bracket construction for local operators can be rephrased
by means of the well-known isomorphism between skew-symmetric linear
differential operators and superfunctions on jets of superbundles [10] (see
also [I1], 12} [14]). Basically, n new odd dependent variables py,..., p, are
introduced such that the isomorphism reads on P as

Pijawz‘laaw? — Pijapipjaa (5)

where 9! and 1?2 are the arguments of P as a differential operator. Here
the product p;p;, is the Grassmann product. Then, the Schouten bracket
between two operators can be written through a very elegant formula:

SP6Q 8P
[P, Q)] :/((_1)1)%(5_2*5_@512) da. (6)

This implies that in order to check that the expression vanishes one should
calculate the Euler-Lagrange operator of the integrand and see if the result is
zero. Note that skew-adjointness of the operators P and () must hold for @
to make sense; the condition of skew-adjointness can also be verified on the
superfunctions that correspond to P and @ by a suitable formula, see [16].

When writing [2] we considered the possibility to extend the results of the
paper to the formalism of superfunctions. Nonlocal terms in operators can
be represented by introducing new odd nonlocal variables. Such a technique
was first introduced for Hamiltonian operators in [I3]. In the case of weakly
nonlocal operators, this amounts at representing P in (4] as

P = Pijapipjo + eawgpirom (7)

where r, are new nonlocal odd variables defined by 0,r, = wépj.

Unfortunately, a naive rephrasing of the arguments of [2] in terms of
superfunctions does not work, as superfunctions do not allow to keep the
role of the arguments 1!, 92, ¢ distinct in the three-vectors.



Weakly nonlocal Poisson operators associated with conformally flat met-
rics can be interpreted as Jacobi structures. This beautiful observation al-
lowed to find a generalization of the formula () to such operators in the
framework of supermanifolds (see [I7] for details).

In the present paper we consider general weakly nonlocal operators. Our
starting observation is that it is possible to extend the formula @ to weakly
nonlocal superfunctions by a computational formula for the variational deriva-
tives of nonlocal odd variables.

We illustrate this extension through examples that cover a large class of
nonlocal Hamiltonian operators. More precisely, we prove the Hamiltonian
property for pseudodifferential operators for the Krichever-Novikov equation
and the modified KdV equation. Finally, we prove the well-known conditions
that are equivalent to the Hamiltonian property for an important subclass of
first-order weakly nonlocal operators introduced by Ferapontov [9].

In the Conclusions we outline some features of this computational ap-
proach that are promising in view of future investigations.
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1 Schouten bracket as Poisson bracket

We introduce new anticommuting (Grassmann) variables p;, i = 1, ..., n
and their z-derivatives (o-times) p;,. So, we work on the (infinite order)
jet of a superbundle with even coordinates (z,u,u’) and odd coordinates
(piapi,a)‘

The formula @ for the variational Schouten bracket between two oper-
ators, written as the superfunctions P = PYp;p, ., Q = QY p;p; ,, makes



use of the variational derivatives

oP opP opP orP
— (=1)ll = — (=1)ldl
(S'LLi ( 1) 80 (aug) ) 5]7@ ( 1) aO’ (apw) ) (8)

and similarly for (). Note that the derivatives with respect to odd coordinates
are odd derivatives, and total derivatives are extended to odd variables

as

O\ = %—I—u;’)‘@iug —f-pwg\%. (9)
The expression of the bracket at the right-hand side of @ means that we
are in an equivalence class: the integrand is defined up to total divergencies
of superfunctions. Thus, in order to check that [P, Q] = 0 we need to com-
pute the variational derivative of the superfunction of degree 3 which is the
integrand in @ and check that it is zero.

We would like to extend the Schouten bracket to weakly nonlocal oper-
ators. For simplicity, we will only consider the case of one non-vanishing
coefficient e®; this means that we need to compute with superfunctions of
the type

P = P"pp;, +Wipr, (10)

where 7 is a superfunction of degree 1 which is defined by the equation
r. = Zpj, (11)

where W’s and Z’s are functions defined on the even part of the jet of the
superbundle. Note that in the case of just one nonlocal variable r we have
W = Z in order to guarantee skew-adjointness; but, as in more general cases
we might have several summands rearranged in such a way that W # Z, we
prefer to give a more general formula.

Since the Poisson bracket for superfunctions is graded-bilinear, in order
to be able to compute it for nonlocal superfunctions we just need a formula
for the variational derivative of the nonlocal part of the superfunction

N = Wipr. (12)

Let us introduce the notation W = Wep, and Z = Z%;, and a new su-
perfunction s of degree 1 defined by the equation s, = W¢p,;. Denote the



Euler-Lagrange operator by £. It is well-known [21] that if we have a density
N = [ndz, and if we denote by £y its linearization (or Fréchet derivative)ﬂ:

In(p) =/<873090’+(—1)'"“ap730903) dx (13)
o 7,0
then we have s s
x 1) — (O O ).
e = 60 = (505 ) (1)

note that signs on the odd part cancel after taking the adjoint. We also recall
the formula A on, (@) = la, (A2(p)) + Ay 0 la,(p).

In order to compute the above expression, we also need the definition of
the adjoint operator of a superdifferential operator ([21]; see also [11, 12]

(W, Alp)) = (=DIHPHA*(9), ) (15)

where A is a differential operator between vector-valued functions, A* is its
adjoint, operating between covector-valued densities, and the angular brack-
ets stand for the natural pairing with values in the variational cohomology
(i.e., the result is a density up to total divergencies). We have

(O (1), 0) = (1, In () = (1w () + WO (L2()))
= (G, (1) +£7,4(1), ). (16)
In the above formulae, expressions like fyy, () are linearizations of the term

W with fixed r. Note that the parity of ;1 is 0 and that 9;" = —9, 1. In
coordinates, we have

ON oW 07

= (=1)ll _1)lel
(sui ( 1) 80’ <8'U%. T) + ( 1) a0' (auz} 8) ) (17)
ON oW 07

— (—1)ll —1)lel 1
5pz ( ) 8‘7 (api,ar> i ( ) 8‘7 (api,a S) ’ ( 8>

The integrand at the right-hand side of @ is a superfunction of degree
3; in order to check the vanishing of [P, Q)] we should be able to determine
if the expression @ is a total divergence. So, we need to compute the
Euler—Lagrange operator of a 3-superfunction with nonlocal terms. The only
problems come from the nonlocal terms. There might be two distinct types
of nonlocal terms:

'Here and in what follows absolute values of objects, like |n|, represent the parity of
the object, 1 or 0.



LTy = Y/752% b oot if we set Yy = YT R e 4, We can
proceed in a way which is similar to what we did for the nonlocal
bivector N (but keep into account the different gradings!), and get the
formula

6;1(1) = e;ﬁ,r(l) - Fé,yl(l)' (19>

In coordinates:

Ty _ (_yyelg, (ng ) (—1)la, (gzzyl), (20)

ou’
0T, oY; oz

= (=1l — (=1)ll 21
op; (=1)*% (811“,) (=19 (8pi,gy1)’ (21)

where y; , = V1.

2. Ty = YZ1 T'Diy oy 7s; i we set Yo = )”1 7'Di, .0, We have

(l1,(1), o) =(1, L1, () (22)
=(1, by, rs () + Yaly s () + Yarly()) (23)
=(1, by, ps () + YO, Mz 5(0) + Yord Hw(p))  (24)
=03, s (1) = €7 5, (1) = Ly (1), 0) (25)

where ys is defined by (y2), = Y2 and y3 by (y3). = Yor.

We stress that the above approach is purely computational, as in the proof of
our formulae we make use of 9! which has no ‘good’” geometrical definition.
However, we can show that in concrete computations our formula reproduces
known results; we hope to be able to provide a geometric justification of the
formula in the future. Some new interesting developments in this directon
can be found in [I5], where nonlocal operators are treated in the framework
of the geometry of jet spaces.

2 Examples of computation

In this Section we consider known examples of weakly nonlocal Hamiltonian
operators defining Poisson brackets. We provide a systematic computational
approach to the calculation of the Schouten bracket.



2.1 Krichever—Novikov equation
The Krichever—-Novikov equation

3 u
Uy =u 20, (26)
has the Hamiltonian operator P = u,0; 'u, [20]. We rewrite it as P = N =
Wr = ug,pr, where r, = u,p. The Schouten bracket is

ONON
N,N|=2——, 2
[ I= du op’ (27)
where
N kap ((OW N _ o2
= 2 (-1)kor (6u(k ) = —20,(pr) = =2par — 2p"ug = —2p,r, (28)
and

=2 (-1)*0% ( 51?; ) = —20,(pr) = 2u,r-. (29)

Hence [N, N } = —8uxpxr = 0 (no need to compute the variational derivative
of the 3-superfunction in this simple case).

2.2 Modified KdV
The modified KAV equation is

Uy = uzua: + Uz (30>

it has the weakly nonlocal Hamiltonian operator [23]

2 2 2
P=0+ —UZ@C + U — gum&;lux. (31)
Let usset P =L+ N, with L = py.p + 2u pep and N = uzpr In the
previous subsection we proved that [N, N] = 0 hence the Schouten bracket

[P, P] reduces to

[L+ N,L+ N]=|[L,L]+2[L, N] (32)
By a direct computation we have
16



Moreover

OLON ONOL
LN|=——+——
[L,N] du Op + du Op
4 4 4 2 2
= (gupzp> <§W’) + (—gpxr> (—pm = 3P = 30:(u"p) — 052’(1?))
16 4 n 16 n 4 8
Hence 16
[L + N, L+ N] = g(uppat - Tp$>pa:a::c~ (34>
The above expression yields, after integrating it by parts:
16 16
16

More systematically, we can compute the Euler-Lagrange operator of .
Let us set Ty, = uppiPeze and Ty = —pyprzer. We have:

0Ty,
5. —PPeP (36)
0Tt
% - - 3ux:cppa:a: - 2uxpp:mx — UgzzPPz — 3uxpa:pxx (37)

where the above computations have been done by the CDE package of Reduce
[16, 19]. If y; is defined by y1, = —pyPszs We observe that, in this case
Y1 = —PzPzz- We have

N _(_y)elg, (WT) — (-1, <My1> (38)

ou Uy Uy
= — 0u(PPePae) = —DPrPavas (39)
and
5% =(-1)lg, (—5(_52?”%) — (=1)a, <%yl) (40)
= — Ou(—Pawa’) — O32(PaT) — Ue(—PaPac) (41)
=3UpaPPuz + 2UsPPrzs + UszaDPe + 3UsPaPao (42)

which yields the result. We stress that, without the explicit integration of
Y1, the simplification would have not been possible.

9



2.3 Example: first-order homogeneous weakly nonlo-
cal operators

The class of first-order homogeneous Poisson brackets was introduced in [5].
This class is defined by first-order differential operators that are homogeneous
with respect to z-derivatives. The main feature of such operators is that
their ‘form’ is preserved by coordinate transformations of the type u' =
u'(u’). This implies that the skew-symmetry and Jacobi property of the
Poisson brackets translate into geometric properties of the coefficients of the
differential operator.

The weakly nonlocal generalization of the above operators was introduced
in a very special case in [7], and later in a much wider sense in [8]. The
geometry of such operators is very rich and interesting; we invite the reader
to have a look at [9] and references therein. We will consider a weakly
nonlocal first-order operator P of the type:

PY = g9, + Tul + Wiuso, ' Wiul, (43)

although more general operators are possible and natural [9]. Let us intro-
duce a nonlocal odd variable r defined by r, = W] hp;, and rewrite the
operator P in odd variables:

P = gp;.pi + Tubpip; + Wik rp; (44)
Let us write P = L + N, where
L= gijpj’gcpZ FJ kpjpl, N =W} u ;. (45)

We have to prove that the coefficients of P satisfy the following set of con-
ditions (see [9])

g7 =g", (462)
gk =17 +17, (46b)
gTL = T, (46¢)
g"SWSj = g"°Wi (46d)
VW) =V, W/, (46¢)
Ry = WiWi — WiWj. (46f)

10



The skew-symmetry is equivalent to (46a)) and (46b)), and is assumed through-

out the computation.
We use the formula

[P,P] =L+ N,L+N] =L L] +2[L,N] + [N, N. (47)
Then, from @ it is clear that we need the formulae:

oL

Sl :2F{ipj,xpi + (F?f;z - Fﬁfg)uipjpi (48)
oL - j ; j j j

Sy =~ 297 Pse + (T =T — gi)uip; = =20"pic — 2 wep; (49)
ON i i\ k iTird, k i

Sul ZZ(VVI,k - Wk,l)uxpi r 4 2WiWiw,pip; + 2Wipi o7 (50)
ON

Using we compute three expressions; they are defined up to total deriva-
tives. We have:

L1 - 5L 5L
’  Touiop;
= 817 ¢""pipjabme + (8TT TR + 467 (T — T))) Uepj abmpi
_4(F;Lj,z - Fé,]}z)rfrgmuﬁuipjpipm
LN = SNOL O0LON

out 5_]92 + Sul dop;
= (4glj(W/}fk - WIil) - 4F§ciVVlj + 4F{iW,i) “];pipj,x r+
(4 (W, = Wi) = 2wl (T, — 1) ) whadipipy v
—4g"" WiW ik pippm.a — AU W Wbl pipipm + 49" Wipi apjar
Finally, taking into account that 72 = 0 we obtain
ON 6N

[N, N] =222

. = —8WWIWL ufuTpipi .
Sut 5]% 1 Wi W UgUy DiDj

Collecting all the terms together we get
ij ijh ijh k. m
[P.P] = Apipjapna + By wppipipha + Cio oy pipipn +
D}?ua’ipipj,xr + E;Jhu];ugpipjr + FyDialia”

11



that can be also written as

PP =

with
Jidh
Bt =

Sijm_
Chk; -

N —
D) =
il
Ekh -
i —

We obtain

i gy
Bllc]h _ 4R;€]h —0—49”(W]?VVZJ _ W]gI/Vlh)

i 2 m
Ch]k - _grfk
2 ..
+§r§;(

2
3

o o o
Apip; aPhw + B WEpipiph 2 + Crubu™ pippn +
D uipipjar + Eusulpipir + F7p; opjar

%(Aijh o 14@'hj)7

L i ji
S(BY" = B™

E(ijh = Cp? = G+ O + O = ) +
E(Ch]k — O = O+ Gl + O = O
DY,

Loy iy o Lopid i
Z(Ekh — By, + Z(Ehk — ),
S )

(Ry— Wi+ WIWE) = ST Ry — Wi+ W)

iy _— SR S _ .
Ry — WmWi+ W W) + gFZ(le] — WWi 4+ Wi W)

__Ficj( i — W Wh"‘vleh)_gFl}f( = WIrWe+ W)

Dy = 29" (VW) = ViW) — 20, ("W)™ — g™ W)
Ef = 2r§j(vkwf — VW) — 2r§f(vkwg — VW) +
QF?(thZ - Vl'Wfi) - 21 (VWY —“VlWi) + '
Wi(Rij, — WiW3 + Wi We) + Wi (Ry — WiW] + W/ W)
B —Wi(Bj, = WiW, + WiW) = Wy (R — Wi W+ W W)
FY7 = 2(g"W) — g"W})

12



Let us set T'= [P, P]. The system
5T T

=0 " "
yields the following conditions:

e B7" =0, which is the coefficient of p;p;pp.. in 6T /5ut;

e 2A" =0, which is the coefficient of p;p; o, in 6T/dpy;

° _D};} = 0, which is the coefficient of u%_p;r in §T/épy;

e 2F = (), which is the coefficient of Pia.T in 6T /0py.

The above conditions are equivalent to the conditions (46¢c]), (46dl), (46€)),
, and imply the vanishing of the coefficients C' and E.

We remark that the last step of the computation of the Schouten bracket
is very straightforward: it is easy to derive the vanishing conditions from few
selected coefficients in the variational derivative.

3 Conclusions

Weakly nonlocal hamiltonian operators arise naturally in the theory and
applications of integrable systems [I§].

In [2] we developed an algorithm to compute Schouten brackets of such
operators using three different formalisms: distributions, pseudodifferential
operators, Poisson vertex algebras. In this paper we propose an alternative
approach based on the identification of weakly non local hamiltonian opera-
tors with superfunctions on supermanifolds. This approach requires to define
variational derivative for nonlocal variables. This allows to extend the known
formula for the Schouten bracket of local operators in a straightforward way.

Finding necessary and sufficient conditions for the vanishing of the bracket
is not immediate, the main difficulty being that the nonlocal odd variables
that arise in the computations should be checked in order to see if they can
be integrated (see Section 2.2). However this problem can be easily fixed and
the implementation of the main result on a computer algebra program seems
possible. For instance, the Reduce package CDE [10], 22] already allows to use
local and nonlocal variables and contains an implementation of the Schouten
bracket for local operators in terms of odd variables.

13



A set of software packages for the symbolic calculation of the Schouten

bracket adapted to all the above formalisms will be the subject of our future
work.
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