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Hamiltonian PDEs

An evolutionary system of PDEs

F=ul— fit,z, v, ul,ul,,...) =0

) 'xy T

admits a Hamiltonian formulation if there exist A, H = [ hdz
such that oy
= AY
=2 ()

where A = (AY) is a Hamiltonian operator, i.e. a matrix of
differential operators AY = A%°9,, where 0, = 0y 0---0 0,
(total z-derivatives o times), such that

Ry = [ 2 a0,

is a Poisson bracket (skew-symmetric and Jacobi).



First-order homogeneous operators

First-order homogeneous operators were introduced in 1983 by
Dubrovin and Novikov for the Hamiltonian formalism of
hydrodynamic-type equations

o 0
= vyl = AV = [ s
u = (u'(t,z)), i,j = 1,...,n (n-components). The operators are

of the form

AY = gii(u)d, + b (w)ul

Homogeneity: degd, = 1.



Geometry of homogeneous operators

Any change of coordinates of the type 4’ = @‘(u’/) will not
change the ‘nature’ of the above operator. g* transforms as a
contravariant 2-tensor; usually it is required that det(g") # 0;
ng = —gissz transforms as a linear connection.
Conditions on A; to be Hamiltonian:
» Skew-symmetry of {, } 4, is equivalent to:
symmetry of g¥, V[['|g = 0;
» Jacobi identity of {, } 4, is equivalent to: ‘
gij flat pseudo-Riemannian metric and I, =T, or I is
the Levi-Civita connection of g.
It follows that the canonical form for such operators is
Ay = 1" 0,, where n” are constants.



Ferapontov—Mokhov nonlocal operators

First-order nonlocal homogeneous operators were introduced in
1983 by Ferapontov and Mokhov for the Hamiltonian formalism
of hydrodynamic-type equations. Here

P = ¢ii(0)0, + sz(u)u’;:' + cawkauﬁ@;lwihug

The condition on P to be Hamiltonian:
» Skew-symmetry of {, } p is equivalent to:
symmetry of g%, V[['|g = 0;
» Jacobi identity of {, } p is equivalent to:
» I, =T7., or I is the Levi-Civita connection of g.
> g;; pseudo-Riemannian metric such that
R;fl = wzwlj — wfw{C

73 3 : v 4800 T — 4JSa0.

> wj is a symmetric endomorphism: g"*w’ = ¢’*wy;
i T i
> Vk.wj = ijk.



Weakly nonlocal Hamiltonian operators

Maltsev and Novikov (2001) further enlarged the class of
nonlocal operators to the weakly nonlocal operators:

P = B9, + *w' 0, 'w, (1)

ij i k o,k o
where B and wy,, wj can depend on (u”, ug), and e* are

constants. The operator d; ! is defined to be

1 [* 1 [t



Jacobi property for nonlocal brackets

Problem: how to compute the Jacobi property for a bracket
defined by a weakly nonlocal operator P?

{{F.Gyp,H}p +{{H,F}p,G}p+{{G,H}p, F}p =0.

Standard solution: the above expression is a differential
operator in three arguments, denoted by [P, P] (Schouten
bracket), and it must vanish up to total divergencies.

> If P is local, there are standard formulae.

» If P is nonlocal, the standard formulae do not work!



Linearization and adjoint of operators

lpy(p): the linearization of the (coefficients of the) operator P.
We have the coordinate expressions:

i dBY° o Wy,
gP,w(‘P) :Waﬂ/}}&@k 0r "0 ( a%)

ou k
+ e“w! 971 W@,g@ vil, (3)
If A(y)" = AY90,1); is a differential operator, then its adjoint is
A () = (=1)705(AY74y).
The adjoint is defined by

b AT 9517 = (—1)70, (A7} Y3 + tot. div.,



The Schouten bracket

There are many formulae for Schouten bracket:

[P, QI(¢", ¢*, %) = (€p 1 (Q(7)), ¥°) — (Lpy2(Q(¥1)), 4%
+ (g1 (P(1%)),4%) = (€g 2 (P(41)), 4%
— (P(£552 (1)), 4%y = (Q(L 42 (¥1)), 1% (a)

[P, QI(w", ¥*,v°) = (P(E(Q(v'),v*)),v°) + eyclic(y!, ¥%,47)
H(QEWP(W),4?)), ¥7°) + cyclic(d!, v?, 47) (b)

[P, QI %%, ¥%) = (lpy1 (Q(¥?)), ¥°) + cyclic (¥, 4?, ¥%)
+ (Lt (P(¥7)), ¥°) + cyelic(yh, 9?, 4°) (c)

Equivalence is up to total divergencies.



Which is the best formula?

a: Used by F. Magri (1978). Good for local operators.
Divergence-free.

b: Used by E.V. Ferapontov and O.I. Mokhov (1990) for
nonlocal operators. Good ‘enough’.

¢: Used by B. Dubrovin and Y. Zhang. The best for nonlocal
operators as it can be made algorithmic.



The algorithm

We start from the formula (c) for a weakly nonlocal operator
P9, = BY979, + e®w' 0 1wh:

OB
duk

Or (P9 0,07)0;  (wl ) )

S 1P P07, ) = S 0,ul0, (PHo0,07)

)
owy,
k
ouy

J
owy,

+ ey ( Sk 6T<P““80¢?>¢;> Wi + eyelie(y!, v?, ¢,

+e”

where the equality is up to total divergencies.



The algorithm — (1)

Let us introduce the notation

P =0 Y (wiyd), a=1,2,3. (4)

1. Integrate by parts nonlocal terms with two integrands:

a, i awa kpo b a

— ey, (awé (B 0,1 + e*whiy) %) ()

T



The algorithm — (2)

2. After (1) the generic summands of (3) are of three types:

COPFY g, (6)
COMI7P 0y (P2)15, (7)
CH7T (1) 0y (V1) U, (8)

where C’s are functions of (u’,ul).
Then, bring all nonlocal terms of type (7) to one of the
forms

CPY Dol CPP0pb!,  CP 0,07, (9)
by integration by parts, e.g.

DV R0, 0f = (—1) 0, (DP ) p)ed = CPT O+t



The algorithm — (3)

3. The third step of the algorithm amounts at bringing the
local part into a divergence-free form. This is achieved by
integrating by parts local terms with respect to 13 so that
the result is of order 0 in 2, for example:

DYl 0,050, = (—1)" 0D 050 0055
= C'7Tk9p] O p 3



Distributions
Weakly nonlocal Poisson brackets have the form
{w'(@),v (y)}p = BY (u, u)6¥) (2 — y)
E ok

+ e®wy, (u, ug)v(z — y)wh (u”, ug)

where v(z — y) = 3 sgn(z — y). The Jacobi identity

{{u' (@), v (1)}, uF (2)} p + {uF(2), u' (@)}, wd (1)
+ {{v!(y), u"(2)}p, u'(x) }p = 0

can be written as
TYz 8 = 8UJD”CZ + 2 8gpzl'] +
V2 Oul(x) dub(y) = oub(2) Y
OPL, . opk . oP)h .
) aoPlj Y,z 80Plz Y,z aaPlz -0 10
oL ()7 v+ B () O v T gup (% P =0 (10)

where Pé{y = {u'(x), v (y)} p.

y oPY
ijk __ T,Y ao plk
ax Px,z +




The algorithm for distributions

The first step is to reduce the nonlocal terms from 6 to 3 forms
using the identities

and their differential consequences. After this the nonlocal part
becomes

a1 (x,y, z)v(z —y)v(x — z) + cyclic(z, y, 2)
+ Z bn(xv y)V(‘T - y)é(n) (CE - Z) + CyChC(‘T, Y, Z)‘

n>0

The local part is transformed in order not to act by derivatives
on test functions of z.



Poisson vertex algebras

(De Sole, Kac, 2013) The main object is the A-bracket on
elements of a differential algebra:

(hat =3 Cu(f, 9N

s<S

The A-bracket is defined by its action on generators of the
algebra by the master formula:

(g} = 22 (4 0" {uh o} (A= 0 o

O'

The correspondence in terms of differential operators:
{uh o'} = P

In the expansion, A\® corresponds to the s-th x-derivative acting
on an argument and 0 corresponds to linearizing the coefficients
of the operator.



The divergence-free basis

Theorem The Jacobi identity can be written in terms
L ATRNP YT s ATRQP ()0 (920}

B+ A 0)TTATND s AP (4p] 1203,

A+ 0)TIBIATR P s ATEQLOP (1) 1);

(10 +8) T BIJARNY e AR P (] )20

- BEO i+ 0) T AT (A4 0) 71O e AT,

CBFO A A+ 0) T AN+ 0) IO s Alplp;

O+ )T BIAR| (1 + 0) O] 4 AR,

A threevector which is expressed using the above basis is

divergence-free.

N o Ol R W N



Poisson Vertex Algebrae and the algorithm

Remark. The proof of the above theorem uses Laurent series
expansion of the type

0, (wip) =wdy ) — 0, (Opw - O )
=wd, Y — 0ywd, 2 + O2wdy S + - -
Theorem. The threevector coming from the algorithm (with

the distribution or the differential operator formalism) vanishes
if and only if the threevector in the previous basis vanishes.



Work in progress: anticommuting variables

There is a canonical isomorphism between variational
multivectors and superfunctions on a supermanifold:

j (o1t (onit h
Ad(orin)-(onin) 017/)“ Dol —

— Aj(alil)m(ahih)pilm © Pipoy,

and the Schouten bracket is expressed via the formula

|7 H] = Sui op; - (-1 Sul dp;

The above formula can be generalized to nonlocal operator,
while the algorithm does not work with superfunctions.



Work in progress: more anticommuting variables

J. Krasil’shchik and A. Verbovetsky: a unified framework for
Hamiltonian, symplectic and recursion operators as Backlund tr.

£: The equation F' = u! — fi(ul, ul)
TE: The tangent covering ¢r(q) = 0, space of
symmetries

T*E: The cotangent covering ¢}.(p), space of conserved
quantities

W: The space of nonlocal variables, e.g. r, = w,icuff:pi.



Symbolic computations - partly in progress

Distributions: working Maple software written by P.
Lorenzoni (for private use).

Differential operators: Reduce software in development
using the package CDE (by RV). CDE (by RV) can compute
symmetries and conservation laws, local and nonlocal
Hamiltonian operators, Schouten brackets of local multivectors,
Fréchet derivatives (or linearization of a system of PDEs),
formal adjoints, Lie derivatives of Hamiltonian operators. A
book, in cooperation with JS Krasil’shchik and AM
Verbovetsky: The symbolic computation of integrability
structures for partial differential equations, is published in the
series Texts and Monographs in Symbolic Computation,
Springer, 2017.

Poisson Vertex Algebrae: ?



Thank you!
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