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POISSON MANIFOLDS

M a manifold, a bivector field v on M with [v,v]sy =0 ~~ a
Poisson bracket on C*°(M).

Properties:
e anti-symmetry: {f,g} = —{g,f},
o linearity: {f,agi + bge} = a{f, g1} + b{f, g} for scalars a, b,
o Jacobi identity: {{f,g},h} +{{g,h},f}+{{h,f},g} =0,
o Leibniz rule: {f,gh} = {f,g}h+ g{f,h}.



TWO EXAMPLES

Example 1 (Kostant—Kirillov Poisson bracket): Let g be a Lie
algebra, then g* is a Poisson manifold: the space of linear
functions on g* is g, so we have a Lie bracket

{81, 821(§) = &([81, &2]),

which we then extend by Leibniz rule.
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TWO EXAMPLES

Example 1 (Kostant—Kirillov Poisson bracket): Let g be a Lie
algebra, then g* is a Poisson manifold: the space of linear
functions on g* is g, so we have a Lie bracket

{81, 821(§) = &([81, &2]),

which we then extend by Leibniz rule.
Example 2 (constant bracket): In the previous example, fix
v € N°g*, and let

{81, 82}(§) = (81, 82),

which we then extend by Leibniz rule.

For instance, if g is the 2-dimensional solvable Lie algebra,
g =span{p, q | [p, q] = q}, we have the Kostant—Kirillov bracket
{p,q} = q, and a constant bracket {p,q} = 1.



(AuTONOMOUS) HAMILTONIAN FORMALISM

Let M be a Poisson manifold. To every function f € C*(M), we
relate the corresponding Hamiltonian vector field X € T(TM)
satisfying

Xr(g) = {f. g}
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S = XD = {H.7},

where f € C>®(M).



(AuTONOMOUS) HAMILTONIAN FORMALISM
Let M be a Poisson manifold. To every function f € C*(M), we
relate the corresponding Hamiltonian vector field X € T(TM)
satisfying
Xr(g) = {f. g}

H € C°°(M) a function (energy, Hamiltonian of the system).
Hamilton evolution equation associated to H:

df
S = XD = {H.7},

where f € C>®(M).
Example: g from the previous slide, {p, g} = 1:

dp oOH
a {Hap} _aiqv
dqg oH
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INTEGRABLE SYSTEMS (FOR ALGEBRAISTS)

Two functions f,g € C°>°(M) are said to be in involution if
{f,g} = 0. A set of functions is said to be involutive if any two
elements of this set are in involution.

A “system" (Poisson manifold) is said to be (Liouville) integrable if
it admits a maximal independent involutive set of functions
{Fi,...,Fn—+}. [Here n=dim M, and 2r is the rank of the
Poisson structure at generic point.]

Hamiltonian vector fields Xr,, i =1,...,n— r, commute and so
define an integrable distribution; thus, locally

_9
Fi = 8t,-'

It can be shown that the coordinates t; can be obtained by
algebraic operations, inverting functions and integration. Thus,
integrable systems are solvable in quadratures, hence the name.



BI-HAMILTONIAN SYSTEMS — 1

Assume that M has two Poisson brackets {-,-}; and {-,-}2. These
brackets are said to be compatible if a{,-}1 + b{-,-}2 is a Poisson
bracket for any choice of scalars a, b.

Such a manifold M is called bi-Hamitonian, and every vector field
on M which is Hamiltonian with respect to both structures — a
bi-Hamiltonian vector field.



BI-HAMILTONIAN SYSTEMS — 1

Assume that M has two Poisson brackets {-,-}; and {-,-}2. These
brackets are said to be compatible if a{,-}1 + b{-,-}2 is a Poisson
bracket for any choice of scalars a, b.

Such a manifold M is called bi-Hamitonian, and every vector field
on M which is Hamiltonian with respect to both structures — a
bi-Hamiltonian vector field.

Let X be a bi-Hamiltonian vector field, that is
X ={Fi,-}1 ={F2,-}2. Then F; and F; are in involution with
respect to both Poisson structures:

{F1,F2}1 ={F2, F2}>» =0,
{Fi,F2}o = —{F,Fi}2 = —{Fi,F}1 =0.



BI-HAMILTONIAN SYSTEMS — 2

Lenard recursion formula: Generalizing the previous example, we
call a sequence of functions Fg, F1, Fp, ... a bi-Hamiltonian
hierarchy if

{Fi,-}1 = {Fit1,}2
for all /. Then a similar computation shows that F; form an
involutive system with respect to both brackets.
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BI-HAMILTONIAN SYSTEMS — 2

Lenard recursion formula: Generalizing the previous example, we
call a sequence of functions Fg, F1, Fp, ... a bi-Hamiltonian
hierarchy if

{Fi, }1 = {Fis1,}2
for all /. Then a similar computation shows that F; form an
involutive system with respect to both brackets.

If we assume in addition that {Fg,-}> = 0, these conditions
together mean that we require Fy = Fg + F1\ + A% + ... to be
in the Poisson centre for the generic bracket A{-,-}1 — {-, - }2.

(Lenard '67, published by Gardner—Greene—Kruskal-Miura '74,
studied in depth by Magri '78 and Gel'fand—Dorfman '79...)
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ExamMPLE: KDV

The Korteweg—de Vries (KdV) equation

Uy = OUUy + Usx-

Can be rewritten as

_ P, 65H0
where Hp = [(u® — %”3) dx and Py = g defines the Poisson
bracket i sc
{F,G}o= 5o Pos dx.
(g—u is the Fréchet derivative, (Sf&# =3 (_%)k%_)
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ExamMPLE: KDV

Also, the KdV equation can be rewritten as

OHy
P
Vsuo

where H; = [ “72 dx and P; = % + 4u% + 2u, defines the
Poisson bracket 58
T p %8 gx.

{fag}lz Su Su
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ExamMPLE: KDV

We have
OHy o Hg

=P
ou Y ou’
so our system is bi-Hamiltonian:

{H1, }1 = {Ho; }o-

Furthermore, Lenard recursion formula

Pi—

{Fk, 31 = {Fks1, Jo,

appliedto Fo = [§dx, A =H1 = [% 2 dx, gives the commuting

family F = [ 2 dx, Fo = Ho = [(u® — %) dx,
F3—f(——5uu+ )dx...

Note that 5F° =1 so Fo is in the Poisson centre for {-,-}o.
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when v is a 2-cocycle.

Remark 1: if v is a coboundary, (g1, g2) = (([g1, g2]) for some
¢ € g%, then F\(§) = F(€ 4+ X() is in the generic centre, if F is in
the Poisson centre for the Kostant—Kirillov bracket ~~ shift of
argument method (Mishchenko—Fomenko '79, Vinberg '90 .. .).
Recently used to study generalized Gaudin hamiltonians (Rybnikov
'06), G-opers with irregular singularity (Feigin—Frenkel-Rybnikov
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EXAMPLES ARISING FROM LIE ALGEBRAS

Let g be a Lie algebra. When is the constant bracket arising from
v € N°g* compatible with the Kostant—Kirillov bracket? Precisely
when v is a 2-cocycle.

Remark 1: if v is a coboundary, (g1, g2) = (([g1, g2]) for some
¢ € g%, then F\(§) = F(€ 4+ X() is in the generic centre, if F is in
the Poisson centre for the Kostant—Kirillov bracket ~~ shift of
argument method (Mishchenko—Fomenko '79, Vinberg '90 .. .).
Recently used to study generalized Gaudin hamiltonians (Rybnikov
'06), G-opers with irregular singularity (Feigin—Frenkel-Rybnikov
'07) etc.

Remark 2: if g is the algebra of vector fields on the circle, and ~
is the 2-cocycle defining the Virasoro algebra, one obtains the
above bi-Hamiltonian interpretation of KdV. (Py = g—x produces
the Kostant—Kirillov bracket, while P; = % + 4ug—x + 2uy is
responsible for the Virasoro cocycle.)
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Definition: g is an algebra with two compatible Lie brackets, if
there are two brackets {-,-}; and {-,-}» on g such that
a{-,-}1 + b{:,-}2 is a Lie bracket for any choice of scalars a, b.



ALGEBRAS WITH TWO COMPATIBLE LIE BRACKETS

Definition: g is an algebra with two compatible Lie brackets, if
there are two brackets {-,-}; and {-,-}» on g such that
a{-,-}1 + b{:,-}2 is a Lie bracket for any choice of scalars a, b.

If g is an algebra with two compatible Lie brackets, g* has a
natural structure of a bi-Hamiltonian manifold: two
Kostant—Kirillov brackets are compatible.
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ALGEBRAS WITH TWO COMPATIBLE PRODUCTS

In the case of one Lie bracket, one can obtain Lie algebras taking
commutators of associative algebras: if A is an associative algebra,
then the operation ab — ba defines a Lie bracket on A.

Similarly, we call A an algebra with two compatible products, if
there are two products (- *1 ) and (- x2 -) on A such that the
product a(- x1 -) + b(- *2 -) is associative for any choice of scalars
a, b.

Claim: if A is an algebra with two compatible products, then the
operations (a1 b) — (b1 a) and (a2 b) — (b2 a) make it an
algebra with two compatible Lie brackets.
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EXAMPLES OF COMPATIBLE PRODUCTS

Example: A associative with the product (- x-); x € A, then the
product ax’ b = ax x % b is associative and compatible with the
original one.

Example: A = Maty(k), x,y € A, then
ax' b= (xxa—axx)x(yxb—bxy)
is an associative product compatible with the original one.

Exercise: check the compatibility (and find a conceptual
explanation).



FURTHER EXAMPLES

Example: Ay is the space of polynomials in t of degree at most
k — 1, ai(t) and az(t) two polynomials of degree k without
common roots. Then, by Euclid,

f(t)g(t) = xa(t)aa(t) + xa(t)a(t)

for unique pair (x1(t), x2(t)) € Ak x Ax. We let
F(t) xi g(t) = xi(1).
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FURTHER EXAMPLES

Example: Ay is the space of polynomials in t of degree at most
k — 1, ai(t) and az(t) two polynomials of degree k without
common roots. Then, by Euclid,

f(t)g(t) = xa(t)aa(t) + xa(t)a(t)

for unique pair (x1(t), x2(t)) € Ak x Ax. We let

f(t) xi g(t) = xi(t). This has important generalizations for elliptic
curves where polynomials are replaced by matrix-valued
f-functions. (Odesskii-Sokolov '05)

Example: If A is an algebra with two compatible products and B
is an associative algebra then A ® B is an algebra with two
compatible products. Consequently, Mat,(A) is an algebra with
two compatible brackets.This descends on GL-invariants, and
leads to bi-Hamiltonian interpretations of some “integrable ODEs
on associative algebras” (Olver—Sokolov '98, Mikhailov—Sokolov
'99).



RESULTS ON ALGEBRAS WITH TWO COMPATIBLE
PRODUCTS

Towards the classification: Odesskii-Sokolov '05, classification
of ways to make @; Mat,, an algebra with two compatible
products. The arising combinatorial data is a representation of a
quiver associated to an affine simply laced Dynkin diagram (with
some additional marking of vertices).
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RESULTS ON ALGEBRAS WITH TWO COMPATIBLE
PRODUCTS

Towards the classification: Odesskii-Sokolov '05, classification
of ways to make @; Mat,, an algebra with two compatible
products. The arising combinatorial data is a representation of a
quiver associated to an affine simply laced Dynkin diagram (with
some additional marking of vertices).

On the other extremal side: free algebras with two compatible
products. For one product, the free algebra is just a tensor algebra.
Is there a simple description for the case of two products?

YES!
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MAIN THEOREM

Denote by RT(S) the collection of all planar rooted trees whose
non-root vertices are labelled by elements of a finite set S.

THEOREM (D. ’08)

The vector space k RT(S) has two compatible products; with those
products it becomes the free algebra with two compatible products
generated by S.

COROLLARY (ON CATALAN NUMBERS)

The component of degree n in the free algebra with two

compatible brackets generated by S has dimension nil (2:) |S|".
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COMPATIBLE PRODUCTS OF TREES

Let T3, T, € RT(S). Assume that the root of T; has k children.
Define the products T1 x1 T» and Ty *» T, as follows:

Tix1 To = Z T4 T,
f: [k]—Vertices(T?)
Tix Tr = Z T, 48 Ty,
g: [k]—Int(T2)

where the tree Ty 4 T» is obtained as follows. We split T7 into k
parts T1[1],..., T1[k], and for a vertex v of T, with

Flv)={iL<...<is},

we graft Ti[n],..., T1[is] at vertex v (keeping the label of v) to
the left of all the children of v in T5.
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For the trees
T =

=/

a p ¢

the product Ty *1 T> is equal to

ey

while the product T7 x> T» is equal to

AN

ap cC



PROOF STRATEGY FOR COMPATIBILITY

Observation 1: The compatibility condition can be rewritten in
the form

(T1*2 T2)*1 T3— T1*2(T2*1 T3) = T1*1(T2*2 T3)—(T1*1 Tz)*g T3.



PROOF STRATEGY FOR COMPATIBILITY

Observation 1: The compatibility condition can be rewritten in
the form

(T1*2 T2)*1 T3— T1*2(T2*1 T3) = Tl*l(T2*2 T3)—(T1*1 Tg)*g T3.

Observation 2: For two products on the space of trees that we
defined both the left hand side and the right hand side have
positive integer coefficients.
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EXAMPLE

For the trees

Ty

I
&
I
&
|

the product (T1 x2 T2) *1 T3 is

05 Ly

the product Ty %2 (T2 x1 T3)

My Jo Ay Myl
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Also, the product Ty %1 (T2 %2 T3) is
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EXAMPLE

Also, the product Ty %1 (T2 %2 T3) is

DNy

and the product (77 1 T2) %2 T3 is

AN "
ap ocg ¢ g “a
a a



PROOF OF COMPATIBILITY

In the compatibility condition
(Tiko To)x1 T3— Tixo(Tox1 T3) = Tix1(Toko T3)—(Tix1 T2)*2 T3,

the trees that appear on the left hand side are those for which
there exist subtrees of T7 that are attached to some leaves of T3.



PROOF OF COMPATIBILITY

In the compatibility condition
(Tiko To)x1 T3— Tixo(Tox1 T3) = Tix1(Toko T3)—(Tix1 T2)*2 T3,

the trees that appear on the left hand side are those for which
there exist subtrees of T7 that are attached to some leaves of T3.
The right hand side has the same interpretation.
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PROOF OF FREENESS

The proof of freeness goes in two steps:

@ as an algebra with two compatible products, kRT(S) is
generated by elements of degree 1, i.e. trees with one
non-root vertex. Proof by induction, rather easy.

o free algebra with two compatible products generated by S has
the same dimensions of graded components as kRT(S).
Original proof was using a result of Strohmayer '07 that
involved heavy homological machinery (Koszul duality for
operads), however now it is clear that using Grobner bases for
operads (D.—Khoroshkin '08) can simplify the proof
substantially.



REMARKS

The first product Ty %1 To on QRT(S) was defined by Grossman
and Larson '89 in their works about Hopf algebras based on trees
(combinatorial Hopf algebras describing solving differential
equations etc.). Our results yield an easy proof of their theorem
stating that the algebra of planar rooted trees is a free associative
algebra generated by trees whose root has only one child.



REMARKS

The first product Ty %1 To on QRT(S) was defined by Grossman
and Larson '89 in their works about Hopf algebras based on trees
(combinatorial Hopf algebras describing solving differential
equations etc.). Our results yield an easy proof of their theorem
stating that the algebra of planar rooted trees is a free associative
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REMARKS

The first product Ty %1 To on QRT(S) was defined by Grossman
and Larson '89 in their works about Hopf algebras based on trees
(combinatorial Hopf algebras describing solving differential
equations etc.). Our results yield an easy proof of their theorem
stating that the algebra of planar rooted trees is a free associative
algebra generated by trees whose root has only one child.

Our strategy to construct a compatible product (grafting to
internal vertices only) applies to a variety of cases of algebras
based on trees, e.g. numerous “Hopf algebras of renormalization”
(Brouder—Frabetti '03, Connes—Kreimer '98, Foissy '02).
(Vague) question: relate renormalization techniques to
bi-Hamiltonian integrability.
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FREE BI-HAMILTONIAN ALGEBRAS

What about free algebras with two compatible Lie brackets (a
more natural candidate to study)?

Bad news: similarly to the case of one product/bracket, where
free Lie algebras are more complicated than free associative
algebras, for free algebras with compatible Lie brackets both the
dimension formulas and combinatorics are quite disastrous.

Good news: the operadic part (the space of multilinear elements
in the free algebra with n generators) is a very interesting object.
It has dimension n"~! and interesting combinatorics
(D.—Khoroshkin '06, Liu '09).

Even better news: for free bi-Hamiltonian algebras, the
corresponding dimensions are (n 4 1)"~! (op. cit.), which makes
one think of diagonal harmonics. ..



Thank you for your patience!



