IOP SClence jopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Hamiltonian PDEs and Frobenius manifolds

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2008 Russ. Math. Surv. 63 999
(http://iopscience.iop.org/0036-0279/63/6/R02)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 147.122.45.69
The article was downloaded on 31/01/2013 at 13:44

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0036-0279/63/6
http://iopscience.iop.org/0036-0279
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

Russian Math. Surveys 63:6 999-1010 © 2008 RAS(DoM) and LMS

Uspekhi Mat. Nauk 63:6 7-18 DOI 10.1070/RM2008v063n06 ABEH004575

Hamiltonian PDEs and Frobenius manifolds

B. A. Dubrovin

Abstract. In the first part of this paper the theory of Frobenius manifolds
is applied to the problem of classification of Hamiltonian systems of partial
differential equations depending on a small parameter. Also developed is
a deformation theory of integrable hierarchies including the subclass of
integrable hierarchies of topological type. Many well-known examples
of integrable hierarchies, such as the Korteweg—de Vries, non-linear
Schrédinger, Toda, Boussinesq equations, and so on, belong to this
subclass that also contains new integrable hierarchies. Some of these new
integrable hierarchies may be important for applications. Properties of the
solutions to these equations are studied in the second part. Consideration
is given to the comparative study of the local properties of perturbed and
unperturbed solutions near a point of gradient catastrophe. A Universality
Congecture is formulated describing the various types of critical behaviour
of solutions to perturbed Hamiltonian systems near the point of gradient
catastrophe of the unperturbed solution.

Given an n-dimensional manifold M™, denote by
L(M™) ={S' - M}

the space of loops with values in M™. The main objects of our study are Hamil-
tonian vector fields on £ (M™) depending on the small parameter €. They will be
called vector fields on the extended loop space .Z(M"™) @ R[[e]]. More specifically,
we will study systems of evolutionary partial differential equations (PDEs) with
one spatial variable x represented in the form

i = Al +e( Bt + 3 Chlwidad) +06), =L ()

Here u = (u',...,u™) are local coordinates on M™. This manifold will be
assumed to have a trivial topology (an n-dimensional ball), although we will use
non-linear changes of variables in this ball.

It is assumed that the terms of order €* in the expansions in (1) are polynomials
in the derivatives ug, ..., u**t1 of degree k + 1, where the degree is defined by

degu™ =m, m=1,2,....

AMS 2000 Mathematics Subject Classification. Primary 53D45, 37K10.
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It will be required that (1) is a Hamiltonian system with respect to a local Poisson
bracket

k+1 SH
), H} = € A uuz,...,u(m) 8’;_’”“.7, 2
e Z ml ) i @
k41
{w'(2),wl(y)} = " > A, g (@), u™ (@) 6F T (2 —y), (3)
k>0 m=0

deg Azm (u; Ugy .. ,u(m)) =m

with local Hamiltonian

H = Z /hk u Ugy ... u(k))d

k>0 (4)
deg hy, (u; Uz, - - - ,u(k)) = k.

Note that §(x) in (3) is the Dirac delta function. The meaning of this notation
is clear from the explicit expression (2). The integral in (4) is understood in the
sense of formal variational calculus. In other words the integral of a differential
polynomial h = h(u; ug, ... ,u(m)) is defined as the equivalence class modulo total
derivatives:

h(u;uz’ o ’u(m)) ~ h(uaum7 . "u(m)) + az (f(U;U:m e ,U(mil)))v

ikt D k) dRd
Oy = I;)u @ where u'": = e

Furthermore, § H/6u? () is the Euler-Lagrange operator

S _oh  oh o
Sui(x)  Oud ol T oud.,

— forH:/hdx.

The coefficients of the Poisson bracket as well as the Hamiltonian densities are
assumed to be polynomials in the derivatives at every order in €. The antisymmetry
and Jacobi identity must be satisfied as identities for formal power series in €. The
bracket (3) defines a Lie algebra structure %, on the space of all local functionals

oF . 0G

_ i

thoy= dut(x) A Sul (z) dz, (5)
k+1

ZAE Z A?m U Ugy - - ,u(m)) a§*m+1’
k>0 m=0

ree /f’“ (Wt u®) de,  G= e /91 (43t ., u V) dz,

k>0 <
degfk(u; Uz;-..,u(k)) =k, deggl(u;u””7u(z)) -

The full ring of functions on the infinite-dimensional ‘manifold’ .2 (M™) ® C[[¢]] is
defined as a suitably completed symmetric tensor algebra over 4.
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The above formulae define a class of functions, vector fields, and Poisson
brackets on the infinite-dimensional ‘manifold’ £ (M™) @ C|[¢]]. In order to develop
a geometric approach to the study of these objects we will now introduce a class of
admissible ‘changes of coordinates’ on our ‘manifold’. They will be given in terms
of the so-called generalized Miura transformations

ui»—>ai:ZekF,i(u;ux,...,u(k)), (6)
k>0
; OF¢ (u)
deg Fi (w;ug, ..., u®) =k, det —22) #0
eg Fj (u;u ul™) e D0 #
The coefficients F} (u; Ugy .oy u(k)) must be differential polynomials. It is easy to
see that the transformations (6) form a group. Indeed, to invert the transformation
(6) one has to solve a system of differential equations for u!, ..., u™. The needed

solution is obtained as the WKB expansion in the small parameter . It is an easy
exercise to prove that the class of evolution PDEs (1), the Poisson brackets (3), as
well as the class of local Hamiltonians (4) is invariant with respect to the group of
generalized Miura transformations.

We will say that two objects of our theory (that is, two systems of evolution
PDEs (1), two local Poisson brackets (3), or two local Hamiltonians (4)) are
equivalent if they are related by a generalized Miura transformation.

The main problems of our research are

e the problem of classification of general Hamiltonian systems of PDEs,
e application to the study of integrable PDEs,

e new approaches to studying the properties of solutions.

Let us begin with classifying the Poisson brackets.

Theorem 1. Under the assumption

det (Afo(u)) # 0 (7)

any Poisson bracket of the form (3) is equivalent to the following standard Poisson
bracket:

{a'(z), @ (y)} =07 &' (x—y), 07 =0 =const, det(n’)#0. (8)

In the proof of this theorem we use the theory of Poisson brackets of hydrody-
namic type developed by Novikov and the author in 1983. According to this theory
the leading term N

9" (u) = Aglp(u)
of the Poisson bracket defines a (contravariant) metric of vanishing curvature on
the manifold M™. We also use triviality of the Poisson cohomology of the bracket
(8) proved by Getzler in 2001.

Next in the realization of our programme is the classification of bi-Hamiltonian
structures of the form (3), (7). Recall that the systems

up = {ui(a), Hihy = (u'(2), Ha)o,  i=1,....m,
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Hamiltonian with respect to two compatible Poisson brackets { -, }; and {-,- }5 of
the above form can always be included into a maximal Abelian subalgebra called
an integrable hierarchy in the Lie algebra of Hamiltonian vector fields (this can be
proved).

Theorem 2. Under the additional assumptions of strong non-degeneracy and
semisimplicity, every bi-Hamiltonian system is defined by
1) a pencil of Poisson brackets of hydrodynamic type

{v'(2), 07 ()2 = A" (@), 07 (9} = (95’ (0(2)) = A gt (v(2))) ' (2 — y)
+ (01 (0) = ALY y(0) oy 6z —y); (9)
2) a collection of n functions of one variable
c1(wh), ..., en(w™),
called central invariants.

The proof of this theorem is based on

e the quasi-triviality theorem: every bi-Hamiltonian structure becomes equiva-
lent to a dispersionless one (9) if one extends the class of admissible transforma-
tions (6), allowing rational dependence of the coefficients F{(u;uy,...) for k > 1
on the jets g, Uzzp, ... .

e calculation of the bi-Hamiltonian cohomology, that is, of the deformations of
a pair of acyclic anticommuting differentials on the multivectors on .Z(M™) @ R[[e]]
defined by the bi-Hamiltonian structure.

Let us outline the construction of the central invariants. To every Poisson bracket
(3) we assign a series of matrices depending on an auxiliary parameter p:

7 (uip) = Y Ao (w)p. (10)

k>0

Recall that the degree in the derivatives (in  of «) in the coefficients AZ] o is equal
to zero, and therefore these only depend on u. To a pair of Poisson brackets we
assign a characteristic equation

det (73 (u; p) — Ay (u; p)) = 0, (11)

Let A(u;p), ..., A"(u;p) be the roots of this equation:

N(usp) =Y M (wp,

k>0

where . . '
Ao (u) = w'(u), Ap(u) =0 for odd k.

The conditions of semisimplicity and strong non-degeneracy imply that the leading
terms w!(u), ..., w"(u) of these expansions are pairwise distinct and non-constant.
From this one can derive that these functions can be used as local coordinates

on M". Put )
L1 M)

—_— ,=1,...,n. 12
Sy =L (12)
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It turns out that for every ¢ = 1,...,n the function ¢; depends only on
one coordinate w'. Moreover, two bi-Hamiltonian structures with the same
dispersionless limit (9) are equivalent if and only if they have the same central
invariants.

Example 3. The bi-Hamiltonian structure of the Korteweg—de Vries (KdV) equa-
tion
2

€
U + Uy + 13 Uaez = 0, (13)

is

ule), uly) b2~ Mu(e), ulw)h = (u(x) = N8 (@ —4)+ 5 wadlz —y) + £ 26" (2 —).
(14)
The canonical transformation

3
82 ( UIV 7,U//,U/// v//

uw=1v— — (logv)"’ +&* — +
1o (logv) 28802 4800° | 90u'*

)H +0(e%), (15)

rational in the derivatives v/ = v,, v/ = v,,, ... . transforms the dimensionless
bi-Hamiltonian structure

{v(@),v(y)}2 — Mo(@),v(y)h = (v(@) = A)d' (@ —y) + %%5(1‘ —) (16)

into (14). Here w = w and the unique central invariant is equal to the constant
c=1/24.

Example 4. The bi-Hamiltonian structure of the Camassa—Holm equation

3 1
Ut — 52utzz = 5 Uty — 82 UgUgy + 5 U gz (17)

is given by the formula

ule), uly) e~ Mu(e), ulw)h = (u(z) = N8 (@ —y)+ 5 uab(o—y) +25 8" (2 —y).
(18)

The dispersionless limits for (14) and (18) coincide. However, the central invari-
ant of the bi-Hamiltonian structure (18) is equal to

1

Clzﬂ

w, w = U.
Therefore the KdV and Camassa—Holm hierarchies are inequivalent.

The theory of central invariants describes the structure of the space of infinites-
imal deformations of bi-Hamiltonian structures of hydrodynamic type. It remains
an open problem to prove the vanishing of higher obstructions to the deformation;
that is, the problem of the existence of a bi-Hamiltonian structure with a given
dispersionless limit and given central invariants. We will now consider a particular
subclass of the so-called integrable hierarchies of topological type associated with
semisimple Frobenius manifolds.
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Frobenius manifolds M™ correspond to a particular class of Poisson pencils of
hydrodynamic type. The characteristic feature of Frobenius manifolds is the exis-
tence of a commutative and associative multiplication on the tangent bundle

o o ., .0

g our ~ 0 gur

and also of a zero curvature metric defined in the flat coordinates u'

a constant symmetric non-singular matrix

9 9N _
oui  ouw )

The local existence of a potential F'(u) such that

<a ) a> 03 F (u)

..., u” by

ou ow ouF/  Oul Oul Ouk

is required. Moreover, the existence of a flat unit vector field e and a linear Euler
vector field F satisfying

e, El=e, EF =(3-d)F + quadratic terms

are also required. Here d is a constant.
A remarkable property of Frobenius manifolds (and characteristic, under certain
additional assumptions) is the existence of a flat pencil of metrics

du',du’), = n",

(du’, du )y e (19)
(du',du’)s = igdu’ - du’.

Thus on the loop space .Z(M™) there arises a bi-Hamiltonian structure of hydro-

dynamic type and, therefore, an integrable hierarchy. We will not enter into details

concerning the construction of this hierarchy here but simply write explicitly one
of the equations of the hierarchy:

u; +u-u, =0, u=(u',...,u") € M" ~TyM". (20)

In this formula the Frobenius manifold is locally identified with its tangent space
due to the existence of the flat metric.

Frobenius manifolds also possess many other remarkable properties. In partic-
ular, semisimple Frobenius manifolds (for which the algebra on the tangent plane
T,M"™ at a generic point v € M™ is semisimple) can be described in terms of
isomonodromy deformations of certain linear differential operators with rational
coefficients. There is also a remarkable connection between the theory of semisim-
ple Frobenius manifolds and the theory of reflection groups. Of particular impor-
tance for our study is the existence of a tau-function for the integrable hierarchies
associated with Frobenius manifolds. This is the main motivation for considering
the particular subclass of integrable hierarchies we are now going to explain.

The main question to be addressed is the reconstruction problem: for which
Frobenius manifolds can the system (20) be considered as the zero dispersion limit
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of an integrable hierarchy on .Z(M"™) @ C[[¢]]? And if such an e-extension exists,
how may they all be classified?

Theorem 2 above says that every such hierarchy is uniquely determined by its
dispersionless limit along with the collection of central invariants. The characteristic
feature of integrable hierarchies of topological type is that

e the dispersionless bi-Hamiltonian structure is described via the flat pencil of
metrics of the form (19) associated with a semisimple Frobenius manifold;

e all central invariants are constant and equal to each other.

Theorem 5. For any semisimple Frobenius manifold there exists a unique inte-
grable hierarchy of topological type associated with this manifold with the central

mvariants ]

= ﬂ .

The clue to the proof of this theorem lies in the invariance of integrable hierar-
chies of topological type with respect to Virasoro symmetries acting linearly on the
tau-function.

01202:...:C,n

Table 1. List of examples of Frobenius manifolds and the associated inte-
grable hierarchies of topological type

n=1|F= %03 Kav'!
1 5 4 .
n=2 | F= 3 uv® 4+ u Boussinesq
1
n=2 :§u112+eu Toda
n=2 F—%uszr%uz(logufg) NLS
n=2|F= %mﬁ —Liz(e™) Ablowitz-Ladik
1
n=3 | F= 3 (uw? + u?v) As Drinfeld-Sokolov hierarchy, intersection
T %w? 4+ 1 w° theory on the moduli spaces of spin 3 curves
6 60
n=3 | F= % (uv2 + va) generalized Toda lattice associated with
_ Lt o e difference Lax operator of bidegree (2,1);
24 orbifold Gromov—Witten invariants for
a curve with one second-order singularity
n=3 | F= % (Tv? + vu?) higher corrections to elliptic Whitham
_ % wt Ba(7) asymptotics, the KdV case
n=4 | F= 4L 0% — 2uvw higher corrections to elliptic Whitham
T 9 7w 01(0|7) asymptotics, the NLS/Toda case
+u*log|— ———~
u 01(2w|T)

n this table we write KdV, Boussinesq, Toda, NLS to refer to the integrable hierarchies
associated with the Korteweg—de Vries equation, Boussinesq equation, Toda lattice equations,
and the non-linear Schrodinger equation, respectively.
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Let us now study the properties of the solutions to the equations constructed. It
is natural to ask how these properties depend on the choice of a Frobenius manifold;
how they change with variation of the truncation order in e; and what part of these
properties continues to hold for non-integrable perturbations.

-

Figure 1. Critical behaviour of solutions to KdV

20
Z 10 Voo

1.6
1.4
1.2

Ay 1
1 -0.8 —0.6 -0.4 02 0 02 04 0.6 0.8
T

Figure 2. Critical behaviour of solutions to the focusing non-linear
1

Schrédinger equaion i + §wm + []? = 0; the graph of u = [¢|* is

displayed

For small times the contribution of higher e-corrections is small. Solutions of
the dispersionless system and of its perturbation begin to diverge near the point
of gradient catastrophe where the derivatives u,,, u; become large. It turns out that
the behaviour of solutions to Hamiltonian evolution PDEs is qualitatively different
from what happens with solutions to dissipative systems: namely, instead of a shock
wave, rapid oscillations with the period e occur (see Fig. 1).
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The first impression is that the behaviour of solutions to different PDEs looks
completely different. For example, it is difficult to find any similarity between the
critical behaviour shown in Fig. 1 (the KdV case) and Fig. 2 (the NLS case).

Nevertheless, there are various reasons to expect that only a finite number of
types of critical behaviour may occur in generic solutions to generic Hamiltonian
PDEs according to the Universality Conjecture we next discuss.

As one can see from Table 2, for n = 1,2 the types of critical behaviour for
generic solutions to the unperturbed systems are described by algebraic functions
known from singularity theory, such as the bifurcation diagram of the As singu-
larity, the Whitney singularity, and also Thom’s elliptic umbilic singularity. For
solutions to the perturbed systems these algebraic functions are replaced by certain
particular solutions to Painlevé equations and their generalizations. Let us describe
these solutions.

Table 2. Types of critical behaviour of solutions to low-order Hamiltonian PDEs

Number of Dispersionless system Perturbed system
dependent
variables
n=1 for ¢ < 0 solution to a special solution U(X,T') to
Izut_éu?» the ODE P?
X =UT — é Us
1 12 1 UIV
N 9 z
24(U +20U") + 210
n = 2 hyperbolic for t < 0 solution to the same function U(X,T),
case system in the characteristic ry =z +U"(z_,x1),
variables ro = U(z—,4)
T+ =T+,
T =rer_ — l7"3
n = 2 elliptic case | for z # 0 the solution to the tritronquée solution Wy(Z)
complex quadratic equation to the ODE Py
1 "_
P W' =6W?—-2
2
We will begin with the equation
X—1U-|tus4 L (U +20U") + 1w (21)
6 24 240 '

This is an ODE for the function U = U(X) depending on the parameter 7. In
the theory of Painlevé equations it is known as the higher order analogue of the
Painlevé-1 equation (see below). It is known that for all values of the parameter
T any solution to (21) is a meromorphic function of the complex variable X. The
particular solution we are interested in has no poles on the whole real line X for all
real values of the parameter T (the existence of this solution was only proved by
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Claeys and Vanlessen in 2006). We will denote by U(X,T) such a solution uniquely
defined for all (X,T) € R? (see Fig. 3).

T<0

-15 -10 -5 0 5 10 15 -15 =10 -5 0 5 10 15
T T

Figure 3.  The solution U(X,T) to the ODE (21) for two values of the
parameter T’

We are now ready to formulate the Universality Conjecture for scalar Hamilto-
nian PDEs.

Conjecture 6. Let us consider a generic Hamiltonian perturbation of the equation
vy + a(v)v, =0, a'(v) # 0. (22)

A generic solution to the perturbed equation near its critical point (zg,to,vo) may
be represented in the following form:

5200 A xr — ao(t — to) — X0 af)(t — to) 4

~ -0 /7

v (5) V(SR ) rOe @
where ag = a(vy), ay = a’(vg), co and k are some constants, and U(X,T) is the
solution to the ODE (21) described above.

A proof of this conjecture for solutions to the KdV equation with rapidly decreas-
ing analytic initial data has recently been obtained by Claeys and Grava.

As follows from Table 2, the same special function also describes the critical
behaviour of generic solutions to a perturbed Hamiltonian hyperbolic system of the
second order. For the critical behaviour of solutions to Hamiltonian perturbations
of elliptic systems (for example, for the focusing non-linear Schrodinger equation)
another special function is needed. We shall now describe this function.

It appears as a particular solution to the classical Painlevé-I equation (Pr)

W' =6W? - Z. (24)

As above, all solutions to this equation are meromorphic functions of the complex
variable Z. The asymptotic distribution of poles of a generic solution to P; was
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thoroughly studied by Boutroux in 1913. Boutroux proved that the lines of poles
of a generic solution to P; accumulate along the five rays in the complex plane

arg Z = %Tn, n=0,%1,£2. (25)
Boutroux’ main discovery was the proof of the existence of special solutions for
which the lines of poles asymptotically truncate along three consecutive rays of the
form (25). These solutions, called tritronquée, are determined uniquely for every
triple of consecutive rays.

Let us denote by Wy(Z) the particular tritronquée solution associated with the
triple of rays (25) with n = 0, £1. By definition this solution has at most a finite
number of poles in the sector |arg Z| < 47/5 — § for an arbitrary positive §. The
following conjecture, due to Grava, Klein, and the author, claims that there are no
poles in this sector.

Conjecture 7. The tritronquée solution Wy (Z) is an analytic function for all com-
plex Z satisfying
4
larg Z| < + (26)

From the graph shown in Fig. 4 it follows that the solution under consideration
has no poles in the sector (26).

Re W, () Im Wy(2)

Figure 4. The graph of the real (left) and imaginary (right) parts of the
tritronquée solution Wy(Z) to P1 in the sector |arg Z| < 47/5

We are now ready to formulate the Universality Conjecture describing the critical
behaviour of solutions to Hamiltonian perturbations of systems of elliptic type. By
definition the unperturbed system possesses a pair of complex conjugate Riemann
invariants w and w. The characteristic directions z and z are also complex conju-
gate. One can conclude from Table 2 that the critical points of the unperturbed
solution are isolated. Moreover, in a neighborhood of a critical point the solution
has a singularity described by the square root of a complex quantity.

Conjecture 8. A generic solution to a generic Hamiltonian perturbation of an
arbitrary quasi-linear second order system of elliptic type near a critical point can
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be represented in the form
w ~ w’ + ae? Wy(e4%2) + O (%), z=fyx+ B_t+ 20, (27)

where a # 0, B4, zg are some complex constants such that
4
larg z| < g for small |t — to

for all x € R.

This conjecture, first formulated by Grava, Klein, and the author in the study of
the critical behaviour of solutions to the focusing non-linear Schrodinger equation,
so far remains open.
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