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Chapter 1

Introduction

The integrable systems, e.g the Harmonic oscillator, the Toda Lattice or the two body Keplerian
problem, are a special kind of models, generally rich of properties and sometimes simple to solve.

Unfortunately, these kind of systems are rare, and most of the times we encounter perturbations of
these models, which could have completely different behaviours. Indeed, if in the two body Kleperian
problem we add a third mass, smaller then the mass of the two planets of the original system (e.g
an asteroid), the system components’ motion becomes more complex compared to the original one,
giving also rise to chaotic motions. This problem is known as the three body problem and it’s simpler
than the solar system, which have 9 planets plus all other kinds of celestial bodies.

The perturbations of integrable systems, in particular Hamiltonian ones, were originally studied by
Poincaré and Birckoff in the end of 19*” century and then developed during all the 20*” century, thanks
to the important contributions of Kolmogorov, Arnold, Moser (KAM Theorem) and Nekhoroshev
(Nekhoroshev estimates).

In the study of perturbed Hamiltonian systems, the following theorem (given by Poincaré) is quite
relevant [6]:
Theorem 1.0.1. Given the Hamiltonian:

with I € D C R™ and ¢ € T™. Suppose that Hy is non degenerate in D and that the Ponicaré set B!
is dense in D, then the Hamiltonian (1.1) has no formal integral of this form

F:F()(I)—f-é‘Fl(I,gO)-F... (1.2)

independent to H, with infinite differentiable function F, : D x T" — R.

In other words: non degenerate, integrable Hamiltonian systems under generic perturbations loose all
the first integrals in the analytic class.

This means that, if we consider degenerate Hamiltonians or particular perturbations of the systems,
it is possible to find extension of first integrals from the unperturbed to the perturbed systems (e.g.
see [22]).

Along these lines, methods to extend solutions and first integrals of the unperturbed system have been
developed, both for finite Hamiltonian systems and Hamiltonian PDEs.

Lthe set of all T € D such that exist n — 1 Li. vector k € Z" s.t.:
1. <ksw(I)>=0withl1<s<n-1
2. Hy.(I) £ 0

where Hy_(I) is the Fourier coefficient of the perturbation Hi (I, )

1



Chapter 1. Introduction 1.0

In recent years, Dubrovin and his co-workers developed new techniques to extend solutions and first
integrals of perturbed Hamiltonian of hyperbolic PDEs. The theory, described in [2] and [3], is based
on a generic system of first order PDE

u; = A(u)uy, + Ba(u,ugy, ugy) + B3(u, ug, Ugy, Ugse) + - - . (1.3)
with
u=(u'(z,t),...,u"(x 1))

an unknown vector function. We suppose that the entries of the matrix A(u) are smooth on some
domain D C R™ and the characteristic roots Aj(u),..., A\,(u) will be assumed to be pairwise dinstict

det(A(u) = A-1) =0, Xi(u)# Aj(u) fori#j, VueD. (1.4)

The terms B, ..., Bg,... of (1.3) are polynomials of the jet coordinates

u, = (uglg, . ,uz)T, Uy, = (uglm, R ugI)T, e
graded homogeneus of the degree 2,3,...,k,...
deg Bi(u,ug,... ,u(k)) =k
oMyt 4 (1.5)
deg =m, m>0, degu'=0, i=1,...,n.
ox™m

The coefficients of these polynomials are smooth functions on the same domain D.

The system (1.3) can be considered as perturbation of the first order quasilinear system

u = A(u)u, (1.6)
when considering slowly varying solutions. Let be the natural small parameter
1
h= 7 (1.7)
where L is the spatial length where u(z) change by 1., we estimate the derivatives as
w, ~h, g~k u®) ~RE (1.8)
It is convenient to introduce slow variables by rescaling
x — hx, t— ht. (1.9)
The system (1.3) becomes
w = A(u)u, + hBy(u, ug, Upy) + A2 B3 (0, Uy, Uy, Uggy) + ... . (1.10)

The theory says that there is a way to extend the solutions from the unperturbed system to the
perturbed one, and that near the critical point called gradient catastrophe, i.e. the point where the
derivatives of the solution to the unperturbed equation tend to infinity, the solutions do not depend
on the kind of perturbation, but it is given by a certain special solution of Painlevé equations.

After this theory was introduced, Dubrovin, in the article [1] and [4], applied these techniques also to
perturbed Hamiltonian PDEs?. He used these mathematical tools to extend both solutions and first
integrals from the unperturbed system to the perturbed one. By doing so, he developed a perturbative
approach to the study of the integrability which can be used for:

1. finding obstructions to the integrability;
2. classification of integrable PDEs.

The aim of the thesis is to apply this new tools to a particular system: the Fermi-Pasta-Ulam problem
(of FPU problem). In particular, we want to find out if there are some conditions to extend first
integrals to a fixed order, or there is an obstruction to the integrability.

2a summary of the main results and theorems of [1] and [4], which we will use in the next chapters, is presented in
the appendix A.



Chapter 2

The Fermi-Pasta-Ulam Problem

One of the most important integrable systems is the harmonic oscillator, because it is a model that
we encounter in many physical systems. An example of this is the pendulum.

The motion of a pendulum with unitary length is described by ODE

0 = ..
{. ! _ = 6= —gsinf 60 € |0,2n]. (2.1)
U= —gsinf

Considering only a small oscillation of the angle (f < 7/18), we can approximate at the first order
the sine of the angle, and the equation becomes

0 =—gsinf =~ —gb (2.2)

which is exactly the ODE of the harmonic oscillator with frequency ,/g.

Another example is a toy model, which is very important for the solid state physics because it gives
us good explanation to some phenomena that we observe in crystals: a 1-D chain of particle that
interacts pairwise with a Lennard-Jones potential

Prr=g (s = &) = [<<>> - <<>>] | (23)

We focus only in the small oscillation around the equilibrium point z*, so the potential in this ap-
proximation becomes

¢L7J(xn+1 - xn) = _¢0 + %Qb”(x*)(xrwrl - l'n)Q + O((anrl - l‘n)g) (24)

which is the harmonic potential.

This system and its generalisation in three dimension explain us many important features of the solid
state physics (the form in first approximation of the band structure of the phonons, the thermal
conductivity, ... ).

As said before, however, these are only approximate systems and corrections at further order are
important for the physics of the systems (The asynchrony of the period of the pendulum for big 6 is
explained considering all the ODE (2.1), while the thermal dilatation of solids is explained by taking
into consideration also the anharmonic terms of the expansion (2.4) [23]).

It is thus important to study perturbations of the harmonic oscillator.

A particular example of these systems that we want take into account is the Fermi-Pasta-Ulam prob-
lem [8].



Chapter 2. The Fermi-Pasta-Ulam Problem 2.1

2.1 The system

In 1954, Enrico Fermi, John Pasta and Stanislav Ulam took advantage of the computer MANTAC 1
to run some computer simulations, with the aim of studying a particular system, i.e. a chain of N
particle that interact pairwise with potential

(gnt1 — gn)* (Gns1 — qn)?

(Gn+1 — qn) = 5 +a 3 (2.5)

where « is a constant coefficient in R and with fixed end points.

The equations for the motion of the system are

(.jn - (Qn—i-l +aqn-1— 2Qn) + a[(Qn-l—l - Qn)2 - (Qn - Qn—l)Q] (26)
forn=1,...,N.

The solution of the linear problem (a = 0) is a periodic vibration of the string, and this gives us the
opportunity to decompose the motion in normal modes

an ) sin( ) with k=1,...,N

and the energy of the k-th mode is

*Qk + 2Q)y, sin (fN)

Fermi, Pasta and Ulam believed that the presence of nonlinear terms changes the form of the solutions
of the linear problem, giving rise to more complicated shapes of the strings. In particular, they expected
that, starting with one or few mode excited, the energy would start to redistribute in all the modes,
so that the system would reach the equipartition of energy fairly quickly.

Thus, once all the energy had been assigned to the first mode, they started the numerical computation
of the ¢, for a small number of particle (N = 64) and then, after few hundred of cycles, calculated
the mode @ and the energy Ej. The outputs of the simulation were surprising.

They saw that, during all the computational time (30,000 computation cycles), the system’s energy
was exchanged only between the first 4/5 modes, while the higher modes weren’t excited. Moreover,
by observing the energy spectrum of each mode, they found out that the energy of these excited modes
presented a periodic behaviour along the time. This suggested that, for not a long time!, the system
had an underlining integrable dynamics.

This result astonished them, because it was completely in contradiction to the expectations on the
behaviour of the system.

Ten years later, mathematicians started to study, both analytically and numerically, this problem. In
particular, thanks to the new results and theorems from the study of perturbed Hamiltonian systems
(one of the most important is the KAM theorem), they try to answer to some of the questions that
this system blows up. Why there is such integrable behaviour?, How long take the system to reach
equipartition?, How the time of integrability depends on the variable of the system?, .... In particular,
we can consider three important results that revolutionized the approach to the problem:

e Zabusky and Kruskal [9] related the periodic behaviour of the modes to the solitonic solutions
of the Korteweg-De Vires equation (or KdV)

Up + Uy + 52“%:1::1: = 0;

'In fact, from other numerical simulations performed by computers much more powerful then the MANIAC I, we found
that the system reaches equipartition of energy after a very long time, if « is small. In particular, the thermalization
times depends on many parameters (the parameter a, the number of particle N, the specific energy e,...) [17] [18]

4



2.2 Chapter 2. The Fermi-Pasta-Ulam Problem

e Izrailev and Chirikov [10] found chaotic motions of the system in the limit of strong non-linearity;

e Ferguson, Flaschka and McLaughlin [11], by numerical simulation, connected the FPU problem
to the Toda lattice, which is a nonlinear integrable system.

This problem, called FPU problem (formely FPU paradoz), was the first example of non linear system
and these results suggest that these kind of models must be studied more carefully, because the motion
and the properties of these systems can be counter-intuitive.

Many other nonlinear chains similar to the FPU problem has become object of study, defining a new
family of models called FPU models. In particular, we now consider an Hamiltonian

2
Pn
H(q,p) = E (2 + 525(1"”)) where 7, := dn+1 — 4n,

with potential
2 3 ! o

we call:
e FPU a-model if o # 0;
e FPU S-model if @« =0 and B # 0;
e FPU ~-model if « = 8 =0 and v # 0;

e In general, we call FPU ggz-model if the potential is

r2 rd pd+l

¢(T):§+gdg+9d+1m+---

where g4 # 0 and d > 3.

2.2 Connection between the FPU and the Toda lattice

As previously stated, the FPU system was developed as a perturbation of a chain of particle that
interact with a linear potential, but further studies showed other important properties. In particular,
in 1982 (almost thirty years after the original FPU article) Ferguson, Flaschka and McLaughlin [11],
by numerical simulations, connected the FPU system to another nonlinear system: the Toda Lattice.

This system, presented by Toda [12] in 1967, consisted in a chain of particle that interact pairwise
with an exponential potential:

eMant1—an) _ ) Qi1 — qn) — 1
¢Toda(Qn+1 - Qn) = )\(2 +l ) . (2.8)

We expand ¢r,4, in Taylor series for small oscillation

+o0 yn—2 oo yp—2
§ : A n (Qn+1 - Qn) 1 A" n
¢Toda(Qn+1 - Qn) = pard T(Qn—l—l - Qn) - f - ﬁ = o T(Qn—&—l - Qn) -
(gnt1—gqn)? | A A2
== 9 4 E(Qn—i-l —qn)® + ﬂ(‘h—l—l —qn)t ..

and, defining o := A\/2, we find the same potential (2.7)

3 B Toda 4 YT oda

2
dn+1 — ¢4
M + (Qn+1 _ Qn) + 1 (qn+1 — qn) + 5 (Qn+1 - %)5 ... (2.9)

@
2 3

¢Toda(Qn+1 - Qn) =



Chapter 2. The Fermi-Pasta-Ulam Problem 2.2

where the parameters S7oda, YToda, - - - » depends on the choice of «
2 a’
/BToda = §a27 YToda = ?7 (210)

This means that, in the limit of small oscillation, the Toda lattice is tangent at the first order to the
FPU system.

However, the most important properties of the Toda lattice are:

1. that the system is integrable (suggested throught to a numerical simulation by Ford, Stoddard
and Turner in 1973 [16] and then proved analytically in two different articles of Henon and
Flachka in the 1974 [14] [15]);

2. that the equations of motion admits also solitonic solutions [13].

Thus, what Ferguson, Flaschka and McLaughlin showed in their article is that the FPU system is a
perturbation of the Toda lattice (a nonlinear integrable system) and not of the harmonic oscillator.
In addition to this, in recent years, other simulations pointed out this connection between these two
systems using different methods (comparing the spectrum of energies during the time [20], evaluating
the Lyapunov’s exponent [21], etc...), giving much more credits to this hypothesis.



Chapter 3

Dubrovin’s theorem and its extension

After the explanation of the FPU system, we want to focus on a more generic system of the same
family: a 1-D chain of particles which interact pairwise and with periodic boundary condition

2
H(g,p)= > <p2" + ¢(gn1 — qn)> (3.1)

neLN

where N is the number of particles, Zy := Z/(NZ) and ¢(gn+1 — gn) is a generalized potential, i.e.
" (Gn+1—an) #0  Van.

This Hamiltonian gives us the following equations of motion

_ aH(Qnapn) .
dn pm ns
_aH(Qnapn)

0qn

(3.2)
= ¢/(Qn+1 - Qn) - ¢/(Qn - Qn—1)~

n =

In the article [1], Dubrovin used this system as an example for the application of his theory and, while

he was studying the continuum limit of the problem (N — oo), he found this theorem®:

Theorem 3.0.1. Consider the FPU Hamiltonian (3.1).

In the continuum limit, the system admits an extension of the first integrals of the unperturbed system
at the second order if the potential has this form:

o(r) =ke” +ar+b (3.3)
where a, b, c, k are real constants.
In particular, when ¢(r) coincides with the Toda potential (2.8)

e2or — oar — 1
402

DToda (T) = (34)

the system becomes integrable.

This gives us a strong evidence on the connection between these kind of nonlinear systems and the
Toda lattice.

We want to find generalization of this result by entering a general potential in the first order of
perturbation.

In particular, we want to see whether the result is valid for all the kind of perturbations or if there
are some obstructions to the integrability of the system.

!The Dubrovin’s proof of this theorem is given in the appendix B.

7



Chapter 3. Dubrovin’s theorem and its extension 3.1

3.1 Change of coordinates

In his article [1], Dubrovin used a Miura-type transformation to adjust the deformation of the Poisson
bracket. Another way to proceed is to start with a different kind of coordinates, already seen in [7],
which help us with the discussion of the problem.

We consider the generating function:

F(va) = Z Sn(Qn - Qn+1) (3.5)

neLn

so that we obtain the following canonical transformation

oF
Pn = g = 8n — Spn—1
n
i (3.6)
T'n = =3 =A4n+1 — Qn
Osy,

With this new coordinates, the Hamiltonian (3.1) becomes

_ (Sn - 5n—1)2
K(r,s)= Y S () |- (3.7)

neLN

Here is to notice that the variables r,, defined in (3.6) play the role of the new momenta, with conjugate
coordinates s,,.

With the new coordinates, also the equations of motion (3.2) change in relation to the transfor-
mation (3.6) but since we apply a canonical transformation, the canonical Poisson tensor Ja stays

<$”> _ JVK(r,s) = <_01 é) VE(r,s)

Tn

invariant

this means that the structure of the equations of motion has not changed:

0K (r,s
Sn = 35" ) = ¢,(Tn)
n = — D = (Sn+1 — 2Sn + Sn—1).

Now, we push the system in the continuum limit and see how the solutions of (3.8) can be represented.

We define the parameter h := 1/N and interpolate the coordinates s, and 7, with two smooth and
analytic functions

Sz, 7) (3.9)

where x := hn and 7 := ht.
We study the behaviour of the functions R(z,7) and S(x,7) for h small (h < 1).

The equations of motion (3.8) become:

—9 _
Rz ) S(z+ h,T) S(hx2,7') + S(x—h,7) _ AWS(z,7)

(3.10)



3.2 Chapter 3. Dubrovin’s theorem and its extension

In (3.10), we define the operator Ay, as

flw+h) = 2(@) + flw—h)

Apf(x) = 02 (3.11)

We are interested in the limit of A small, so we expand in Taylor series both the functions f(x + h)
and f(x — h) respect h

h? h3 h*
fle£h) = f(z) £hf'(z)+ ?f”(ar) * gfm(x) + ﬂfﬂ/(ﬂf) ..

Substituting the series in (3.11), the operator becomes:

4
Anfla) = g (W@ + G5V @)+ )

D owe (3.12)
= <6:C + E@C +) f(x).
Therefore, the Hamilton’s equations (3.10) in the limit of ~ small can be rewritten in this way:
h2
R, =ApS=|Sez+ =S+ ...
" < 127 ) (3.13)
Sy = ¢/(R)'
The equations of motion (3.13) are related to the Hamiltonian
1 S h? 4
K[S,R] = ?(R) — §SAhS dr = »(R) — §Sm — QSSM dx + O(h"). (3.14)
We can simplify the system by applying another change in coordinates. Let us define a new function
=Z(R,S): (S,R) — (V,R) (3.15)
where
V(z,7) = Sp(x,7) (3.16)

while the function R(x,7) stays the same.

Z(R, S) is not a canonical transformation, so the Poisson tensor is transformed by the Jacobian DZ:

I5 = (DE)J2(DE)! = (%3 ?) <_01 é) <_§$ (1)> = <8(l %’”) (3.17)

and the structure of the Hamilton’s equations (3.13) change

V= :E(ZS/(R) = ¢,/(R)Rx

h? (3.18)
R, = <VJU + ﬁvm +. ) = 0, L,V
where we define a new operator Ly
h2
Lp=1+-—=02+.... (3.19)
12
The Hamiltonian related to the new equations of motions is:
1 I’& h? 4
X[V,R] = §VLhV + ¢(R) | dx = 5 + ¢(R) — ﬂvx dx 4+ O(h%). (3.20)

In the limit of A — 0, (3.18) reduce to a nonlinear wave equations
R =V,
V, = 0,6 (R).

9



Chapter 3. Dubrovin’s theorem and its extension 3.2

3.2 Extension of the Dubrovin’s Theorem

After introducing the new coordinates, we can easily find a generalization of the result, given by the
Theorem 3.0.1, for more general perturbation.

We add a potential ¢;(R) in the first order of perturbation, and see if there are some limitations on
form that must have such that the new system admits an extension of the first integrals.

The Hamiltonian (3.20) can be rewritten as:

X[V, R] = / K‘; + ¢>(R)> + h? (wl(R) — ‘;ﬁ)] dx + O(h%)
= Ko[V, R] + h*XKs[V, R] + O(h?).

(3.21)

Be Jo[V, R] = [ jo(V, R)dx a first integral of K[V, R], we are looking for conditions of some functional:

JQ[V: R] = /]Z(Ra V7R17V:E7Rxxavx:r)d$

where jo(R,V, Ry, Vi, Rys, Vi) is an homogeneous polynomial of grade 2 in the jets coordinates
(Ry, Vi, Ry, Vaz), such that we can define the extended functional

J = Jo+ %]+ O(h?) (3.22)
as the perturbed first integral of K at the second order
{J,X} = 0(hh). (3.23)
The Poisson bracket, in the coordinates (V, R), is defined as:

{F,G} := /(VLQFJEVLzG)dx =

[0 0 50
N SR "6V 8V TSR

(3.24)

where V2 is the L? gradient, i.e. a vector with components the functional derivatives respect R and V.

In the order to find the conditions on Js, and eventually the system we have considered, we take
advantage of a result of the following lemma
Lemma 3.2.1. Be Flu] = [ f(u)dz a functional. Fu] = const Yu iff

E,f=0
where F,, is the Fuler-Lagrange operator
Ey =0y — 0,0y, +020u,, + ...
Proof.
Flu] = const Yu <= §F[ul=0 VYu
we know that

dF[u] = /Euf(u)éudx

this means that
0Ful =0 VYu <~ /Euf(u)dudx =0 VYu,du

So we have that:
0Ful=0 < E,f=0

10



3.2 Chapter 3. Dubrovin’s theorem and its extension

From this lemma, we obtain the useful corollary:
Corollary 3.2.2. Two local functional F = [ fdz and G = [ gdx commute with respect to the Poisson
bracket (3.24) iff

oF . 0 oF _ 0
Ev<8 G+ 8G):0

SR "5V T8V TSR
oF _ 60G OF . 6G
Egr <6R315V + 5V8CC5R> =0.

Let us proceed with the calculation of the Poisson bracket (3.23).

Applying the linearity of the Poisson bracket, we obtain

{J; K} = {Jo, Ko} + h*({J2, Ko} + {Jo, Ka}) = O(h?). (3.25)

We know that {Jy, Ko} = 0, so we need to see if the term {Jo, Ko} + {Jo, K2} is null.

The density of Jo[V, R], up to a total x-derivative, can be written in this form:

1
j2 = 5(a(V, R)RS + 26(V, R) R Vi + c(V, R)VZ) + p(V. R) Ry + q(V, R)Vz + d(V, R).

Thus, the remaining terms of the Poisson bracket (3.23) give us the following functional:

¢"(R)
2

] 1
(7, %} :hQ/dx[JORVm + S (cp — 2b,)VE +

-9 3
D 5 (av bR)Rx—F

1 1
— 5 (ar + 2cr¢" (R) RLVe — o (cvd(R) + 2av) RaViE+
— Ry Vi — bV Vi — b¢”(R)Rmme - C¢,/(R)VxxRx+
+ (qr —pv)ViP + ¢"(R)(pv — qr) R2

+ dRVa + (dod(R) + jo, ¥ (R) Ry | + O(h).

(3.26)

Denoted I the integrand of (3.26), we apply the Corollary 3.2.2 so that our problem changes in the
check of the equations:

EyI=0, Egl=0. (3.27)

In particular, we must check if each coefficients of the jets coordinates vanishes.

The terms of third grade (Ryzz, Vaogz, ReaVa, ... ) give us the conditions on the coefficients a, b and c:

a = (C+ jOVV) (b//(R)’ c = _jOVVR QS//(R) _ jOVv;

12 6 &"(R) 12
Jogy CZ)H(R)Q Jorvy a
6 om’ VTET T T \em) (3:28)
br = <CV - ‘7232‘/> ¢"(R);  cvve"(R) = crr + ‘ngm-

Let us consider the fourth equation of (3.28). We obtain explicitly a(V, R) combining the first and
the second equations of (3.28)

_ _Jovve ¢"(R)? N @ _ _Jovve ¢"(R)
6 ¢"(R)  ¢"(R) 6 ¢"(R)

11




Chapter 3. Dubrovin’s theorem and its extension 3.2

and then we substitute this result in the fourth equation

v =(7im),

Jogy ¢”(R)2 _ J0ovar ¢,/(R) +j0VVR [(‘bm(R))z — ¢/,(R)¢IV(R)
6 ¢"(R) 6 ¢"(R) 6 (¢"(R))?

We know that jg is the density of the first integral of Ky, so it must satisfy the condition (proved in
the Appendix A)

Jorr = ¢”(R>j0VV' (3'29)
Therefore, we can rewrite the lhs of the previews equation as

j04v ¢H(R)2 _ agf(jovvqb”(R)) ¢//(R) _ j02v2R ¢H(R)
6 ¢/”(R) 6 ¢///(R) 6 W”(R)

and the fourth equation of (3.28) reduces to

Jovvr [(¢"(R))? - ¢"(R)¢"" (R)
6 (¢"(R))?

=0.

In the end, we obtain a condition on the potential ¢(R)

(¢"(R))* — ¢"(R)o™ (R)
(¢"(R))?

and this is valid only if the numerator is null

(¢"(R))? = ¢"(R)¢" (R). (3.30)

=0

Now, we need to solve the ODE (3.30): dividing the equation by ¢"'(R)¢"(R) yields

9"(R) _ 9" (R)
¢”(R) ¢”’(R) :

(3.31)

We can recognise this equation as the condition of equivalence between the logarithmic derivative of
¢"(R) with the logarithmic derivative of ¢"'(R):

Or[In(@"(R))] = Orlin(¢" (R))
4
#"(R) = e (R)

and we obtain an easier ODE to solve. Considering also the condition ¢’ (R) # 0 V R, the solution of
this equation is:
H(R) = ke®F 4 aR + b (3.32)

for some constants a, b, ¢, k.

This is exactly the same potential (3.3) that we found in the Theorem 3.0.1, so it is proved also for
the new coordinates.

It is easy to show that the last two equations of (3.28) are identities. We start with

cvvd”(R) = crr + ]02%. (3.33)

12



3.2 Chapter 3. Dubrovin’s theorem and its extension

Because we know the form of ¢(R, V'), we calculate the second derivative respect R:

crp — &2 _jOVVR (b”(R) _jOVV _
it = %R 6 ¢"(R) 12

o | owvan F(R) oy <<¢"’(R>>2 - ¢"<R>¢W<R>>  Jowvan
- 6 ¢"(R) 6 (¢"(R))2 12

=0

=0 (j04v ¢"(R)

2 .
6 o(R) > — ’7(1)42‘/ ¢"(R) = for the condition (3.29)

Joavr ¢//<R)2 Jouy (¢H/(R>)2 - ¢”(R)¢IV(R) JOav
= — - R)|1 — R) =
6 ¢”/(R) 6 ¢ ( ) + (¢”’(R))2 12 ¢ ( )
=0
o jU4VR ¢/,(R)2 - j04v i - j02V2R _
T 6 ¢"(R) 12 ¢ () 6
_ 92 _jOVVR ¢//(R) . Jovy 1 . J0ovar _
_8V< 6 ¢"(R) 12 >¢ =76 =
= cyvd//(R) — 22,
Now let us see the last equation .
br = <cv - %) ¢"(R). (3.34)

We know the form of b(R, V), so we calculate explicitly bg:

o R
b= On (_ 6 ¢"'<R>>‘

 onn B o (@"(R)? — " (RS (R) |
R R L CAR)E -

=0

_ J0sv R ¢/,(R) _ Josv 1" _ _ 17073\/ "
‘(‘ 6 o"(R) 6 )“R)‘(W 12>¢(R)‘

Let us continue the check of the coefficients and pass to the quadratic and linear terms related to the
jets coordinates.

From the quadratic terms (R, V,2,...) in the equations (3.27), we obtain the only condition
PV = qR. (3.35)
This means that p(V, R) and ¢(V, R) must be the component of the gradient of a function v

p(V,R) =vr(V,R) q(V,R)=wvy(V,R)
and, if we substitute these formulas in js, we find that:
jo=-4+vr(V,R)Ry + vy (V,R)V, +d(V,R) = --- + (0,v(V, R)) + d(V, R).

The linear part respect V,, and R, of j; is a total derivative of v(V, R), so we can ignore it because
the integral of this part vanishes.

13



Chapter 3. Dubrovin’s theorem and its extension 3.3

Now we need to see the linear terms (R, V;). Always from the equations (3.27), we find that d(R, V)
must satisfy the following PDE:

drr = ¢"(R)dvy + ¢7(R)joy - (3.36)

This is an equation with two unknown functions, 1 (R) and d(V, R). We need to see case by case for
which form of ¢1(R) exist a function d(V, R) such that this equation is satisfied.

In the trivial case ¥{(R) = 0, i.e ¢¥1(R) = mR + q with m, ¢ constants, the eq (3.36) becomes (3.29),
thus d(V, R) must be a density of the first integral of the unperturbed system.

3.3 Case of Harmonic Oscillator

We saw that, in the hypothesis ¢"'(R) # 0 V R, it has a solution a family of exponential potential. In
particular, a subfamily of this potentials are the Toda potentials.

If we weaken also this hypothesis (considering also potential with ¢”(R) = 0 V R), we obtain a new
trivial solution for the equation (3.30): the harmonic oscillator
R2
#(R) = W (3.37)
But, if we substitute (3.37) in the results (3.28), the denominators become null and the functions
a(R,V),b(R,V) and ¢(R, V') blows up to infinity. So, we need to take some steps back and restart

from the Poisson brackets (3.26).
{15} = {Jo, Ko} +h* ({12, Ko} + {0, K2}) =
~———

=0
dJo, 0K 0Jp, 0K 0Ja , 0Ky  0Jy, 0K
— p2 2709 92 4 040 9 02 9729 90 4 T2 9 00 —
=h /[(5}38’” 5v v 5R) * <6Rax 5V v sk )]dm
substituting at ¢(R) with (3.37), we find

2 / dx{‘q);vm — bV Ve — wbRyp Ry — Ry Vy — wcViw Ryt

_ <WCR;2GV>V3 R, -
—2b
n (cr —2bv)

2
e dpVi + (dyew + jovw’l’(R))Rz} o

(ag + 2wcpg)

2
5 R2V,+

w
V2 + S (ay = 2R) RS + (g — pv)VE +w(pv — ar) B2

and, as we noticed before, we apply the Corollary 3.2.2 and check the equations

Erl =0, EyI=0. (3.38)

From the linear component in the jets coordinates of the equations (3.38) we find

drr = wdyy + V] (R)joy (3.39)

while the quadratic components give us the same result we have found before.

We must now focus on the other components. From the components Ruq, Vi Ve, Rux Vi, Rer Ry and VfRz
of Ey I = 0 we find respectively the following conditions

jORR, b — CR_,’_jORVV _ ar,

GTwer Ty W 12w
br = wey — LEV; weyy — CRR = L%‘zw;

Josgr = 0 (or jog, = 0 from the (3.29))

14



3.3 Chapter 3. Dubrovin’s theorem and its extension

while from the components Vy; Vi, Rpx Vi, Rew Ry and R2V,, of Exl = 0 we find respectively

ay =br; ay =wcy = Joppy = 0; (from the result of the component R, of EyI =0)

by = cp — ‘701?‘# = cg (from the result of the component R, R,);
CRR — WCVY = ‘]02% = 0 (from the result of the component R, R,).

All the other components of Erl = 0 and Ey I = 0 are identically null.

We found some conditions on the unperturbed first integral and we try to solve them. Let us start
from jo,, = O:
e(V)

2

and we find the form of the functions ¢(V'), x(V) and ¢(V) considering also the other conditions
(also (3.29))

Jouw =0 = jo(R.V) = LR 4 (V)R 4 o(V) (3.40)

Jorry =0 == CP/(V) =0 = (V) =cost. =;
Jogvy =0 = X//(V) =0 = x(V)=aV +5:
Jorr = Wioyy = 7 =wd"(V) = o(V) = %VQ + 6V + A

Thus, combining all the results, the unperturbed first integral must have this form
. TV W
J[R, V] = [ jo(R,V)dx = o\ + §R +aVR+BR+6V + X pda (3.41)

with v, a, 5,9 and A arbitrary constants.
We recognise some terms in Jy[R, V], in particular:
1. the first term is the unperturbed Hamiltonian, which is by definition a first integral;

2. the second term [V Rdx = [ S,Rdz is connected with the translation symmetry? of the unper-
turbed system, so it is a first integral;

3. the third term [ Rdz is the total “momentum” of the systems, so it’s a first integral too;

4. the fourth term [ Vdz is connected to the length of the system, and for the periodic boundary
condition this quantity must stay constant.

So Jo[R,V] is a linear combination of first integrals of the unperturbed system. This means that
the unperturbed first integrals must depend on the choise of the potential, and the constrains on the
Jo(R, V), which we found before, are simply identities.

In the end, we find that it is possible to extend a first integral at the first order of k2 also in the case
of ¢(R) = wR?/2, and the functions a(R,V),b(R,V) and ¢(R, V) are given by this equations:

a = wc+ ']01}?2‘3‘, by =cr, br=uwcy (3.42)
while the equation (3.39) becomes
drr = wdyy + ] (R). (3.43)

2Consider the transformation f(S,R) = (S(z + s), R(xz + 5)), we want to find the Hamiltonian that generates this

transformation, so we calculate
0Hy
=(Se, Re) = | —- ).
s=0 ( ) ( 6R )

H/[S, R] = / S, Rdz

of
Js

Integrating this equations, we find

15
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3.3

16



Chapter 4

Application for the FPU Problem

In this chapter, we want to apply the techniques and mathematical tools of the previous chapters for
the principal object of our thesis: The actual FPU problem.

4.1 Continuum limit of FPU

Let us consider the Hamiltonian (3.1) with potential (2.7). We saw that, if we apply the canonical
transformation (3.6), the Hamiltonian becomes (3.7)

Kppu(s,r) = E {(5"_5”—1)2 + ¢(rp) (4.1)
’ 2
neZN
and the equations of motion (3.2) become the equations (3.8)
. 0K (s,r
Sp = 85” ) = ¢/(TN)
" 4.2

_ 0K (s,r) (42)
n = — = (Sn+1 — 28n + Sp—1)-

We know that all the FPU systems are tangent at the first order to the Toda lattice (Sroda = %oﬂ),
therefore we can write (3.7) as

,,,,4 7‘5
KFPU(S,T) :KToda(Sar)_'_ Z (A,B;—FA’}/;—F) (43)
neELN
with
A/B = (B - /BToda)a A’Y = (7 - ’YToda)a cee
and

KToda(Sar) = Z (44)

neLN

(Spt1 — 5n)? N e2om — 2ar, — 1
2 402 '

We now consider the continuum limit (N — oo) of the FPU system, and look for smooth and analytic
solutions. Let T = R/Z be the real unit torus. We define

(4.5)

=] =

1
h:= N (we have already defined this pertibative coefficient), € :=

where E is the energy of the system (¢ is called specific energy).

17



Chapter 4. Application for the FPU Problem 4.1

We repeat the same strategy we use before, but in this case using another perturbative parameter.
So, we suppose that a pair of interpolating smooth and analytic functions

(S,R):RxT — R%: (r,2) = (S(r,z), R(T,z))
exist, so the solution of (3.8) at time ¢t € R is given by

sn(t) = (Ve/h)S(7, %) |lr=htzz=hn
{wt) — VER( D EEV) (4.6)

They are similar to the ones (3.9) we used in the previous chapter. The only difference here is that
they are re-scaled by a factor /e.

Inserting the functions (4.6) into (3.8), and removing the restriction on the continuum space variable
x, we obtain this system of partial differential equations

1,
R, = AyS

defined on the torus T. The operator A, is the same operator (3.11) that we have defined before.

This equations of motion are related to the following Hamiltonian

KrpulS, R] = / dz [igf)(\/ER) - ;SAhS] . (4.8)

It is more convenient to work with the coordinates (V, R), so we apply the change of coordinates (3.16).
In this way the Hamiltonian becomes

1 -
KrpulV,R] = /dm (2VLhV + qb(R)) (4.9)
where Ly, is the same operator (3.19) defined before and the potential ¢(R) is:

~ 2 3 4
H(R) := éqb(\@R) = % + \@a% + sﬁRZ + ... (4.10)

The next step is to see the potential (4.10) as a perturbation of the Toda Potential. So we want to
rewrite (4.10) as

O(R) = —0Toda(VER) + €A + &P Ay— + - =
: 5 (4.11)
= g@f)Toda(ﬁR) + P1(R) + 2(R) + . ..
and the Hamiltonian (4.9) can be rewritten as
v: o1 R,
Krpu[V, R] = dl‘[ 5 T gbeoda(\/gR) + { 1(R) — ﬂvx
4 (4.12)
R)+ V2 .
However, we need to connect the potentials 11 (R),¥2(R),... to the perturbed pieces
4 5
sABRT, 53/2A7%, e (4.13)

18



4.1 Chapter 4. Application for the FPU Problem

of the FPU potential (4.11). A way to solve this problem is to compare the grade of 11(R), ¢2(R)
and so on, in relation to the perturbed terms of (4.12), and see what part of the FPU potential (4.11)
they correspond.

We use a Cauchy estimate of the functions. For fixed 7%, We define a strip in the complex plane
Qy :={xeC:|Im(z)| <o} and

V= I%%X{’V(x, ), |R(z, 77)| }. (4.14)

Using the Cauchy integral formula, we can estimate the functions V' and R, and their derivative, as
v v v
V<o, Vo<—, Vi< —,..., VW< —.
o o o
To be consistent, each part of the perturbation terms at a fixed order must have the same estimate,
and this means that the perturbed potentials must be
h? 5 nt RS
Y1(R) < v V2(R) < iV Y3(R) < PRATEE

and in general:

B2n
Un(R) < —5o0%. (4.15)
Now, we compare these estimates with the perturbation terms of (4.11). We consider the first hypotesis
Y1(R) =eAB T
o(R) 283/2A71§5 (4.16)

and, using the estimates obtained from the formula (4.15), we find

R n?, h
R> h* h
3/2 < - 2 <
€ A7—5 _041) :>a_€3/8

Basing on these results, we can see how this hypothesis is impossible for two reasons:
1. the estimate of o at the first order is different from the estimate at the second order;

2. we find that o < % at the first order, but we know that, from the estimates of the non linear
terms of the KdV equation [19], o must be
h
Thus, we need to consider another hypothesis on the relations between the potentials v, (R) and the

perturbed parts of the potental (4.11). The simplest alternative to the hypothesis (4.16) is to start
the perturbation at the second order, so that the potentials ¢, (R) are

(1 (R) =0
R4

Y2(R) :EAﬁZ
(4.18)

5
valR) =900
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Chapter 4. Application for the FPU Problem 4.2

We repeat the same procedure for this hypothesis and we see that

RY  nt h
€Aﬁzé7’[1 iagm

f R> RS h
3/2 2
E/A’y—S §—06v =>J§—€1/4.

In this case, the estimate of o, both for the first and the second order, is equal to the estimate (4.17)
that we have see before. But we must verify that the estimate of ¢ is the same for each order n. Let
us consider the general form of the hypothesis (4.18)

0 ifn=1

Un(R) = n+2 4.19
#) 5”/2AgnR ifn>2 ( )

n

where Agn, = (Gn — Gnpogy)-
From the the formula (4.15), we know the generic estimates of ¢, (R) and we find

2 2
R g

_ n/2
Yn(R) = " Agy, 3 S o

n
\
< h

Thus, the estimate of o stay constant for each order of perturbation. This means that the hypothe-
sis (4.18) is correct and we can rewrite the FPU Hamiltonian (4.12) as

2 2
KepolVo ] = [ o] (5 + LoranlVER) ) - V2

R* B4
AB— + ——V?
+<5 64 —1—720Vm>+ ]

(4.20)

4.2 Extensions of first integrals

We now apply the Dubrovin’s techniques to find perturbed first integrals of the FPU chain from
extensions of the first integrals of the Toda Lattice. We start with the second order. We truncate the
Hamiltonian (4.20) up to the second order

v: o1 h?
scer (ViR = [ar | (4 + Loran(vem ) - Dvz] + o (4.21)
which is the same of (3.21) with ¢;(R) = 0, so we already know the solutions for the density
j2(V7 R7 VI;-RJE)

Jo(V. R, Vi, Ry) = SRE 4 bR, Ve 4 SV =

. - . . (4.22)
Jo R Jo R Jo Jo

where we considered %(Z)Toda(\/ER) =efl - R—1L

'In fact, if we calculate X¢rodq(v/ER), we find

e?*VER _ o0 eR — 1
4a2e

éd)Toda(\@R) =

and choosing 2a4/¢ = 1, we obtain é(ﬁToda(\/ER) =e'—R-1
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4.2 Chapter 4. Application for the FPU Problem

We now proceed with the fourth order

2 2
XrpulV, R] :/deV + l(bToda(\/gR)) - %Vf
(4.23)
RY Ko, 6
<5Aﬁ + 720VM>] +O(RS).

We want to find the coefficients of the density js(V, R, V., Ry, Vs, Ryz), which is a polynomial function
on the jet coordinates of order fourth and has the following form:

34(V, R, Vi, Ry, Vo, Raw) = GR2, 4 BRuzVaw + V72 + 6Rpe V2 + Vi R2+
+ iR + PR3V, + PRV + AR, VP + @ViA+ (4.24)

+ gRg +ER,V, + gvf +o;

where &, 3, ,0,€ i, U, p, A, @, 1,&,¢ and o are functions of R and V, so that the extended first integral

J[V7 R] = JO[V7 R] + hQJQ[VYv R] + h4J4[‘/a R] =

4.25
= /dm []O(M R) + h2j2(V7 R7 Va:aR:L‘) +h4]4<‘/7 R, V:canyvmazvax) . ( )

commutes with the Hamiltonian (4.20)

{J,Xppu} = O(RE).
We calculate explicitly, thanks to the software Mathematica, the Poisson bracket of J[V, R] with (4.20)
{J,Xppu}y =h*[{Jo, Hi} + {J2, Ha} + {Js, Ho}] =

- ~ a
—pA / df’f{';,%]g Vi + (BVe + 27Rs$0aa) Vi + (20Va + B o0 Re) Rz — 5 Viwa Raat

b -
7mezvxm + (4’7R¢{Z,’oda - aj) V:m:xR2 + (4:)’V¢{Z/‘oda + 26R —2€ — %) sz:pRmVx“‘
b -
(25 + 26‘/ + ﬂ 1‘;)Vx:vaz + 4aVRzme + (2/3V¢Toda - 25¢’/1,10da + 4dR)Rmwasz+

+ (266 oda + 2BRO T 0da) Reza B2 + 26y + 28R — 26)Vay Ryu Vot

+ W ooda (28 + 23R — 20)Viy Ry Ry + (50y + Byy — 30) Ve Vo +

+ (49RV Poda + BrRR — €R — 3\ — 600/ 030) Vaw R2Vi+

+ 23V Proda + 40R + 28RV — 4P — 120600 — 26V)Vax RVt

+ 207 0da(VRR + & — P)Vaa Ro + OF0qa(BRR + DER — 3N) Rug R+

+ (208 + 20y v — 20) Rex V2 + (20 + Fr + Bv) V2V + 330 e Vi R+

+ i (26 + @y + Br)R2, Ry + 3apR2, Vot

+ (Bvy gy — OV Proge — 30 — 6 + 4d gy ) Ry R V2 +

+ (4&v OToda + 208V DToda — 20ROT0da — 49T 0da + A0RR — 121) Rer RVt
+ (Ovv — v + @r)V;Y + (20rV — 25V — 30V WTi0ga) Ve Rt
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Chapter 4. Application for the FPU Problem 4.2

+ (6rR — 3NV — 200 04y — PR — 40RGT0aa) Vi Ro+

+ (Evv T oda — 3R Toda — PRPToda — 2 R — 4y ) VI R+

+ (2€Rv¢Toda 2ﬁR¢/7/“oda - BﬁR)VzRi + (:aV¢,7/’oda - )‘R¢/7,"oda + ERR¢/7/“oda)R2+
1 1

+ T;C‘“( = 26R) Ry = 5011 + 2080040 B2V = 5 (v Soaa + 2v) Ra Vs +

(CR - 2§V) §¢T0daRwam - §VmVx - C¢/7/’odaverﬂc+

— RV + RV + (0V & pie + 3j0VA6R2)Rx} + O(h®). (4.26)

To see if (4.26) is null at the fourth order, we apply the Corollary 3.2.2 and see if

5 5
spl Hepu} = BRI =0, < {J Hppy} = EyI =0 (4.27)

where I is the integrand of (4.26).

We compute the Euler-Lagrange operators using the software Mathematica and we check term by
term for which conditions on the coefficients the equation (4.27) are satisfied.

From the terms of fifth grade, we find that both Erl = 0 and Ey I = 0 give us these coeflicients:

0 0 > Jo 0
J4V€2R_]VVR€R. ﬁ j3VR R+j3v R.

“T 120 720 60 120
5 Joav R | Jovvr jovv_ = Josvr R | Josv R. 5 _j04v R jOVVR,
T= 090 TTis0 T 200 T 72 © T 180° T 1440
~ Jovve R _ Josv 2R _ 17 . 2R Josv 3R,
"= 9160 360 C  4320704vr© 864 7 (4.28)
p=— 7 Jo P JOsvr P JOosv 2R 5 _Josyr _ JOsv R JOsvr R
144070 160 144 ¢ 1440 144 216
3 jOSVR R 14 2R jOSVR 2R
A | — — — . JYy v .
540 ¢ 216070V 216 ©
o= — Josv  JOsvr  JOsv R

5760 1080 864

This result coincides with the Toda hierarchy at the fourth order [24].

We proceed with the computation of lower terms of Erl = 0 and Ey I = 0. Starting from Erl = 0,
we find:

Viza : Cef—n=0=n=(e
VaeVe: —Ep+20vel —ny = 0= &r=(ve =y
RuxRy: Eref —nyefl —¢eff=0=¢=0
This means that ny =0=n= f(R) = ( = f(R)e_R =( =0
RuaVi: 2Cre™ —np=0= (gef — ¢eff =
r=¢(¢
V2 (rr+Cuve®=0=(rr=0
but (grr = Or(Cr) = (g = ¢ = 0. This means that £ =n=( =0
Vi orr=ovve +3jo,, ABR?
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4.3 Chapter 4. Application for the FPU Problem

while all the other equations are identically null. From Ey I = 0 we find the same results:
Roga: n— (e =0=n=cef
VoaVo: &v =(R
VieRe:  —Crvef+2ny —Ep=0=Er = (el =n,
RyzRy:  —Evel'+2np — Cref' =3¢t = 0= ¢ef =0
This means that n =0 and g = &y =0
R,: opr=oyvel+ 3j0VVAﬁR2
while all the other equations are identically null.
Therefore, the density j4(V, R, Vy, Ry, Vir, Ryz) becomes
Ja(Ve R, Vi, Ry, Vi, Ruw) = &R%, + BRuaViw + AV + 0Ruu Vi + Vi RO+
+ ARY + VRV, + pREVZ + ARV + Vi + o

where the coefficients &, 3,7, 9, €, i, U, P, \, @ are given by the Toda hierarchy (4.28) and o must satisfy
this PDE
ORR = avveR + 3jQVVA,3R2. (4.29)

4.3 Solutions of the principal PDEs

We now focus on the most important PDEs that we considered before: the equation (3.29) with
?(R) = ¢droda(R) and the equation (4.29) on the extension of this integral

. R
JOrr = € JOyv

) (4.30)
ORR = avveR + 3]()VVA,8R2.

The first equation describes the first integrals of the continuum dispersionless (h — 0) Toda Lattice.

We know that the density of the Hamiltonian .4, R, V] is a solution of the equation, so the generic
jo must satisfy the following properties:

e there is no periodicity in V or R;
e jo is a polynomial function of V and e%.

The first integrals that satisfy these two conditions and the equation (3.29) are the continuum limit
of the Henon'’s integrals [14], which are the first integrals of the discrete Toda Lattice.

i) = V; +eff;

i) = VGB + Vel

j(()4) _ V64 42V 2R 4 2R, (4.31)
i) = ‘3/5 + gv%R + VR,

For a generic order, we write these first integrals as:

j(()Qn) _ Z CTZLVQ(nfl)elR
=0 for n > 1 (4.32)

j(()2n+1) _ iBLVQ(n—Z)-&-IelR
1=0
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where the two coefficients C!, and B!, are given by the formulas:

[T, =41 m? [T, =I+1 m’
e ifl=0;...:n—1 =t ifl=0;...;n—1
ol ={ -0 A B ={P2h-0)+1) el (4.33)
1 ifl=mn 1 ifl=mn

Now, we can study the second equation of (4.30). The solution of this equation is composed by two
functions
o=00+0p (4.34)

where o is a solution of the homogeneous PDE

O0rr = 6RO_0VV’
i.e an Henon’s integral, and o), is a particular solution of all the PDE

Oprr = eRUpRR + 3ABj0VVR2’

Before we try to solve (4.29) for particular solution, we need to choose a j(()n) to extend. We start with

(2)

a trivial first integral: j02 , 1.e. the density of the unperturbed Hamiltonian.

R

~(2)7V72 _ R 2
Jo = +e" = Oppr = € Oppp +3ABR".

2

Because the extension of the unperturbed Hamiltonian is given by the perturbed Hamiltonian (4.20)
itself, o, is equal to the perturbed potential 12(R)

:%R{

op = 2(R) (4.35)
We analyse now the first nontrivial first integral: jég).
3 V3 R R 2
Jo = o +Ve" = oppp =€ 0pyy +3ABVR.
In this case, we find another simple solution o:
A
op = TBVR"‘. (4.36)

The solutions of (4.29) become more complex when we proceed with the other first integrals. In fact,
for higher grade n, inside j(():i)v there are terms in e, Velt, .. ..

For example, if we take the equation (4.29) for jé4) we find

orr = elloyy + 3AB(2V2 + 4ef)R%. (4.37)

Considering the form of the other two solutions (4.35) and (4.36), we suppose that a generic solution
op of (4.29) exists and has the following form

op = AB[R*P,(V,ef') + R*P (V. e™) + R?Pi(V, ') + RP;(V, ") + Py(V. e™)] (4.38)

where Py (V; ef?) is a non homogeneous polynomial of maximum grade y in V and ef.
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4.3 Chapter 4. Application for the FPU Problem

We try this ansatz for the PDE (4.37). To simplify the notations, we define X := e%. 2
Let’s calculate the double derivative of (4.38) respect R and V

Oppn = ABOR [R'P,(V; X) + RPPy (Vi X) + R*P(V; X) + RP;(V; X) + Po(V; X)] =
= ABOg [R4PnXX + R¥AP, + P X) + R2(3Pp + P X)+

+R(2P+ Pjy X)+ P+ P, X | =

= AB [R“(PRXXXQ 4 Py X) + R3(8P, + Py X2 + Py X)+ (4.39)
+ R*(12P, + 6P, X + P (X + P X)+
+ R(6Py, + 4P X + Py  X?+ P, X)+

IXX

+ 2P + 2P X + P X2+ PkXX]

Opyy = AB[R*P,,, + R*Pry,\, + R*P,,, + RPj\, + Piy | - (4.40)

We substitute (4.39) and (4.40) in the PDE (4.37) and, comparing the powers of R, we find that the
polynomials P, Py, P;, Pj, P, must satisfy the following PDEs:
R' — 0iP, = "0} P,
R} = 80pP, + 0%, = 0L Py,
R? — 12P, + 60rP,0%P; = 0% P, + 3(2V2 4 4e%) (4.41)
R = 6P, +40rP; + 03 P; = "0} P
hom = 2P; +20gP; + 0% P, = "0} P

Thus, we move the problem from solving the PDE (4.37) to solving the system of five PDEs (4.41),
knowing that P,, P, ;, P}, P, are polynomials.

From the grading of the non homogeneous terms of the PDE (4.37), we understand that the solu-
tion (4.38) must be a non homogeneus polynomial of sixth grade. So, we can fix the maximum grade
of the polynomials P,

n=2m=3,1=4,j=5and k=06.

We now solve, step by step, the system (4.41).

The first equation of (4.41) says that Py(V, X) must be a first integral of degree 2, so this means it
coincides with the density of the Hamiltonian Kryq4[R, V]
2

Vv
BV, X) = i (V. X) = - + X. (4.42)

From this result, we can solve the second equation for P3(V, X)

8Or Py + (912,2]33 = eRé)%/Pg
[} (4.43)
8X + 0% P; = el'02 Ps.

2this means that the derivatives with respect to R become:

Orf(X) = fxX
Inf(X) = fxxX*+ fxX

25



Chapter 4. Application for the FPU Problem 4.3

The solution of the PDE (4.43) is given, as we saw before, by a solution of the homogeneous PDE, i.e.

the Henon’s integral j((]g), and by a particular solution of all the PDE:

Py(V,X)=8V2%or P3(V;X) = —8X (4.44)

and we can write P3 as

Py(V, X) = aj$¥ + 8(aV? — BX) (4.45)
where a,a and 5 are constants.

To find some restriction on a, @ and 3, we apply this solution to the PDE (4.43)
8X — 88X =8aX
a=1-p
4
Py(V, X) = aj§” +8[(1 - B)V — BX].
We proceed with the third equation of (4.41)

12P, + 60pP3 + 0% Py = 0L Py + 6V2 + 12¢M
\ (4.46)
6aVX — 488X + 0% Py = f'0% Py

In this case too, the solution is composed by an Henon’s integral and a particular solution of (4.46):
Py(V, X) = bj{Y + aV® + 488X (4.47)

with b as a simple constant.

We continue to solve of the systems of PDEs focusing on the fourth equation

6P; + 40pPy+0%P5 = ™02 Ps
4 (4.48)
6aji +48[(1 — B)V? — BX] + 4bjsY) + 1926X + 03 Ps = RO} P;

since there are not polynomial solutions of this equation that give us pure terms in V, we find that

a=0 pB=1
4
Py(V,X)=-8X Py(V;X) = bjg +48X

and the PDE (4.48) becomes

144X + 8b(V2X + X%)0% Ps = ef'9% Ps. (4.49)
A solution of the PDE (4.49) is
2
Ps(V, X) =5 +b <3v4 - 2X2) — 144X (4.50)

with ¢ an arbitrary constant.
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4.3 Chapter 4. Application for the FPU Problem

We now need to solve the last equation

2Py + 20rPs + 03P = 02 Ps
\ (4.51)
2bjs + 96X + 2¢j5)) — 8bX2 — 288X + 0} P = "0} .

As explained before, there cannot be any power of V' in the equation, and this means that also b =0
and the polynomials Py(V; X) and P5(V; X) become

PV, X) =48X DP5(V;X) = ¢j¥) — 144X.
Having things in mind, we rewrite the PDE (4.51) as

4
~192X + gcvf’v( +4cV X20% Py = 02 Ps. (4.52)
The Ps(V, X) that satisfies the equation (4.52) is given by:

5
Ps(V,X) = 192X + ¢ (‘1/5 - VX2> (4.53)

(we didn’t consider the term j§ because oy, is define up to a first integral).

We are able to summarize the results: we found out that we can extend at the fourth order for the

first two nontrivial first integrals j((]3) and j((]4) of the Toda lattice to the FPU system

h? (X Vv X vV
2 \ 6 12 120 720 (4.54)
X yrz s ARy 4 O(h) |
120 77" 4
4 (4) h? 2 2 V2 2
FDW, X)) =i (V, X) — o [X R2+VXR,V, + <3X + 4> vx] +
X? VX vZ 11
R o R2, 4+ = RuaVer + [ o= + =X
* [36 T +<360+180 >+ (4.55)
7 VX X2 '
- 7X TT 2 “on Yzx 2 ___R!
560 HaaVa + g5 Vae e = g fat
~ T xpey2o Ve +&6(V; X)| +O(n°)
3607 CT 1440 ’ ’
where 6(V, X) has the form (4.38)
G(V,X)=AB[R'Py(V,X) + R*Py(V, X) + R*Py(V, X) + RP5(V, X) + Ps(V, X)] (4.56)

and the polynomials Py, P3, Py, Ps, Ps are solutions of the system of PDEs (4.41)

V2
PV, X) = -+ X5 By(V,X) = —8X;  Py(V,X) = 48X;

V5
P5(V,X) = ¢jP(V,X) — 144X;  Py(V,X) = 192X + ¢ <15 - VX2> .

We noticed that no condition was found on the constant ¢, so it remains a free parameter. This derives
by the fact that the homogeneous PDE solutions are defined up to a multiplicative constant, therefore
it is carried through all the calculations.
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The same idea applied to the extension of j(()g) and jé4) can be applied to all the other first inte-

gral (4.31). Indeed, we conjecture that exist an extension at the fourth order for the FPU of the first

integral j(()n), with form (4.38), where the polynomials P,_2, P,_1, Py, Ppt1, Prt2 satisfy the following

system of PDEs:
812,3Pn_2 = eRc‘)‘Z/Pn_g

80RP,_o + 0%P,_1 = €02 P,

12P, 5 + 60 Pyy + 03Py = RO P, + 35" (4.57)
6P,_1 + 40P, + 0% P, 1 = €03 P,y

(2P, + 20 P11 + 03P, 10 = 03P, 1o
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Conclusion

At the end of this analysis, we have found that it is possible to extend at the fourth order two no trivial
first integrals of the Toda lattice j(()?’) and j(()4) for the FPU system, in particular we have observed that
the solution of this problem follows a particular scheme. We conjecture that this scheme is valid also

for the other first integrals of the Toda lattice.
This conjecture will be demonstrated in future works.
The importance of this result is given by two consequences:

1. if we try to find the same result using the method of normal forms, we find out that it is
impossible to get the normal form of the FPU system from the Toda lattice, while with this
method we find it is possible to construct a perturbative approach for the FPU starting from
Toda;

2. from the extension of the first integral, we can obtain also an esteme of the time where the
motion of the FPU is similar to the motion of the Toda.

There are other open questions still to study. For example, it should be examine whether the procedure
ends here or continue also for the sixth order and further; for which 1 (R) the equation (3.39) admits
a solution; or what happen in FPU systems with dimension greater then 1.

We have choosen not to proceed for further orders because the amount of calculus considerably in-
creases for each order and the working time for this thesis was limited.
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Appendix A

Theory of Nonlinear Wave Equations
and Hamiltonian Perturbations

This appendix is a summary of the theory of nonlinear wave equations, focusing on the first integrals
of the equations, and the main results of the articles [1] and [4].

We will consider Nonlinear PDEs of this form:
Ut — 82@’(%) =0 (Al)

for a given smooth function ¢(u). It’s easy to see that (A.1) is linear if ¢(u) is quadratic respect u,
but in general we assume that

" (u) #0 Vu.

The equation (A.1) is important because it arises in the study of dispersionless limit of various PDEs
of higher order. In fact, some example of these kinds of PDEs are:

1. The dispersionless limit of the Boussinesq equation (¢(u) = —%-)

w

Uy + (utg)y =0
2. The long-wave limit of the Toda equations (¢(u) = e)
Ut = 63236"

We can write the equation (A.1) in Hamiltonian form

Cw—d 0H
=Y = “ov(x) Ao
, 0H (A-2)
VU = 833@5 (U) = amm
with Hamiltonian )
Hlu,v] = /[1}2 + (;S(u)}d:c. (A.3)

As we can see from the equation of motions (A.2), we choose the functions u(x) and v(z) so that the

Poisson bracket is
= 0 Oy
27\o, 0/
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Chapter A. Theory of Nonlinear Wave Equations and Hamiltonian Perturbations Al

Thus, the associated Poisson bracket of two local functionals
F—/f(u,v,um,vm,...)dw G—/g(u,v,ux,vm,...)dx

is given by the following formula:

(.G} = / (V12 FISV 12G)d =

[ 5,5 o
S Lou v dv Toul T
In particular, the Poisson bracket of the dependent variables u(x),v(x) is
{u(@),v(2)} = d'(z — y). (A.5)
A.1 First integrals of nonlinear wave equation
We now study the first integrals of the general nonlinear wave equation (A.1).
Given a functional
Ju,v] = /j(u,v, Uy, Vg, - .. )dT, (A.6)

it is a first integral of the Hamiltonian (A.3) if they commute with respect to the Poisson bracket (A.4).

We know that the densities of the local functionals are considered up to a total x-derivative, this
means that the Poisson bracket (A.4) vanishes iff the integrand is a total x-derivative.

With this in mind, we want to find some kinds of conditions that the first integrals of the Hamilto-
nian (A.3) must satisfy.
Lemma A.1.1. Consider the functional

Tlu, v] = /j(u,v)dx.

This functional commutes with the Hamiltonian (A.3) of the nonlinear wave equation iff the function
j(u,v) satisfies the PDE
,j'll/u = ¢//(u)jvv (A‘7)

Proof. The Poisson bracket (A.4) of J[u,v] and H[u,v] reads

[y 8 ST aHY L
{J,H}—/<5u8x 5o + &)ax 5u>d$—/[]uvx+jv¢ (u)ug]de.

This Poisson bracket is null if the integrand is a total x-derivative, which means that there must exist
a function g(u,v) s.t.:

8ug = jvd)”(u) 8119 = Ju-
We can apply the Schwarz’s theorem
av<8u ) = au(avg)
)
jvvd)/,(u) = ]uu
That is the equation (A.7). O
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A2 Chapter A. Theory of Nonlinear Wave Equations and Hamiltonian Perturbations

Therefore, all the solutions of the PDE (A.7) are associated to the densities of the first integrals of
the nonlinear wave equation (A.1). We can prove that all the functional of the same form of J[u,v]
commute pairwise, i.e. the Lie algebra of the symmetries is commutative.

Lemma A.1.2. Consider two functionals

Flu, v] :/f(u,v)dx Glu, v] :/g(u,v)daz.

F and G commute with respect to the Poisson bracket iff f(u,v) and g(u,v) are solutions of the linear

PDE (A.7).
Proof. Let us calculate the Poisson bracket

{F, G} = / (fuazgv + fvaxgu) dr = /[(fuguv + fvguu)uzp + (fugvv + fvguv)vx]d$~ (AS)

From the previous statement, this Poisson bracket must be null if the integrand is a total x-derivative,
so there must exist a density h(u,v) so that:

hu = fuGuo + foguu  Po = fugoo + foGuo- (A.9)
From the Schwarz’s theorem, we impose that the mixed derivative are symmetric
Oy (hu) = Ou(ho)-
Substituting to h, and h, the results (A.9), the previous equation become

JowGuu = fuuGoo
This equation has a result iff both f(u,v) and g(u,v) are two independent solution of (A.7). In fact:

fvvguu - fuu¢//(u)guu = fuugvv

A.2 Perturbation of nonlinear wave equation and deformation of
the first integrals

We will focus on the perturbation of Hamiltonians. In particular, we will present results and techniques
to extend first integrals and solutions of the system. These results, discovered by Dubrovin in [1] and
developed in [4], are valid in general, i.e for u € M where M is an n-dimensional manifold. Also, the
notations like f(u(z);ug(z);...;u® (z)) are used for differential polynomials

fa(z);ug(z);...;uP () € C®uy(2);...;uP ()] ue M,

i.e. they are polynomial functions on the jet bundle J*(M). The degrees of these differential polyno-
mials are given by this rule

degui,:l, deg u;x:2,...; i=1,...,n.
Given a system of the first order quasi-linear PDEs
w = A, u=(u'(xt),...,u"(z,1)) (A.10)
admitting a Hamiltonian description

u: = {u, Ho}o, Ho = /ho(u)dﬂj (A.ll)

with respect to a Poisson bracket of hydrodynamic type, defined by Dubrovin and Novinkov in [16],
written as

{u'(z), 4 (y)}o =078 (x—y), 0 =n"=cost, det(n’)+#0. (A12)
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Definition 1. We say that a system of this form

u; = A(u)u, + hBs(u,u,, uy,) + h2B3(u, Uy, Uy, Uggy) + - - (A.13)

with h as our perturbative parameter; it is an Hamiltonian deformation of (A.10) if it can be repre-
sented with an Hamiltonian form

w, = {u(x),H} (A.14)
where H is a perturbed Hamiltonian
H = Ho+hHy + WP Hy + ...
H, = /hk(u, um,...,u(k))dac, E>1 (A.15)

deg hi(u,ug, .. .,u(k)) =k

and the Poisson bracket becomes

{u' (@), v (y)} = {u' (@), v (y)}o + h{u' (), w () }1 + P*{u' (2), 0/ (y)}2 + ...

k+1
{u' (), v (y)}r = ZAkS wu, ..., u®)§F (e —y), k>1 (A.16)

deg A?S(u, Uy, . .. ,u(s)) = s.

This kind of Poisson bracket is called perturbed Poisson bracket.

We can redefine the Poisson bracket (A.16) such that the delta-function symbol can be spelled out.
Be I1¥ a matrix of linear differential operator depending on A

Y =TI + ATy + P10 + ...

H” =19y,
1 (A.17)
sz = ZA?S(u, U, ..., u®)ek—sth g >
s=0
So, the Poisson bracket becomes
{u'(2),0/ ()} = TT0(x — y) (A.18)

and the perturbed Hamiltonian system reads

uj =109

5
=y > oy WHZ (A.19)

m>0 k+l=m

From this definition, we can find an expression for the perturbative terms of (A.13) in the case of
Hamiltonian deformation:

. S OH,
Bi,(wu,,...,u™ )y = 3 Hijéuj(;), m>0, i=1,...n
k+l=m

An important property of this class of Hamiltonian deformations is that it is invariant with respect
to Miura-type transformation of the dependent variables

u—u=u-+ thFk(u, U, ... ,u(k)), degFy(u,uy, ..., u(k)) =k. (A.20)
E>1
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The transformation of the Hamiltonian is defined by the direct substitution, while the Poisson bracket
is transformed by the rule

{a'(2), @ (2)} = 176(z — y)

. . ; (A.21)
i i J
7 = LiPL)
where L and LT are respectively the Jacobian of the transformation and its adjoint:
1_2: au’ s Ti_E saﬂ'i
Lk. —_— - mam’ Lk —_— - (_03':) m. (A.22)

We said that two Hamiltonian deformations of the quasi-linear system (A.10) are equivalent if they
are related by a transformation (A.20). In particular, the Hamitonian deformation is called trivial if
it is equivalent to the unperturbed system (A.10).

A.2.1 Extension of first integrals

Once defined the Hamiltonian deformation of (A.10), we are interested in knowing what happen to
the first integrals of the unperturbed system. In particular, we want see if it is possible to extend
them to perturbative system under a fixed order of h.

We consider the Hamiltonian (A.3); so we return in dimension 2, and his perturbation

Hpert :H0+hHl+h2H2+

Hk - /hk(ua Uz, - . '7u(k))d$> deghk(ua Ug, - - - 7u(k)) = k? k >0 (A 23)
2
v

Be jo(u,v) a solution to the linear PDE (A.7) and Jy define as

Jo :/jg(u,v)da:, (A.24)

we know that Jy commute with the unperturbed Hamiltonian.

The goal is to construct a deformation of Jy

J=Jo+hJi+h* T+ ...

A.25
Jp = /jk(u, Uy, .. .,u(k))dfc, deg jr(u,uy,.. .,u(k)) =k, k>0 ( )

so that
{J, Hpert } = 0.
Definition 2. We say that:

1. The perturbed system Hpe, is called N-integrable if there exist a linear differential operator
Dy = DO 4 pDM 4 p2pll ... pN pIN]
. k
D i=id, DW.=%"pll | (w ... u®)

u,uw,...,u(k)):k, kE>1

Auit ... Quim®) (A.26)

U15eim (k) (
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called D-operator, such that for any f(u,v) and g(u,v) solutions to the equation (A.7) we have

gl = / D f(u,v)dz + O(RN T JY = / Dyg(u,v)dz + O(hN T (A.27)
satisfy
{J1, 7%} = O(hN*Y). (A.28)
Moreover, we require that
oot = / Dyhoda + O(RN+1) (A.29)
so the Hamiltonian satisfy also
{Hpert7 J]J\t/} = O(hN+1) (A30)

for any solution f(u,v) to the equation (A.7).
2. The system Hye, is called integrable if it’s N-integrable for any N > 0.

In the formula (A.26) m(k) is a positive integer depending on k. It can be noticed that

m(k) = f’;J (A.31)

The summation is taken over all the indices i1, ..., 4y, from 1 to 2.

Starting from the above definition, we develop a “perturbative” approach to the study of integrability
that can be used for:

e finding obstructions to integrability;

e classification of integrable PDEs.
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Appendix B

Dubrovin’s proof

Here we will show the proof of the Theorem 3.0.1 presented in [1].

Given the Hamiltonian (3.1), the equations of motion are:

qn = Pn

B.1
Dn = ¢/(Qn+1 — Qn) — qﬁ'(qn — qn_l). ( )

Defined the parameter h = 1/N, we interpolate the distance and the momentum with two smooth
analytic functions

w($77—) = qn(t) - Qn—l(t)

(B.2)
v(z, T) = pp(t)
(where x = hn and 7 = ht).
After the interpolation, the Poisson bracket of the system in these coordinates becomes:
1
{w(z),v(y)} = 7 00z —y) — oz —y — )| =
/ h i h2 "
=0 —y) = 50" (@) + 0w —y) 4 = (B.3)
1 _
= (1= A5 - y)

where A7 is the shift operator, defined as:

A=) = o oy = 3 ER O oy )

|
> I

Now, to return to a simpler structure of the Poisson bracket, we apply a Miura-type transformation:
hO,

U= T (B.4)
So the Poisson bracket return to the form
ho
ful(e), o)} = T fw@), o)} = 8z — y) (5.5)
and the equations of motion become:
Ut = Uy
o= W[ (e + 1) = ¢ (w(@)] = (B6)

2
= 0,0 (u) + 2—4 [2qb”(u)umz + 40" (u)uzuzy + qSIV(u)ui] + O(h4).

37



Chapter B. Dubrovin’s proof B.1

The Hamiltonian related to the equations of motion (B.6) is

v2 2
Hpers[u, v] = / [5 +o(u) - %gb"(u)um] dx + O(h*) (B.7)

and can be considered as a perturbation of the Hamiltonian

Hylu,v] = /[U; + (ﬁ(u)}daj. (B.8)

B.1 Proof of the Theorem

We want now to extend the first integral of the unperturbed system

Flu,v] = / fdz, {F,Hper} = O(h%) (B.9)
where
f = fO + hfl (U7 U, Ug, vz) + h2f2(u7 UV, Uy, Vg Ugg sz)

and fy is the density of a first integral of Hy.

We calculate the Poisson bracket

oF _ 0H 0F _ 0H
FH ) = oL pert oL pert
{F, Hyert} /[5118:6 o + ov O ou du

and see if the condition (B.9) is valid.

However, in order to proceed correctly, we must start with first order perturbation

{F, Hyers} = O(h?).

The first correction must be linear in u,,v;. Adding a total x-derivative, one can reduce to the study
of first perturbation extensions of the form

fi= p(“’a U)Ux
We compute the brackets:

(F, Hyprt} = h / palv? — ¢ (w)u]dz + O(h2).

We see that the integrand is never a total derivative unless p, = 0, i.e p = p(v). This means that f;
is a total x-derivative, so we do not consider this term of the extended integral.

We consider the second order terms. Up to a total x-derivative, they can be written as:

1
fo = 5(a(u, v)ug + 2b(u, v)ugvy + c(u, V)v3),

We compute the Poisson brackets and find:

12 6
1 1
+ﬂ( foud™ +12¢" ay — 24¢" by )u — 5(% + 2¢" ¢ ) uv,+ (B.10)

(P Hperih = 12 ({20 e [ (2000 = 06 Yot — vt = (08 + b )t

1 1
—5(2% + ¢ ey )ugv? + §(cu - 2bv)v§}dw + 0(hh).
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Denote with I the integrand of (B.10), we apply the Corollary 3.2.2 and calculate:

E,J=0, E,J=0.

From the equation F,I = 0 we find the following conditions:

o=~ Py oi=b -
o= o S0 ) - b - Ty |
while, from the equation E,I = 0 we find the same conditions plus a new one
b8 (1) — b (u) + 6" (u) = 0 (B.12)

Combining (B.12) with the fourth equation of (B.11), we find also

~ fozw (¢ (u))?
¢

b= A
6 /1 (u)

From the second equation of (B.11), we find that the coefficients ¢ and b are the partial derivatives,
respectively for v(z) and u(z), of a function A(u,v).

Equating the mixed derivatives

we obtain a condition on the potential ¢(u)

(0" (u)? — ¢"(u)o"" (u)
6(¢" (u))?

fOuvv =0

and this is valid only if the numerator is null
(0" (u)* = ¢"(u)o"" (u),

This is the same equation (3.30) we have found before, and the solution is

d(u) = ke®™ + au + b
for some constants a, b, ¢, k.

Thus, the Theorem 3.0.1 is proved.
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B.1
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Appendix C

Derivation of the coefficients C!, and B’

In this appendix we will explain how we reach the result (4.32). In particular, we will explain why the
coefficients must be (4.33).

We start from the Henon'’s integrals with grade even. The generic form of an homogeneous polynomial
in V and e” of grade 2n is

jé2n)(V; eR) _ yOVZn + ylV2(n—1)6R + yzvz(n—z)ezR 4ot ynenR. (C.l)

We substitute this polynomial (C.1) in the equation (3.29), with ¢(R) the Toda potential

(2n) eRj(Zn) (0'2)

Jogrr = Oyv-

Let us calculate explicitly the double derivative with respect to R and V'

Jéﬁ? :ylv2(n—1)eR+4y2v2(n—2)€2R+ .o 4 2y, e R
(()%:‘L/) =(2n)(2n — D)yoV2=Y 4 (2n — 2)(2n — 3)y, V2R (C.3)

+(2n — 4)(2n — )y V2D oy, eI,
and substitute these on (C.2)
g V2Dl L n2y e = (2n) (20 — 1)y VPVl 442y, e (C4)

Comparing term by term both the Lh.s and the r.h.s of (C.4), we find that yo, y1,. .., y, must satisfy
this system of n — 1 equation in n unknown variables:

( Yo = S
y1 = 2n(2n — 1)yo 2n(2n iyl)
2
dys = (2n —2)(2n — 3)y1 Y1 =
N (2n —2)2n—3) (C.5)
2 _
N Yn = 2Yn—1 n2
Yn—1 = Eyn

Therefore, by applying the last equation in the second-last equation and so on until we reach the first
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one, we rewrite all the coefficients yq,...,yn—1 as a constant multiplied by y,
n_ m2
Yo = (Hm—l )yn
2n!
TLi m2
= (Hmiz )yn
2(n = D!
(Th=sm®) . (C.6)

n2
Yn—1 = Eyn

Using these coefficients, the first integral j3" becomes

on s, Ry _ (I Tme1 m?) - on (H’:;l=2m2) 2(n—1) R | . 12 2 (n—1)R , ,nR\ _  =2n
Jjo" (Ve )—yn( o] Ve 4 [2(n—1)]!v et 44 2Ve +e = ynJi"-
(C.7)

Since each first integral is defined up to a multiplicative constant, 38%) is a first integral as well.

Therefore, we have that the first integral becomes

WVl =3 vl (C.8)
=0

where the coefficients y; are define by the formula

n 2
M ifl=0;...;n—1 .
y =< [2(n—10)]! =C,. (C.9)
1 ifl=n

We move on and consider the Henon’s integrals with grade odd. The generic form of an homogeneous
polynomial in V and e of grade 2n + 1 is

j(()2n+1)(V; ef) = V2l VIl L V2 3e2R Ly Ve, (C.10)

We repeat the same procedure and it is easy to see that, in this case, the general Henon’s integral of
grade 2n + 1 is

jé2n+1)(v; eR) — ZZIVZ(nfl)JrlelR’ (C.ll)
=0

where the coefficients z; are given by the formula
n 2
Hm:l+1 m

2z =< [2(n—=1)+1]!
1 ifl=n

if1=0;...:n—1
' et TR gl (C.12)
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