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Abstract A huge amount of papers investigated, over more than 65 years, the Fermi-
Pasta-Ulam problem. One of the leading ideas, present already in the early literature,
is that the unespected regular behavior observed by the authors, quite different
from the expected ergodicity, could be explained by the presence of a close hidden
nonlinear integrable dynamics. This was initially searched among nonlinear wave
equations, but rather soon, after the discovery of the integrability of the Toda model,
it was progressively understood that Toda provides the natural integrable approxi-
mation to FPU. The aim of this paper is to provide a short updated review of the
relation between the FPU dynamics and the Toda dynamics. Updated means it also
includes new results, see Section 3. The paper is ideally addressed to the wide—very
wide!-—community of people who feel The legacy of Carlo Cercignani, so it includes
a few introductory comments.
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1 Introduction

In 1955 Fermi, Pasta and Ulam wrote a paper [1] which was destined to have a deep
influence in different branches of research.

— It started Molecular Dynamics (more generally, numerical experiments on dy-
namical systems), namely investigating the statistical properties of a system by
numerically solving its microscopic equations of motion.

— It raised “elementary” questions in the dynamical fundations of Statistical Me-
chanics, which still are not clearly answered.

— Itmotivated a relevant branch of the theory of nonlinear oscillations, namely mod-
ern theory of nonlinear wave equations (Boussinesq, KdV...), and more generally
the study of nonlinear integrability for systems with many degrees of freedom.

Hundreds of papers have been devoted to the subject, with a great variety of theo-
retical and numerical approaches, still far from merging in a unitary clear view.!

The aim of this paper is to focus on one of the main ideas, namely that the reference
integrable dynamics for FPU is Toda dynamics [4], nonlinear and highly nontrivial.
This view was suggested already in 1974 in [5], one of the three simultaneous papers
where integrability of the Toda model was proved [6, 7, 5]. The perspective was
reconsidered and widely developed in 1982 [8], but nevertheless not much exploited
in the later literature, and emphasized again only recently, in a few papers; among
them [9, 10, 11, 12, 13, 14].

We aim to show that viewing FPU as a perturbed Toda model, provides a unitary
perspective, which can possibly give order to the complex phenomenology of FPU.
We refer here to the standard, generic case of the so-called « (also called a + 8) FPU
model. We shall not discuss instead the 8-model, which is not at all close to Toda,
nor we shall enter extensions to dimension two and three, although physically very
important (see in particular the papers by Carati and Galgani and by Gangemi in this
volume).

The paper is addressed, ideally, to the wide community of researchers feeling The
legacy of Carlo Cercignani, joined together in his memory and contributing to this
Conference in his honor. Carlo was indeed very interested in FPU (see [15, 16] and
the comments in the paper by Carati and Galgani in this volume). Likely however,
some of us are not very familiar with FPU, and so, in the remaining part of this
Introduction, a very short tentative introduction to FPU is provided.

After that, Sections 2 and 3 are devoted, respectively, to the role of Toda dynamics
in the long-time approach to statistical equilibrium, and to the mechanism of forma-
tion of the so-called “FPU-state”, that is the first, crucial part of the FPU dynamics,
where the underlying integrable Toda dynamics is particularly transparent. Section
3 also includes new results.

! See for example the collections of papers [2, 3], appeared in occasion of the 50" anniversary of
FPU.
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Fig. 1 The time average
E(T) as a function of T,
for the first few modes. FPU
model with N =32, @ =1,
B = 2; specific energy £ =
4 x 1073, initial excitation of
mode k = 1.
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1.1 FPU in a nutshell

The specific problem Fermi, Pasta and Ulam confronted with, is the problem of
energy sharing in weakly nonlinear chains of oscillators. The Hamiltonian has the
form

N N
1 2

H(p.q) = 5;191- +;V(qi+1—qi), (1

V being some nearest-neighbours potential with a minimum in zero,

2 3 4
r r r
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In (1) the boundary conditions are still not specified; they are generally either fixed
ends, i.e. go = gn+1 = 0, like in the original FPU paper, or periodic, gy = go, with
not much difference.

The value of «, if different from zero, is irrelevant, since a trivial rescaling
reports it to any prefixed value; the effective parameters determining the dynamics
are indeed |a|Ve, € = E/N being the specific energy, and then /a2, . .. The choice
of a actually fixes the energy scale, as well as the scale of 8 and of possibly further
coefficients in (2). Througout the paper we shall use a = 1.

Fermi, Pasta and Ulam aimed to investigate how the system reaches the statistical
equilibrium, identified with the equipartition of energy among normal modes, if
started very far from equilibrium, the whole energy being given to only one or two
long-wavelength normal modes. This is indeed part of the general problem of the
energy flowing from macroscopic to microscopic scale, so crucial in quite different
fields of physics. With great surprise they found—within the time scale accessible
to their computer—no equilibrium at all: the system apparently reached a stationary
state, different both from the initial state and from equipartition, in which only a few
normal modes significantly share energy, and dynamics looks quasi-periodic with
long time almost exact recurrencies.

Consider, to be definite, the case of fixed ends. Normal modes are then
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Fig. 2 The instantaneous values Ej (¢) as functions of #, in the same conditions as figure 1. Left:
modes k = 1, 2, 3; right: only mode k = 1, for a longer time scale.
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their energies Ey and frequencies wy are

Lp2, 2.2 : nk
E(Pr, Qi) = 5(P + 0 0p) . wr =2 sin AN+ 1)’

and the Hamiltonian in such coordinates assumes the form
N
A(P,Q) = )" E(Pi, Qi) + @Us(Q) + BULQ) + -+ ,
k=1
U; being a homogeneous polynomial of degree j. For given initial data, let

T
B =7 [ Bo.00) s

statistical mechanics is based on the ergodic hypothesis, which implies

—00

ET) =S () = e,

(Ey) denoting the microcanonical phase average. Figures 1 and 2 summarize the
heart of the FPU results. They both refer to a model with N = 32 and an initial
datum in which only mode k = 1 is excited, at small energy & = 4 x 107>. Figure
1 shows E(T) as function of T, for the first few modes. Quite evidently, there is
no indication at all of any tendency to energy equipartition: on the contrary, an
asymptotic state is apparently reached, in which only a few modes, and not at the
same extent, are involved in energy sharing. Figure 2 reports, for the same dynamics,
the instantaneous values Ey(¢) as functions of ¢: panel a (left) shows, on a short
time scale, the behavior of modes k = 1, 2, 3, while panel b (right) reports only
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Fig. 3 Same as figure 1, at
larger £ = 1072; all modes
(logarithmic vertical axis,
t00).
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mode k = 1, on a longer time scale. The presence of long time recurrencies is quite
impressive, the dynamics appearing quasi periodic and thus possibly integrable.
Such longer time recurrencies have been observed a few years after FPU, in [17].

1.2 The search for an underlying integrable dynamics

The suspect the dynamics is close to integrable, in the conditions studied by the
authors—that is when only long-wave modes are excited, and so the discrete chain
appears almost continuous—prompted the idea to approximate the FPU model with
a convenient nonlinear wave equation.

The first attempt in this direction, going back to 1965, is [18], a fundamental
paper which is at the basis of modern theory of nonlinear integrable wave equations.
FPU appears there as a main motivation to study again, after years, the KdV equation

— 1
U = %uux + agllxxx -

The progress in the field is then rapid: a couple of years later the method of inverse
scattering [19] and Lax pairs [20] are introduced, and the presence of infinitely many
constants of motion is established [21]. Finally, in 1971 [22], KdV is shown to be an
infinite dimensional completely integrable Hamiltonian system.?

In parallel with the research on the integrability, numerical work clearly estab-
lished that FPU is not integrable: it is enough to raise the energy, to recover the
expected normal statistical behavior [24]. This is clear for example in figure 3, which
differs from figure 1 only for the larger energy & = 1072, It is not easy to reconcile

2 In fact, the nonlinear wave equation which is more immediately related to FPU, if one searches
for a continuum limit in which the first nonlinear and the first dispersive terms beyond the wave
equation are kept, is the Boussinesq equation; a possible form is u;; = txy +2QuUxtixx + %uxxxx .
From Boussinesq it is possible to deduce, in a convenient limit, KdV, but the Boussinesq equation
itself was soon proved, in 1973, to be integrable [23]. In [23] the connection between FPU and
Boussinesq is particularly emphasized.
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Fig. 4 Same as figure 2, for Toda rather than for FPU.

the two views; the suggestion in [23], spontaneous in that moment, was that the lack
of integrability of FPU is possibly due to the discretization.

In the same years, statistical physicists become interested in the Toda model [4].
As is well known, this is a Hamiltonian system with the same form as (1), V being
the Toda exponential potential

1
Vr(r) = ﬁ(e’" -1-ar).
In 1974 the Toda model was proved to be completely integrable, remarkably in three
independent papers [6, 7, 5]. Reference [5] is particularly important for FPU, because
the connection with the FPU problem is there stressed. Indeed, for A = 2« it is

Vr(r) = %r2+%ar3+%ﬂrr4+%yrr5+--- , Br = %a , YT = %0[ y e
so the model has a third order contact with FPU and provides an integrable ap-
proximation better than the harmonic chain. In [5] the slow stochastization of FPU
is not anymore attributed to the discretization with respect to an integrable wave
equation, but to the small difference, with dominating term }1(,8 — Br)r*, between
FPU and Toda. The reference to Toda as the best integrable approximation for FPU,
is a considerable change of paradigm in the FPU problem. For example, the distinc-
tion between long and short-wave initial excitation ceases to be important, although
of course wave equations, definitely easier than a discrete model, remain useful in
situations where only long waves are present.

The connection between FPU and Toda was proposed again, and emphasized, in
1982 [8]. In this paper, on the one hand, a stricking evidence is provided that the
dynamics of FPU, at low energy, is hardly distinguishable from the Toda dynamics;
on the other hand, the integrability of Toda is studied very constructively, and an
algorithm is proposed to compute numerically the Toda actions. We shall come back
to this point in Section 3. The stricking similarity of the FPU and Toda dynamics is
evident in figure 4, produced under the same condition as figure 2 but for the Toda
model.
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Fig. 5 The shape of the energy spectrum E (T') plotted vs. k/N, at selected times T' (marked in
the figure) in geometric progression. Left: FPU, N = 1023, @ = 1, 8 = 2, & = 107%; right: the
corresponding Toda model. Energy initially equidistributed among modes 0 < k/N < 0.1, see the
rectangle marked ¢ = 0. Each point is the average over 24 random extractions of the initial phases.

1.3 Different phenomena at different time scales

Simultaneously with the understanding of the strong connection between FPU and
Toda in [8], and completely independently, a new idea entered the literature [25, 26],
sometimes referred to as the “two time-scales scenario”. The suggestion is that at
least for large N the formation of the FPU state, in which energy is shared only
by a small fraction of modes as in figures 1 and 2, is not the end of the story, and
eventually, in a possibly much larger time scale, statistical equilibrium is always
reached: more or less, as it happens in metastable phenomena.

To illustrate such a scenario, a good way is to look at the energy profile, i.e.
the distribution of energy among normal modes, at different times; raising N is
also convenient. Figure 5a shows the result for N = 1023 and & = 107%; energy
was initially equidistributed among the first 10% of normal modes, with random
phases. The figure shows3 Ex(T) vs. k/N, at selected times, marked in the figure,
in geometric progression. The initial profile is the black rectangle. It can be seen
that already at 7 ~ 103, after a transient in which the initial discontinuity is still
present, a well defined regular profile is formed, in which only some low frequency
modes effectively take part to the energy sharing, the energies of the remaining
ones decaying exponentially with k/N. The energy profile keeps its form nearly
unchanged for a rather large time scale, T ~ 10° or 10°, definitely larger than the
time needed to form it. Afterwords, on a much larger time scale, the dynamics slowly
evolves towards energy equipartition, the high-frequency modes being progressively

3 To be precise: time averages are computed here in a running window of width proportional to T,
namely %T <t < T (averages from the beginning are a little lazy), and moreover, to clean the
curves, an average over 24 different choices of the phases is introduced.
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Fig. 6 Symbolically illustrat- ®
ing FPU as a perturbed Toda I :
system. FPU
11 (Pl
FPU
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involved into the energy-sharing game; in the above conditions, equipartition requires
T ~10".

The natural conjecture, at this point (natural, but explicit in the literature only after
[9],in2011), is that the first time scale is the one in which the system behaves similarly
to Toda, while on larger times the difference between the two dynamics becomes
evident. To confirm such an interpretation, we can repeat the above computation for
the Toda model. The result is in figure 5b. Quite clearly, exactly the same profile is
formed, but there is no further evolution to anything different: in Toda, only the first
time scale does exist and is perpetual.

We can rephrase such a view in a better language. Toda is integrable and so, for any
initial datum, the motion is confined to a torus of dimension N: actions stay constant,
while angles advance linearly, and generically fill the torus. Time averages on such
a motion are very partial averages in the phase space, namely averages only on the
angles and not the actions. For Toda, this is all. For FPU, the lack of integrability
results in an additional slow drift transversal to tori, which asymptotically (according
to figure 5) results in a diffusion throughout the phase space, and makes possible
statistical equilibrium. Figure 6 shows very symbolically the situation.

Both phenomena, that is the filling of the Toda torus in the dynamics common
to FPU and Toda, and the diffusion across tori possibly leading to normal statistical
equilibrium, are worth to be investigated. We shall start with the latter, devoting to
it the next Section 2, discussing instead the former in Section 3.

2 The long-time motion across Toda tori

In the previous section we focused the attention on very special initial data, in which
only a few normal modes share energy. The corresponding region of the phase space
is extremely small and atypical. Measuring the rate of approach to equilibrium in
such an exceptional situation can be done, see for example [9], but it is certainly
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more interesting to consider generic initial data, in which the energy is distributed
randomly among normal modes with microcanonical distribution, and to study the
drift of FPU trajectories across Toda tori in such a generic situation.

Such a study has been performed in [10], looking at the correlation time of the
Toda constants of motion in the FPU dynamics. The Toda constants of motion,
for a system with N degrees of freedom and fixed ends as we are dealing with,
can be explicitly written by making reference to a larger system with 2(N + 1)
degrees of freedom and periodic boundary conditions, restricting the attention to
skew-symmetric states such that

gN+1+i = —qN+1-i > PN+1+i = ~PN+1-i » i=0,...,N, 3

which are easily seen to form an invariant submanifold. In turn, the constants of
motion of the periodic chain are the eigenvalues of the Lax matrix L(p, ¢) associated
to the systems, or equivalently (much easier), the traces of the powers of L; see
Section 3.2 for the expression of L. In the submanifold (3), precisely N constants of
motion

Fs(p.q) =TrL¥(p,q), s=1,....N,

are independent and nontrivial, the odd powers of L having vanishing trace. F; turns
out to be the total energy of the system.

For given initial data, denote shortly F(t) for Fy(p(t), ¢(t)), and let (.) denote
microcanonical averaging on the initial data. The correlation function G of Fj is

defined as
<Fs(t) FS(O)> - <Fs >2 .

(Fs(07) = (F5(0))* °
the decay time of such functions provides the desired time-scale of the motion
transversal to tori, in a generic situation. It is worthwhile to remark that looking at
the decay of correlation functions means looking at mixing, and this is fully in the
spirit of the original FPU paper.4 Practically, the microcanonical distribution in (4)
is approximated by a Gaussian distribution of the normal modes coordinates Py, Ok,
rescaled so as to fit the desired energy.

Figure 7a shows the decay of G4(1), s = 2,..., 12, for FPU with N = 1023, 8 = 2,
& = 8 x 107*. Quite clearly, curves accumulate on a line G*(¢), which in the semi-log
scale of the figure corresponds to an exponential

Gs (t) = 4

g*(z) — e—t/t* :

the inverse slope #*, to be thought of as depending, in principle, on N, 8 and &,
provides the time scale of the motion transversal to tori we are looking at, ideally the
mixing time that Fermi and coworkers aimed to observe. A similar accumulation is

4 From [1]: “Instead of a gradual increase of all the higher modes, the energy is exchanged,
essentially, among only a certain few. It is, therefore, very hard to observe the rate of ‘thermalization’
or mixing in our problem, and this was the initial purpose of the calculation.” For a previous study
of the decay properties of the correlation functions of normal modes energies, done in the same
spirit and actually inspiring [10], see [27].
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Fig. 7 Left: the time correlations G(t), s = 2,...,12, for FPU with N = 1023, 8 =2, & =
8 x 10™*; semi-log scale. Gaussian random extraction of 20,000 initial data. Right: the time
correlation Gy5(z) of Fip, for g =2, =2x 1073, N = 127, ..., 2047.
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Fig. 8 The time correlations Gy»(¢) of Fyp, for N = 511, & = 2 X 1073, AB = B — Br as marked
in the figure. Left: no rescaling. Right: time axis rescaled by a factor %A,Bz.

observed at different N and &, G|, always appearing as a reasonable approximation
of the limit curve G*. In the following, G* will be identified with G,.

Figure 7b reports G*(t) as function of ¢ at fixed 8 = 2 and & = 2 x 103, for
different N between 127 and 2047. The stability in N is quite evident. To investigate
the dependence on S, computations have been repeated for fixed N = 511 and
g = 2x 1073, at different values of AB = 8 — fBr in the range —1/3 < AB < 8/3.
The result is in figure 8: indeed figure 8a reports the lines as they are, showing a
rather dramatic dependence of the slope of G*(¢) on AS (although, remarkably, lines
are identical for AB = +1/3); figure 8b shows the same curves, reported however as
functions of the rescaled time
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Fig. 9 Similar to figure 5b, higher & = 2.5 x 10~%. Left: initial excitation of lower 10% of modes;
right: lower 2.5%.

t'=XAp2s

(no rescaling for B8 = 2, AB = 4/3). Curves, although roughly, collapse into one,
thus indicating a rough growth of t* as AB~2. In a very similar way, one observes an
e-dependence of r* which approximately follows the power law £7/2, see [10] for
details. So, the overall behavior of the correlation time looks

‘~ (BB

Unfortunately, there is no theory at all in support of such a law. From the point of
view we are exploiting in this paper, the most important point is the dependence of
t* on the difference 8 — Br, and thus, so to speak, on the distance between FPU and
Toda.5 It is worthwhile to mention that the analysis made in [9] of the time scale
of the phenomenon illustrated in figure 5a, gives exactly the same dependence on
Ap, although with a slightly different dependence on &, namely with exponent 9/4
in place of 5/2 (a slightly faster phenomenon, for small &).

3 Investigating the FPU state

The formation of the FPU state, in the first part of the FPU dynamics common to
FPU and Toda, is the process of filling a Toda torus. Should it be possible to observe
it in the Toda action-angle variables (7, ¢), it would appear completely trivial, i.e.

5 The divergence of t* for AB — 0 should not be taken literally: for vanishing 8, FPU has a higher
order contact with Toda, but the difference between the two Hamiltonians does not vanish, and a
crossover to a different dependence of ¢* on &, faster for small &, is expected; see [9] for a very
similar situation.
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0 0 0 0 0
(I5¢") = (I ¢ +w(I)), )

as for any integrable system. Observed instead in the normal modes coordinates,
it appears as a progressive partial sharing of energy among some of the modes,
as illustrated in figures 1-5. Understanding the formation and the properties of the
FPU state means, ultimately, understanding the relation between the Toda action-
angle coordinates, with their simple behavior (5), and the normal modes coordinates
(P, Q), or equivalently, the harmonic action-angle variables (1, 8), related to (P, Q)

by
Py = 2wy Iy cos by, Ok = V21 /wi sin b, Er = wily .

Before entering such a delicate question, let us examine, in the next subsection, some
important scaling properties of the FPU state, as described in the literature.

3.1 Scalings laws from the dynamics

Figure 9 refers to Toda and shows a process similar to the one in figure 5b. Figure
9a differs from figure 5b only for the higher energy & = 2.5 x 107%; the profiles are
similar, but for higher energy the width of the spectrum gets larger, i.e. the FPU state
includes a larger number of modes. In figure 9b, in addition, the initial state (the
black rectangle) is narrower; quite clearly, the asymptotic situation is identical to the
previous one, but the process of formation of the FPU state gets slower.

To be quantitative, we need to assign to any profile of the spectrum an “effective
number” M of excited modes. This can be done in a rather standard way: if E is the
energy spectrum at a certain time, let

Ey

N
h=- ) prlogpg, Pk=——, (6)
; 2 Ej

denote the so-called “spectral entropy”, 0 < & < log N; then
M=¢", 1<M<N. ™

In support to the definition, it is worthwhile to observe that in a situation in which
exactly M modes equally share energy, while the others are at rest, the definition
gives precisely M. We shall call width of a state the ratio w = M/N. Figure 10
shows, in the situation of figure 9b, the growth of w in time, from the initial value
wo = 0.025 to the asymptotic value wo, ~ 0.21.

For FPU-like initial states, i.e. with the energy shared initially by low frequency
modes, the width w of the spectrum is a function, in principle, of ¢, N, & and the
initial width wg. Figure 10 shows a process of the form

w(t, N, £.w0) — Wweo(N, £ W) .
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In several papers, w(t, N, €, wo) has been observed to follow some elementary scaling
laws, or homogeneity relations, which are well established numerically and also
partially understood theoretically, although at a very heuristic level.

The first and better established scaling law [28, 29, 30] concerns the asymptotic
width we,, and states that if wy is sufficiently small, and N sufficiently large, then
Wo 1s independent of both N and wy, and it is

Weo ~ &/4. ®)
A more systematic investigation of the scaling laws satisfied by w(¢, N, €, wy) can be
found in [31] for FPU, and in [14] for Toda, with identical results. The width w is
there shown to satisfy three homogeneity relations, which reduce the variables from
four to only one. The resulting scaling law depends on whether the phases 62 of the
initially excited modes are chosen randomly or are coherent.

— For random initial phases, the law is
3/2
w(t, N,&,wo) = &'/* G(e3*wy* 1), )

G being a suitable function of a single variable, with a sigmoid profile as in
figure 10.6 This holds also for wy very small, including the case of a fixed small
number of excited modes; in such a case the assumption of random initial phases
is obviously meaningless and in fact unnecessary.

— Instead for coherent initial phases, for example equal to each other or following
some easy pattern (see [31, 14] for details), then the total energy E = Ne rather
than the specific energy is relevant, and (9) is replaced by

w(t, N, &, wg) = E1/4w(1)/4g'(E3/8w55/8t) . (10)

6 The time scale for the formation of the state has been first studied in [29], in the particular (but
important) case wy ~ &4 The result t ~ £73/* there reported is coherent with (9).
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3.2 Scaling laws from Toda actions

In principle, should one know the transformation from the Toda action angle vari-
ables (7, ¢) to the harmonic variables (Z, 8), and conversely, one could understand
everything according to the scheme

(1% 6% — (I°%¢%) > (I% (1) — (), 6(1)) . (11)

Practically, in spite of the quite considerable theoretical progress [32, 33, 34, 35, 36],
the relation between the Toda and the harmonic variables is not really understood,
other than in the regime, very far from statistical mechanics,

e< N*.

Numerically the situation is hard as well, but something can be done. Indeed, as
already mentioned, there exists an algorithm to compute the Toda actions 7 in any
configuration of the chain [8]. This is a little part of (11), but sufficient to support an
“elementary” conjecture concerning the FPU state, namely:

In the FPU state, the number M of Toda actions which are substantially different
from zero, that is the effective dimensionality of the Toda torus, scales as Ne'/*.

M can be defined similarly to M, namely via (6) and (7), using however the Toda
equivalent energy ¢ = wiJy in place of Ey. The E;’s and M are constant in
time, and can be computed at any time, including the initial state. This means The
scaling laws characterizing the FPU state are contained in the initial state, and stay
in the nontrivial correspondence between harmonic actions and Toda actions. This
is a somehow innovative perspective, in which dynamics (integration of Hamilton
equations) does not play a role.

According to (9) and (10), the conjecture is expected to hold for states in which one
or a few harmonic actions are different from zero, or also a number proportional to N,
with however random phases; it is instead expected to fail for coherent phases. This
is precisely what we shall check in the next paragraphs A and B, devoted respectively
to states including a single travelling wave and to states including a number of waves
proportional to N, with either random or coherent phases. Concerning the algorithm
to compute the actions, a quick account is provided in paragraph C.

A. States with a single travelling wave

Here we restrict the attention to FPU-like initial conditions, precisely to states in-
cluding a single travelling wave with k = 1 (a preliminary account of such results,
limited to smaller N, can be found in [14]). Figure 11a shows M vs. &, in log-log
scale, for different N ranging from 32 to 32, 768. The computed slopes, reported in
the figure, indicate with great evidence that, for large N, M is indeed proportional to
g!/*. The proportionality to N could be similarly checked, but the best way to check
the conjecture is to directly plot M vs. Ne'/4: if we do, see figure 11b, curves for
different N exactly superimpose, and for large N the computed slope, see the data

in the figure, is virtually 1. (One might observe that N — 1, rather than N, enters the
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Fig. 11 Left: the effective dimensionality M of the Toda torus vs. &, log-log scale, for different V.
Right: the same quantity, reported as a function of (N — 1)&!/*. Single travelling wave, k = 1.

Fig. 12 The effective width
M/N of the Toda torus, Q random phases
when energy is equipartized wo = 0.025
among travelling waves with N 2048
0 < k/N < wy=0.025 and N 5192
phases are random. Average [ 16384
on 128 random extractions of 3
~
the phases. =
[ 4
z
0
o
o
8 L L L L L L L L
S 1077 107® 107° 107 107% 001 01 1

abscissa of figure 11b. Indeed, the barycenter being at rest, the number of degrees of
freedom is N — 1; the difference is very minor, but is visible at small N, and slightly
improves the figure.)

B. States with many travelling waves

We studied FPU-like states with energy equipartized among a number of waves
proportional to N, namely travelling waves with 0 < k/N < wy, small wy. The
phases of the waves are chosen randomly; more precisely, before computing M, the
Toda spectrum &y, is averaged on several different random extractions of the phases,
actually 128 of them.

Results here are encouraging, although not as satisfying as in the above case of
single wave. Figure 12 shows M/(N — 1) vs. g, for wy = 0.025. The expected slope
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Fig. 13 Left: the fraction M/N vs. the specific energy &, for N = 64, . ..,16384; stationary waves,
phases 0 = kx/2; wy = 0.05. Right: same quantity vs. the total energy E.

was 1/4, the computed slope, for large N, is 0.24. Preliminary computations show
that by decreasing wq the slope gets closer to 1/4, but a systematic study (which
would require larger N) has not yet been done.

Quite remarkably, however, if we pass to coherent phases 8y, results drastically
change, reflecting the difference between (10) and (9). Indeed, the independence of
M/N on N, strongly evident in the superposition of curves in figure 12, gets lost;
see figure 13a, where M/N is plotted vs. ¢ for different N (also observe the crazy
behavior at large N). The choice of phases is here 8y = kx/2. The stability in N
is however roughly recovered if, according to (10), M/N is plotted vs. the total
energy E; see figure 13b. Changing the way coherent phases are chosen, for example
equal to each other, or following a different “easy” pattern, changes the details of the
curves, but not the phenomenon.

C. On the algorithm to compute Toda actions

The algorithm to compute Toda actions is essentially as follows:

— Consider a periodic Toda chain with N particles, and let

by ay an
ay by ay
. ay bz as a; = eMaii=ai)/2
' bi = —Api
by-1 an-
an an-1 by

be the associated Lax matrix (tridiagonal periodic). Let P(x) = det(x/ — L) be
its characteristic polynomial, and A(x) = P(x) + 2 be the so-called discriminant.
When the system is at rest, A oscillates between —2 and 2 [8], as in figure 14a;



FPU model and Toda model: a survey, a view 17

e = 0.01

T
TR

Fig. 14 Left: the discriminant A(x) for N = 16, chain at rest. Right: the discriminant (blue) and
the arcs +(2 + p) (red), for & = 1072, in a typical situation.

for positive energies instead the shape looks as in figure 14b, blue curve, with
“gaps”, that is intervals where maxima and minima exceed +2. For clarity, the
figure refers to quite small N = 16 (observe the number of extremals is precisely
N-1).

— Let g be the k-th gap. The recipe to compute the actions is:

G|

1
I =— / p(x) dx, p(x) = acosh —=
T Je 2

Red arcs in figure 14b are the curves +(2 + p(x)); the actions are precisely, up to
a trivial factor, the areas between such curves and the lines +2. Notice that if |A|
is large, then p ~ log |A|.

Practically, applying the algorithm is not as simple. A main difficulty is that for large
N, unbelievably large numbers enter the game. Indeed, assume tentatively that 7
is not far from the corresponding linear action I;, which in turn, when energy is
shared only by a few modes, is of the order E /wy. If k is small, then wy ~ NL
so that 7 is of order N, and correspondingly the peaks of A(x) are of the order of
the exponential of N. Large numbers are in a sense virtual, since then py and Iy are
not as large, but they unavoidably enter the algorithm. Such a singularity for large
N also reflects the irreducible difference between Toda actions and linear actions,
unless, as in [34, 35, 36], ¢ < N~*is assumed. How to proceed numerically in such
conditions is a little technical, and we haven’t the possibility to further discuss the
question here.
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3.3 A conclusion?

The only conclusion we feel confident to draw, is that considering FPU as a perturbed
Toda model, rather than a perturbed linear model as is more commonly done, is very
fruitful, and allows to acheive a unitary view of the FPU behavior. This includes
both the first time scale, with the formation of a state common to FPU and Toda,
trajectories staying (almost) confined to a torus, and the second time scale, where
diffusion across tori becomes important. The main point, highly non obvious, is that
FPU appears to stay close to Toda uniformly in N; on the contrary, both FPU and
Toda look distant from the harmonic chain, no matter how small is €, if Ne'/* is not
small.

Investigating the relation between normal modes, or harmonic actions, and Toda
nonlinear actions, seems to us particularly important: indeed on the one hand normal
modes are the elementary bricks of statistical mechanics, which play a key role in
the equipartition teorem, and for ergodic-like systems are known to have a simple
statistical behavior; on the other hand, Toda actions are very essential elements of
the dynamics. As is not easy, the two points of view should be kept together. We are
making some effort to continue this investigation that we consider promising.
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