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Abstract

The recently introduced Generalized Alignment Index (GALI) method of chaos detection [1] is
applied to distinguish efficiently between regular and chaotic orbits of multi-dimensional Hamil-
tonian systems. The GALI of order £ (GALI,) is proportional to volume elements formed by £ ini-
tially linearly independent unit deviation vectors whose magnitude is normalized to unity from
time to time. For chaotic orbits, GALI} tends exponentially to zero with exponents that involve
the values of several Lyapunov exponents, while in the case of regular orbits, GALI, fluctuates
around nonzero values or goes to zero following particular power laws that depend on the
dimension of the torus and on the order k. We apply these indices to rapidly detect chaotic mo-
tion and identify low—dimensional tori of Fermi-Pasta-Ulam (FPU) lattices [2]. We also present an
efficient computation scheme of the GALI’s, based on the Singular Value Decomposition (S5VD)
algorithm.

1 The GALI method
1.1 Definition

Following [1] we consider a Hamiltonian system of N degrees of freedom having a Hamilto-
nian H(q1,...,q9N,P1,--.,pN) Where ¢; and p;, ©« = 1,..., N are the generalized coordinates and
momenta respectively. An orbit of this system is defined by a vector Z(t) = (x1(¢),...,xon()),
with z; = ¢;, z;ony = pj, ¢ = 1,...,N. This orbit is a solution of Hamilton’s equations
dz/dt = V(%) = (0H/p, —0H/d{), while the evolution of a deviation vector @(t) from Z(t) obeys
the variational equations di/dt = M(Z(t)) @, where M = 9V /97 is the Jacobian matrix of V.

wr (with 2 < £ < 2N) in time, and deter-
mine whether they become linearly dependent, by checking if the volume of the corresponding

We follow k£ normalized deviation vectors wy, ...,

k—parallelogram goes to zero. This volume is equal to the norm of the wedge or exterior product
of these vectors. Hence we are led to define the following ‘volume’ element:

GALIL(t) = ||[it(t) A doa(t) A - - - A ig(t)]) | (1)

which we call the Generalized Alignment Index (GALI) of order k. We note that the hat (")
over a vector denotes that it is of unit magnitude. Clearly, if at least two of these vectors become
linearly dependent, the wedge product in (1) becomes zero and the volume element vanishes.

1.2 Behavior

In the case of a chaotic orbit all deviation vectors tend to become linearly dependent, aligning
in the direction which corresponds to the maximal Lyapunov exponent and GALI,, tends to zero

exponentially following the law [1]:

GALIk(t> N 6—[(01—02)+(01—03)+---+(01—0k)]t (2)

)

where 01, ..., 0} are approximations of the first k largest Lyapunov exponents.

In the case of regular motion on the other hand, all deviation vectors tend to fall on the N-
dimensional tangent space of the torus on which the motion lies. So, the generic behavior of
GALI, for regular orbits lying on N-dimensional tori is given by [1]:

constant if 2 < k< N
GALI () ~ { e N <k<oN (3)

while for regular orbits lying on an s—dimensional torus, with s < N, GALI}, behaves as [2]:

" constant if 2 < k<s
GALIL(t) ~ { = ifs<k<2N—5 . (4)
i if2N —s <k <2N

\

Note that from (4) we deduce that for s = N, GALI,;. remains constant for 2 < k£ < N and decreases
to zeroas ~ 1/ t2k=N) for N < k < 2N in accordance with (3).

1.3 Numerical computation
In order to numerically compute GALI;, we perform the Singular Value Decomposition (SVD)

of the 2N x k matrix A having as columns the coordinates of the £ normalized deviation vectors

w1, ..., wr. Then GALIy, is equal to the product of the singular values z;,7 =1, ...,k of matrix A

[2], so that

log(GALIy) = Zlog i) . (5)

2 Numerical application to the FPU system

We apply the GALI method to study chaotic and quasiperiodic motion in a multi-dimensional

Hamiltonian system. In particular, we consider the FPU [3-lattice of NV particles with Hamilto-

nian

N N )2 ALY

1=1 2 1=0 L 2 4 _
with q1, ..., qy being the displacements of the particles with respect to their equilibrium posi-
tions, and pq, .. ., pyy the corresponding momenta. It is well known that if we define normal mode
variables by
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the unperturbed Hamiltonian (Eq. (6) for 5 = 0) is written as the sum of the so—called harmonic
energies E; having the form:

Lo 299 - v -
Ez’zg(P@"F%‘Qz’) ,wi:2sm<2(N+1))z:l,...,N, (8)

with w; being the corresponding harmonic frequencies. In our study we impose fixed boundary
conditions qy(t) = qn1(t) = po(t) = pn41(t) = 0, Vt and fix the number of particles to N = 8 and
the system’s parameter to 8 = 1.5.
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Figure 1. (a) The time evolution of quantities L;, v = 1,...,7, having as limits for t — oo the seven
positive Lyapunov exponents o;, i = 1,...,7, for a chaotic orbit with initial conditions Q1 = Q4 = 2,
Qo =05 =1, 03 = Q¢ =05 Q7 =Qs =01, P, =0,7=1,...,80f the N = 8 particle FPU
lattice (6). The time evolution of the corresponding GALI,. is plotted in (b) for k = 2,...,6 and in (c) for
k=17,8,10,12,14,16. The plotted lines in (b) and (c) correspond to exponentials that follow the asymptotic
laws (2) for 01 = 0.170, 09 = 0.141, 03 = 0.114, 04 = 0.089, 05 = 0.064, 05 = 0.042, 07 = 0.020. Note that
t—axis is linear and that the slope of each line is written explicitly in (b) and (c).
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Figure 2. (a) The time evolution of harmonic energies E;, i = 1,...,8, for a regular orbit with initial
conditions g1 = ¢ =q3=q3=0.05, ¢4y = q¢5 =qs=q7 =0.1,p; = 0,1 =1,...,8 of the N = 8 particle
FPU lattice (6). The time evolution of the corresponding GALI,, is plotted in (b) for k = 2,...,8 and in
(c) for k = 10, 12, 14, 16. The plotted lines in (c) correspond to functions proportional to t—*,t=°, t='* and

—16 . .
t—°, as predicted in (3).
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Figure 3. (a) The time evolution of harmonic energies for a regular orbit lying on a 2—dimensional
torus of the N = 8 particle FPU lattice (6). Recurrences occur between L and E3, while all other har-
monic energies remain practically zero. The time evolution of the corresponding GALI,. is plotted in (b) for
k=2,...,6,8and in (c) for k = 9,11, 13,14, 16. The plotted lines in (b) and (c) correspond to precisely
the power laws predicted in (4) for s = 2.

(a) ;

0.004 - E,

0.003 - 3

E(t)

= 0.002 |- 5

m
log(GALlIs)
log(GALlIs)

0.001 |- -30 -

slope=-10 ]
slope=-12 14)

-35 |

EEEE

0.000 : 2_4 6 8 : :
0 250000 500000 750000 1000000 25

t

_40 |||||||||||| \

Figure 4. (a) The time evolution of harmonic energies for a regular orbit lying on a 4-dimensional
torus of the N = 8 particle FPU lattice (6). Recurrences occur between F1, F3, F; and E7, while all other
harmonic energies remain practically zero. The time evolution of the corresponding GALI,. is plotted in (b)
fork=2,...,8and in (c) for k = 9,11, 13, 14, 16. The plotted lines in (b) and (c) correspond to the precise
power laws predicted in (4) for s = 4.
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