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Abstract

We introduce the labyrinthic standard non-twist map, which is a modified non-
twist standard map with an additional perturbation which is a period multiple of
the original perturbation period. In phase space this map can present several sets
of invariant meandering curves due to the reconnection process of isochrones
resonances. Inside each meander set we can find a non-twist invariant curve
called the shearless curve, with an extreme rotation number, which generates
a wide stickiness effect in phase space when it is broken. The birth/break of
these shearless curves, as well as their effects on the dynamical transport are
studied, showing the formation of many transport barriers in the system.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Non-twist maps arise naturally in the study of Hamiltonian systems which describe, for
example, particle transport and magnetic field lines in plasma physics [1, 2], flows in fluid
dynamics [3, 4], and orbits in celestial mechanics [5]. Apart from their importance in
physics, non-twist maps are also of mathematical interest because KAM and Poincare-Birkhoff
theorems are not obeyed around the non-twist region [6—11].

In this paper we consider a new discrete area-preserving map that violates the so-called
twist condition. The labyrinthic standard non-twist map proposed in this work can be very
useful as a model for the understanding of new dynamic features of non-twist models, as
transport and transition to global chaos.

Several area-preserving maps in physics can be described in the following form:

Xp+l = Xp + Ol(Yn+1) + Sg(xnv yn+l) (1)
Yn+1 = Yn + & f (Xn, Yns1)
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where the area preservation condition reads as

a
f, 98
8Xn 8yn+l

=0. 2

The map (1) is usually originated from delta kicked Hamiltonian systems such as
H(x,y, 1) = Ho(y) +¢H1(x,y,1) 3)

where Hj is the unperturbed Hamiltonian, H| is the perturbation and ¢ is the control parameter.
The functions f and g, which appear in equation (2), when we deal with a Hamiltonian
formulation, are associated with the perturbation H; and can be written in the form,

9H(x,y) OH1(x,y)
fx,y) =——7"7, g, y) = ——. “)
ax ay
The function a(y) = 3%—(’;” associated with «a(y,+1) in equation (1), is the frequency of the

unperturbed Hamiltonian, in other words, it is the rotation number for the system without any
perturbation.
The twist condition for maps is

0x,
L £ 0 5)
Y
and it corresponds to the non-degeneracy condition for the Hamiltonian flux:
9°Ho
0. 6
Tk (©6)

The violation of the twist condition, or the non-degeneracy condition, is responsible for the
appearance of isochronous resonances [12, 13] and leads to non-twist maps or degenerated
Hamiltonians. These resonances can interact and reconnect producing a local, but wide,
topological rearrangement. After the reconnection, a region with meandering tori appears
which corresponds to a transport barrier in phase space [6, 14]. After the destruction of the
last meandering torus, called shearless torus [6], this region still plays a very important role
because there are many small islands causing a strong stickiness effect around it [15]. Then,
for some physical systems in which it is assumed that transport barriers are important, the
meandering tori stand out as being a powerful tool [3, 6, 16, 17].

2. Labyrinthic standard non-twist map and degenerated meandering tori

In order to derive the new map, which brings all characteristics of the usual non-twist maps,
but with a plenty of regions with meanders, we will start with the Hamiltonian

3 0
Hx,y, t)= [a (y—y?)i| +b{%cos(2nx) Z 8(t—n)y. @)

n=—00
The term in brackets is the unperturbed Hamiltonian, which will introduce two isochronous
resonances and the term in curly brackets is the kicked delta perturbation.

According to equation (4) we can define the functions f(x, y), g(x, y) and «(y), respectively
as, f(x,y) = —sin(2rx), g(x,y) =0and a(y) = a(l — yz) which lead to the well-known
standard non-twist map [6]:

Xn+l = Xp +a(l - yr%+1)

Yn+1 = Yu — bsin 2mx,) ®)

where a and b are the control parameters and x has period 1.
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Now, we introduce another perturbation in equation (7), similar to the term in curly
brackets, but with 7 in the argument of the periodic function, where 7 is an integer number.
Hence, the new Hamiltonian is given by

3
= oo 2)]

+b{%cos(2nx) > 8(t—n)+nz%cos(n2nx) Y st-mp.

n=—00 n=—00

The corresponding discrete map derived from the Hamiltonian above, we call labyrinthic
standard non-twist map (LSNM),

2
Xpet = Xp+a(l =y, )

10
Vntl = Yn — bsin(2wx,) — b sin(n2wx,). (10)

For b # 0, the rotation number profile is modified by the perturbation and has to be calculated
for each orbit, with initial conditions (xg, yp). It is defined as the limit, a(xg, yo) =
jim 3 191

The terminology labyrinthic found in our LSNM was first introduced by Simé [18], and it
refers to the shape of the regions with meandering tori, named labyrinthic curves; indeed they
look like a path on a maze, where the walls of the maze are the manifolds of the hyperbolic
fixed points.

The new perturbation, in equation (10), superposes with the first one and the parameter
n is responsible for the bifurcations of the fixed points of the main island chains creating an
interesting topological effect.

Figure 1 shows the phase space of the LSNM from equation (10) for four different values
of . In figure 1(a), n = 1, the new map recovers the dynamics of the well-known standard
non-twist map, with two isochronous island chains, each one of them with one hyperbolic
fixed point and one elliptic fixed point representing a resonance with mode (1:1) [17].
Figure 1(b) has n = 2 and shows the first bifurcation, the fixed points located at x = 0.5
bifurcated. The elliptic fixed point of the upper island chain bifurcated in one hyperbolic
and two elliptic fixed points and the opposite has occurred for the lower island chain, the
hyperbolic fixed point bifurcated in one elliptic and two hyperbolic fixed points. The number
of stable fixed points in each island chain is equal to the value of the parameter 7, the same
happens to the number of instable fixed points. We can note that the bifurcation of the elliptic
fixed point of the upper island chain in figure 1(b) is characterized by a pitchfork bifurcation
and the bifurcation of the hyperbolic fixed point of the lower island chain is characterized by
an inverse pitchfork bifurcation. As we increase the parameter n the same bifurcations occur,
always for the fixed points located at x = 0.5, as we can see in figure 1(c), which has n = 3,
and in figure 1(d), which has n = 4.

As previously mentioned, a remarkable characteristic of non-twist maps is the occurrence
of a region with meandering tori, which can be found in the region surrounding the islands
after their overlapping.

In the new map, LSNM, a new effect occurs due to the presence of the second perturbation.
The new manifolds, associated with the hyperbolic fixed points that appeared from the
bifurcations, can also start a reconnection process as the intensity of the control parameter b
is increased.

In the plots of figure 2 we fixed n = 4 and a = 1.006. In figures 2(a), (¢), (e) and (g) we
vary b to investigate the topology of the phase space. In figures 2(b), (d), (f) and (k) is shown
the rotation number as a function of y for initial conditions along a line with xjpi5, = 0.5. In
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Figure 1. Bifurcations for the labyrinthic standard non-twist map from equation (10) with
a=1.006 and b = 0.001 for (@) n =1; (b)) n =2;(c) n = 3;(d) n = 4.

figure 2(a), there are two independent resonance structures separated by some meandering
curves in pink, and figure 2(b) shows the rotation number for this case. As we can see there
is a line with o = 1 representing the original resonant mode (1:1), (see figure 1(a)), and there
is a global maximum indicating a shearless torus with da(x, y)/dy = 0, between the two
structures and inside in pink. In figure 2(c), we see the first reconnection and a first region of
meandering tori blue. The first region with meanders can be seen in figure 2(d), which presents
a local minimum for the rotation number. It represents a shearless torus in blue. Figure 2(e)
shows the second reconnection and a second region with meandering tori in red. It can be
noted in figure 2( f) the birth of a second local minimum for the rotation number, representing
a second shearless torus in phase space. Finally, in figure 2(g) the last reconnection took place
and a third region with meandering tori is shown in green. The last local minimum for the
rotation number appears in figure 2(h). We define these sets of meandering tori, from all the
different colored regions, as degenerated meandering tori (DMT), due to the fact that they
emerge from an only pair of isochronous resonances (1:1). We emphasize that the big hill,
associated with the shearless, which was present in figure 2(b) disappeared due to the overlap
of the resonances. New shearless tori appear as a consequence of this overlapping.

In all plots of figure 2, the parameter b has been slightly increased to show the DMT
formations and the chaos surrounding the hyperbolic fixed points which is too tiny to be
noticed. We also point out that the number of regions with DMT is equal to (i — 1) which, in
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Figure 2. Reconnection process of island chains and their rotation numbers, calculated for initial
conditions along x = 0.5, for the LSNM from equation (10) with n = 4 and a = 1.006 for (a) and
(b) b =0.001; (c) and (d) b = 0.002; (e) and (f) b = 0.003; (g) and (k) b = 0.005.
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Figure 3. Gradual destruction of the meandering tori regions of the labyrinthic standard non-twist
map from equation (10) with n =4 and a = 1.006 for (a) b = 0.015; (b) b = 0.028; (c) b = 0.043;
(d) b =0.059.

the cases of figure 2, is equal to 3. These regions are plotted with different colors to emphasize
the three different regions of DMT and their respective shearless tori.

3. Robustness of the degenerated meandering tori

Another important aspect of the meandering curves is connected with their rotation number. In
[6] the authors have shown that the region with meanders has periodic orbits that can undergo
local reconnections and bifurcations. They have shown numerically that a reconnection process
occurs locally inside the region with meanders and they called this kind of reconnection as
‘second-order reconnection’. As the perturbation parameter increases, other reconnections
happen inside the meanders structures and consequently the order of the reconnections also
increases. This scenario produces, after the breakup of the shearless torus, a strong stickiness
in the meanders region which constitutes an important transport barrier [4, 6, 14, 15].

In figures 3 we present plots for four values of the control parameter in order to show
the enlargement of the stickiness area and also to evaluate the robustness of each region of
meandering tori. In figure 3(a), b = 0.015, which is similar to figure 2(g), a thin layer of chaos
can be seen around the hyperbolic fixed points. We also observe three colored regions with
meandering tori. In figure 3(b), b = 0.028, we observe that the region with blue meandering
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Figure 4. Transport along the phase space, with n = 4 and a = 1.006; (a) Generic scenario used
to study the robustness of meandering tori from different colors (b) Percentage of orbits that cross
the blue region. (c¢) Percentage of orbits that cross the green region. (d) Percentage of orbits that
cross the red region.

tori was destroyed, but the local chaotic sea is confined by the other two regions of meandering
tori. Figure 3(c), b = 0.043, presents the most robust region with meandering tori, which is
marked in red color, any orbit below the red tori is blocked and it does not attain the region
above these curves. We noted that the green meandering tori are already destroyed for this
case. We point out that in the region related to the color blue, some initial conditions remain
trapped, even after the destruction of the blue shearless torus, showing a stickiness effect in
phase space as can be seen in figure 3(b). In figure 3(d), b = 0.059, the perturbation is so
strong that the phase space does not present anymore meandering tori.

The order of creation of the meanders regions is not the same order of their destruction.
The first region created by the reconnection was the blue one, the second was the red one and
the last region was the green one. As we increase the parameter b, the sequence of destruction
is blue, green and finally the red region. From our results, we can relate the frequency of the
angular variable x with the stability of the region. We observed that the region, which has
the shearless torus with the lowest rotation number is the more robust to be broken by the
perturbation, i.e. as smaller the rotation number the more robust the shearless torus.

The same characterization of the robustness of the DMT can be observed quantitatively
through the evaluation of the transport along the phase space. In figure 4(a) we show a
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representative phase space, with the three regions of meandering tori, where we have defined
three colored boxes with 100 initial conditions in each one and also three reference lines
with the corresponding colors. We have varied the control parameter b in the range [0.0;
0.1] and we analyzed how many initial conditions, departing from a specific box, attained the
corresponding line after 2 x 10*iterations. In figure 4(b) we see the behavior of the blue region
with meandering tori. This is the first destroyed region with the increase of the perturbation
parameter b. Around the value b = 0.035 all meanders tori are completely destroyed and 100%
of the initial conditions crossed the corresponding barrier (blue) and attained the corresponding
reference line. Figure 4(c) shows the second region (green) of meandering tori destroyed in
phase space. We can see that around b = 0.040, the barrier is already completely destroyed.
Finally, in figure 4(d) we see the destruction of the strongest meanders region, the red one,
which has the most robust shearless torus. The destruction of the red region occurs around
b =0.055.

Looking at the structure of the map in equation (10), it is easy to note that we can
introduce as many barriers as we want depending only on the parameter 7, and this is the main
characteristic of the labyrinthic standard non-twist map. This creation of transport barriers
may be useful in physics, as, for example, to improve the plasma confinement in tokamaks
[7, 16, 17,20-24].

4. Final remarks and conclusion

In this paper we introduced a modification in the standard non-twist map through the
superposition of two correlated periodic perturbations in such way that the ratio of their
periods is always an integer parameter. The new perturbation interacts with the first one and
a new topological effect occurs, i.e. the creation of many reconnections processes resulting
on several meanders regions, each of them with their own shearless torus. We have called the
new map a labyrinthic standard non-twist map (LSNM) and we studied the birth/break up of
the different meanders regions in the system.

The parameter n is responsible for the bifurcation mechanism which creates all the
reconnections. The number of meanders regions with shearless tori created by them is equal
to (n — 1), then, we can have as many dynamical barriers as we want in the system. Based
on our numerical results, we conjecture that the strongest shearless torus in the system is the
one with the lowest rotation number, at least when there are only two isochronous resonances
before the reconnection.
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