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Stability, isolated chaos, and superdiffusion in nonequilibrium many-body interacting systems
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We study stability and chaotic-transport features of paradigmatic nonequilibrium many-body systems, i.e., pe-
riodically kicked and interacting particles, for arbitrary number of particles, nonintegrability strength unbounded
from above, and different interaction cases. We rigorously show that under the latter general conditions and in
strong nonintegrability regimes there exist fully stable orbits, accelerator-mode (AM) fixed points, performing
ballistic motion in momentum. These orbits exist despite of the completely and strongly chaotic phase space
with generally fast Arnol’d diffusion. It is numerically shown that an “isolated chaotic zone” (ICZ), separated
from the rest of the phase space, remains localized around an AM fixed point for long times even when this point
is partially stable in only a few phase-space directions. This localization should reflect an Arnol’d diffusion in an
ICZ much slower than that in the rest of phase space. The time evolution of the mean kinetic energy of an initial
ensemble containing an ICZ exhibits superdiffusion instead of normal chaotic diffusion.
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I. INTRODUCTION

There has been a considerable interest, especially in recent
years, in understanding the classical and quantum properties
of nonequilibrium many-body Hamiltonian systems given by
periodically driven interacting particles [1-29]. The periodic
drive of a closed many-body system generically leads to heat-
ing. In well-known classical systems, this heating manifests
itself in an unbounded chaotic diffusion of the total kinetic en-
ergy asymptotically in time [1-9]. This diffusion is expected
to occur generically even for arbitrarily weak nonintegrability
(chaos strength) if the number of degrees of freedom is suffi-
ciently large [30,31] (see also below).

There are open and fundamental questions concerning clas-
sical stability and chaotic transport in periodically driven
many-body systems with N > 1 degrees of freedom, e.g.,
N interacting particles in one dimension. These questions
naturally arise when considering the case of N = 1, corre-
sponding to the simplest Hamiltonian systems with chaotic
dynamics, a famous paradigm being the periodically kicked
rotor [31]. The Poincaré map [32] of such relatively sim-
ple systems already features the generic intricate mixture of
chaotic and regular motions on all scales of a two-dimensional
(2D) phase space [33-35]. Stable periodic orbits are sur-
rounded by 2D stability islands, see Fig. 1, and seem to exist
for arbitrarily strong nonintegrability [36], see also note [37].
The island boundaries are one-dimensional Kolmogorov-
Arnol’d-Moser (KAM) tori [38—41] which thus fully separate
the islands from the 2D chaotic region, i.e., they form bar-
riers to chaos. Chaotic orbits can only stick to the island
boundaries for long times, leading to significant deviations
of chaos from fully random motion, with a slow decay of
correlations [34,35]. At the same time, the motion inside an
island is essentially a regular one around the island center,
a point of the stable periodic orbit to which the island is
associated.
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For N > 1, on the other hand, KAM tori, in particu-
lar tori surrounding stable periodic orbits, are generically
N-dimensional surfaces [42] which cannot be isolating bar-
riers in the 2N-dimensional phase space, due to purely
topological reasons. Thus, chaos can now penetrate the inte-
rior of KAM tori by the so-called Arnol’d diffusion [30,31]
so that, in principle, the phase space is always a completely
chaotic one. In the limit of vanishing nonintegrability strength
and/or large N, however, Arnol’d diffusion is extremely
slow [43,44], so that it will take a very long time for a local-
ized ensemble to diffuse away from its initial neighborhood,
especially if this neighborhood is that of a fully stable periodic
orbit (see definition below), analogous to a N = 1 orbit in
a stability island. One can then ask the following questions:
For N > 1 and arbitrarily strong nonintegrability, when the
Arnol’d diffusion is fast in the completely chaotic phase space
(see, e.g., Ref. [45]), do fully stable periodic orbits still ex-
ist as in the N =1 case? Are these orbits still surrounded
by “stability regions,” analogous to the stability islands for
N =1 and featuring a relatively slow Arnol’d diffusion, lead-
ing to significant deviations of chaotic transport from normal
diffusion?

In this paper, we answer these questions affirmatively for
paradigmatic and realistic many-body systems, the answer to
the first question being a rigorous one. We study periodically
kicked systems described by the general Hamiltonian [9,46]
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Here pj and ¢; (j =1, ..., N) are, respectively, the (angular)
momenta and positions (angles) of N rotors (particles on a
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FIG. 1. Phase space of the standard map {map (2) for N =1,
with p; taken mod[—m, )}, showing the chaotic region and a sta-
bility island around an accelerator-mode (AM) fixed point, defined
by Eq. (5) with w; = 1 and for 7; = 1.96 in Eq. (12) (K ~ 6.2833).
Inset: Isolated chaotic zone for N = 4 with interaction, analogous to
the N = 1 AM island above; see details in the text and in Fig. 2.
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circle), K is a parameter, A(r) = >~ 8(t — s)is a periodic
delta function with time period 7 = 1, and »; ; are interaction
strengths. Two extreme cases of interactions will be studied:
The infinite-range ones, 1; ; = n/N, and the nearest-neighbor
ones, n; j = nd; j—1, where n is a positive constant. In the
nearest-neighbor case, the angles ¢; satisfy periodic boundary
conditions, ¢y4; = ¢;, defining also ¢9 = ¢y. In this case
and for K = 0, the Hamiltonian (1) describes paradigmatic
model systems of many-body chaos theory [1-9] that may
be experimentally realizable (see, e.g., Ref. [8]). The general-
izations of these systems to K # 0 should be experimentally
realizable as well [47]. The case of N =2 for K # 0 was
investigated in several works [45,48-52]. Some properties of
the quantum counterparts of the general systems (1) for both
kinds of interactions were studied recently [9].

After writing the exact Poincaré map for the systems (1) in
Sec. II, we rigorously show in Sec. III that fully stable orbits of
this map, in both interaction cases, exist under quite general
conditions, for nonintegrability strength K unbounded from
above and for arbitrary number N of particles. This despite
of the completely chaotic phase space with generally fast
Arnol’d diffusion. The fully stable orbits are accelerator-mode
(AM) fixed points that are linearly stable in all directions
of the multidimensional phase space. The AM fixed points,
well known in the single-particle (N = 1) chaos theory
[31,53-68] [see definition (5) below], perform ballistic motion
in momentum and provide the most well established mecha-
nism of chaotic superdiffusion for N = 1 [61-68], roughly as
follows. An ensemble of chaotic orbits sticking to boundaries
of AM stability islands performs ballistic motion in momen-
tum, i.e., its mean kinetic energy increases quadratically in
time like that of an initial ensemble inside an AM island.
However, when the chaotic ensemble leaves the boundaries
of AM islands, it performs normal diffusion in the chaotic
sea, namely, its mean kinetic energy increases linearly in time.
The average result of these processes over a very long time is
superdiffusion of the chaotic ensemble, with its mean kinetic
energy increasing in time between linearly and quadratically.

While for N > 1 KAM tori do not form barriers and stabil-
ity islands do not strictly exist, we provide numerical evidence
in Sec. IV that, for an initial ensemble that is sufficiently
localized around an AM fixed point, part of this ensemble
remains localized there for a long time if the AM fixed point
is linearly stable already just in a few phase-space directions.
The localization takes place in a “chaotic zone” (see inset of
Fig. 1 and below) that is “stable” in the sense that it remains
isolated from the rest of the chaotic phase space for a long
time. This localization should reflect an Arnol’d diffusion
inside the zone much slower than that in the rest of phase
apace. All the points in such an isolated chaotic zone (ICZ)
essentially perform ballistic motion in momentum. Thus, the
existence of an ICZ around an AM fixed point leads to a
superdiffusion of the entire initial ensemble. The ICZ may
be viewed as an N > 1 analog of a regular stability island
for N = 1.

Conclusions are presented in Sec. V and details of deriva-
tions are given in the Appendix.

II. POINCARE MAP AND AMs

We start by writing the Poincaré map from kick to kick for
the systems (1). Denoting p;(s) = p;(t = s — 0) and ¢;(s) =
¢;(t = s — 0) (s integer), one can easily derive from Hamilton
equations the exact map equations

pi(s+1) = pj(s) + Ksin[;(s)] + nFj[¢1(5), ..., én(s)],
¢j(s+1)=;(s) + pj(s + 1) mod(27), 2

where the mod(2r) is taken since ¢;(s) is an angle,

1 N
Filg1(s), ... oyl = - 3 sinlg;(9) = i) B3)

i=1

in the infinite-range case and

1
Fil¢1(s), ..., on(s)] = Z sin[@;(s) — ¢j+i(s)]  (4)

i=—1

in the nearest-neighbor case.

The map (2) is clearly translationally invariant in both
pj(s) and ¢;(s) with period 27r. This invariance allows to
define the fixed points of the map in a generalized way:

¢i(s+1)=9i(s), O

where w; are arbitrary integers. For w; # 0, Eq. (5) defines
AM fixed points performing ballistic motion in momentum
with acceleration 27 w;. A natural exact solution for Eq. (5)
can be obtained if the quantities p;(0), w;, and ¢;(0), are
independent of j, p;(0) = p, w; = w, and ¢;(0) = ¢ for all
Jj. Using Egs. (2)—(5), we then get

pmod(2r) =0, Ksin(¢) = 2rw. (6)

pi(s+1)=p;(s)+2rw;,

III. LINEAR STABILITY ANALYSIS

We now study the linear stability of the AM fixed points (5)
with (6) under small perturbations. This stability is deter-
mined by the 2N x 2N derivative matrix DM of the map M
in Eq. (2), where the derivatives are taken with respect to
the 2N phase-space variables (p;, ¢;), i, j=1,...,N, and
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are evaluated at the AM fixed points. After a straightforward
calculation, we find that

I A
DM:( ) 7)
I I+A

where I is the N x N unit matrix and A is the N x N matrix
with elements

A;j =-n/N + [K cos(¢) + nld; 3)
in the infinite-range case and
A j=-n(i—1,j+8ij—1) +[Kcos(¢) +2n]; (9

in the nearest-neighbor case, i, j = 1, ..., N, with periodic
boundary conditions in Eq. (9). Being the derivative matrix of
a Hamiltonian map (2), the matrix (7) is symplectic (see, e.g.,
Ref. [69]); in particular, its 2N eigenvalues form N reciprocal
pairs (4], )L;I), j=1,...,N. One has linear stability in all
2N phase-space directions only if all the eigenvalues lie on

the unit circle in the complex plane, [A;| =1, j=1,...,N.
Defining 7; = A; + )L]Tl , the full stability condition is thus
Itjl <2, j=1,...,N. (10)

A main result of this paper are exact expressions for 7; in
both interaction cases. The details of the derivation of these
expressions are given in the Appendix. In the infinite-range
case, we find that

11=2+Kcos(¢p), Tj=1+1n, (11)
for j =2,..., N and, from Eq. (6), one can write
T =2+ Kcos(¢) =2+ VK2 —dn2wl. (12
In the nearest-neighbor case, we obtain, for j = 1,..., N,
T; = 2+ K cos(¢) + 4n cos*(r j /N) (13)

if N is even and
7, =2+ Kcos(¢p) +4n cos’[(j + 0.5)/N] (14)

if N is odd. It is clear from Egs. (6) and (12) that one can
ensure that |2 4+ K cos(¢)| < 2 for K unbounded from above
by choosing w sufficiently large, so that

2rw < K < /16 + 4m2w?. (15)

Then, provided 7 is sufficiently small, Eqs. (11), (13), and (14)
imply the full stability condition (10) for K unbounded from
above and for arbitrarily large N.

IV. CHAOTIC TRANSPORT AND ICZs

We now consider the implications of the stability condi-
tions (10), satisfied at least for some j values, on the stability
in the neighborhood of an AM fixed point and on the chaotic
transport. In our numerical calculations, the initial ensem-
ble (¢;(0), p;(0)), j=1,...,N, is a 2N-dimensional grid
in a small hypercube of side 2¢ around the AM fixed point:
|#;(0) — ¢| <€, |p;j(0) — p| < €, where (¢, p) are given by
Eq. (6). If the number of grid points on each side of the
hypercube is L, then the number of points in the ensemble is
LN Unless otherwise specified, we assume in what follows
for definiteness the infinite-range case and the values w = 1,
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FIG. 2. Formation of an ICZ from the time evolution [projected
in the (¢, p1) phase plane] of the initial ensemble described in
the text (¢ = 0.001) under the map (2) for N =4 [with p; taken
mod[—m, )], n = 0.01 (infinite-range case), w =1, 1, = 1.96 in
Eq. (12) (K & 6.2833), and number of iterations: (a) s = 30; (b) s =
50; (c) s = 1000; (d) s = 10°. The inset in Fig. 1 shows a zoom of
the ICZ clearly emerging in case (d). The number of points in this
ICZ is ~58 130, out of 5% = 390 625 points in the initial ensemble.

N =4, L =5. We have checked that our results hold in other
cases, including the nearest-neighbor interaction case.

Figure 2 shows the time evolution of the initial ensemble
above for € = 0.001, 7y = 1.96, and n = 0.01. From Eq. (11),
it is clear that in this case the conditions (10) are satisfied
for all j, i.e., the AM fixed point is fully stable. We see a
gradual depletion of the ensemble as the number of iterations
s increases, s = 30, 50, with points escaping in the left ¢
direction. However, for sufficiently large s = 1000, the escape
essentially stops and one is left with an ICZ which remains
well localized around the AM fixed point at least until s =
10°, see Figs. 2(c) and 2(d) and the inset of Fig. 1.
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FIG. 3. ICZ formed after s = 10° map iterations for the same
parameter values as in Fig. 2, except that n = 1 and, in case (b), the
initial ensemble has 7% points (with 51 points in the ICZ) instead of
58 points in case (a) (with 24 points in the ICZ).
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FIG. 4. Average slope AS(s) of the graph of In[Ex(s)] versus
In(s), in a time interval [so, 5], so = 5, for N =4, w =1, 7y = 1.96,
and several values of 7.

Figure 3 shows that an ICZ continues to exist even for
larger values of the interaction strength, such as n = 1. This
despite the fact that for this value of n the AM fixed point is
only partially stable according to Eq. (11), with || < 2 but
|zj| > 2 for j = 2, 3, 4. By increasing the number of points in
the initial ensemble, the number of points in the ICZ increases,
compare Fig. 3(a) with Fig. 3(b).

Being well localized around an AM fixed point for a long
time, an ICZ behaves like an AM stability island for N = 1
(see Fig. 1); namely, from Eq. (5) it follows that the mean ki-
netic energy Ex(s) = (Z?’:l p? (s)/2), with the average taken
over the ICZ as initial ensemble, increases precisely as s>
(quadratically). We have explicitly verified this in several ex-
amples, including those in Figs. 2 and 3.

However, if the average in Ex(s) is taken over the entire
initial ensemble, then Ex (s) will increase slower than s? since
most of the points in the initial ensemble are outside the
ICZ. Thus, the contribution of these points to Ex(s) should
be almost diffusive, i.e., ~s* with u ~ 1. As s increases,
the contribution of the ICZ to Ex(s) will become more and
more dominant, even for arbitrarily small number of points
in the ICZ. Therefore, we expect that the average slope AS(s)
of the graph of In[Ek (s)] versus In(s) in a time interval [sg, 5],
for some initial time sy, will satisfy AS(s) > 1 (superdiffu-
sion) for sufficiently large s. This is shown in Fig. 4 for
several values of n. We found that when the AM fixed point
is partially stable, e.g., ;1 < 2 and 1| + 1 > 2, the value of
AS(s) > 1 for large s seems to be almost independent of 7,
as shown in Fig. 4 for n = 0.05 and n = 1; this indicates that
the size of the ICZ does not almost change in some interval of
relatively large values of 7.

When the AM fixed point is fully unstable, e.g., when 7; >
2, no ICZ exists and no superdiffusion is observed: AS(s) < 1
for all 5. Figure 5 shows that this is approximately the case
also under conditions of almost instability, e.g., when 7; < 2
(r1 = 1.999 in Fig. 5), even for very small 7.

V. CONCLUSIONS

In conclusion, we have rigorously shown that fully stable
orbits exist in the paradigmatic nonequilibrium many-body
systems (1) in two extreme cases of interactions and under

i n=001 —
) n =0.03
\ n=0.05 —
\ n=10----
1.5} :
AS(s)
1t
10! s 103 10°

FIG. 5. Similar to Fig. 4 but for t; = 1.999.

general conditions: Arbitrary number N of particles and non-
integrability strength K unbounded from above, despite of the
completely and strongly chaotic phase space with generally
fast Arnol’d diffusion (see, e.g., Ref. [45]).

Our extensive numerical study for N > 1 indicates that in
all the considered cases of fully stable or partially stable (i.e.,
stable not in all phase-space directions) AM fixed points, such
a point is surrounded by an ICZ, separated from the rest of
the chaotic phase space and analogous to a stability island for
N = 1; see Figs. 1-3 and observe the similarity in the shape
of the island in Fig. 1 with that of the ICZ in the inset. The
existence of ICZs, especially under partial stability conditions,
is surprising in view of the fact that KAM tori do not form
strict barriers for N > 1, unlike the case of N = 1 where a
stability island is impenetrable from the chaotic region.

All the points in an ICZ perform ballistic motion in
momentum like the AM fixed point to which the ICZ is
associated. This motion causes significant deviations of the
chaotic transport from the normal diffusion featured by a com-
pletely chaotic system. Namely, the mean kinetic energy of an
ensemble containing an ICZ exhibits superdiffusion even for
relatively large interaction strength, see Fig. 4.

The existence of ICZs may be understood as due to
trapping of chaotic orbits inside a set of many KAM tori
surrounding a fixed point, in analogy to this set in a stability
island for N = 1 (see Fig. 1). While such a set, like a single
KAM torus, cannot generally be an exactly true barrier to
chaotic transport for N > 1, our work shows that it may form
an approximately very effective barrier in the vicinity of fully
or partially stable fixed points. We plan to investigate how
ICZs emerge in detail in future works.
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APPENDIX

We derive here the exact results (11)—(14) in the paper, in
the two interaction cases. In both cases, the eigenvalues A =
Aj, j=1,...,2N, of the matrix DM [Eq. (7) in the paper]
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are determined from det(B;) = 0, where
(1-=MI A
. (A1)
I 1-MI+A

For j < N, let us subtract row j 4+ N from row j in Eq. (A1).
This will transform B, into a matrix having the same determi-

nant as By :
B — (1 —MI A A2
T [ Al a- A)I] (A2)

BkzDM—Mz[

The matrix (A2) consists of four N x N blocks or subma-
trices that clearly commute with each other. Therefore, one
can write:

det(B;) = det(B) = det[(1 — 1)’T — AA]
= det(AA; ), (A3)
where we defined the N x N matrix
Av=0+21"1—2)I-A. (A4)

We now derive exact expressions for det(A, y) in the two
interaction cases.

1. Infinite-interaction case

From Eq. (8) in the paper, the elements of the matrix (A4)
in this case are

(Awn)ij =n/N + aé; j, (AS)
where
a,=r+1"1 =2 —Kcos(¢p) — 1. (A6)

By subtracting the second row from the first row of A, v,
using Eq. (AS), and expanding the determinant of the resulting
matrix from its first row, we get:

det(A; v) = a[det(Ay n-1) + det(Ay yv-1)], (AT)
where A, ,, v is the matrix whose elements are
(A pn)ij = (Aan)ij —axdinéja (AB)

and (A, n);,; are given by Eq. (AS). By expanding the deter-
minant of A, , y from its second column, using Eq. (A8), we
find that

det(A,\,,,,N) = da, det(A)t’,],N_l ) (A9)

Using the recursions in Eqgs. (A7) and (A9) repetitively, we
obtain

det(A; n) = ai[det(A; y_2) + 2 det(A; , n—2)]
= a;[det(A; y—3) + 3det(A; ; n—3)]

= aY*[det(Ay2) + (N — 2)det(A; )]

a, +n/N N
_ aétliz |:det ( ot/ n/ )
n/N a, +n/N

n/N n/N
V=2 det (n/N a + n/N>]

=a) @ +m). (A10)

From the eigenvalue equation det(B; ) = 0 or, by Eq. (A3),
det(A, y) = 0 (because A # 0 as shown below), we get from
Eqgs. (A6) and (A10) that the N solutions for 7; = A; + X]Tl,
j=1,...,N, are given precisely by Eq. (11) in the paper.
Since all these solutions are finite, A; # 0.

2. Nearest-neighbor-interaction case

From Eq. (9) in the paper, the elements of the matrix (A4)
in this case are

(Arn)ij = n(8i—1,j + 8ij—1) + byrdi j, (A1D)

where
by =i+ 17" —2—Kcos(¢) — 21. (A12)

The matrix (A11) is a tridiagonal one with periodic boundary
conditions. Using known formulas for the determinant of such
a matrix (see, e.g., Ref. [70]), we get

N |: b, —n* N
det(A, y) = —2(—n)" +Tr (1 O) . (A13)

The trace of the Nth power of the 2 x 2 matrix in Eq. (A13)
can be exactly evaluated by first calculating the eigenvalues of

this matrix:
bs b \?
= — 4 =) —n
Y+ 3 < 3 ) n

The trace in Eq. (A13) is then given by yY +y"V =y +
nZNy_:N. Using this in Eq. (A13) and denoting yf by z, the
equation det(A, y) = O for the eigenvalues A; will read:

(Al4)

22Vt = -V =0 (Al9)
Thus, z = ¥ = (—n)", with N solutions for y.
in2j+ B)
Vi.j = 1€Xp [—N } (A16)

j=1,...,N,where 8 =0 for N even and 8 = 1 for N odd.
Using Eq. (A16) in Eq. (A14), defining y., and solving for b,
we get

[M} (A17)
N .

by, j = 2ncos

Finally, using the definition (A12) of b, in Eq. (A17), we
obtain the N values of 7; = A; + )»;1, as given by Egs. (13)
and (14) in the paper.

062120-5



ATANU RAJAK AND ITZHACK DANA

PHYSICAL REVIEW E 102, 062120 (2020)

[1] K. Kaneko and T. Konishi, Phys. Rev. A 40, 6130 (1989).

[2] T. Konishi and K. Kaneko, J. Phys. A: Math. Gen. 23, L715
(1990).

[3] M. Falcioni, U. M. B. Marconi, and A. Vulpiani, Phys. Rev. A
44,2263 (1991).

[4] B. Chirikov and V. Vecheslavov, J. Stat. Phys. 71, 243 (1993).

[5] B. Chirikov and V. Vecheslavov, J. Exp. Theor. Phys. 85, 616
(1997).

[6] M. Mulansky, K. Ahnert, A. Pikovsky, and D. L. Shepelyansky,
J. Stat. Phys. 145, 1256 (2011).

[7] A. Rajak, R. Citro, and E. Dalla Torre, J. Phys. A: Math. Gen.
51, 465001 (2018).

[8] A. Rajak, I. Dana, and E. G. Dalla Torre, Phys. Rev. B 100,
100302(R) (2019)

[9] S. Notarnicola, F. Iemini, D. Rossini, R. Fazio, A. Silva, and A.
Russomanno, Phys. Rev. E 97, 022202 (2018).

[10] V. Gritsev and A. Polkovnikov, SciPost Phys. 2, 021 (2017).

[11] P. Ponte, Z. Papi¢, F. Huveneers, and D. A. Abanin, Phys. Rev.
Lett. 114, 140401 (2015).

[12] A. Lazarides, A. Das, and R. Moessner, Phys. Rev. Lett. 115,
030402 (2015).

[13] P. Ponte, A. Chandran, Z. Papié, and D. A. Abanin, Ann. Phys.
353, 196 (2015).

[14] D. A. Abanin, W. De Roeck, and F. Huveneers, Ann. Phys. 372,
1 (2016).

[15] K. Agarwal, S. Ganeshan, and R. N. Bhatt, Phys. Rev. B 96,
014201 (2017).

[16] P. T. Dumitrescu, R. Vasseur, and A. C. Potter, Phys. Rev. Lett.
120, 070602 (2018).

[17] S. Choudhury and E. J. Mueller, Phys. Rev. A 90, 013621
(2014).

[18] M. Bukov, S. Gopalakrishnan, M. Knap, and E. Demler, Phys.
Reyv. Lett. 115, 205301 (2015).

[19] R. Citro, E. Dalla Torre, L. DAlessio, A. Polkovnikov, M.
Babadi, T. Oka, and E. Demler, Ann. Phys. 360, 694 (2015).

[20] N. Goldman, J. Dalibard, M. Aidelsburger, and N. R. Cooper,
Phys. Rev. A 91, 033632 (2015).

[21] A. Chandran and S. L. Sondhi, Phys. Rev. B 93, 174305 (2016).

[22] S. Lellouch, M. Bukov, E. Demler, and N. Goldman, Phys. Rev.
X 17,021015 (2017).

[23] S. Lellouch and N. Goldman, Quant. Sci. Technol. 3, 024011
(2018).

[24] D. A. Abanin, W. De Roeck, and F. Huveneers, Phys. Rev. Lett.
115, 256803 (2015).

[25] T. Kuwahara, T. Mori, and K. Saito, Ann. Phys. 367, 96 (2016).

[26] T. Mori, T. Kuwahara, and K. Saito, Phys. Rev. Lett. 116,
120401 (2016).

[27] D. Abanin, W. De Roeck, W. W. Ho, and F. Huveneers,
Commun. Math. Phys. 354, 809 (2017).

[28] O. Howell, P. Weinberg, D. Sels, A. Polkovnikov, and M.
Bukov, Phys. Rev. Lett. 122, 010602 (2019).

[29] T. Mori, Phys. Rev. B 98, 104303 (2018).

[30] V. 1. Arnold, Dokl. Akad. Nauk SSSR 156, 9 (1964).

[31] B. V. Chirikov, Phys. Rep. 52, 263 (1979).

[32] The Poincaré map of a periodically driven system, see, e.g.,
Eq. (2), is 2N dimensional. On the other hand, the Poincaré
map of a time-independent Hamiltonian system with N degrees
of freedom on the energy surface is (2N — 2) dimensional.

[33] Essentially the same phase-space structure is featured by
the 2D Poincaré map of a time-independent Hamiltonian

system with two degrees of freedom on the energy surface. See
note [32].

[34] C. F. F. Karney, Physica D 8, 360 (1983).

[35] J. D. Meiss and E. Ott, Physica D 20, 387 (1986).

[36] D. K. Umberger and J. D. Farmer, Phys. Rev. Lett. 55, 661
(1985).

[37] In particular, the existence of stable accelerator-mode fixed
points for nonintegrability strength unbounded from above
follows from our results below in the case of N = 1, see sen-
tence after Eq. (14).

[38] A. N. Kolmogorov, Dokl. Akad. Nauk SSSR 98, 527 (1954).

[39] V. 1. Arnol’d, Russ. Math. Surv. 18, 13 (1963).

[40] J. K. Moser, Nach. Akad. Wiss. GA‘][ttingen, Math. Phys. KI. I
1,1 (1962).

[41] L. Chierchia and J. N. Mather, Scholarpedia 5, 2123 (2010).

[42] In general, the KAM tori are surfaces of dimension < N; see,
e.g., Ref. [41] and references therein.

[43] N. N. Nekhoroshev, Usp. Mat. Nauk 32, 5 (1977).

[44] J. Péschel, Math. Z. 213, 187 (1993).

[45] H.-T. Kook and J. D. Meiss, Phys. Rev. A 41, 4143 (1990).

[46] Our notation for the Hamiltonian (1) and related quantities
slightly differs from that in Ref. [9].

[47] E. G. D. Torre (private communication).

[48] C. Froeschlé, Astron. Astrophys. 16, 172 (1972).

[49] C. Froeschl€ and J.-P. Scheideker, Astron. Astrophys. 22, 431
(1973).

[50] M. Richter, S. Lange, A. Bicker, and R. Ketzmerick, Phys. Rev.
E 89, 022902 (2014).

[51] S. Lange, M. Richter, F. Onken, A. Bécker, and R. Ketzmerick,
Chaos 24, 024409 (2014).

[52] F. Onken, S. Lange, R. Ketzmerick, and A. Bécker, Chaos 26,
063124 (2016).

[53] J. R. Cary and J. D. Meiss, Phys. Rev. A 24, 2664 (1981).

[54] C. E F. Karney, A. B. Rechester, and R. B. White, Physica D 4,
425 (1982).

[55] Y. H. Ichikawa, T. Kamimura, and T. Hatori, Physica D 29, 247
(1987).

[56] 1. Dana, Physica D 39, 205 (1989).

[57] S. Saito, K. Hirose and Y. H. Ichikawa, Chaos Solitons Fract.
11, 1433 (2000), and references therein.

[58] I. Dana, Phys. Rev. E 69, 016212 (2004).

[59] V. Rom-Kedar and G. Zaslavsky, Chaos 9, 697 (1999), and
references therein.

[60] O. Barash and I. Dana, Phys. Rev. E 71, 036222 (2005).

[61] I. Dana and T. Horesh, Lect. Notes Phys. 511, 51 (1998).

[62] R. Ishizaki, T. Horita, T. Kobayashi, and H. Mori, Prog. Theor.
Phys. 85, 1013 (1991).

[63] G. M. Zaslavsky, M. Edelman, and B. A. Niyazov, Chaos 7, 159
(1997).

[64] S. Benkadda, S. Kassibrakis, R. B. White, and G. M. Zaslavsky,
Phys. Rev. E 55, 4909 (1997).

[65] R. B. White, S. Benkadda, S. Kassibrakis, and G. M. Zaslavsky,
Chaos 8, 757 (1998).

[66] G. M. Zaslavsky and M. Edelman, Chaos 10, 135 (2000).

[67] G. M. Zaslavsky, Phys. Rep. 371, 461 (2002), and references
therein.

[68] O. Barash and I. Dana, Phys. Rev. E 75, 056209 (2007).

[69] R. S. MacKay, Renormalisation in Area-Preserving Maps
(World Scientific, Singapore, 1993).

[70] L. G. Molinari, Lin. Algebr. Appl. 429, 2221 (2008).

062120-6


https://doi.org/10.1103/PhysRevA.40.6130
https://doi.org/10.1088/0305-4470/23/15/004
https://doi.org/10.1103/PhysRevA.44.2263
https://doi.org/10.1007/BF01048098
https://doi.org/10.1134/1.558346
https://doi.org/10.1007/s10955-011-0335-3
https://doi.org/10.1088/1751-8121/aae294
https://doi.org/10.1103/PhysRevB.100.100302
https://doi.org/10.1103/PhysRevE.97.022202
https://doi.org/10.21468/SciPostPhys.2.3.021
https://doi.org/10.1103/PhysRevLett.114.140401
https://doi.org/10.1103/PhysRevLett.115.030402
https://doi.org/10.1016/j.aop.2014.11.008
https://doi.org/10.1016/j.aop.2016.03.010
https://doi.org/10.1103/PhysRevB.96.014201
https://doi.org/10.1103/PhysRevLett.120.070602
https://doi.org/10.1103/PhysRevA.90.013621
https://doi.org/10.1103/PhysRevLett.115.205301
https://doi.org/10.1016/j.aop.2015.03.027
https://doi.org/10.1103/PhysRevA.91.033632
https://doi.org/10.1103/PhysRevB.93.174305
https://doi.org/10.1103/PhysRevX.7.021015
https://doi.org/10.1088/2058-9565/aab2b9
https://doi.org/10.1103/PhysRevLett.115.256803
https://doi.org/10.1016/j.aop.2016.01.012
https://doi.org/10.1103/PhysRevLett.116.120401
https://doi.org/10.1007/s00220-017-2930-x
https://doi.org/10.1103/PhysRevLett.122.010602
https://doi.org/10.1103/PhysRevB.98.104303
https://doi.org/10.1016/0370-1573(79)90023-1
https://doi.org/10.1016/0167-2789(83)90232-4
https://doi.org/10.1016/0167-2789(86)90041-2
https://doi.org/10.1103/PhysRevLett.55.661
https://doi.org/10.1070/RM1963v018n03ABEH001137
https://doi.org/10.4249/scholarpedia.2123
https://doi.org/10.1007/BF03025718
https://doi.org/10.1103/PhysRevA.41.4143
https://doi.org/10.1103/PhysRevE.89.022902
https://doi.org/10.1063/1.4882163
https://doi.org/10.1063/1.4954024
https://doi.org/10.1103/PhysRevA.24.2664
https://doi.org/10.1016/0167-2789(82)90045-8
https://doi.org/10.1016/0167-2789(87)90060-1
https://doi.org/10.1016/0167-2789(89)90005-5
https://doi.org/10.1016/S0960-0779(99)00060-0
https://doi.org/10.1103/PhysRevE.69.016212
https://doi.org/10.1063/1.166444
https://doi.org/10.1103/PhysRevE.71.036222
https://doi.org/10.1007/BFb0106952
https://doi.org/10.1143/ptp/85.5.1013
https://doi.org/10.1063/1.166252
https://doi.org/10.1103/PhysRevE.55.4909
https://doi.org/10.1063/1.166361
https://doi.org/10.1063/1.166481
https://doi.org/10.1016/S0370-1573(02)00331-9
https://doi.org/10.1103/PhysRevE.75.056209
https://doi.org/10.1016/j.laa.2008.06.015

