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Recent studies of the weakly nonlinear dynamics of probe fields in global AdS, (and of the
nonrelativistic limit of AdS resulting in the Gross-Pitaevskii equation) have revealed a number of cases
with exact dynamical returns for two-mode initial data. In this paper, we address the question whether
similar exact returns are present in the weakly nonlinear dynamics of gravitationally backreacting
perturbations in global AdS,. In the literature, approximate returns were first pointed out numerically and
with limited precision. We first provide a thorough numerical analysis and discover returns that are so
accurate that it would be tantalizing to sign off the small imperfections as an artifact of numerics. To clarify
the situation, we introduce a systematic analytic approach by focusing on solutions with spectra localized
around one of the two lowest modes. This allows us to demonstrate that in the gravitational case the returns
are not exact. Furthermore, our analysis predicts and explains specific integer numbers of direct-reverse
cascade sequences that result in particularly accurate energy returns (elaborate hierarchies of more and less
precise returns arise if one waits for appropriate longer multiple periods in this manner). In addition, we
explain, at least in this regime, the ubiquitous appearance of direct-reverse cascades in the weakly nonlinear

dynamics of AdS-like systems.
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I. INTRODUCTION

Investigations of weakly nonlinear dynamics of global
anti—de Sitter (AdS) spacetime, initiated by the numerical
evidence for its nonlinear instability presented in Ref. [1],
have resulted in a number of surprises. This includes
evidence for turbulent cascades leading to black hole
formation starting from small initial data [1], as well as
noncollapsing initial configurations [2—7], and a number of
intriguing results within the resonant approximation of the
AdS dynamics accurately describing slow weakly nonlinear
transfer of energy between the linearized modes [8—10]:
selection rules prohibiting certain interaction channels
between the linearized modes [9-12], extra conservation
laws [10,13,14], dual energy cascades [14], and strong
numerical evidence for turbulence within the resonant
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system [15] (for a review, see Ref. [16]). While the bulk
of these considerations have focused on the case of spheri-
cally symmetric perturbations of gravity-scalar field sys-
tems, extensions to pure gravity within the squashed sphere
ansitze [17] and more general perturbations outside spheri-
cal symmetry (starting with Ref. [18]) have also appeared.

Among the many surprises of the sort mentioned above is
the observation of Fermi-Pasta-Ulam (FPU)-like returns of
energy configurations in Ref. [8]. Conventionally, the
Fermi-Pasta-Ulam paradox refers to surprisingly close
returns of the energy distribution between linearized modes
to its initial configuration observed in the pioneering
numerical study [19] of weakly nonlinear oscillator chains
(for a review, see Ref. [20]). In the context of weakly
nonlinear dynamics of AdS, the energy transfer between the
linearized modes is accurately captured by the approximate
resonant system, also called the two-time framework (TTF)
inRef. [8] and the renormalization flow equation or the time-
averaged system in Refs. [9,10]. One remarkable observa-
tion of Ref. [8] is that, for initial data with all of the energy in
the two lowest modes, this resonant system shows a close
return (within a few percent) of the energy distribution to the
initial configuration after a few direct and reverse cascades
of energy to shorter wavelength modes and back. This is
reminiscent of the Fermi-Pasta-Ulam phenomenon (though
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we emphasize that there are also some significant
differences: from the standpoint of the effective resonant
system, the dynamics is strongly nonlinear, as the weak
nonlinearity parameter has been completely scaled out,
while the conventional Fermi-Pasta-Ulam paradox is essen-
tially weakly nonlinear).

A number of developments that have occurred since the
publication of Ref. [8] call us to re-examine the issue of
energy returns in global AdS,. The complexity of the
gravitational dynamics in AdS, even when treated within
the resonant approximation, has encouraged examination in
Refs. [21-24] of a number of related systems for nonlinear
probe fields in AdS, without gravitational interactions.
These systems, while possessing much simpler nonlinear-
ities, share many structural features of the gravitational
problem, including the patterns in the effective resonant
system. It turned out that such probe field resonant systems
derived in Refs. [21-23] possess remarkable analytic
features, including exact energy returns for two-mode
initial data. We also mention the closely related problems
arising from nonlinear Schrodinger equations in isotropic
harmonic traps [25-32]. These systems likewise display
perfect energy returns, and their close relation to the AdS
systems is explained by the nonlinear Schrédinger equation
in a harmonic trap emerging as a nonrelativistic limit of
nonlinear wave equations in AdS [23].

In view of the exact returns for two-mode initial data
which can be analytically demonstrated for a number of
systems closely related to weakly nonlinear gravitational
dynamics in AdS, a question naturally comes up: could it
be that the returns are in fact perfect and the imperfections
observed in the simulations of Ref. [8] are a numerical
artifact? Indeed, the simulations of Ref. [8] were performed
at a modest numerical precision, which typically involved
truncating the system to 30 or 47 lowest modes out of the
infinite tower of modes. While a few subsequent studies,
including Refs. [15,33], were performed at higher numeri-
cal precision, they did not target the question of energy
returns, and made no comments on this issue. We therefore
revisit the problem, and examine the returns of two-mode
initial data in global AdS,; in hope of elucidating the
question whether such returns are exact or approximate.

The course of our investigation involves both numerical
and analytic parts. After reviewing in Sec. II the basic setup
of the resonant approximation to nonlinear gravitational
dynamics in global AdS,;, we dedicate Sec. IIl to a
numerical implementation of this resonant dynamical
system at a much higher precision than in Ref. [8],
specifically targeting the question of dynamical returns
for two-mode initial data. In this way, we discover strik-
ingly accurate returns that are visually indistinguishable
from the perfect returns for related systems observed in
Refs. [21,23,28,30-32]. Nonetheless, the tiny deviation
from perfect returns does not appear to go away completely
with increased numerical precision. We highlight the

subtleties of numerical simulations of the type of problems
we are considering, and are forced to look for analytic
clarification of the paradoxical situation we observe.

With this goal in mind we turn, in Sec. IV, to regimes in
which our two-mode initial data are close to one-mode
initial data. In this situation, the problem becomes
analytically tractable and one can see that the returns are
inexact. This should be contrasted with the scenario of
Refs. [21,23,28,30-32], where, for related systems, generic
two-mode initial data display exact returning behaviors. We
thus confirm the FPU-like nature of the energy returns
demonstrated by the weakly nonlinear gravitational dynam-
ics in global AdS,, which turn out to display a level of
return accuracy much more striking than what has been
seen in the past literature.

Furthermore, our analysis of solutions dominated by one
of the two lowest modes predicts and explains specific
integer numbers of direct-reverse cascade sequences that
result in particularly accurate energy returns (elaborate
hierarchies of more and less precise returns arise if one
waits for appropriate longer multiple periods in this
manner). We provide robust predictions for the numbers
of cascades that lead to enhanced returns, even for initial
data with moderate ratios of the initial mode energies. In
addition, our analytic work explains (at least in the regime
of two-mode initial data dominated by one of the modes)
the ubiquitous appearance of direct-reverse energy cascade
sequences in the weakly nonlinear dynamics of AdS-like
systems. We conclude with a discussion of possible
implications in Sec. V.

II. PRELIMINARIES

We start with a very brief review of the basic setup of the
spherically symmetric AdS-scalar field system and the
resonant approximation to its weakly nonlinear dynamics.
More details can be found in Refs. [9,10,16].

One considers Einstein’s gravity with a negative cos-
mological constant

d(dz— 1) 0

in d spatial dimensions, coupled to a free massless scalar
field. The equations of motion are

AN=-

1 1
Rﬂy - Eg/wR + Agﬂy - 8zG (aﬂ¢ay¢ - Egyv(a¢>2> =0
(2)
and
b
&

One can consistently truncate to spherically symmetric
configurations, corresponding to the metric ansatz

9,(v=99"0,¢) = 0. (3)
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) 1 (dx “28,72 1 ein2 v I02
ds® = —— (—- —Aedr +sin’xdQ ). (4)

COS™Xx

where A(x, t), 8(x, 1), and ¢(x, t) only depend on the time
coordinate ¢ and the radial coordinate x, which is defined on
the interval [0, /2). We shall set 827G = d — 1. )

Following Ref. [1], we introduce ®=¢’ and [I=A~'e%¢
(where dots and primes denote the ¢ and x derivatives,
respectively), and also the following two predefined
functions

(d—1) sinxcosx

et O

)d—l

u(x) = (tanx and v(x)=

W(x)  (tanx

The equations of motion are then written as

. . 1
® = (AeTIY,  T=-(uAe™®),  (6a)
U

!/
A= ”;(A — 1) — (@ + I2)A,

8 = —uv(®* +11%), (6b)
A = —2uvA2e~®IL. (6¢)
Static solutions of these equations are the AdS-

Schwarzschild black holes A(x,7) = 1 — Muv(x), 5(x, 1) =
Oand ¢(x, t) = 0, while unperturbed AdS ;. | corresponds to
A=1,6=¢=0.

We are interested in the weakly nonlinear regime in
which the AdS solution is perturbed by a small-amplitude
scalar field and its gravitational backreaction, which will be
treated perturbatively. Because of the spherical symmetry
imposed by our ansatz (4), the metric has no propagating
degrees of freedom. On each given time slice, the constraint
equations (6b) can be integrated to express the metric
components in terms of the matter distribution given by
¢(x, t) at the same moment of time. Up to quadratic order
in the scalar field, one finds [1]

Mxozl—mwAWw»W+¢wwﬂmw@+~~
7)

and

&nﬁ=—AﬂwyW+won%mwww@+”. (8)

Using these expressions, the scalar field equation of motion
(3) can be rewritten as a nonlinear equation for ¢ of the
form [1,10]

Daas® = Slg). ©)

where [,45 is the Laplacian in (a nondynamical) AdS,,
and S symbolically denotes all the nonlinear terms (which
are local in time but nonlocal in space) arising from
integrating out A and 6. In an expansion in powers of
the scalar field, the leading term in S[¢] is cubic; explicit
expressions can be found in Refs. [1,10]. Only this cubic
part is significant for our present discussion, since that is
what affects the specific weakly nonlinear regime we focus
on; see Ref. [10]. (One might find it strange that we talk
about gravitational dynamics in AdS, while under the
assumption of spherical symmetry the metric is nondy-
namical and one ends up with a nonlinear wave equation
for a scalar field in a fixed AdS background. Nonetheless,
there are closely related constructions, which are purely
gravitational, without any matter, and utilize a “squashed”
generalization of our ansatz; see Ref. [17]. Such extensions
effectively result in nonlinear wave equations very similar
to the one we have for the scalar field, but now satisfied by
the metric components in the absence of any matter.)

The problem of weakly nonlinear gravitational dynamics
of the AdS-scalar field system under the assumption of
spherical symmetry is thus reduced to a complicated
nonlinear wave equation in a fixed AdS background.
This highlights the relation between gravitational stability
of AdS and simpler nonlinear wave equations in AdS that
have been considered in the literature as toy models, for
example, the A¢* theory in nondynamical AdS; see
Refs. [13,21,23]. Our aim shall be to develop an effective
treatment of this dynamics for small fields ¢ of order € on
long timescales of order 1/ This is the regime in which
interesting phenomenology, including black hole formation
(“turbulent instability””), has been observed in numerical
experiments starting with Ref. [1].

Before proceeding with weakly nonlinear analysis, one
must thoroughly understand the linearized problem, i.e., the
equation

I:|AdS¢ =0, (10)

which under the assumption of spherical symmetry takes
the form

L
p(x)

The eigenvalues for the operator L are w2, with

d+Lpy =0 with L=-——0,(ux)d,). (11)

w, =d+2n, n=0,1,..., (12)

and the eigenfunctions are

414
e,(x) = kncosdeEf 1)

2\/n!(n+d-1)!
I(n+9) '

(cos2x) with

(a,b)

Here, P, ’(x) are Jacobi polynomials of degree n.

024008-3



ANXO BIASI, BEN CRAPS, and OLEG EVNIN

PHYS. REV. D 100, 024008 (2019)

A remarkable feature, intimately linked to the isometries
of AdS,, forming the conformal group SO(d,2), is that
all solutions oscillate with integer frequencies w,,. This, in
fact, extends outside spherical symmetry, and the most
general solution of Eq. (10) is time periodic with period 2.
[The entire tower of eigenmodes of Eq. (10) fills an infinite-
dimensional representation of SO(d,2)—and it is also
related by a simple transformation to wavefunctions of a
superintegrable quantum-mechanical system known as the
Higgs oscillator [34,35].]

The fully resonant spectrum (12) is highly atypical, and
it gives arbitrarily small nonlinearities an opportunity to
have large effects, since the impact of resonant interactions
between the modes tends to accumulate over time. In naive
perturbation theory in terms of power series in g, this
feature is reflected in a breakdown of perturbative expan-
sions on time scales of order 1 /82, as noted already in
Ref. [1]. More specifically, if one tries to develop solutions
of Eq. (9) as solutions of Eq. (10) of order & plus corrections
of higher orders in &, already at order £* one ends up with
“secular” terms growing as ef, which overpower the
leading (linear) term on timescales greater than 1/g’.
The origin of such terms can be directly traced back to
the presence of resonances in the linearized spectrum.

The discussion above shows that naive perturbative
expansions are not a valid way to approximate the weakly
nonlinear dynamics of Eq. (9) on the relevant timescales.
A particularly viable alternative approach is time averaging,
introduced for studies of AdS systems in Ref. [8] and
developed analytically in Refs. [9,10] (various names were
used for it). One starts by expanding solutions of (9) in
terms of linearized eigenmodes (13) as

Pt) = &3 (@t)eon + ay(1)e e, (x),
=0

n

D) = —ie' > o (De o = g, (Nei)e, (x), (14
n=0

and equivalently rewriting Eq. (9) as a system of equations
for a,. This system of equations for «, is of course
completely equivalent to Eq. (9), but it matches what is
known as the “periodic standard form” in mathematical
literature, and the time-averaging procedure may be applied
to simplify this equation in a way that does not affect its
accuracy on timescales of order 1/&%. More specifically,
substituting Eq. (14) in Eq. (9) and projecting on e,,, one
expresses i, as a cubic combination of @; and @;. Most of
the terms in this cubic combination come with oscillatory
factors inherited from the explicit time dependences in
Eq. (14). Time averaging (backed by precise mathematical
theorems) discards all oscillatory terms, retaining only the
resonant terms in which the oscillatory factors cancel. This
is guaranteed not to affect accuracy on timescales of order
1/€% and results in a resonant system of the form

iw,a, = g

w,+o,,=0+u;

Cnmklamakala (15)

where, from now on, the dot will stand for a derivative with
respect to the slow time €°t, which we shall call simply ¢
from now on. A few remarks are in order:

(1) The dependence on the small nonlinearity parameter
has been completely scaled out of Eq. (15) with the
introduction of the slow time, and there are no small
parameters left. In fact, Eq. (15) enjoys a scaling
symmetry: if a,(t) is a solution, so is Aa,,(4*t), for
any A

(i) The nonlinear physics of the problem is completely
encoded in the interaction coefficients C,,,;; which
are a set of numbers expressed through the mode
functions (13) and their spatial derivatives, and
depending on the specific form of nonlinearity in
Eq. (9). For the gravitational system we are consid-
ering here, the explicit expressions for C are very
complicated and can be found in Ref. [10] (where
these coefficients are denoted as 7, R, and S,
depending on the number of coincident index
values). In the Appendix, we extend them to the
case of a massive scalar field, which will be
discussed in Sec. V.

(iii) The frequencies w, can be absorbed in C by
redefining a,, but it is often convenient to keep
them explicit. Note that w, + ®, = o, + ®; is
equivalent to simply n +m =k + L.

(iv) A number of simpler related problems (nonlinear
wave equations in nondynamical AdS, variations of
the Gross-Pitaevskii equation for Bose-Einstein
condensates in harmonic traps) lead to resonant
systems that only differ from Eq. (15) by specific
values of the numerical coefficients. Some of these
systems demonstrate perfect energy returns in the
evolution of two-mode initial data [21,23,28,30].

(v) Purely from resonance analysis, Eq. (15) could have
extra terms (for example, with three a’s and no @’s),
but such terms can be shown to vanish specifically in
AdS due to special selection rules [9-12]. Corre-
spondingly, there is an emergent U(1) symmetry
rotating the phases of @, by a common shift, which
is manifest in Eq. (15) but absent in Eq. (9).

(vi) In immediate relation to the extra U(1) symmetry
resulting from selection rules, there is an extra
conservation law [10,13,14] for the associated “par-
ticle number”

N =1 olal (16)

in addition to the total “linearized energy”

E= Zwﬂan

2, (17)
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generically conserved by resonant systems. They are
associated with the symmetry transformations

a, = eia),ﬂ

a, — ei¢an, Ay (18)
respectively.
Our main objective is to examine solutions to Eq. (15)
starting with two-mode initial data
29(0), a1 (0) #0.  @,»(0) =0. (19)
In particular, the energy distribution between the modes
may be quantified by

E, (1) = o}, (1) %, (20)

and we may scan the evolution of two-mode initial data for
return moments when the deviation from the initial energy
distribution is small.

Due to the scaling symmetry of Eq. (15) we can
transform any initial data (19) to satisfy

Eo(0) + E1(0) = 1. (21)
Thereafter, it is sufficient to study the quantity
A(f) = 1= Eo(t) = E\(1). (22)

If A(¢) is 0, joint conservation of Egs. (16) and (17)
guarantees that E (1) = E(0) and E,(¢) = E,(0), i.e., we
have found a perfect return, while 0 < A(7) < 1 signifies
an accurate but imperfect return. As we have already
remarked, for a number of related resonant systems solved
in the literature, A(¢) periodically drops to 0 for any two-
mode initial data of the form (19), signaling exact returns
[21,23,28,30]. In our present work, we shall look closely
into similar return phenomena for the gravitational resonant
system (15), which is only possible numerically.

III. NUMERICS

Before describing the results of our own numerical
experiments, we briefly summarize what has been done
in this area before. Already in Ref. [8], one of the themes
was the observation of accurate but imperfect returns of
energy to the initial configuration for two-mode initial data
in the resonant system for gravitational AdS, perturbations
(there referred to as the two-time-framework approxima-
tion). These numerical studies were performed at the
resolution available at that time, which amounted to
truncating the resonant system to the lowest 30 or 47
modes, and returns with precision of a few percent were
observed. The evolution was seen to proceed in a sequence
of direct and reverse energy cascades, and the third reverse
cascade led to a more accurate return to the initial
energy distribution than the first two. Subsequently, a

few developments occurred, including the derivation of
analytic expressions for the interaction coefficients of the
AdS resonant systems in terms of the AdS mode functions
in Refs. [9,10] and an algorithm to convert these expres-
sions into explicit (but very complicated) functions of the
mode numbers in Ref. [33]. While this has allowed
simulations of the resonant dynamics with much higher
precision, the question of energy returns has not been
properly readdressed in the literature following these
developments.

We reiterate our reasons to revisit the question of energy
returns in AdS,. Our current perspective is quite different
from the predominant views at the time Ref. [8] was
written. Indeed, in the years that have passed, a number of
examples have emerged, where resonant systems closely
related to the one studied in Ref. [8] display exact, rather
than approximate, energy returns. These include nonlinear
probe fields in AdS [21,23] as well as nonlinear
Schrodinger equations in harmonic potentials that arise
from AdS systems in a nonrelativistic limit [28,30,32]. This
puts the results of Ref. [8] in a different light and calls for
their re-examination. Note that the limited precision of
Ref. [8] (mode number cutoff at a few dozens modes)
makes it impossible to distinguish exact and approximate
returns. In particular, in application to the systems of
Refs. [21,23,28,30,32], where the returns are analytically
known to be exact, such simulations would have indicated
approximate returns (the imperfection in this case being a
pure artifact of truncating the infinite-dimensional system).

To elucidate the issue of energy returns in global AdS,,
we have performed simulations with up to 500 modes
studying the dependence of the return accuracy on the
mode number cutoff as well as on the arithmetic precision.
For some initial energy distributions between the two
lowest modes, the returns we observe are strikingly
accurate. Figure 1(a) provides an illustration in this regard:
we study the evolution of two-mode initial data which are
fairly generic (not particularly close to one-mode initial
data) over a sequence of nine direct-reverse cascades. After
each of three cascades, we have a return to the initial
configuration that is visually indistinguishable from exact,
and furthermore the whole pattern periodically repeats after
each three oscillations in a way that is visually indistin-
guishable from exact periodicity. All of this happens in (our
high-precision numerical truncation of) the infinite-dimen-
sional nonlinear resonant system (15) that has no small
parameters. Note that the plot given in Fig. 1(a) is visually
extremely similar to an analogous plot [see Fig. 1(b)] in a
closely related resonant system called the LLL equation,
where the energy returns have been analytically proven to
be exact [28]. Figure 2 provides four illustrations where
we can observe the behavior of the energy flow for different
initial energy distributions between the first two modes:
Fig. 2(a) is particularly close to the second mode and
the evolution appears periodic after each direct-reverse
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(b) LLL

Nearly periodic dynamics of the spectrum for the gravitational AdS, resonant system vs exactly periodic dynamics for the LLL

equation. The tiny deviations from exact periodicity in (a) are not visually discernible. The initial condition is Egs. (19), (21) with

Ey = 0.17 for both plots.

cascade, while in Figs. 2(b) and 2(c) the apparent perio-
dicity only emerges after three direct-reverse cascades.
Finally Fig. 2(d) describes initial data for which the
evolution visibly deviates from perfect periodicity,
although it is remarkable that the deviations are still pretty
small.

And yet, spectacular as some of these returns are, they
are not exact. This by itself is not conclusive, since returns
in numerical simulations of truncated systems would not
have been exact even if returns in the infinite-dimensional
dynamical system were exact. We thus have to quantify the
dependence of the accuracy of returns on the initial data, as

E, E
1.0~ 1.0
N\ 7\ Vil
\ /\ / \ /N
08k \/,ﬂ \\ / \/ \ / e
\/ ./ "
—n=
06p — n=2
— n=3
04F —n=4
— n=5
02+
o_gwt
0 2 4 6 8 10 12
(2) By = 0.03 () Ey =0.12
E, E,
10 1.0
08 — n=0
—n=1
0.6 =2
—n=3
—n=4
— n=5

() Ey=0.27

2 4 6 8 10 12

d) Ep=0.5

FIG.2. This sequence of time evolutions of four two-mode initial data Eqs. (19), (21) shows that (a) the energy transfer between modes
appears to evolve in a periodic way when the initial condition is close to mode 1 (a), that for larger E, the evolution is apparently periodic
only after three oscillations (b),(c), and that for equal-energy initial conditions, the returns are visibly not exact, but still more accurate

after three oscillations (d).
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Energy return precision (a) and the minimal spectral suppression exponent (b) plotted against the initial energy of mode 0 for

two-mode initial data Egs. (19), (21). Small values of the curve in (b) correspond to strong turbulent cascades of energy.

well as on the mode number cutoff, arithmetic precision,
and other numerical imperfections. To set the stage, we
present in Fig. 3 plots showing the dependence of two
essential quantities on the initial energy of mode 0 for two-
mode initial data. The first quantity [Fig. 3(a)] is the
minimal value of A defined by Eq. (22) over the first
three direct-reverse cascades, which quantifies the energy
return precision (evidently, in computing the minimum we
exclude the initial part of the first direct cascade where A is
small simply because the system has not had enough time
yet to deviate from the initial conditions). We see that the
worst returns are around E =~ 0.6 at a level slightly better
than 10%, while for most other initial data away from that
value the returns have precision better than 1%. The second
quantity we plot [in Fig. 3(b)] measures the strength of the
turbulent cascade starting with the given two-mode initial
data. The energy spectrum of configurations that undergo
regular evolution is suppressed exponentially for large
mode numbers, E, (1) ~ n"") exp(—p(t)n) with p(t) > 0,
and turbulent singularity formation, in particular, would
correspond to p(7) hitting zero at a certain time [15,36,37].
We quantify the strength of a turbulent cascade by
determining how small p(¢#) becomes during the time
interval of interest. Therefore, we first fit the logarithm
of the spectrum log E,,(t) to —p(#)n + y(t) log n and then
plot the minimal value of p attained over the first three
oscillations. We see that the energy return imperfections are
especially strong in the region where the turbulent cascade
is strong as well. A strong turbulent cascade means, in
particular, a stronger sensitivity to the mode number cutoff
(as one would need to appreciably excite modes above the
cutoff to keep the evolution exact, but those modes are
excluded from simulations). This makes the problem of
interpreting the deviations from exact returns rather subtle.
Since we are entering the realm of precision questions, we
must categorize and quantify the uncertainties incurred by
our numerics. There are of course generic small errors
arising from numerical integration of the equations of
motion, but we feel that the following three aspects are

particularly important, since they are specific to the sequen-
ces of direct and reverse cascades of energy we study:

(1) Mode number truncation: Restricting to a finite
number of modes is expected to have little effect
if the energy mostly remains locked within a set of
low-lying modes. In our case, an energy cascade
develops, transferring the energy to higher modes.
While the cascade is self-limiting [unlike in the fully
turbulent case of Ref. [15], where p(z) develops
a zero], it can be quite strong, as evident from
Fig. 3(b). What we observe in numerical experi-
ments is that, as the cascade hits the mode number
cutoff and then starts receding, a comblike pattern of
spikes in the spectrum forms. This pattern undergoes
an evolution of its own and remains visible in future
direct-reverse cascade oscillations. As we can ob-
serve in Fig. 4(a), these comb patterns are pure
numerical artifacts, and do not reflect the true
dynamics of the infinite-dimensional model, since
the parts of the spectrum overrun by the comb
artifacts disagree between simulations with different
mode number cutoffs. Such artifacts are generically
visible for numerical simulation of resonant systems,
including those for which exact analytic solutions
starting with two-mode initial data are known (and
do not display such comblike features). While the
total energy in the comblike artifacts is very small at
the moment of their formation, it is difficult to
predict how they affect future direct-reverse cascade
sequences, since the system is nonlinear and prone
to chaotic divergence of trajectories.

(2) Arithmetic precision: There is a very peculiar way in
which direct-reverse cascade sequences amplify
numerical errors, including the most basic rounding
errors caused by the finiteness of arithmetic preci-
sion. Indeed, assume that in the exact solution a
particular mode number k oscillates between ener-
gies EM™ and EM". In our scenario of near-perfect
returns  EP" < EP®, while for perfect returns
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FIG. 4. Energy spectrum of the two-mode initial data Eqgs. (19), (21) at the bottom of the first reverse cascade for different mode
number cutoff. In (a), the direct cascade is strong, in which case the most relevant effects are produced by the cutoff, resulting in spurious
oscillatory behaviors in the upper half of the mode range. In (b), the direct cascade is weak, and “shelf” artifacts dominate the
imperfections of the spectrum. The shelf here refers to the shallower portion of the spectrum starting around mode 50. The true dynamics
of the underlying system is expected to be represented by a smooth extension of the steeply downward, approximately straight line in the
lower portion of the spectrum, rather than by the shelf artifact. Further discussion can be found in the text.

3

EMn = (. Since we are integrating the equations
numerically and with finite precision, E}*** contains
a relative error given by at least the arithmetic
precision, for example 10713, As the cascade recedes
and the energy drops, the absolute error in E;
cannot decrease. Therefore, when one arrives at
the bottom of the reverse cascade, the energy is
EMn_ but the absolute error is still 1075EM (in
particular, values of EP"™ below 10~'5 EM™ can never
be reached, even if the exact solution corresponds to
EMin = (). The relative error is now 10715 gfax / pin,
much greater than the rounding errors themselves.
This relative error will be transported upstream in the
next direct cascade and will result in a large absolute
error 10715 (EMax)2/Emin gt the peak of the cascade.
Thus we can see that repeated transport of absolute
errors downstream and relative errors upstream in
direct-reverse cascade sequences leads to strong
amplification of numerical imprecision (and would
of course compromise exact returns even if they
were present in the underlying dynamical system).
In practice, we can see the formation of flat “shelf”
artifacts in the high mode number part of our
spectrum as the first cascade recedes, as in
Fig. 4(b) (these artifacts precisely reflect the inability
of the spectrum to go below 107!1° EP** in numerical
simulations). Such artifacts continue to evolve in
future spectrum oscillations. As the near-perfect
returns we observe occur after three direct-reverse
cascade cycles, assessing the ultimate impact of
these imperfections on the return precision is subtle.

Interaction coefficients: Small errors in the interac-
tion coefficients C can produce important errors in the
evolution governed by Eq. (15). This is particularly
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important when high modes are involved, as comput-
ing the interaction coefficients typically requires
numerical integrations of oscillatory functions with
frequencies that grow with the mode numbers. These
integrals have to be evaluated for each resonant
quartet of modes satisfying n + m = j + k, and the
number of such quartets grows like O (N3, ), Wwhere
N max 18 the mode number cutoff. In addition, in order
to obtain accurate values of the coefficients C when
N max 18 large, one needs to evaluate their expressions
on a very dense grid and with increased arithmetic
precision, which further increases the burden. To
avoid these problems we computed the fully analytic
expression for C in AdS,; described in Ref. [33],
which enables us to evaluate C safely for high modes.
The remaining burden is then the computational
cost of the simulations, which makes it hard to go
beyond N, = 500.

We remark that improving on either points A or B
above beyond the level of our current simulations
would be very demanding in terms of computational
costs. While a break-through in our numerical pre-
cision does not appear viable at this moment, we have
performed some basic comparison of the return
precision computed at different values of numerical
approximation parameters (as well as a study of
artifacts that we have briefly summarized in the
passages above). In Fig. 5, we show the dependence
of return precision on the number of modes included
in our simulations. As one can see, the return
precision substantially increases as the cutoff is raised
from values around 50 (typical of the simulations of
Ref. [8]), but after 200 stabilizes at a small nonzero
value. At a naive level, this can seen as an indication
that the returns are not exact in the underlying
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FIG. 5. Energy return precision for two-mode initial data
Ey = 0.5 as a function of the mode number cutoff.

dynamical system (15). One has to keep in mind that
other factors hindering perfect returns (finite arith-
metic precision, possible chaotic enhancement of
artifacts over the course of three direct-reverse
cascade oscillations) have not been taken (and are
very difficult to take) into account.

‘We conclude that our numerical analysis indicates
strikingly accurate, but likely imperfect energy re-
turns for two-mode initial data, though it is not
possible as of now to control all possible sources
of imperfection. There is, however, one particular
aspect that can be further elucidated. Our motivation
to take a closer look at energy returns in global AdS,
has largely come from the similarity of the observed
dynamics to the known related analytically tractable
cases [21,23,28,30,31] where the returns are exact.
This similarity extends in a few other ways, in
particular the ultraviolet parts of the spectra remain
approximately exponential for all times (only the
slope of their logarithmic plot changes). However, for
the systems of Refs. [21,23,28,30,31], energy returns
for any two-mode initial data (19) are exact. This type
of dynamics can be excluded for the resonant system
(15) by inspecting solutions close to mode O or mode
1, which are analytically tractable. This will show that
the resonant dynamics of AdS, cannot be strictly in
the same class as those of the similar resonant systems
of Refs. [21,23,28,30,31], which do exhibit perfect
energy returns.

IV. ANALYTICS

While direct analytic investigations of the resonant
system (15) are beyond practically imaginable limits, there
are special regimes in which this system is analytically
tractable. First of all, there are exact single-mode solutions,
in which all amplitudes are zero except for one chosen
mode [1]. The vicinities of such single-mode solutions
form stability islands [1,3.4,8,33]. While it is common to
linearize in the vicinity of such single-mode solutions and

their generalizations [22,33], which results in linear sys-
tems that are potentially tractable, our approach here will
also gain leverage by relying on single-mode solutions, but
in a way different from linearization, and much more useful
for our purposes.

Instead of linearizing around single-mode solutions, we
shall assume that all other modes are exponentially sup-
pressed in proportion to their distance from the dominant
mode. We shall see that, in the limit when this exponential
suppression becomes strong, the equations dramatically
simplify. Such techniques have been applied in Ref. [38] to
the analysis of stationary solutions of Eq. (15) and related
resonant systems. While the equations are still nonlinear
(unlike in the linearization approach mentioned above),
they can be solved iteratively starting with the dominant
mode. This structure is very convenient for our purposes,
since we are trying to understand whether the energy
returns may be exact. If the returns are exact, they are
exact for all modes, while a failure of exact returns shall be
seen in the approach we are adopting in a finite number of
steps, since the discovery of any given nonreturning mode
guarantees that the returns in the whole system cannot be
exact. This procedure has to be repeated 2 times, for
solutions dominated by mode 0 and mode 1, respectively.

A. Solutions dominated by mode 0

We shall assume that the spectrum is exponentially
suppressed as one moves away from the dominant mode 0:

1
ay =542 (23)
wﬂ
with 6 <« 1. Then, after the redefinition C}7% =
CM /w107, Eq. (15) becomes
o n+m
ié]” - Z Z 52mc’1mkqn+m—quqn+m—k‘_]m' (24)
m=0 k=0

At leading order in o, only the terms with m = O survive:

iq, = qo(1) Z Cookn—kqkGn—k- (25)
k=0

While this equation is still nonlinear, it offers a tremendous
simplification over Eq. (15), since it can be solved
recursively: once solutions for the modes up to ¢, have
been constructed, finding ¢,,,; amounts to solving a single
linear ODE. We display this structure by writing out the
equations for the first few modes:

iqy = COOOO|Q0|ZQO7 (26)

iq; = 2Cio10/q0*q1 - (27)
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iy = 2Co00lq01*q2 + Ca011d041 (28)
iq3 = 2C303090* 95 + 2C30213091 92 (29)

iqy = 2Cy040|q01*q4 + 2C1031G09193 + Ca022d093-  (30)

By applying the scaling symmetry of (15), one can always
set |go|? to 1. In order to elucidate whether energy returns of
the two-mode initial data of the form (19) are exact, we
solve Eq. (25) with the initial conditions ¢4(0) =1,
q1(0)=1, g, = 0. [The phases of ¢,(0) and g;(0) can
be adjusted as necessary by the symmetry transformations
(18), while the magnitude of ¢;(0) can be set to 1 by
defining § = |a;(0)|.] The solutions for g, and ¢, are

qo(r) = e~ (1) = €700l (31)
Note that the energies in these first two leading modes are
time independent, which implies that close to mode 0 the
cascade to higher energies is necessarily very weak (the
situation will be more interesting for solutions dominated
by mode 1). For higher ¢g,, one then obtains

n—1

iQn - 2CnOann =4qo Z CnOk.n—quQn—k' (32)
k=1

The structure of solutions is easily understood recursively:
the right-hand side consists of terms oscillating with
frequencies given by linear combinations (with integer
coefficients) of Cygoo. Ci010s --» Cn1.0.0-1.0- Hence, g,, will
consist of terms that oscillate' with frequencies given by
linear combinations (with integer coefficients) of
Co000> C1010» -+» Crono- It 1s only if all g, constructed in
this manner (for two-mode initial conditions) oscillate with
a common period that one gets exact energy returns.

For the resonant system (15), one can straightforwardly
proceed with this algorithm, after having computed a few
low-lying interaction coefficients from the complicated
formulas given in Ref. [10]. The result for ¢,(¢), which is

_ —2iCho1;
Coooo — 4C1o10 + 2Cap00
(Coooo = 4C1p10 + 2Co00)t

2
. _ _ .
x ei(Coooo—4C1o10 Zczozo)z’ (33)

q-(1)

X sin

"There is a possible caveat in relation to this reasoning in the
sense that, if a resonance occurs between the oscillatory terms on
the right-hand side of Eq. (32) and the frequency 2C,,, on the
left-hand side, growing (rather than purely oscillatory) terms will
be produced in the solution for ¢,. However, our explicit
computations at a number of low-lying levels, and preliminary
analytic considerations at general n suggest that such resonances
do not in fact occur.

shows that |g,(7)|* is periodic with period T, = {5 7%

Thus, energy returns are perfect at this order, but the period
T, is broken at the next order given by

2C5011C3021 _i it i
)= 70 () =2 Zo ) iAyt 12C303(,z’
q3(1) 1122(/12_21)(( 2= A)—hpeT M A em " e
(34)
where
A1 = =2Cpp00 + 6C 1010 — 2C3030, (35)

Ao = =Coooo + 2C1010 + 2Ca000 — 2C3030-  (36)

In our particular case their specific values are 1; = %,

> =281 meaning that at |g5(7)|* the energy flow has a

14
periodicity of T3 = 14(3)”2, so that T5 is exactly 574 times

greater than 7',. Inspecting the next step of our iterative
solution, we conclude that |g4|*> is also periodic with
T, = 4207°.

The pattern of common multiple periods will generalize
to the higher modes ¢, because of the rational relations
between the interaction coefficients C,,,;; in global AdS,.
Namely, one can apply the strategy of Ref. [33] to derive
explicit, complicated formulas for C,,,;; as functions of n,
m, k, I. This leads, in particular, to the conclusion that

277.'C00()0 = 45,
108 +90n —33n% = 58n3 = 21n* =21
n(n+1)(n+2)(n+3)

n 1 2
+6n(2n+3)<k§:lk(2k_1)+2n+1>. (37)

2r COnOn =

Hence, all Cy,, are rationals divided by z, and therefore
q,» which oscillate with frequencies given by rational
combinations of Cy,,, have common periods of the form
7% times a rational number. (As a direct consequence, |g,,|?
which are what is important for our topic of energy returns,
also have common periods of the same form, typically
somewhat shorter than the common periods of ¢,.) The
common period of gg, g1, ...q, grows rather rapidly with n
(for instance, we get estimates of order 10>* for n = 25).

There is a different form of accurate-but-imperfect
returns, which is less spectacular than what we have
described above in the limit 6 — 0, but more relevant
for not-so-long times and not-so-small 6. As we demon-
strated above, there are long multiple periods after which
large sets of g,,5, simultaneously vanish, providing for very
accurate energy returns in the lowest two modes. The basic
“crude” return period is set by T, the period of ¢,. At
t = kT, with an integer k, g, =0 and hence one gets
approximate returns. If at this moment, the value of g3
defined by Eq. (34) is numerically small, even if it is not

s
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FIG. 6. Analytics vs numerics for two-mode initial data dominated by mode 0: (a) analytic prediction for return accuracy based on
Eq. (34) and showing accurate returns after 4, 5, 13, and 14 oscillations, and extremely accurate returns after 9 and 18 oscillations; (b) A
defined by Eq. (22) for the numerical solution of the full resonant system (15) with two-mode initial data corresponding to § = 0.1
perfectly reproducing the analytic pattern; (c) the same for 6 = 0.3, already quite far from the single-mode initial data limit, but still

accurately reproducing returns after 4 and 5 oscillations.

zero, one gets an improved return precision. In Fig. 6, we
have performed comparisons of this analytic picture with
numerical simulations of the resonant system (15). First, we
have plotted |g5(kT,)|> and identified the specific small
numbers of periods k after which one expects improved
return precision. We have then run numerical simulation

of Eq. (15) with initial data ay(0) = 1/+/3(3 +56%),
a;(0) = 8/+/5(3 + 58%), which are a rescaled version of
Eq. (23) corresponding to the normalization Eq. (21). At
0 = 0.1, which corresponds to 1.6% of the total energy
initially in mode 1, the pattern of returns exactly matches
our analytic predictions. At § = 0.3, which corresponds to
13% of the total energy initially in mode 1, already very far
from the strict 6 — 0 limit, the latter part of the return
history is upset, but the first two accurate returns (after 4
and 5 oscillations) still match our analytic picture. Our
treatment is thus robust, and retains predictive power even
outside the region of very small 6.

To summarize, the expansion of Eq. (15) in powers of §
around mode 0 enabled us to verify that the energy transfer
between the modes is not exactly periodic for initial
conditions close to mode 0. Nevertheless, there are rational

relations between the AdS, interaction coefficients such
that arbitrarily precise returns to the initial energy distri-
bution starting from two-mode initial data® sufficiently
close to mode 0 occur if one waits long enough. Many other
return patterns of varying accuracy are seen even for
moderate initial ratios of energies of modes O and 1 in
the initial state. This is very much in the spirit of the
original FPU paradox. Corrections at subleading orders in o
may be effectively considered starting with Eq. (24), and
are likely to display many further patterns thanks to the
ubiquitous presence of rational numbers in the problem, but
we shall not explore this systematically.

B. Solutions dominated by mode 1

We shall now assume a hierarchically organized spec-
trum dominated by mode 1:

Note that we have not essentially used the assumption ¢,,5, =0
in our reasoning, and hence the picture of arbitrarily precise returns
over long periods should apply to more general initial data
hierarchically suppressed away from mode 0 as in Eq. (23).
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t At
a = 5—%6(03, sy = o142 6(0) (38)

with 6 << 1. We then get from Eq. (15), after redefining

Chovy = C;’l'nclkl/ V0,0,,00;, the following equation for
mode 0:

iGo=>_

m=2

—1

COmk.m—kQmCIka—kézm_4
=1

3

~

[M]s

+2>  Comom@mndmn905™" > + CooooGodo905”.  (39)

=1

3

and for all higher modes,

oo n+m—1

ié]n :Zl kZ] Cnmkﬁ—‘rm—kémCIrLer—kqlcézm_2

n—1 oo

+ Z CnOk.n—kZIquqn—k +2 Z COnOn %%%52-
k=1

= m=1

Retaining only the leading terms, we obtain

iqo = Co2114247 + 2Co1011911* qo- (40)

and

n n—1

Cotkns1-k9k9n+1-k + o E Crokn—k 9k dn—k-
=1 =1

lqn = QI
(41)

To appreciate the structure, we write out the first few
equations explicitly:

iqo = 2Co101|911*q0 + Co2113241, (42)
iq, = C1111|Q1|2f11, (43)
iqy = 2Co101lq11*q2 + Ca011d041 (44)

iq3 = 2C31311q1 1793 + C31228193 + 2C300109192.  (45)

iqs = 2C419117 94 + 2C4132819295 + Ca0223045-  (46)
One first solves (43), where one can set |g;|> = 1 as before
using the scaling symmetry. After that, Egs. (42) and (44)
form a system of two coupled linear equations for ¢, and
q,- Once qq, q,, and g, have been thus obtained, all the
higher equations are solved recursively one-by-one, in a
manner completely analogous to what we have previously
described for solutions dominated by mode 0.
Implementing this solution in practice for ¢y(0) = 1,
¢1(0) =1 and g,,-;(0) = 0 [as before, the complex phases
can be eliminated using the symmetries (18), while the
magnitude of ¢y(0) can be fixed by redefining 5], one gets

ql(t) = e_icllllt’ (47)
A if A\
LIO(Z‘) = (COS E + %Sin E) e_l(2C0101+ﬁ/2)t’ (48)
—2iC it
QZO) = % SinE e‘l(2C2121+/3/2)t’ (49)

where f=2(C\11; = Co101 = Ca121) and 2 = v/ B - 4C%102-
In what follows, we assume A € R, which is the case for the
system we are dealing with, as well as for all the systems
studied in Refs. [21,23,28,30,31]. Note that, here, one gets
nontrivial flows of energy among the first subleading
modes, unlike the case dominated by mode 0. These flows
of energy are always periodic with period 27/ 4, as far as the
three lowest modes are concerned. The first order at which
violations of periodicity may enter is in the mode g3, which
is described by the following solution:

C1102 i i i
q;5(t) = 22— 1) (a + be™ + ce?™ 4 deitHn))
X ei(—/1+2C0101—2C2121—C1111)f’ (50)
with
a=2y(y = )(C1102Ca213 + (B + 2)Ci203).
b =4(2* = y*)(C1102Ca013 + BCr203)-
¢ =2y(y + A)(Cr102C2213 + (B = 1) Cr203)-
d = —42*(C1102Ca13 + (B — 7)Cia03).
¥y = —2Chi01 + Cii11 +2Cy12 — Cap3:. (51)

For the resonant system (15), direct computation yields
Ay = Tv/3665/149 ~ 2.84. (Note that irrational numbers
emerge here already in the periods of low-lying modes,
unlike the case of initial data dominated by mode O we have
considered previously.)

Suppose for a moment that one had 1/y = 3. Then
E; ~|qs|> computed from Eq. (50) would have been
proportional to

|a + bei/lt + Ce2iAt + de4iﬂt/3|2’ (52)
which oscillates with period of 67/4, which is thrice the
period of |go|?, |¢,|?, and |g,|?>. One would thus have found
exact returns after three direct-reverse cascades as far as the
first four modes are concerned.

Now, for the actual resonant system we study, 1/y is of
course not exactly 3. This shows that the third energy return
cannot be exact, at least for initial data close to mode 1, no
matter how close we get to exact returns in our numerical
simulations. At the same time, the fact that 2.84... is close to
3 explains why we are seeing very accurate returns after
three direct-reverse cascades (and also why the returns after
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FIG. 7. Analytics vs numerics for two-mode initial data dominated by mode 1: (a) analytic prediction for return accuracy based on
Eq. (50) and showing accurate returns after 3, 6, and 14 oscillations, and extremely accurate late-time returns after 17 and 20 oscillations;
(b) A defined by Eq. (22) for the numerical solution of the full resonant system (15) with two-mode initial data corresponding to § = 0.1
perfectly reproducing the analytic pattern; (c) the same for 6 = 0.3, already quite far from the single-mode initial data limit, but still

accurately reproducing returns after 3 and 6 oscillations.

the first two direct-reverse cascades are less exact), as in
Figs. 1(a) and 2(d).

One can extend the above argument into a more
quantitative analysis by plotting |g3(kT,)|* at integer k
with g5 given by Eq. (50) and T, = 27/4, as we did before
for solutions dominated by mode 0. Since ¢,(kT,) = 0 by
construction, having a small g; at the same moment
signifies a return of enhanced precision. We have displayed
the results of this analysis in Fig. 7. As in the previous
section, at 6 = 0.1, our predictions are perfect, and at
0 = 0.3, already quite far from the single-mode data limit,
we still accurately predict the first two returns.

Note that, in general, our analysis gives a nice perspec-
tive on why direct-reverse cascade oscillations are ubiqui-
tously seen in numerical simulations of various resonant
systems. For solutions dominated by mode 1, for example,
the first three modes perform an infinite sequence of
direct-reverse cascades, while the higher modes hold
only a small amount of energy and provide cosmetic
modifications to the cascades. (Furthermore, even these
higher modes oscillate with frequencies comparable to the
lowest modes.)

V. DISCUSSION

We have revisited the issue of energy returns to the initial
configuration for two-mode initial data in the resonant
approximation to weakly nonlinear gravitational dynamics
of the AdS,-scalar-field system. Having performed numeri-
cal simulations with much higher precision than what has
been previously seen in the literature, we have observed
returns of striking accuracies, exemplified by Fig. 1.
The numerics also provided indications, however, that
the small imperfections we see cannot be purely due to
numerical artifacts. To elucidate the situation, we have
performed an analytic study of solutions dominated by
one of the two lowest modes and proved that the
accurate returns we have observed numerically are inexact
in this limit dominated by one of the two modes. This
should be contrasted with a scenario observed in the
recent literature on related systems [21,23,28,30,31], where
perfect returns occur for all two-mode initial data of the
form (19).

As usual in FPU-like situations, it is natural to expect
that the near-perfect returns arise due to proximity to
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FIG. 8. Dependence of 1/y on the mass of the scalar field.
Adjusting m?, |¢3|* can be made exactly periodic. For example,
on can choose m? such that A/y = 3, as briefly considered in
Sec. IV B.

another dynamical system for which the returns are exact.
One could first try to improve the quality of returns by
variation of parameters of the model, such as the dimension
of AdS or the mass of the scalar field. We have explored
this scenario in the context of our analytic treatment of
solutions dominated by mode 1 in Sec. IV B. We have seen
that by adjusting the mass of the scalar field, it is possible to
make the return of mode 3 exact (Fig. 8). This evidently
qualitatively improves the precision of returns for initial
data near mode 1, as the discrepancy is now in the strongly
suppressed modes starting from mode 4, but the scenario
still falls short of providing exact returns. We also note that
a nonrelativistic version of the AdS dynamics (which
technically corresponds to the limit of infinite scalar field
mass) can be analytically proved to display perfect returns
[32] in AdSs, rather than in AdS, (returns in AdSs at finite
masses, on the other hand, are not close to being perfect).
More broadly, one could look for arbitrary small modifi-
cations of the interaction coefficients C in Eq. (15),
irrespectively of whether they originate from standard
physically motivated PDEs, and perfect returns in any
such system would be sufficient to clarify the origin of
near-perfect returns in the (physically motivated) resonant
system (15). In Ref. [31], a very large class of resonant
systems displaying perfect returns for two-mode initial
data has been constructed. This class is characterized, in
particular, by the following identities satisfied by the
interaction coefficients:

nJerfkfnwLm k

nmk,n+m—k = 1’

Jufm
n—+m
fkfner—k
kz—cnm n+m—
,; fufw e

= c,(n* + m?) + ciynm + co(n + m), (53)

where f,, canbeeither 1/v/n! or \/G(G+1)---(G+n—1)/n!,
and G, ¢, ¢, and ¢, are arbitrary constants. Our numerical
comparisons indicate that the interaction coefficients of the
resonant system (15) do not appear close to satisfying such
relations. One could look for modifications of Eq. (53)
approximately satisfied by the AdS, interaction coeffi-
cients. Our preliminary study shows that some polynomial-
type summation identities are satisfied with a good pre-
cision, but we feel that it is premature to judge what exact
dynamical implications follow from such approximate
identities.

We comment explicitly on what we have achieved in
comparison to Ref. [8], where the topic of FPU-like
behaviors in weakly nonlinear AdS, dynamics was first
brought up. In Ref. [8], the focus was on reporting, among
other things, the return after three direct-reverse cascades
for two-mode initial data with equal energies that can be
seen in our Fig. 2(d). Since the simulations were performed
with a rather limited precision, the results were in principle
consistent with perfect returns upset exclusively by numeri-
cal artifacts, especially in light of the subsequent discovery
of closely related systems for which the returns are exact.
We have now ruled out this possibility. At the same time,
we have observed imperfect returns of precision much
higher than what is suggested by the material of Ref. [8]
and repeating over many oscillation cycles, as seen in
Fig. 1. More importantly, our analytic investigations of
Sec. IV have generated a neat picture of returning behaviors
for initial data sufficiently close to mode 0 or mode 1, and
allowed for identification of specific multiple oscillation
periods after which enhanced returns occur. This picture
remains valid even for initial data with moderate energy
ratios of the two lowest modes. The rational relations
between the AdS, interaction coefficients we have dis-
played allude to hierarchies of returns, with specific longer
waiting times resulting in returns of better and better
accuracy. One in fact sees returns of striking accuracy at
late times in Fig. 6(c), outside the domain where our
concrete analytic approximation are valid. This suggests
that there are further structures to be explored. Elaborate
patterns of returns of varying precision over long times are
known from the original FPU problem. [The FPU chain is
now believed to thermalize over very long times [39], but in
our resonant system (15), the recurrences are likely to
persist forever.]

The AdS/CFT paradigm provides an intriguing potential
link between our results and dynamics of conformal field
theories (CFTs) on spatial spheres. In particular, one would
expect that very close returns to the initial state must occur
at low energies in CFTs that can be accurately approxi-
mated in an appropriate “holographic” limit by a single
scalar field in the AdS bulk coupled to gravity. It would be
very interesting to delineate this class of systems more
precisely, and build explicit connections to the sort of
dynamics we have described in this article. There is recent
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literature [40,41] providing detailed links between evolu-
tion of CFT states and weakly nonlinear gravitational
dynamics in the bulk, which is likely to be useful in this
regard.
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APPENDIX: INTERACTION
COEFFICIENTS FOR A MASSIVE
SCALAR FIELD IN AdS,,,

We shall consider a massive scalar field in AdS,,; with
Dirichlet boundary conditions ¢(z/2) = 0, which made an
appearance in Sec. V. This model is also fully resonant and
an approximation of the form Eq. (15) can be derived. The
massless case was developed in Ref. [9]; the process is

|

quite similar for the massive scalar, so we will only present
the main results.
The model is governed by the action

|
_ 44 x J=G(R = 2A
S 16JrG/ V=l )

—% / d*x\/=g(8,p*p + m*$*).  (Al)

Our ansatz for the metric is Eq. (4), with the same
conventions as in Sec. II. Developing the time-averaging
strategy described in the main text, or in Refs. [9,10] which
contain a more thorough discussion, we obtain the follow-
ing expressions for the interaction coefficients, after
splitting them in three types according to the number of
coincident indices, T, = Cyy;, R;; =2Cy; for i #1 and
Sijit = Cijig for {i, j} # {k, [}:

1, 3 \
T, = 3@ Xy + 3 Y + 207 Wiy

+ 207 Wiy — 0 (Ay + @7 Vyp), (A2)
1 (0? + &?
Ry = ) (a)llz — a)é (@7 Xini = @ X i)
2 2 2 9
@7 Y i — o7 Y gy @; W]
o 2Ll i bl L X — X
+ ( w% _ wlZ + w[2 _ wlg ( illi llll)
1
+ 5 (Yo + Yuir) + @i o7 (Wi + W)
+ 0; Wiy + oWy — 0 (A + o7 Vi), (A3)

st (e Yt Yot
ijkl 4 wi+wj w—wp  ®j—wy WA lijk 14 iljk 4 wi+wj w—w; ;- JPRWP Akl it jikl
1 1 1 1 1 1 1 1
2 <wi+wj—wi_wk+wj_wk> (wia)kwlxjikl_wjyijkl)_Z<wi+wj_wi_wk_wj_wk> (a)iijlxkijl_wkyikjl)’

where
Xt = / " drel()e; (Wex (W (u(x)u(x).  (AS)
Vi = /0 " drel (e, (e, (W) w(x).  (A6)

Wi = / " dre (e, () / *dyedy)ei)uly).

0
(A7)

(A4)

= [ v e ouno) [ dyeits)esuy).

(A8)
V= [ dreie onnto) (A9)
Ay = [ vl oo (A10)
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Here, ¢, (x) and w,, are the eigenmodes and their associated
eigenvalues of the linear problem:

2

. R . o 1 m
¢+ Lpy =0 with L=———0,(u(x)0,) +—5-.
u(x) cos“x
(A11)
Their expressions are
e,(x) = kncosAng,g_l'A_%)(cos 2x),
A/2)T nr A
IF(n+d/2)l(n+A—-d/2+1)
and
w, = A+ 2n, n=0,1,..., (A13)

where A satisfies the equation A(A—d)=m? and P (x)

are Jacobi polynomials. We have defined u(x) and v(x) as
in Eq. (5).

In analogy with the explanation for the massless scalar
field given in Sec. II, the current model has the resonant
condition w,, + w,, = @y + @,;, which through Eq. (A13)is
equivalent to n+m = k+ [. However there could be
two more resonant channels, w, = w,, + ®; + ®; and
w, + o, + o, = w;, equivalent to n=m-+k+[+A
and n =1—m — k — A, respectively. If A is integer these

last two conditions can be satisfied and a priori two new
terms must be included in the system of equations (15):

iw,q, = E

W, 0, =0+,

+ E Qnmklamakal

W, =, +w+w;

>

Wy +o,+or=w,

Cnmkl am apay

U imk1%m . (Al4)

In our situation we did not perform an analytic study of
Qjju and U,y as in Ref. [10], where it was proven that for a
massless scalar field (A = d) these coefficients vanish, but
numerical calculations suggest that they also vanish for
nonzero masses. On the other hand, when A is not integer,
the conditions n =m+k+ I+ Aandn=1-m—-k—-A
are not satisfied for any combination of the indices.
Therefore, these interaction channels disappear upon time
averaging. We thus see that, for any A, the relevant
dynamics is governed by Eq. (15) through 7', R;;, and S .

We note that the given expressions for 7', R;;, and Sy,
are exactly the same as in Ref. [10], where all derivations
are specialized to m? = 0. However, if we were to trans-
form these integrals using integration by parts to the form
of Ref. [9], the resulting expressions would have differed
from those of Ref. [9] by additional terms with explicit

dependence on m?>.
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