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Quasilocalization dynamics in a Fibonacci quantum rotor
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We analyze the dynamics of a quantum kicked rotor (QKR) driven with a binary Fibonacci sequence of
two distinct drive amplitudes. While the dynamics at low drive frequencies is found to be diffusive, a long-
lived preergodic regime emerges in the other limit. Furthermore, the dynamics in this preergodic regime can be
associated with the onset of a dynamical quasilocalization, similar to the dynamical localization observed in a
regular QKR. We establish that this peculiar behavior arises due to the presence of localized eigenstates of an
approximately conserved effective Hamiltonian, which drives the evolution at Fibonacci instants. However, the
effective Hamiltonian picture does not persist indefinitely, and the dynamics eventually becomes ergodic after

asymptotically long times.
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I. INTRODUCTION

The quantum kicked rotor (QKR) [1,2] is central to under-
standing the basics of quantum chaos and has been subjected
to a plethora of analytical [3-8] as well as experimental [9-15]
investigations over the years [16—19]. In contrast to the clas-
sical rotor, which shows a transition from a regular phase
to the chaotic phases, the QKR seemingly exhibits a non-
ergodic behavior. Using Floquet theory [20-23], it is found
that the eigenstates of the effective Floquet Hamiltonian are
exponentially localized in the angular momentum space. This,
together with quantum interference effects, leads to dynamical
localization in periodic QKRs. Remarkably, the nonergodicity
in the dynamics is manifested for any finite amplitude and
frequency of the kicks (see Appendix A for a brief recapit-
ulation).

The dynamical localization observed in the QKR has far-
reaching implications. It was realized that this localization
can be exactly mapped to the spatial Anderson localization
problem [24] in one dimension [4,5]. However, the Anderson
problem in more than one dimension is known to exhibit a
localization-delocalization transition [25]. In the case of the
QKR, similar transitions were also found, albeit in a slightly
modified version in which the rotor is driven with three
incommensurate frequencies. In this case, the rotor Hamilto-
nian with time-dependent kick amplitude is first mapped to a
three-dimensional rotor [26] with time-independent kick am-
plitudes at equal time intervals [27]. The temporal evolution
at stroboscopic intervals is then found to be governed by a
Floquet Hamiltonian, having exponentially localized eigen-
states in the localized phase. Thus it came to be accepted
that the localization-delocalization transition in a more-than-
one-dimensional Anderson problem can manifest in the rotor
dynamics if the “temporal” dimension is increased, i.e., when
driven with multiple incommensurate frequencies.
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In this paper, we show that a quasilocalization-to-
delocalization transition can also manifest in the QKR driven
with a single frequency but where the kick amplitudes at
subsequent stroboscopic instants follow a binary Fibonacci
sequence. We dub this variant of the QKR the Fibonacci
quantum kicked rotor (FQKR). As our main result, we show
the emergence of a “preergodic” regime in the limit of
high drive frequencies during which the wave function of
the FQKR remains “dynamically quasilocalized” in the an-
gular momentum space. Although the dynamics eventually
becomes ergodic, the preergodic regime has a long experi-
mentally relevant lifetime, which further increases with the
kicking frequency. However, at lower drive frequencies, the
dynamics is always found to be ergodic. We note that the
Fibonacci drive [28,29] has been extensively used to explore
the consequences of temporal quasiperiodicity in various out-
of-equilibrium systems [30—40].

An important distinction in the approach of our work
from previously studied rotors driven at incommensurate fre-
quencies [27,41] is that the quasiperiodicity in our model is
externally enforced through a binary sequence of kick ampli-
tudes. This is manifestly different from previous works where,
for example, quasiperiodicity is indirectly enforced through
quasiperiodic phase shifts of the position operator, keeping the
kick amplitude constant [27]. Secondly, the quasilocalization
observed in the preergodic regime is not discernible from a
standard Floquet analysis of the evolution operator. Rather, it
follows from the existence of self-similar eigenstates and is
thus different from hitherto observed dynamical localization
in the conventional QKR. Crucially, we note that the existence
of a preergodic regime is unique to the FQKR. Furthermore,
we have verified that the quasilocalization is not found for
aperiodic binary sequences (see Appendix B for details).

The rest of this paper is organized as follows: The FQKR
model is introduced in Sec. II. In Sec. III, we present re-
sults from the numerical simulation of the dynamics of the
FQKR. The quasilocalization behavior observed is explained
through a perturbative analysis of the time-evolution operator
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in Sec. IV. Finally, we summarize our results in Sec. V. In
addition, Appendixes A-E recapitulate known results, espe-
cially those of the regular QKR, and also outline the detailed
calculations needed to arrive at some of the results presented
in this paper.

II. MODEL
The QKR is represented by the Hamiltonian

2‘2 R o0
H(t) = T +cos01;)KN6(t — NT), (1)

where & and [ are the angular displacement and angular mo-
mentum operators, respectively, while / is the moment of
inertia of the rotor. The rotor evolves freely with time period
T between subsequent kicks of strength Ky, which act on
the rotor at the stroboscopic instants NT, where N € Zt.
However, in our case, we consider Ky € {K;, K;}, and thus
{Knly-y = K1, K>, ... constitutes a binary sequence.

If the rotor is initially in a state |/ (f = 0)) = |¥y), the state
of the system at the Nth stroboscopic instant (just before the
Nth kick) is thus given by

[Yw) = [Y(NT)) = UNT, 0) [Yr0) = UyUy—1 -+~ Uy [¥0) ,
2)
Uy being the the unitary operator propagating the system from
the (N — 1)th to the N'th time interval given by

NT a )
Uy =T exp (—i/ H(t)dt) — o ir T iKncosh (3
(N=-DT

where 7 is the time-ordering operator. Note that we have
set i = 1 and rescaled the time period T to a dimensionless
parameter T = T /I [42]. In the conventional QKR, Ky = K
for all N; the dynamics is then equivalent to an evolution

.2 . A
under the Floquet propagator Up = emiTTemiKeosh — o

such that Eq. (2) can be written as |yy) = e ¥V |y) . For
a finite /C, the eigenstates of the Floquet Hamiltonian Hy are
exponentially localized in the angular momentum space. This
leads to a localization of the wave function in the angular mo-
mentum space, and the dynamics is consequently nonergodic
(see Appendix A for details).

Referring to Eq. (1), let us now introduce the FQKR as a
quantum rotor where the sequence of kicks driving the rotor
follows the Fibonacci sequence

—iHFf
5

Ky =Ky +(2—)/(N))ATIC, “)
where AK = KC; — K. The generating function is given by
y(N) = (N 4+ 1)G] — NG|, where | x] denotes the greatest
integer less than or equal to x and G is the golden mean
G=W5+ 1)/2. y(N) can thus assume a value of O or 2.
To see that Eq. (4) generates a Fibonacci sequence, let us look
at the sequences generated at the Fibonacci instants N' € Z™.
The stroboscopic instant corresponding to the N'th Fibonacci
instant is given by the function F (N') which satisfies F (N) =
FWN — 1)+ FW —2). Thus we have F(1) =1, F(2) =2,
FQ3)=3,F@)=5, F(5 =8, F(6) =13, and so on. As-

suming that K; = K, we therefore find
{Kniydl = 81 =K,
Kv)2) = S2 =Kk,
KvhE) = S5 =K1K,
{KN};(:; =84 =K1 KK K s,
KnINE] = S5 =K1 KoK K1 KoKy KoK ©)

where S, denotes the nth Fibonacci sequence, satisfying S, =
Sn—lSn—2~

III. NUMERICAL RESULTS

For numerical simulations, the initial state is chosen to be
a normalized Gaussian quantum state centered around the an-
gular momentum Iy, ¥o(l) = (%ﬁe‘”"")z, unless otherwise
stated. Furthermore, we employ a truncated basis of angu-
lar momentum states for the numerics so that ([y — R/2) <
I < (p+R/2—1), where R is chosen to be large enough
to ensure normalization of the wave function at all times.
For dynamical localized wave functions, this is ensured by
choosing R >> &, where £ is the localization length. The tem-
poral evolution of the kinetic energy (/) for the FQKR with
lo = 0 is shown in Fig. 1(a). We find that the kinetic energy
grows diffusively at low frequencies (high t) and localizes
at high, but finite frequency 7 < 0.01. However, as shown in
Fig. 1(b), the localization does not persist indefinitely, and
a diffusive behavior emerges eventually. Nevertheless, the
time after which this happens rapidly increases as the drive
frequency increases. We have numerically verified that the
results remain qualitatively the same for different choices of
K1 and KC,. Furthermore, as shown in Appendix C, the above
results remain qualitatively the same for different choices of
lo.

IV. PERTURBATIVE ANALYSIS

The quasilocalized behavior observed in the limit of high
frequencies suggests that there might possibly exist an effec-
tive Hamiltonian, similar to the Floquet Hamiltonian, which
governs the dynamics of the FQKR in this limit. Importantly,
the eigenstates of this effective Hamiltonian should also be
exponentially localized in the angular momentum space. To
verify whether this is indeed the case, we resort to a pertur-
bative analysis of the unitary evolution operator, with 7 as the
small parameter.

A. Perturbative expansion of the unitary operator

For 7 « 1, the unitary operator Uy driving the evolu-
tion betw§en the (N — 1)th and Nth kicks can be written as

.2 . A .
Uy = e i57eKneosd n g=iliz | \where Ly » is calculated from
a Baker-Campbell-Hausdorff (BCH) expansion of Uy,

) Kis o .
Lis=Kiscosd + %[P + %(l sin(d) + sin(d)1)
2

’CI,Z c 20N 2
+ =5 sin (9)] + 02, 6)
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FIG. 1. (a) The kinetic energy of a FQKR grows diffusively at lower drive frequencies and dynamically quasilocalizes at high frequency
(r < 0.1). The inset shows that the fluctuations in the quasilocalized (preergodic) regime are evenly spread about the mean kinetic energy
calculated from the perturbation analysis (black dashed line) using Eq. (8). (b) The quasilocalization is destroyed, and an ergodic behavior
is found to emerge at very long times. This can be seen from the linear growth of the kinetic energy with unit slope for N > 10°. The black
dashed line with unit slope is provided for visual reference. Furthermore, the time after which localization is destroyed progressively increases
as the frequency (t71) is increased. The kick amplitudes chosen for the plot are K| = 10, I, = 12, and the initial state is chosen to be the

angular momentum eigenstate |y) = |[ = 0).

having retained terms only up to linear order in 7. It can
be shown (see Appendix D) that the propagator driving the
evolution up to the Nth stroboscopic instant assumes the form
U(N, 0) = e "N where the Hamiltonian Hy takes the form

N N
=°‘§v)L1 + ﬁsv)Ler L. Lil

N N
’“](v (L, (L, L]+ m}(v )

e S(N)

[Ly, [Ly, Li11 + O(7?).
7)

The coefficients «(N)/N, B(N)/N, §(N)/N, ni(N)/N, and
n2(N)/N, henceforth referred to as the normalized expansion
coefficients (NECs), depend on the exact form of the binary
sequence. The NECs for the Fibonacci sequence are evaluated
in detail in Appendix D.

From Fig. 2(a), we see that while S(N)/N [also «(N)/N =
1 — B(N)/N, as shown in Appendix D] saturates to a constant
value, §(N)/N exhibits small amplitude fluctuations about a
mean value. On the other hand, the growth of the coefficients
N (N)/N and n,(N)/N with N is unbounded. The Hamiltonian

+
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Hy, as defined in Eq. (7), is therefore N dependent and is not a
conserved quantity, unlike the Floquet Hamiltonian. However,
a different picture emerges if we observe the behavior of
the NECs at Fibonacci instants . In this case, as shown in
Fig. 2(b), the coefficients B(F (N))/F(N), a(F(N))/F(N),
and 8§(F(N))/F(N) are found to saturate to steady val-
ues for N > 10 while the coefficients n;(F (N))/F(N) and
n2(F (N))/F (N) oscillate between a pair of constant values.
Thus, for N/ > 10, one can substitute Hy—r\ny = Hri (see
Appendix E for details), where Hy; is an effective Fibonacci
Hamiltonian which governs the dynamics of the rotor at
Fibonacci instants. Furthermore, as shown in Fig. 3, the eigen-
states of Hg; are also localized in the angular momentum basis.
It therefore follows that the dynamics of FQKR should mimic
that of the regular QKR when observed at Fibonacci instants
N = F(N) and when terms of order O(r?) can be neglected
in the perturbative analysis. Nevertheless, the existence of an
effective Fibonacci Hamiltonian at Fibonacci instants does
not guarantee the persistent localization seen throughout the
evolution. In fact, the localization in between two subse-
quent Fibonacci instants is particularly surprising, given that

0.6
0.41
0.21
0.0{ #<
_0‘2_
—=— BIN)IN
—0.41 &(N)/N
—i— Mm(N)IN
—0.64 —— (NN
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Fibonacci instants A
(b)

FIG. 2. The normalized expansion coefficients defined in Eq. (7) at (a) stroboscopic instants N and (b) Fibonacci instants AV
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FIG. 3. Typical eigenstates of the effective Fibonacci Hamilto-
nian Hp;, peaked around different values of /, for K, = 10, I, = 12,

and 7 = 0.01. The eigenstates are found to be localized in the angular
momentum space.

the growth of the coefficients n;(N)/N and 1,(N)/N is un-
bounded when observed at stroboscopic instants, as already
seen in Fig. 2(a).

This apparent contradiction can be explained if one in-
spects the self-similar or fractal nature of the Fibonacci
sequence. To elaborate, let us consider the evolution between
two subsequent Fibonacci instants A* and N* + 1, where
we assume F(N*) > 1 so as to ensure that the NECs have
saturated to their mean values. From Eq. (5), we note that
the sequence of kicks up to N* = F(N*) and N** = F(N* +
1) is given by S~ and Sp+41, respectively. However, by
construction, Sar«+1 = Sa+Sa+—1, which immediately implies
that the sequence of kicks between N* and N** is nothing but
the sequence Sp/+_j.

The dynamics of the rotor in between two Fibonacci in-
stants can now be analyzed as follows. Given a localized wave
function |y~ ), the evolution of this wave function in between
the Fibonacci instants A/* and N* + 1 is generated by the
sequence of kicks Sa+_;. Let us now denote the Fibonacci
instants nested within the sequence Sar«_; as M, where
M=0,1,2,...,N* — 1. The wave function of the rotor
at these instants thus satisfies |Yy»1r(m)) & U}fi(M) [Yrn=).
Hence it straightaway follows that the wave function also
remains localized at the instants N* 4+ F (M), as the evolution
is driven by the same effective Fibonacci Hamiltonian Up;.
Proceeding similarly, one can argue that the sequence of kicks
acting between N = N* + F(M*) and N* + F(M* 4+ 1) is
precisely the sequence Saq-—; and hence the wave function

J

remains localized at the Fibonacci instants nested between
N = N*+ F(M*) and N* 4+ F(M* + 1). Thus the quasilo-
calization is enforced in a self-similar way between two
subsequent Fibonacci instants. In other words, the localized
eigenstates of Ug; act as self-similar eigenstates of U(N, 0)
and ultimately lead to the quasilocalized dynamics observed
stroboscopically.

To further support the arguments presented above, we esti-
mate the localization length (iz)loc, with the initial state of the
rotor being an angular momentum eigenstate, |{o) = |/}, for
simplicity in calculation. Assuming that [r ) ~ U™ [lo)
and Ug; = VDVT, where D is a diagonal matrix, it can be
shown that (see Appendix A)

(Phoe = Y P 1Vignl* Viml*. ®)

I,m

The localization length calculated using the above equation in-
deed turns out to be similar to that obtained from exact
numerics. This is illustrated in the inset of Fig. 1(a), where
the fluctuations in the kinetic energy for N < 10* are found
to be evenly distributed about the mean value calculated using
Eq. (8).

It is important to realize that higher-order terms in the
BCH expansion, which we have ignored so far, can become
significant under two conditions: (i) if the drive frequency
is lowered, so that terms of order O(t?) become significant,
and (ii) if the NECs of the higher-order commutator terms
grow boundlessly so that such terms, although initially in-
significant, start to dominate after a certain time has elapsed.
As we shall see below, the second condition is particularly
important as it explains both the ergodic behavior observed at
low frequencies and the breakdown of the localization after
sufficiently long time at high frequencies.

B. Emergence of diffusive behavior at low frequencies

Let us recall that the saturation of the NECs to steady
values for A > 1 is crucial for the existence of an effective
Fibonacci Hamiltonian. Without explicitly determining all the
commutator terms that may contribute when terms of order
~O(t?) are included, let us analyze the expansion coefficients
of the commutators [le [le [L], Lz]]], [Lz, [LQ, [L], Lz]]],
and [Ly, [Ls, [L1, L»]1]. We denote the corresponding expan-
sion coefficients as w(N), u2(N), and us(N), respectively.
These NECs at N = F(N) with A > 1 are found to
be [34]

w(FWN) (DN oy 1 N

O = 130 _G + == (3G—4)—1—3G]:|, (9a)
w(FW) (=DM 1 N

FON = 120 _G (2—G)+5[(—1) (4G—7)—2—G]}, (%9b)
wEN) (=Y _ZGN‘I(I - G)+ l[(—1)N(3 — G)+3+4G] (9¢)
FIN) 120 | G ’

where we have ignored terms of order G-WV+D G-@N+D,
G~ ONHD etc. It is immediately clear that the NECs defined
above do not saturate to steady values even in the asymptotic

(

limit; rather, their growth with A" is unbounded. Indeed, it can
be shown that this is true for all the NECs of higher-order
nested commutators [34]. Thus we conclude that when the
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frequency of the drive is low enough such that the contribution
of higher-order terms become significant, the dynamics at
Fibonacci instants is no longer governed by an effective Fi-
bonacci Hamiltonian. The evolution of the rotor then mimics
that of random driving, thereby leading to the emergence of
ergodic behavior after sufficiently long times.

C. Crossover from the preergodic regime to the ergodic regime
at high frequencies

The unbounded growth of the NECs in Eqs. (9a)—(9¢c) has
a more important consequence. For 7 « 1, the higher-order
terms containing the commutators corresponding to these
NECs are insignificant when A is not too large. However, it
is easy to see that there will exist a long but finite time after
which such terms will become significant and, consequently,
the ergodic behavior will set in. This leads to the breakdown
of the localization observed in the limit of high frequency.
Indeed, one can perform an order-of-magnitude estimation of
the time Ngeloc, after which the diffusive growth is expected
to manifest as follows. From Egs. (9a2)-(9c), we note that
the leading-order term unbounded in A grows as G /120.
The O(t?) terms in the expansion of Eq. (7) thus become
significant when 72GV# /120 ~ 1. For T ~ 0.01, this trans-
lates t0 Nyeloe = 29 0r Nyejoe = 1.3 x 10°. Thus, within the
experimentally realizable time scale, one should observe the
quasilocalization. This agrees remarkably well with the results
found from exact numerical calculations [see Fig. 1(b)].

Finally, we note that the delocalization time Ny can be
interpreted as the time required by the system to “resolve
the randomness” of the quasiperiodic drive. The existence of
the time-independent effective Hamiltonian for small t, com-
bined with the self-similarity of the drive, leads to an effective
periodic evolution from the system’s point of view. Only at
later times, when higher-order terms start to dominate and the
effective time-independent Hamiltonian picture breaks down,
does the system realize that the drive is not periodic and does
diffusive dynamics set in.

V. SUMMARY

In conclusion, we have demonstrated that a quantum rotor
driven with a binary Fibonacci sequence can exhibit both

diffusive and quasilocalized behavior. The latter manifests in
the limit of high frequency of the drive, although diffusive be-
havior eventually sets in after sufficiently long times. It is in-
teresting to note that the preergodic regime, within which the
quasilocalization persists at high frequencies, is reminiscent
of the prethermal regimes observed in out-of-equilibrium
many-body quantum systems. In such systems, the presence
of approximately conserved quantities prevents the system
from thermalizing for a long period of time. An important
question that arises is whether the dynamics of the FQKR
can be mapped to a real-space lattice model describing spa-
tial localization, just as the dynamics of the regular QKR
is mappable to the one-dimensional Anderson problem. If a
mapping does exist, it would be interesting to see how the
quasilocalization observed in the FQKR manifests in the dual
model. This is, however, beyond the scope of this paper.
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APPENDIX A: REGULAR QUANTUM KICKED ROTOR
The regular QKR is represented by the Hamiltonian

Zz . o0
H(t) = — 8(t — NT).
) 21+/C0050N2:(:) (t —NT)

(AL)

As discussed in Sec. II, the above Hamiltonian always exhibits
dynamical localization, irrespective of the drive frequency
[see Fig. 4(a)]. The Floquet propagator governing the evolu-
tion of the rotor at stroboscopic instants is given by

2 . N
—i5t —iKcosf
Up=e"'7"¢ s

(A2)

where T = T/I is a dimensionless parameter and we have
set i = 1. Let us consider the eigenspectrum of the Floquet

- o =101
200 T o 0.100
i T=10"3
0.075
3.0.050
0.025
0.000

0.04
0.03
o

§0.02

0.01

0.00
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FIG. 4. (a) Evolution of the kinetic energy observed at stroboscopic instants N for a regular rotor, X’ = 15. The energy dynamically
localizes for all driving frequencies, barring resonance conditions, which are not considered in this paper. (b) and (c) Typical eigenstates of the
Floquet propagator Uy localized around different values of /, defined in Eq. (A2), with K = 15 and kick frequency = 1 (b) and ¢ = 0.001 (c).
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FIG. 5. (a) Evolution of the kinetic energy observed at stroboscopic instants N when the rotor is driven with (a) biperiodic and (b) aperiodic
binary sequences and the kick amplitudes are chosen as C; = 10 and IC, = 12. The energy saturates for all driving frequencies in the case of

the biperiodic sequence, while it grows diffusively in the other case.

propagator: Up = Y, €% |¢,,) (¢n]. As the Hilbert space
dimension is infinite and the quasienergies ¢,, are defined
modulo 27, the Floquet propagator has a dense eigenspectrum
with ill-defined mean level spacing. However, as shown in
Fig. 4(b), all the eigenstates |¢,) turn out to be exponen-
tially localized in the angular momentum space, unless T < 1,
which we shall consider shortly. To see how these proper-
ties lead to a dynamical localization in the dynamics, let us
explicitly calculate the kinetic energy in terms of the matrix
elements of the Floquet propagator. Without loss of generality,
we assume that the rotor is initialized in a definite angular
momentum state |lp). The kinetic energy after N stroboscopic
instants can then be evaluated as

() = (| UNTPUY o) = Y 12NV, Vie Vi Vi

1,m,m’

where V,,,, = (lo|¢) and so on. As the eigenstates are expo-
nentially localized in the angular momentum basis, we have
Vip =~ Ofor |l —I'| > I, where [ is the localization length and
is a measure of the number of Floquet eigenstates which over-
laps with each angular momentum state. It is thus clear that
in the equation above, only a finite number of eigenstates can
contribute to the sum, resulting in the effective quasienergy
spectrum being discrete with a mean level spacing of 2 /I;.

The onset of dynamical localization can now be explained
as follows. If 2 N/I; >> 1, all the oscillating terms in Eq. (A3)
vanish; the average kinetic energy evaluates to

(%) = PVin A Vil ~ 12+ 13,

l,m

(A3)

which is independent of N. Furthermore, the Heisenberg
time, defined as the initial time for which the kinetic energy
grows diffusively, can also be roughly approximated from
2aN*/l; ~ 1 or N* ~ [;. As the kinetic energy is known to
follow the classical dynamics till N* with a diffusion constant
NICfl = K272, we have

(%) ~ KON 4 12 (A4)

or

1> ~ K22, (A5)

which determines both the localization length and the Heisen-
berg time as

I, ~ K22 (A6)

APPENDIX B: DYNAMICS OF THE ROTOR UNDER
BIPERIODIC AND APERIODIC BINARY SEQUENCES

The dynamical quasilocalization observed in the case of the
FQKR at high-frequency drives is not guaranteed for arbitrary
binary sequences. To illustrate this, we consider a QKR driven
with a biperiodic sequence with Ky = K (/,) for even (odd)
N and an aperiodic binary sequence where the amplitude of
the kick can either be /C; or K, with equal probability at every
stroboscopic instant. This is illustrated in Fig. 5, which shows
that energy saturates for all driving frequencies in the case
of the biperiodic sequence [see Fig. 5(a)] while it evolves
diffusively in the case of the aperiodic sequence, (I*y <N,
irrespective of the driving frequency [see Fig. 5(b)].

APPENDIX C: QUASILOCALIZATION DYNAMICS FOR
DIFFERENT I,

As discussed in Sec. III, the initial state of the rotor is
chosen to be a coherent Gaussian state centered around the
angular momentum /o, i.e., Y¥o(l) = (%)ie‘(l_lo)z. The numer-
ical results presented in this paper correspond to /[y = 0. To
verify that the quasilocalization behavior observed is insensi-
tive to the choice of [y, we plot the evolution of the kinetic
energy for different values of /y in Fig. 6. We find that the
choice of /) only alters the mean value of the kinetic energy in
the preergodic phase.

APPENDIX D: HIGH-FREQUENCY EXPANSION OF THE
UNITARY OPERATOR

In this Appendix, we shall derive the high-frequency ex-
pansion of the time-evolution unitary operator for a QKR
when driven with a binary sequence of kicks. As discussed
in Eq. (3) of Sec. II, the unitary operator driving the evolution

022206-6



QUASILOCALIZATION DYNAMICS IN A FIBONACCT ...

PHYSICAL REVIEW A 106, 022206 (2022)

10! 103 105
N

FIG. 6. Evolution of the kinetic energy for the FQKR with dif-
ferent choices of /y. The kick amplitudes are chosen to be IC; = 10
and IC; = 12.

between the (N — 1)th and Nth kicks is given by
Un — e*i%‘tefiKN cosél (Dl)
We recall that given a pair of noncommuting operators A and

B, one can write e*e? = €€, where C is given by the Baker-
Campbell-Hausdorff formula,

1 1
C=A+B+ E[A’ Bl + ﬁ([A’ [A, Bl +[B,[B,AlD +--- .
(D2)
Substituting A = —ifzr/Z and B = —iKy cos 0, it is straight-
forward to check that the only commutators in the above
expression which contribute up to linear order in 7 are

KNT o e

[A,B] = — (Isinf +sinf ) + O(z*), (D3a)
—iK? .

[B, [B,All = —=N Gin? b + 0(z2). (D3b)

At high frequencies or T < 1, we can therefore neglect all
other commutators in Eq. (D2). Recalling Ky € {K, I} for
a binary sequence, we obtain

Uy ~ e b2, (D4a)

R Kio o~ . 4 R
Ly, =Kipcos6 + §|:i2 + %(l sinf + sin61)

2

K R
+ % sin? 9} + 0(z?). (D4b)

Let us now consider the evolution of the QKR when driven
with a Fibonacci sequence of kicks. For v <« 1 such that
Egs. (D4a) and (D4b) are satisfied, the evolution operator
assumes the form

UN,0) = -.-ebemibigmilapilip=ilip=ila p=ili — (D5)

Our purpose is to derive an approximate expression for the
evolution operator by progressively approximating the unitary
operator for adjacent time intervals. Let us denote the evolu-
tion over the first two time intervals: U (2, 0) &~ e~ 2=l =

e~"©12_ where O, is to be computed using the BCH formula.
As before, we calculate the commutators

[—iLly, —iL] = i(Ky — Kl)%(fsiné + sin 1)

+0(1%), (D6a)
[ —iLy, [—iL;, —ils]] = ik (KC, — Kyt sin? 6 + O(¢?),
(D6b)
[ —iLy, [—ily, —iL]] = —iKo (K, — K1) sin? 0 + O(1?).
(D6c)

It can be straightforwardly verified from the above ex-
pressions that all other higher-order commutators, such as
[Li, [Ly, [Ly, L]]], will contribute terms which are at least
quadratic in order 7. Retaining terms up to linear order in ,
we find

—i®1p = —if2)Ly — ia(2)Ly + §(2)[—iLy, —iLy]
x (2L —iLy, [—iLy, —ils]]
+ (2 — ily, [—ily, —iLy]],

where a(2) =8(2) =1, §Q2)=1/2, and n1(2) = n(2) =
1/12.

We can now build the unitary operator as follows. After
three kicks, the evolution operator can be approximated as
U@B3,0) = e Liegm®n = ¢7013 \where @3 is found to be

1
—i®3 = — 2iLy —il, — g[—iLl, [—iLi, —iL,]]
1
+ 8[ —ily, [—ily, —iL]]. (D7)

A careful inspection reveals that when the Nth kick is ICy, the
expansion coefficients obey the following recursion relations:

S(N) =8(N — 1) — %,B(N — 1, (D8a)
1
mWN)=mWN —-1) - 58(N -1
1
+ BN = (1 —a — 1)), (DS)

1
mWN) =mN - 1)+ E,BZ(N - D. (D8c)

Conversely, when the Nth kick is KC;, the recursion relations
are given by

S(N) =8N — 1)+ %a(N -1, (D9a)
mN) = (N — 1)+ ll—zaz(N -1, (D9b)
MmN) =mN - 1)+ %S(N -D

-l-éa(N— DA — BN —1)). (DY)

To verify the above recursion relations, we explicitly calculate
®14 and O;s as in Eq. (D7),

1
—i®y = =3iL; —il, — 5[—iL2, —iL]

022206-7



BHATTACHARIJEE, BANDYOPADHYAY, AND DUTTA

PHYSICAL REVIEW A 106, 022206 (2022)

1
- 4_1[ —iLy, [—iLy, —ils]]

1
+ 4_1[ — iy, [—ily, —iL]], (D10)
—i0®5 = —3iL; — 2il, + [—il,, —il4]
1
+ E[ —iLy, [—iLy, —il,]]. (D11)

We recall from Eq. (D5) that the fourth and fifth kicks in
the Fibonacci sequence are K; and /C,, respectively. Thus the
expansion coefficients in ®14 and ®;5 satisfy the recursion
relations given in Egs. (D8a)—(D8c) and (D9a)—(D9c), respec-
tively.

The recursion relations in Egs. (D8a)—(D8c) and (D9a)—
(D9c) can be unified using the generating function of the
binary Fibonacci sequence, defined as

y(N) = LNV + 1G] — [NG], (D12)
where G = (v/5 + 1)/2 is the golden ratio and |x| denotes
the greatest integer less than or equal to x. For any positive
integer N, y(N) € {1, 2}. The function y (N) — 1 is therefore
a Boolean function, and it generates the required Fibonacci
sequence. We show this below by explicitly evaluating it for
N=1,2,3,...,13: Substituting ; and K, in place of 1
and O in the second row of the table above, we recover the
Fibonacci sequence defined in Eq. (5) of Sec. II.

J

N
mWN) =
m=1
1N
n) = 253" [ - D[ o | @ = yen(ssm -1+ -

m_l

APPENDIX E: EMERGENCE OF EFFECTIVE FIBONACCI
HAMILTONIAN

As discussed in Sec. IV, the NECs for terms up to order
O(7) either saturate to steady values or oscillate when ob-
served at Fibonacci instants. Indeed, using the so-called “local
deflation rule” for the Fibonacci sequence, one can show that
the asymptotic values of the NECs for N/ >> 1 are given by
[34]

a;i%)) é (Ela)
ﬁ;f(%)) GL (E1b)
%z_é, (Elc)

N 12 3 4 5 6 7 8 9 10 11 12 13

yN)-1 1 0 1 1 01 0 1 1 0 1 1 0

Using the generating function y(N) defined above, the
coefficients S(N) and «(N) are immediately evaluated as

N

BIN) =D (2—y®m), (D13a)
n=1
N

a(N)=) (y(m)—1)=N—B(N).  (DI3b)

n=1

Having evaluated o(N) and B(NN), the recursion relation for
8(N) can be simplified to

al —1
8<N)=Z[(2 yn ™= o - D )],

= (D14)
where «(0) = B(0) = 0. Furthermore, it can be verified that if

y(n) =2,then B(n — 1) = [n/(1 + G)]. Similarly, if y(n) =
1, then o(n — 1) = |nG/(1 + G)]. Substituting in the above
expression, we therefore find

e nG

P> (G =De=1 - | =] ©13)
where we have used the relation |[nG/(1+ G)| + |n/(1 +
G)| = n — 1. Finally, the coefficients n;(N) and 7,(N) can
be evaluated as

S(N) =

12[(2 y )| GJ (1 =y (650 — 1) -2 =m| 75| - Lin)}

”)LlrfGJ + LIZGGJ2>]'

rIZ(F—W))—il:L_(_l)N<2 1)

1
Fn 12l @ =+ — +a:|.(Ele)

G2 G3

We shall henceforth denote the saturation values of the
NECs at Fibonacci instants as &, 8, 8, 71, 72, where #; and 7>
correspond to the mean of the oscillating values of n;(N)/N
and 1,(N)/N, respectively. Substituting the saturation values
derived above, the propagator at Fibonacci instants Urary can
be expressed in terms of an effective Fibonacci propagator
Uf;, such that

Un=r ) % Ui = 7 Ml ), (E2a)
where
Hpi = aLy + BLy + 8[Ly, Li]
+m L1, [L1, Lo1] + i2[Lo, [Lo, Li1] - (E2Db)

is defined as the effective Fibonacci Hamiltonian.

022206-8



QUASILOCALIZATION DYNAMICS IN A FIBONACCT ...

PHYSICAL REVIEW A 106, 022206 (2022)

[1] B. V. Chirikov, A universal instability of many-dimensional
oscillator systems, Phys. Rep. 52, 263 (1979).

[2] FE. M. Izrailev, Simple models of quantum chaos: Spectrum and
eigenfunctions, Phys. Rep. 196, 299 (1990).

[3] G. Casati, B. V. Chirikov, F. M. Izraelev, and J. Ford, Stochastic
behavior of a quantum pendulum under a periodic perturbation,
in Stochastic Behavior in Classical and Quantum Hamiltonian
Systems, edited by G. Casati and J. Ford (Springer, Berlin,
1979), p. 334.

[4] S. Fishman, D. R. Grempel, and R. E. Prange, Chaos, Quantum
Recurrences, and Anderson Localization, Phys. Rev. Lett. 49,
509 (1982).

[5] D.R. Grempel, R. E. Prange, and S. Fishman, Quantum dynam-
ics of a nonintegrable system, Phys. Rev. A 29, 1639 (1984).

[6] S.-J. Chang and K.-J. Shi, Evolution and exact eigenstates of a
resonant quantum system, Phys. Rev. A 34, 7 (1986).

[7] S. Fishman, D. R. Grempel, and R. E. Prange, Temporal
crossover from classical to quantal behavior near dynamical
critical points, Phys. Rev. A 36, 289 (1987).

[8] S. Fishman, R. E. Prange, and M. Griniasty, Scaling theory for
the localization length of the kicked rotor, Phys. Rev. A 39, 1628
(1989).

[9] E. J. Galvez, B. E. Sauer, L. Moorman, P. M. Koch, and D.
Richards, Microwave Ionization of H Atoms: Breakdown of
Classical Dynamics for High Frequencies, Phys. Rev. Lett. 61,
2011 (1988).

[10] J. E. Bayfield, G. Casati, I. Guarneri, and D. W. Sokol, Local-
ization of classically chaotic diffusion for hydrogen atoms in
microwave fields, Phys. Rev. Lett. 63, 364 (1989).

[11] E. L. Moore, J. C. Robinson, C. Bharucha, P. E. Williams,
and M. G. Raizen, Observation of Dynamical Localization in
Atomic Momentum Transfer: A New Testing Ground for Quan-
tum Chaos, Phys. Rev. Lett. 73, 2974 (1994).

[12] E. L. Moore, J. C. Robinson, C. F. Bharucha, B. Sundaram,
and M. G. Raizen, Atom Optics Realization of the Quantum
8-Kicked Rotor, Phys. Rev. Lett. 75, 4598 (1995).

[13] H. Ammann, R. Gray, I. Shvarchuck, and N. Christensen,
Quantum Delta-Kicked Rotor: Experimental Observation of
Decoherence, Phys. Rev. Lett. 80, 4111 (1998).

[14] M. Bitter and V. Milner, Experimental Observation of Dynami-
cal Localization in Laser-Kicked Molecular Rotors, Phys. Rev.
Lett. 117, 144104 (2016).

[15] S. Sarkar, S. Paul, C. Vishwakarma, S. Kumar, G. Verma, M.
Sainath, U. D. Rapol, and M. S. Santhanam, Nonexponential
Decoherence and Subdiffusion in Atom-Optics Kicked Rotor,
Phys. Rev. Lett. 118, 174101 (2017).

[16] H.-J. Stockmann, Quantum Chaos: An Introduction (Cambridge
University Press, Cambridge, 1999).

[17] E. Haake, S. Gnutzmann, and M. Ku$, Quantum Signatures of
Chaos, 4th ed. (Springer, Cham, Switzerland, 2018).

[18] L. D Alessio, Y. Kafri, A. Polkovnikov, and M. Rigol, From
quantum chaos and eigenstate thermalization to statistical me-
chanics and thermodynamics, Adv. Phys. 65, 239 (2016).

[19] M. S. Santhanam, S. Paul, and J. B. Kannan, Quantum kicked
rotor and its variants: Chaos, localization and beyond, Phys.
Rep. 956, 1 (2022).

[20] G. Floquet, Sur les equations differentielles lineaires a co-
efficients periodiques, Ann. Sci. Ecole Norm. Super. 12, 47
(1883).

[21] J. H. Shirley, Solution of the Schrédinger Equation with a
Hamiltonian Periodic in Time, Phys. Rev. 138, B979 (1965).

[22] M. Bukov, L. D’Alessio, and A. Polkovnikov, Universal
high-frequency behavior of periodically driven systems: from
dynamical stabilization to Floquet engineering, Adv. Phys. 64,
139 (2015).

[23] A. Eckardt, Colloquium: Atomic quantum gases in periodically
driven optical lattices, Rev. Mod. Phys. 89, 011004 (2017).

[24] P. W. Anderson, Absence of Diffusion in Certain Random Lat-
tices, Phys. Rev. 109, 1492 (1958).

[25] E. Abrahams, P. W. Anderson, D. C. Licciardello, and T. V.
Ramakrishnan, Scaling Theory of Localization: Absence of
Quantum Diffusion in Two Dimensions, Phys. Rev. Lett. 42,
673 (1979).

[26] The kinetic energy terms in the Hamiltonian of the three-
dimensional rotor are linear in momentum in two of the
orthogonal directions.

[27] G. Casati, I. Guarneri, and D. L. Shepelyansky, Anderson
Transition in a One-Dimensional System with Three Incom-
mensurate Frequencies, Phys. Rev. Lett. 62, 345 (1989).

[28] H. M. Morse, Recurrent geodesics on a surface of negative
curvature, Trans. Am. Math. Soc. 22, 84 (1921).

[29] H. M. Morse, A one-to-one representation of geodesics on a
surface of negative curvature, Am. J. Math. 43, 33 (1921).

[30] M. Kohmoto, L. P. Kadanoff, and C. Tang, Localization Prob-
lem in One Dimension: Mapping and Escape, Phys. Rev. Lett.
50, 1870 (1983).

[31] S. Ostlund, R. Pandit, D. Rand, H. J. Schellnhuber, and E. D.
Siggia, One-Dimensional Schrodinger Equation with an Almost
Periodic Potential, Phys. Rev. Lett. 50, 1873 (1983).

[32] B. Sutherland, Simple System with Quasiperiodic Dynamics: A
Spin in a Magnetic Field, Phys. Rev. Lett. 57, 770 (1986).

[33] S. Nandy, A. Sen, and D. Sen, Aperiodically Driven Integrable
Systems and Their Emergent Steady States, Phys. Rev. X 7,
031034 (2017).

[34] P. T. Dumitrescu, R. Vasseur, and A. C. Potter, Logarithmically
Slow Relaxation in Quasiperiodically Driven Random Spin
Chains, Phys. Rev. Lett. 120, 070602 (2018).

[35] S. Nandy, A. Sen, and D. Sen, Steady states of a quasiperi-
odically driven integrable system, Phys. Rev. B 98, 245144
(2018).

[36] S. Maity, U. Bhattacharya, A. Dutta, and D. Sen, Fibonacci
steady states in a driven integrable quantum system, Phys. Rev.
B 99, 020306(R) (2019).

[37] S. Ray, S. Sinha, and D. Sen, Dynamics of quasiperiodically
driven spin systems, Phys. Rev. E 100, 052129 (2019).

[38] B. Mukherjee, A. Sen, D. Sen, and K. Sengupta, Restoring
coherence via aperiodic drives in a many-body quantum system,
Phys. Rev. B 102, 014301 (2020).

[39] P. Zhang and Y. Gu, Periodically and quasi-periodically driven
dynamics of Bose-Einstein condensates, SciPost Phys. 9, 079
(2020).

[40] H. Zhao, F. Mintert, R. Moessner, and J. Knolle, Random
Multipolar Driving: Tunably Slow Heating through Spectral
Engineering, Phys. Rev. Lett. 126, 040601 (2021).

[41] J. Ringot, P. Szriftgiser, J. C. Garreau, and D. Delande, Experi-
mental Evidence of Dynamical Localization and Delocalization
in a Quasiperiodic Driven System, Phys. Rev. Lett. 85, 2741
(2000).

022206-9


https://doi.org/10.1016/0370-1573(79)90023-1
https://doi.org/10.1016/0370-1573(90)90067-C
https://doi.org/10.1103/PhysRevLett.49.509
https://doi.org/10.1103/PhysRevA.29.1639
https://doi.org/10.1103/PhysRevA.34.7
https://doi.org/10.1103/PhysRevA.36.289
https://doi.org/10.1103/PhysRevA.39.1628
https://doi.org/10.1103/PhysRevLett.61.2011
https://doi.org/10.1103/PhysRevLett.63.364
https://doi.org/10.1103/PhysRevLett.73.2974
https://doi.org/10.1103/PhysRevLett.75.4598
https://doi.org/10.1103/PhysRevLett.80.4111
https://doi.org/10.1103/PhysRevLett.117.144104
https://doi.org/10.1103/PhysRevLett.118.174101
https://doi.org/10.1080/00018732.2016.1198134
https://doi.org/10.1016/j.physrep.2022.01.002
https://doi.org/10.24033/asens.220
https://doi.org/10.1103/PhysRev.138.B979
https://doi.org/10.1080/00018732.2015.1055918
https://doi.org/10.1103/RevModPhys.89.011004
https://doi.org/10.1103/PhysRev.109.1492
https://doi.org/10.1103/PhysRevLett.42.673
https://doi.org/10.1103/PhysRevLett.62.345
https://doi.org/10.1090/S0002-9947-1921-1501161-8
https://doi.org/10.2307/2370306
https://doi.org/10.1103/PhysRevLett.50.1870
https://doi.org/10.1103/PhysRevLett.50.1873
https://doi.org/10.1103/PhysRevLett.57.770
https://doi.org/10.1103/PhysRevX.7.031034
https://doi.org/10.1103/PhysRevLett.120.070602
https://doi.org/10.1103/PhysRevB.98.245144
https://doi.org/10.1103/PhysRevB.99.020306
https://doi.org/10.1103/PhysRevE.100.052129
https://doi.org/10.1103/PhysRevB.102.014301
https://doi.org/10.21468/SciPostPhys.9.5.079
https://doi.org/10.1103/PhysRevLett.126.040601
https://doi.org/10.1103/PhysRevLett.85.2741

BHATTACHARIJEE, BANDYOPADHYAY, AND DUTTA PHYSICAL REVIEW A 106, 022206 (2022)

[42] An alternate common way of representing the evolution oper- work with natural units # = 1 and set T/ = 7, which implies
ator is Uy = exp[—i%] exp[—ii—” cos 0], where iy = KT /I is that T can equivalently be considered as the effective Planck’s
the effective Planck’s constant, p = fi,f, and Ky = Kyh,. We constant.

022206-10



