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ARTICLE INFO ABSTRACT

Editor: Rudolf Andreas Rémer We investigate the interplay between spatial localization and coherent quantum state transfer (QST) in finite
one-dimensional Aubry-André chains within a source-channel-receiver architecture. While the metal-insulator

I;Zyt?;iirj:i mechanics transition at the critical potential strength A, = 2 formally separates extended from localized eigenstates, our
Anderson localization numerical analysis reveals a significant degradation of transport efficiency well before this threshold. In the
Phase transitions regime 1 < 4 <2, we identify a dynamic transport crossover where the state transfer fidelity collapses despite
Aubry-André the persistence of spatially extended eigenstates. By comparing the participation ratio with the Thouless energy,

we demonstrate that this transport breakdown is not driven by wave-packet confinement, but is instead a
consequence of spectral fragmentation and a strongly suppressed effective transport velocity. Furthermore,
we evaluate the spectral correlation between boundary sites as a static diagnostic for transport robustness.
Our results indicate that while the phase-averaged band-center mode (E, = 0) retains substantial spectral
connectivity up to the vicinity of the critical point, slightly detuned states (E, # 0) undergo a rapid suppression
of boundary correlations for 4 > 1. These findings highlight that spatial delocalization is a necessary but
insufficient condition for high-fidelity communication in aperiodic channels. Consequently, we conclude that
optimal QST in finite quasiperiodic systems is achieved deep within the extended regime (A < 1), requiring
weak system-lead coupling and near-resonant injection at the band center.

1. Introduction engineering of quantum channels with tailored transport behavior [10,
11]. The Aubry-André model provides an interesting example, dis-

Quantum state transfer (QST) represents a cornerstone capability playing a localization-delocalization transition as the quasiperiodic

in quantum information processing, enabling the coherent transmis- potential strength is varied [8,12], offering precise control over wave-
sion of quantum states between spatially separated nodes without function extent and propagation dynamics [13,14]. Recent studies have
collapsing their delicate superposition properties [1,2]. Spin chains and shown that properly designed aperiodic potentials can enhance quan-

other quasi-one-dimensional quantum systems have emerged as natural
platforms for implementing quantum communication channels, offer-
ing scalable architectures for distributed quantum computation [3,4].
While perfect state transfer with unit fidelity has been theoretically
achieved through precise engineering of coupling strengths in specific
chain configurations [5,6], practical realizations face substantial obsta-
cles from environmental decoherence, fabrication imperfections, and
control limitations [7].

The introduction of aperiodic modulation in quantum chains has
opened new paradigms for controlling quantum transport, revealing a

tum state transfer fidelity by isolating transport-mediating modes [15].
Deterministic sequences such as Fibonacci and Thue-Morse provide
controllable aperiodicity that suppresses diffusion while preserving co-
herent transport [16,17]. Moreover, aperiodic modulation can improve
robustness by breaking resonant symmetries and generating mobility
edges [18], with related strategies explored in spin-chain quantum state
transfer protocols [19]. Understanding how aperiodic potentials and
their deformations influence transport is therefore crucial for designing
robust quantum communication schemes in realistic environments [20,

regime between Anderson localization and ballistic propagation [8,9]. 211. . . . .
Aperiodic systems, characterized by long-range order without trans- In this w?rk, we 1.nvest1gate.quantum.s.tate transfer in a sou'rce—
lational invariance, exhibit unique spectral properties that enable the channel-receiver architecture using a modified Harper model, defined
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as the standard quasiperiodic Harper (Aubry-André) potential sup-
plemented by an additional random global phase ¢. This extension
provides a controlled interpolation between deterministic quasiperi-
odicity and genuine disorder, allowing us to probe hybrid regimes
relevant to realistic aperiodic quantum devices. The physical relevance
of introducing disorder is well established in the literature [22]. While
previous studies of the Aubry-André model have focused primarily
on metal-insulator transitions and bulk localization properties, our
approach highlights how the random phase reshapes dynamical sub-
regimes within the delocalized phase when boundary couplings are
explicitly taken into account. In particular, we demonstrate that ¢ acts
as an effective disorder control parameter that modulates transport
fidelity without destroying tunability, revealing optimal conditions
for coherent state transfer that emerge from the interplay between
intrinsic bulk structure and boundary-driven observables. By com-
bining spatial participation ratios, spectral correlation measures, and
time-dependent transfer fidelities, we uncover a hierarchy of trans-
port efficiencies inside the delocalized regime, distinguishing genuinely
ballistic dynamics from regimes dominated by spectral fragmentation.
These results provide practical guidelines for designing robust aperiodic
quantum interconnects operating in noisy, non-translationally invariant
environments.

2. Physical model

We consider coherent quantum transport in a one-dimensional
quasiperiodic lattice described by the Aubry-André model [23] with a
random phase ¢, coupled to an external source and an external receiver.
The total Hamiltonian is H = Hy, + Hy;.

The channel Hamiltonian is given by:

N N-1
Hy, = 21c0s(2nﬁn+¢) |n) (n| +J Z (ny{n+ 1]+ [n+1)(nh. (1)
n=1 n=1

The source and receiver are coupled to the ends of the channel via:

Hy = g(Is) (1 +11) (s + g IN) (rl + [} (N])
+ Eo(ls) (sl +1r) rD) @2

where g represents the coupling strength. To ensure the quasiperiodic-
ity of the system and avoid commensurability effects, the parameter
p must be an irrational number. In this study, we primarily adopt
the golden ratio f = (\/g — 1)/2 as the standard modulation fre-
quency. It is important to emphasize that our numerical investigations
were extended to other irrational values as well as rational approx-
imations of the golden ratio (i.e., the ratios of successive Fibonacci
numbers F,_, /F,). In general, the results remained qualitatively consis-
tent despite minor quantitative variations in some cases, confirming the
robustness of the transport phenomena described herein. The phase ¢ is
randomly chosen from the interval [0,2x]. The dynamics are governed
by the time evolution of an excitation initially at |s). In our calculations,
the coupling g is generally smaller than the intra-channel coupling
J=1.

To comprehensively characterize the system, we divide our analysis
into two complementary frameworks. First, we examine the intrinsic
localization properties of the isolated Aubry-André channel. Second,
we investigate the efficiency of quantum state transfer within the
full source-channel-receiver geometry. To evaluate the spectral and
spatial properties of the channel without resorting to computationally
expensive full diagonalization, we employ the retarded Green’s function
formalism. The specific elements are defined as [24,25]:

G(E) = (il(E = Hg, + in)"'1j) 3

where we adopt a numerical broadening n = 103 J to ensure spec-
tral convergence and handle the singularities of the propagator. By
extracting the diagonal elements G;;(E), we obtain the Local Density
of States (LDOS), p,(E) = —%Im[G”(E)], which reveals the density of
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available quantum states at specific lattice sites. To distinguish between
extended and localized phases, we utilize the ratio R(E) = pgeo/Parith
of the geometric to the arithmetic mean of the LDOS. This quantity
acts as a useful statistical indicator, approaching unity in the metallic
regime and becoming strongly suppressed in the localized regime as the
distribution becomes log-normal. The statistical limits of the ratio R(E)
are fundamentally tied to the distribution of the LDOS across the lattice.
In the metallic regime (1 < 2), the wavefunctions are delocalized
and relatively uniform, which implies that the Local Density of States
fluctuates minimally from site to site. In this case, the arithmetic
and geometric means are comparable, and R(E) approaches unity. As
the system enters the localized phase (4 > 2), the LDOS becomes
spatially sparse and follows a log-normal distribution, spanning sev-
eral orders of magnitude. Consequently, the geometric mean, which
is highly sensitive to the exponentially small values at sites far from
the localization centers, drops significantly while the arithmetic mean
remains finite, causing R(E) to approach zero in the thermodynamic
limit. It is worth noting, however, that for finite-sized systems and in
the presence of numerical broadening, R(E) does not vanish entirely,
but rather saturates at a small residual value.

For the practical implementation of this formalism, we emphasize a
high-performance numerical approach. To compute G;;(E), we avoid

full matrix inversion, which typically scales as @(N?>), and instead
reformulate the problem as a system of linear equations:

(E-H+ing; =e¢; “@

where g; represents the jth column of the Green’s function matrix
and e; is the jth canonical basis vector. Given that the tight-binding
Hamiltonian is restricted to nearest-neighbor hopping, the operator
(E — H + in) is tridiagonal. We exploit this sparsity by employing a
specialized banded linear solver based on the Thomas algorithm. This
reduces the computational complexity to O(N), allowing for the precise
calculation of propagators and the density of states in large systems
(N > 10%) with minimal overhead. Furthermore, the spatial structure
of the eigenstates is directly probed via the non-local propagator
G, ,.4(E). The spatial decay of the wavefunctions is quantified by the
spatial decay parameter D(4), which we numerically extract through an
exponential fit of the average non-local propagator at the band center:

(IG,144(E = 0)]) o exp (=Dd) 5)

where the fit is performed over a wide range of distances d. A van-
ishing decay rate (D ~ 0) signifies extended wavefunctions, whereas
a finite value (D > 0) confirms exponential confinement. Additionally,
the neighbor propagator (|G;;,,|) provides a direct measure of local
hybridization between adjacent sites. At the critical point 4 = 2, the sys-
tem undergoes a metal-insulator transition characterized by the closing
of spectral gaps and the emergence of multifractal eigenstates. This crit-
ical resonance manifests as a pronounced peak in the neighbor propaga-
tor, identifying the regime of maximum susceptibility where the kinetic
hopping J and the quasiperiodic potential A are in exact competition.
Physically, this peak arises from the crossover between two distinct sup-
pression mechanisms: in the delocalized phase (4 < 2), the probability
amplitude is diluted over the entire lattice (1/N scaling), which natu-
rally suppresses local correlations between any two specific sites; con-
versely, in the localized phase (4 > 2), exponential confinement drasti-
cally reduces the spatial overlap between neighbors due to the short lo-
calization length. Consequently, the critical point emerges as the locus
of maximal local transmission amplitude, where the multifractal wave-
functions possess sufficient spatial extension to bridge adjacent sites
without yet suffering the exponential penalty of the insulating regime.

Complementarily, we investigate the dynamical transport efficiency
by calculating the Thouless energy & [26]. This is defined as the mean
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energy shift of the spectrum when changing the boundary conditions of
the isolated channel H, from periodic (PBC) to anti-periodic (APBC):

&r = (| (PBC) — ¢, (APBC)|) ©

In the delocalized phase, transport is characterized through the Thou-
less energy &r, obtained from the sensitivity of the spectrum to bound-
ary conditions. From this energy scale, we define an effective transport
velocity (Thouless velocity) as

N &
(vr) ~ hT, %)

which follows from associating the Thouless time 7 ~ h/&r with the
characteristic time required for an excitation to traverse a system of
size N. Within this interpretation, the velocity can be expressed as
(vp) ~ L/7p, where L ~ N represents the effective chain length in units
of the lattice spacing. Thus, (v;) provides a transport velocity scale
derived from the spectral sensitivity. In our numerical calculations,
we adopt units such that J/ = 1, 7 = 1, and the lattice constant
a = 1. Consequently, the Thouless velocity is expressed in natural
units of Ja/h. We emphasize that for A — 0, the extracted Thou-
less velocity approaches the clean-chain ballistic limit v; = 2Ja/h,
validating the scaling relation. This diagnostic becomes particularly
useful for revealing the dynamical transport crossover in the inter-
mediate regime 1 < A < 2, where the eigenstates remain formally
extended but transport becomes progressively hindered. In this regime,
the quasiperiodic potential induces spectral fragmentation and band
flattening, leading to a strong suppression of the Thouless velocity. As
a result, transport slows down significantly despite the absence of full
localization. For all results, we performed averaging over M = 1000
random realizations of the phase ¢ to ensure statistical convergence.
The dynamical propagation is evaluated via the maximum fidelity F,,
within a time window Tj;,, = 6 x 103%/J. This window is consistent
with the perturbative estimate T ~ 1/g2, ensuring that the complete
evolution of the excitation is captured even when the transport speed is
strongly reduced. The definition of (v;) is valid within the delocalized
regime (4 < 2), where the Thouless energy remains finite. In the
localized phase (4 > 2), & decays exponentially with system size, and
the corresponding Thouless velocity becomes exponentially suppressed,
reflecting the breakdown of coherent transport.

Building upon these intrinsic bulk properties, we quantify the quan-
tum state transfer efficiency and the nature of the eigenstates mediating
the propagation. We begin with the Participation Ratio (PR), a spatial
measure quantifying the number of lattice sites effectively occupied by
an eigenstate. For an eigenmode |¢;) with components V,, = (n |ex ),
it is defined as PR, = (Z:':l [V lH™!, where values of PR ~ N
characterize extended states in the metallic phase (1 < 2), while PR ~
(1) indicates exponential localization. Complementing this spatial per-
spective, we define the spectral weights wf) =|V,|* and wi’) =1V,
to measure the overlap of each mode k with the source (s) and receiver
(r) sites, respectively. This enables the calculation of the static spectral
correlation C = ), wf)wg), which serves as a measure of the channel’s
capacity to mediate transfer through the overlap of these weights. We
emphasize that the spectral correlation is not proposed as a unique
predictor, but as a complementary diagnostic correlated with transport
properties . Finally, the dynamical propagation of an excitation initially
localized at the source site |s) is governed by the amplitude f(r) =
(rle”H|s) = ¥, V,, Vi e, The transfer quality for an arbitrary qubit
state is evaluated using the average fidelity F(r) = % + 'f;—’)‘ + % The
primary dynamical order parameter used to map the phase diagram is
the maximum average fidelity achieved within a relevant time window
Tnax» defined as Fray = max,gor, | F(@). For all disordered/quasiperi-
odic results presented, we performed averaging over M = 1000 random
realizations of the phase ¢ to ensure statistical convergence (error
bars are smaller than the symbol sizes). The maximum fidelity F,, is
searched within a time window T,, = 6x10° &/J, which is sufficiently

max
long to account for the velocity in the intermediate regime 1 < 4 < 2.
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Fig. 1. Localization indicators derived from the retarded Green’s function
at the band center (E = 0). (Top) The LDOS ratio p,,,/p,, marks the
transition from extended to localized spectral statistics. (Middle) The neighbor
propagator (|G, ,,,|) peaks at 1 = 2, reflecting critical state hybridization at the
transition point. (Bottom) The spatial decay rate D remains null in the metallic
phase and increases linearly for 1 > 2, confirming the exponential localization
of eigenstates.
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~ 1) is restricted to the A < 1 limit, with a noticeable
decay in performance as A approaches the critical value of 2. For 1 > 2,
localization forces the fidelity to the limit of 0.5, with the resonant case
(E, = 0) demonstrating superior robustness in the transition region.

ax

Furthermore, the maximum simulation time T,,, = 6 x 10° #/J is
consistent with typical experimental estimates for quantum information
transfer protocols [15]. In particular, according to perturbation theory,
the characteristic transfer time in weak-coupling regimes is expected
to scale as 1/g2. Therefore, our choice of T,,,, provides a sufficiently
long window to capture the complete evolution of the excitation and
accurately determine the maximum fidelity, even in the intermediate
regimes where the effective Thouless velocity is significantly reduced.
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3. Results and discussion

The transport efficiency in the source-channel-receiver setup is
intrinsically governed by the spatial and spectral properties of the
underlying Aubry-André chain. By analyzing the interplay between
localization measures and dynamical observables, we characterize the
metal-insulator transition and its implications for quantum communi-
cation.

The localization transition is further elucidated via the Green’s
function formalism in Fig. 1. The LDOS ratio p,,,/p,.n acts as a useful
statistical indicator, remaining near unity in the metallic phase and
vanishing for A > 2, signaling the onset of log-normal spectral distribu-
tions typical of the localized regime. A striking feature is observed in
the neighbor propagator (|G, ,.|), which exhibits a pronounced peak
at the critical point 4 = 2. This pronounced peak originates from
the closing of spectral gaps and the critical resonance of states at
the transition, where the hybridization of modes is maximized before
exponential confinement takes over. In the metallic phase (1 < 2), the
probability amplitude is delocalized over the entire chain, causing a
dilution that suppresses the local propagator. In contrast, the onset of
localization forces a spatial confinement of the wavefunction, which
concentrates the probability density and consequently enhances the
short-range propagator elements. Finally, the spatial decay parameter
D remains zero in the delocalized phase and grows linearly for 1 > 2.
This confirms that for 4 > 4., the wavefunctions are exponentially
confined, whereas for A < 2, the vanishing of D supports the extended
nature of the states, even as their transport velocity collapses due to
spectral fragmentation.

Fig. 2 illustrates the maximum average fidelity F,,, for an Aubry-
André chain of N = 100 sites as a function of the quasiperiodic potential
strength A (with g = 0.05). Although Fibonacci system sizes are con-
ventionally used to minimize commensurability effects in bulk studies,
we emphasize that practical implementations of quantum state transfer
typically utilize relatively short chains due to current experimental con-
straints. To ensure the reliability of our findings and discard finite-size
artifacts, we performed additional simulations across multiple system
sizes, specifically N = 89,144, and 233. For each size, we evaluated
both the exact golden ratio g = 5 - 1)/2 and its corresponding
rational approximations (f = 89/144 or 144/233). Aside from small
quantitative deviations in specific regions, the results exhibit good
qualitative agreement with the N = 100 case. Specifically, as the system
size increases up to two or three times our base length, we observe
a slight natural decay in the overall baseline fidelity. Nevertheless,
within the near-ballistic regime (4 < 1), the transfer efficiency remains
remarkably robust and close to the maximum ideal value. This minor
reduction in fidelity with increasing N is physically expected: as the
wave packet traverses a longer distance, it undergoes natural spatial
dispersion and accumulates minor phase fluctuations over the extended
transit time, preventing a perfectly rigid wave-packet reconstruction
at the receiver. This confirms that the observed transport phenomena,
particularly the sharp fidelity degradation in the delocalized phase,
are robust physical features of the model and not numerical artifacts
stemming from finite-size constraints or the specific rational approx-
imation of . While the theoretical metal-insulator transition for the
standard Aubry-André model occurs at A, = 2, the transport efficiency
reveals a more complex behavior. For 1 < 1, the system remains deep
in the extended regime, enabling fidelities close to unity. However, as
4 increases beyond 1.0, even though the bulk states are still formally
delocalized, F,,, begins to degrade significantly, falling well below
1. This suggests that the increased quasiperiodic potential leads to
the scattering of the wave packet or induces effective off-resonance
conditions prior to the absolute localization threshold. Interestingly,
the resonant case (E, = 0) maintains higher fidelity over a wider
range, showing greater robustness. Finally, for 4 > 2, the system enters
the fully localized regime. In this phase, wave packet propagation
is strongly suppressed due to exponential localization, causing the
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fidelity to saturate exactly at 0.5. We note that this value naturally
emerges from the mathematical definition of F(7): when the source and
receiver are effectively decoupled and the transition amplitude vanishes
(f(t) = 0), the formulation inherently reduces to this limit, reflecting a
complete lack of communication between the boundary channels.

A crucial observation in this study is the significant degradation
of the maximum average fidelity F,, in the interval 1 < 4 < 2.
Despite the system remaining formally in the delocalized phase, the
strengthening quasiperiodic potential introduces substantial phase fluc-
tuations and reduces the Thouless velocity of the mediating modes. This
dynamic transport crossover is associated with a strong suppression
of the Thouless velocity (vr), caused by progressive spectral fragmen-
tation and band flattening as the system approaches the localization
transition. In this slow-transport extended regime, although the eigen-
states remain spatially extended, the resulting spectral compression,
characterized by significantly flattened energy bands, implies that wave
packets experience a drastic reduction in propagation speed along-
side increased spatial dispersion. Consequently, the quantum excitation
reaches the receiver significantly delayed and spatially broadened,
leading to destructive interference that hinders constructive recon-
struction. This dynamical bottleneck causes F,,, to drop noticeably
below ideal values long before the Anderson localization threshold at
A. =2 is reached. To quantify this transport collapse, we calculate the
Thouless energy &£, which provides a measure of the effective transport
speed. Physically, an extended state with a high velocity is highly
sensitive to a change in boundary conditions, whereas slow modes
in flattened bands become insensitive to the boundaries long before
they become exponentially localized. It is important to emphasize that
the periodic and anti-periodic boundary conditions used to compute
&r are applied strictly to the isolated channel Hamiltonian H,. This
procedure allows us to probe the intrinsic sensitivity of bulk states to
phase shifts at the boundaries, independently of the external source and
receiver couplings employed in the transport setup. The diagonalization
was performed using a shift-invert spectral transformation to accurately
target eigenstates near E, = 0. A small regulator ¢ = 107! was
introduced to avoid numerical singularities in the tridiagonal matrix
inversion. Statistical convergence was ensured by averaging over M =
1000 random phase realizations.

The spatial nature of the eigenstates of the isolated Aubry-André
channel is first characterized in Fig. 3(a) by analyzing the scaling of
the participation ratio (PR) with the system size N. To rigorously rule
out finite-size artifacts, these scaling calculations were performed using
very large Fibonacci numbers, ranging from N = 987 up to approxi-
mately 122,000. The results confirm that, throughout the delocalized
phase (4 < 2), the eigenstates remain spatially extended, as evidenced
by the extensive scaling of the PR (PR « N). This confirms that
the channel supports modes spanning the entire lattice, theoretically
providing a continuous path for quantum information. However, a
complete understanding of the transport efficiency requires the dynam-
ical analysis shown in Fig. 3(b). The numerical results, derived from
the scaling of the Thouless energy &, successfully capture the sub-
stantial suppression of the Thouless velocity (v;) as the quasiperiodic
potential strength A increases toward the critical threshold 4, = 2.
Notably, these Thouless velocity curves were calculated for multiple
large Fibonacci sizes, specifically N = 1597,2584, and 4181. The fact
that the transport collapse remains qualitatively identical across these
scales further guarantees that this is a genuine macroscopic feature of
the crossover regime. As the quasiperiodic modulation strengthens, the
resulting fragmentation and flattening of the energy bands drastically
reduce the spectral sensitivity to boundary conditions, which translates
dynamically into a severe reduction in the propagation speed of wave
packets. The juxtaposition of these spatial and dynamical metrics con-
firms that the observed degradation in quantum state transfer fidelity
in the interval 1 < 4 < 2 is not a consequence of spatial localiza-
tion. Instead, it is fundamentally driven by the strongly suppressed
transport speed of the mediating modes near the band center. In this
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Fig. 3. Spatial and dynamical characterization of the Aubry-André channel near the band center (E =~ 0). (a) Scaling of the Participation Ratio (PR) with
system size N for representative potential strengths 4 = 0.25,0.5,0.75,1.25,1.5,1.75 (extended phase) and 4 = 2.25 (localized phase). To rule out finite-size effects,
calculations were performed using Fibonacci numbers ranging from N = 987 up to N = 1.22 x 10°. The power-law behavior PR « NP with D, ~ 1 confirms
that states remain spatially extended throughout the metallic phase (4 < 2), whereas the collapse to PR ~ O(1) signals the onset of exponential localization. (b)
Effective Thouless velocity (v;) derived from the Thouless energy &; as a function of 1. The calculations were verified across multiple large Fibonacci system
sizes (N = 1597,2584, and 4181), yielding qualitatively identical behavior. The numerical results capture the smooth collapse of the transport speed as the system
approaches the critical threshold A, = 2. Together, these results demonstrate that the degradation in quantum state transfer fidelity observed for 1 < A < 2 is not
driven by spatial confinement, but is fundamentally caused by the strongly suppressed velocity of the mediating modes due to spectral fragmentation.

slow-transport extended regime, although the states remain extended
without any exponential confinement, they become increasingly “slow”
and highly dispersive. Consequently, the quantum excitation reaches
the receiver site with significant delay and spatial broadening, hin-
dering the coherent constructive interference required for high-fidelity
reconstruction. This mechanism causes the transfer fidelity to drop
noticeably long before the genuine Anderson localization threshold is
reached. Finally, to ensure complete generality, the studies presented in
Fig. 3 were performed using both the exact irrational golden ratio g =
(\/g —1)/2 and its corresponding rational approximations g = F,_,/F,.
Moreover, we verified the consistency of these scaling trends by testing
arbitrary system sizes that do not belong to the Fibonacci sequence
(e.g., N = 1000,2000,4000, ...,120,000). The results remained virtually
indistinguishable. This remarkably weak dependence on whether N is
a Fibonacci number, as well as on the specific nature of g, is primarily
mediated by the ensemble average over the random phases ¢, which
smooths out local commensurability effects and reveals the robust
underlying bulk physics.

Complementing the previous analysis of F,,,, versus 4, Fig. 4 focuses
on the influence of the terminal-chain coupling strength g on the trans-
fer efficiency. The calculations were performed for the resonant case
(E, = 0) with g evaluated in the range 0.01 < g < 0.225. Rather than
a strictly monotonic mathematical function, it is observed that within
this evaluated window, the fidelity exhibits a systematic, pronounced
decrease as g increases for all values of 1 in the extended regime.
This behavior indicates that although a stronger coupling might naively
suggest a faster signal injection, it ultimately results in an impedance
mismatch at the boundaries, inducing backscattering that severely hin-
ders the coherent transfer of the quantum state. Particularly for 4 < 1,
where the system is nearly ballistic, the fidelity reaches values close to
unity only for weak couplings (g < 0.1). As g increases, the degradation
of F,, becomes severe, suggesting that the injection rate becomes
incompatible with the internal propagation dynamics of the quasiperi-
odic chain. Furthermore, the clear separation between the curves for
different A values reinforces that quasi-disorder and coupling strength
act as competing mechanisms for fidelity loss. However, it is important
to emphasize that optimizing this process involves a practical trade-off:
while a weak coupling minimizes destructive boundary scattering, an

o Fidelity vs Coupling (N =100, Eqg =0.0)
—— A=0.25

0.951 ®

0.90+

Fmax

0.70

0.65

0.60 v

0.00 0.05

Fig. 4. Maximum fidelity (F,,) as a function of the coupling g evaluated
in the range [0.01,0.225]. For 4 = 0.5, the fidelity remains near unity for
g < 0.05 but drops by approximately 20% as g increases to 0.2, illustrating
the impedance mismatch effect.

excessively small g would dramatically increase the required transfer
time. Thus, the optimal window for high-precision operations lies in
a weak-coupling regime that carefully balances impedance matching
with timely signal injection, rather than an arbitrarily small coupling.

Fig. 5 depicts the dependence of the spectral correlation C on the
potential strength A for different injection energies E,. This quantity
measures the effective overlap between the source and receiver sites
mediated by the eigenstates of the Aubry-André channel. In the ballistic
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Spectral Correlation vs Disorder Strength (N=100, g=0.05)
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Fig. 5. Spectral correlation C as a function of the quasi-disorder strength A
for a chain of length N = 100 and boundary coupling g = 0.05. The data
compares the resonant injection at the band center (E, = 0, dashed line
with squares) against slightly detuned injection energies (E, = +0.1, solid and
dotted lines). The resonant case exhibits superior robustness, maintaining high
spectral overlap close to the critical point 4, = 2, whereas off-resonant modes
experience a sharp suppression of correlations around A ~ 1.

limit (A — 0), all considered energies exhibit significant correlation
values, indicating a high potential for quantum state transfer. However,
a distinct behavior emerges as the quasiperiodic modulation increases.
For the resonant case (E, = 0), the spectral correlation remains robust
throughout the metallic phase, sustaining a high plateau until the
vicinity of the localization transition at A, = 2. At this critical point, C
drops sharply to zero, consistent with the localization of the eigenstates
which decouples the boundaries. In contrast, for the scenarios (E, =
+0.1), the correlation begins to degrade significantly earlier, exhibiting
a rapid decay around A ~ 1.. This early suppression suggests that
even small detunings from the band center render the spectral connec-
tivity highly sensitive to spectral fragmentation, effectively breaking
the transfer channel well before the global metal-insulator transition
occurs. Consequently, operation at the precise band center (E, = 0)
is identified as a critical requirement for maximizing the resilience
of quantum transport against quasiperiodic disorder. These findings
corroborate the fidelity studies discussed previously, offering a static
perspective on the transport efficiency. The early suppression of C for
(Ey # 0) closely mirrors the degradation of transfer quality in the
delocalized phase, while the robust spectral connectivity at E, = 0
explains the resilience of the resonant protocol. This correspondence
establishes spectral correlation as a reliable predictor of dynamical
performance in aperiodic channels. While the condition E, = 0 aligns
the source and receiver with the band center, the local potential at
the boundary sites n = 1 and n = N varies with the random phase
¢. Consequently, the “resonant” injection described here should be
understood in a statistical sense: after averaging over ¢, the energy
mismatch is effectively compensated, allowing the band-center modes
to dominate the transport dynamics.

4. Conclusion

In this work, we have investigated the relationship between the
localization landscape of the Aubry-André model and its efficacy as
a quantum interconnect. Our results highlight that relying solely on
the conventional dichotomy between extended and localized phases is
insufficient to predict the efficiency of quantum state transfer (QST)
in finite chains. While the system remains spatially delocalized for
A < 2, we observed a dynamic transport crossover in the slow-transport
extended regime (1 < A < 2) where the transport quality severely
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degrades. As evidenced by the extensive scaling of the Participation
Ratio, this degradation is not driven by spatial confinement. Rather, it
originates from the fragmentation and flattening of the energy bands,
which leads to a strongly suppressed Thouless velocity and significant
dispersive broadening of the propagating wave packet.

Furthermore, our analysis of the static spectral correlation C pro-
vides valuable insights into the robustness of these channels against
energy detuning. We demonstrated that, upon disorder-phase averag-
ing, the band-center injection (E, = 0) is highly resilient, maintaining
substantial spectral overlap between the source and receiver up to the
vicinity of the critical point A, = 2. In contrast, slightly detuned states
(E, # 0) experience a rapid suppression of boundary correlations at
quasiperiodic modulation strengths (4 ~ 1) well below the metal-
insulator transition. Additionally, we found that high-fidelity transfer
favors weak boundary coupling (¢ < J) to minimize destructive scat-
tering, though we note that extreme weak coupling must be carefully
balanced against proper impedance matching to ensure timely signal
injection. Consequently, optimal QST in finite quasiperiodic chains is
largely restricted to the near-ballistic limit (A < 1) under precise
resonant conditions.

In summary, we emphasize that successful quantum state transfer
in aperiodic potentials depends on a delicate balance that transcends
the traditional localization length criterion. Our findings reveal that
the severe suppression of the average Thouless velocity, driven by
spectral band flattening, can hinder information propagation nearly as
effectively as exponential Anderson localization. For future quantum
engineering applications, this implies that ensuring a high Participation
Ratio is a necessary but not sufficient condition; one must also explicitly
optimize for the Thouless velocity within the transmission window.
This dynamical constraint constitutes a key practical design consider-
ation for the deployment of aperiodic chains as reliable quantum data
buses.
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