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Entangled many-body states are a key resource for quantum technologies. Yet their preparation through
analog control of interacting quantum systems is often hindered by experimental imperfections. Here, we
introduce the adiabatic echo protocol, a general approach to state preparation designed to suppress the
effect of static perturbations. We provide an analytical understanding of its robustness in terms of
dynamically engineered destructive interference. By applying quantum optimal control methods, we
demonstrate that such a protocol emerges naturally in a variety of settings, without requiring assumptions
on the form of the control fields. Examples include Greenberger-Horne-Zeilinger state preparation in Ising
spin chains and two-dimensional Rydberg atom arrays, as well as the generation of quantum spin liquid
states in frustrated Rydberg lattices. Our results highlight the broad applicability of this protocol, providing
a practical framework for reliable many-body state preparation in present-day quantum platforms.
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Introduction—High-fidelity preparation of many-body
quantum states is essential for advancing quantum tech-
nologies, with applications ranging from quantum compu-
tation and simulation [1–7] to precision sensing [8–10].
Analog approaches provide a natural and well-established
route via continuous steering of the system through time-
dependent control fields [11–15]. However, their effective-
ness is often limited by experimental imperfections, such
as static perturbations that alter the system dynamics in an
uncontrolled fashion, thereby reducing the fidelity with the
target state [16]. This motivates the development of control
protocols that not only enable accurate state preparation in
an ideal setting, but also ensure robustness against such
imperfections under realistic conditions.
Given a time-dependent Hamiltonian Ĥ0½sðtÞ�, where

sðtÞ is a control parameter, we focus on the problem of
preparing a strongly correlated ground state at sðTÞ ¼ sT
by evolving the system from a trivial ground state at
sð0Þ ¼ s0. The buildup of quantum correlations in the
target state typically requires crossing a continuous phase
transition, a paradigm at the core of recent analog quantum
simulation experiments [17–23]. Our goal is to devise

control protocols that are robust against static perturbations
ϵV̂ (cf. Fig. 1), i.e., insensitive to small variations in ϵ,

(a) (c)

(d)

(e)

(b)

FIG. 1. Many-body adiabatic echo protocol. (a) Spectrum of a
many-body Hamiltonian Ĥ0ðsÞ with Z2 symmetry breaking. The
initial and target states lie in the trivial and ordered phases,
separated by a critical point sc. Solid (dashed) lines indicate
eigenenergies in the even (odd) Z2 sectors. A perturbation V̂
breaks the symmetry and couples these sectors, affecting the
dynamics for s > sc. (b) Illustration of the adiabatic echo protocol.
Contributions to the infidelityI from regions I and III vanish,while
those from regions II and IV destructively interfere. (c)–(e) Appli-
cations where the echo protocol mitigates the effect of the
perturbation V̂: (c) Ising chain with transverse and longitudinal
fields, (d) square lattice Rydberg array with positional disorder,
and (e) ruby lattice Rydberg array with long-range interactions.
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which is fixed during the evolution but may vary across
experimental runs.
To this end, we introduce a generic preparation strategy

that emerges from optimal control [24] and can be
implemented across a broad class of many-body
Hamiltonians. We dub this protocol adiabatic echo proto-
col, as it operates by dynamically “echoing out” the effect
of static perturbations during an adiabatic evolution. After
outlining the general framework in which the protocol is
applicable, we develop an analytical description of the
mechanism behind its robustness and validate it numeri-
cally in a concrete many-body setting. We then show how it
naturally arises in several interacting models using
the gradient ascent pulse engineering (GRAPE) algorithm
[25]—a method widely used in few-qubit gate design
[26–30] but rarely applied in the context of many-body
state preparation. In particular, we showcase its versatility
in various contexts: the preparation of Greenberger-Horne-
Zeilinger (GHZ) states via crossing a symmetry-breaking
phase transition in the quantum Ising chain [31] and in
square Rydberg lattices [19] and the generation of quantum
spin liquid states via crossing a topological phase transition
in frustrated Rydberg arrays [22]. We further confirm the
benefits of the adiabatic echo protocol in a companion
experimental work by preparing GHZ states in Rydberg
atom ladders [32].
Adiabatic echo protocol—Dynamical preparation of

many-body states often relies on the adiabatic theorem,
which ensures that a system governed by a Hamiltonian
Ĥ0½sðtÞ� remains close to its instantaneous ground state
when sðtÞ is varied slowly in time, relative to the inverse
energy gap [15]. Therefore, driving the system from an
easy-to-prepare ground state jψ0i at s0 to an entangled
target ground state jψ targeti at sT through a quantum phase
transition, where energy gaps close polynomially with
system size L, requires preparation times that scale alge-
braically with L to achieve a fixed fidelity [15].
In the simplest scenario, the phase transition occurs via

spontaneous symmetry breaking, with a critical point sc
separating a trivial phase (s < sc) from an ordered phase
(s > sc). The initial and final values of the control function,
s0 and sT , lie in the trivial and ordered phases, respectively.
Below, we focus onZ2 symmetry breaking and refer to [33]
for a discussion of higher-order symmetry groups. The
typical energy spectrum of a many-body Hamiltonian
undergoing such a transition is sketched in Fig. 1(a): For
s < sc, the ground state jE0ðsÞi is well separated from the
excited states, while for s > sc, spontaneous symmetry
breaking leads to an exponentially small gap between the
ground state and the first excited state jE1ðsÞi. We assume,
without loss of generality, that these two states belong to
different Z2 symmetry sectors and that no level crossing
occurs for any value of s [43].
In the absence of perturbations, symmetry forbids

mixing between jE0ðsÞi and jE1ðsÞi. However, static

symmetry-breaking terms ϵV̂—arising from experimental
imperfections or theoretical approximations—induce a
nonzero coupling V10ðsÞ ¼ hE1ðsÞjV̂jE0ðsÞi. In the adia-
batic limit, couplings to other higher excited states can be
neglected, and the leading-order contribution to the prepa-
ration infidelity I ¼ 1 − jhψ targetjψðTÞij2 is given by time-
dependent perturbation theory as [33]

I ¼ ϵ2
����
Z

T

0

dtV10½sðtÞ�e−i
R

T

t
dτδE½sðτÞ�

����
2

; ð1Þ

where δEðsÞ ¼ E1ðsÞ − E0ðsÞ is the lowest energy gap.
The dominant contributions to the infidelity generically

arise from the region where δEðsÞ is exponentially small
with the system size L (s > sc), while contributions from
the finite-gap region (s < sc) are subleading and para-
metrically suppressed with L. We neglect the latter con-
tributions in the following and refer to [33] for a formal
justification of this approximation.
In a standard adiabatic protocol, sðtÞ is monotonic and

the critical point sc is crossed only once at t ¼ tc. Because
of the exponentially small gap, the phase of the integrand
in Eq. (1) simplifies, and the infidelity reduces to
I ≃ ϵ2jV10j2ðT − tcÞ2, where we assumed V10ðsÞ ≃ V10.
Hence, while increasing the total evolution time T improves
adiabaticity, it amplifies the infidelity in the presence of
symmetry-breaking perturbations.
This trade-off can be avoided by protocols that sweep

across the phase transition multiple times, such as the
one in Fig. 1(b), which consists of four segments. In
segments I and III, s < sc, while in II and IV, s > sc.
Neglecting the contribution to the infidelity for s < sc,
we have

I ≃ ϵ2
����e−iα

Z
t2

t1

dtV10½sðtÞ� þ
Z

T

t3

dtV10½sðtÞ�
����
2

; ð2Þ

where α ¼ R t3
t2 dτδE½sðτÞ�. By designing the protocol

sðtÞ such that α ¼ π and
R t2
t1 dtV10 ¼

R
T
t3
dtV10, these

two amplitudes interfere destructively, thereby elimi-
nating preparation infidelities at leading order in ϵ. We
define a protocol satisfying these two conditions as an
adiabatic echo protocol, where the name stems from its
analogy with spin echo sequences [44]. While in that
context dynamical decoupling cancels coherent errors at
the Hamiltonian level [45], in our many-body setting
the cancellation occurs in the instantaneous adiabatic
eigenbasis.
The analytical argument above identifies a family of

control pulses with a universal structure that ensures
robustness against static perturbations but does not
uniquely fix the control profile. In what follows, we
consider concrete model Hamiltonians for the preparation
of selected many-body target states and show how adiabatic
echo protocols can be designed in practice. We first
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demonstrate that, within a simple manifold spanned by two
parameters that set the relative phase and amplitude for
destructive interference, the adiabatic echo protocol coin-
cides with the optimal robust solution. We then use GRAPE
to show how adiabatic echo protocols emerge in unbiased
optimal control across multiple interacting models and
target states. We further show in [33] that these results are
independent of the optimal control method employed.
GHZ state preparation in the quantum Ising chain—The

quantum Ising chain Hamiltonian reads [46]

ĤIsing ¼ −J
X
j

σ̂zjσ̂
z
jþ1 − g

X
j

σ̂xj þ h
X
j

σ̂zj; ð3Þ

where σ̂x=zj are Pauli matrices and periodic boundary
conditions are assumed. We parametrize the couplings J
and g with a single control parameter s as J ¼ J0 sinðπs=2Þ
and g ¼ J0 cosðπs=2Þ and fix the overall energy scale by
setting J0 ¼ 1. For h ¼ 0, ĤIsing represents the unperturbed
Hamiltonian Ĥ0, which has a Z2 symmetry generated byQ

j σ̂
x
j . The critical point sc ¼ 1=2 separates the disordered

phase (s < sc) from the ordered one (s > sc). The last term
in Eq. (3) breaks the symmetry and plays the role of the
static perturbation V̂.
The dynamical preparation is carried out by evolving

the system under a time-dependent sðtÞ, starting from the
product state jþ þ � � � þi, i.e., the ground state of
Ĥ0ðs ¼ 0Þ. The target state is jψþ

GHZi ¼ 1ffiffi
2

p ðj↑↑ � � �↑i þ
j↓↓ � � �↓iÞ, i.e., the ground state of Ĥ0ðs ¼ 1Þ, exactly
degenerate with jψ−

GHZi ¼ 1ffiffi
2

p ðj↑↑ � � �↑i − j↓↓ � � �↓iÞ.
Both the initial and target states belong to the even Z2

symmetry sector. The static field h couples these two sectors,
inducing leakage from jψþ

GHZi to jψ−
GHZi when sðtÞ≳ sc,

resulting in a loss of fidelity for the prepared GHZ state.
We begin by considering a preparation protocol of the

form depicted in Fig. 1(b), i.e., a piecewise linear sðtÞ
satisfying sð0Þ ¼ 0, sðTÞ ¼ 1, sðT=3Þ ¼ sII, and

sð2T=3Þ ¼ sIII, where sII and sIII are two control param-
eters. To quantify robustness against symmetry breaking,
we use the preparation infidelity averaged overNs values of
the perturbation strength ϵl:

C ¼ 1 −
1

Ns

XNs

l¼1

����hψ targetj
YN−1

j¼0

e−idt½Ĥ0ðsjÞþϵlV̂�jψ0i
����
2

; ð4Þ

where sj ¼ sðtjÞ, tj ¼ ðjþ 1
2
Þdt with j ¼ 0;…N − 1, dt ¼

T=N with T the total evolution time, and ϵ is the
longitudinal field h in Eq. (3), sampled uniformly in the
interval ½−σ; σ�. The case σ ¼ 0 (Ns ¼ 1) corresponds to
the unperturbed control problem.
In Fig. 2(a), we plot C in the ðsII; sIIIÞ plane for L ¼ 18

spins and T ¼ 30, revealing a clear global minimum for
ðsII; sIIIÞ ≃ ð0.67; 0.33Þ. Remarkably, this point lies at the
intersection of the two interference conditions defining the
adiabatic echo protocol: the accumulation of a dynamical
phase equal to π in region III [Fig. 2(b)] and equal
symmetry-breaking transition amplitudes in regions II
and IV [Fig. 2(c)].
We now apply GRAPE to optimize the function sðtÞ in

the full control space for preparing jψþ
GHZi. The variational

parameters in this case are the N time-discretized values sj.
The optimization is performed using standard routines that
rely on the gradient ∂C=∂sj, which can be efficiently
computed numerically [33]. Moreover, we add a term to
C that penalizes sharp variations of the optimal control
function between consecutive time steps [33]. In Fig. 2(d),
we plot the optimal C as a function of the preparation time T
for various values of the maximal perturbation strength σ,
for L ¼ 18. The system-size scaling of these results is
discussed in [33]. The solid black line represents purely
time-optimal protocols obtained for σ ¼ 0, while the
dashed lines represent the corresponding averaged infidel-
ities Eq. (4) evaluated for σ > 0.
For small T, the infidelity is dominated by nonadiabatic

transitions within the even Z2 sector, and the optimization

(a) (b) (c) (d) (e)

(f)

FIG. 2. Adiabatic echo in the quantum Ising chain. (a) Average infidelity Eq. (4) for the protocol in Fig. 1(b) in the ðsII; sIIIÞ plane, for
σ ¼ 0.003, Ns ¼ 30, and T ¼ 30. The light blue circle indicates the optimal solution, while the green circle denotes the standard linear
ramp. (b),(c) Interference conditions defining the adiabatic echo protocol in the ðsII; sIIIÞ plane; the minimum in (a) (light blue circle) lies
close to their intersection. (d) Optimal cost function C versus total preparation time T for different σ (Ns ¼ 30). Dashed lines show the
averaged infidelity evaluated on time-optimal protocols obtained for σ ¼ 0. Colored dots indicate the time T� beyond which the σ > 0
optimization deviates from the time-optimal solution. (e) Optimized control profiles sðtÞ for T ¼ 14 [vertical red line in (d)] and
different σ. (f) Preparation infidelity for the profiles in (e) as a function of the longitudinal field h.
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for σ > 0 leads to the same results as for σ ¼ 0. As T
increases and the evolution turns adiabatic, the leakage to
the odd Z2 sector due to the perturbation becomes the main
source of infidelity. In this regime, the optimal solution for
σ > 0 deviates from the σ ¼ 0 case and takes the form of an
echo protocol. This is illustrated in Fig. 2(e), where a
typical time-optimal solution (black line), in which sðtÞ
crosses sc only once, is compared with an echolike solution
which resembles a smoothed version of Fig. 1(b). Notably,
the optimal control solution is effective at shorter prepa-
ration times than those considered in Fig. 2(a).
Although the evolution time T� at which the echo

protocol becomes beneficial decreases as σ increases [cf.
the colored markers in Fig. 2(d)], the control profile sðtÞ
appears to be insensitive to the value of σ. In Fig. 2(f), we
plot the infidelity as a function of the longitudinal field h
for the echo protocol (colored lines), demonstrating its
significantly enhanced robustness compared to the time-
optimal case (black line). We stress that this property is not
limited to the particular perturbation considered here but
extends to more general symmetry-breaking perturbations
and remains effective even for time-dependent noise in the
quasistatic limit [33].
GHZ state preparation in Rydberg atom arrays—As a

second, experimentally relevant example, we turn to
Rydberg atom arrays [47], a paradigmatic quantum plat-
form that naturally features coherent control and strong
interactions with static imperfections [48]. Each atom is
modeled as a two-level system with ground state jgi and
Rydberg state jri, and the dynamics is described by the
Hamiltonian

ĤRyd ¼
X
j

�
Ω
2
σ̂xj − Δn̂j

�
þ
X
j<k

Ujkn̂jn̂k; ð5Þ

where σ̂xj ¼ jgijhrj þ jrijhgj and n̂j ¼ jrijhrj. Here, Ω is
the Rabi frequency, Δ is the detuning, and Ujk ∼ 1=jxj −
xkj6 is the van der Waals interaction between atoms at
positions xj and xk. The blockade radius Rb is defined as
the characteristic length scale at which URb

¼ Ω, marking
the distance below which simultaneous Rydberg excita-
tions are suppressed [49–51].
We consider arrays of 16 atoms on a square lattice

[20,52] with open boundary conditions, since this geometry
is readily realizable experimentally and avoids the need for
additional local control required in open chains [19].
Similarly to the Ising model, ĤRyd possesses a Z2 sym-
metry encoded as a lattice reflection exchanging the two
sublattices and, for suitable Rb, exhibits a disordered and an
ordered phases, separated by a critical point. Below, we set
Rb ¼ 1.15a, where a is the lattice spacing.
We aim to prepare jψþ

GHZi ¼ 1ffiffi
2

p ðjgiAjriB þ jriAjgiBÞ,
where jgiAjriB denotes the configuration with all atoms
in sublattice A (B) in state jgi (jri), and vice versa.

We initialize the system in the product state jψ0i ¼
jgg � � � gi and evolve it under the time-dependent
Rydberg Hamiltonian in Eq. (5), with ΩðtÞ ¼ Ω0wðtÞ,
where wðtÞ is a window function satisfying wð0Þ ¼
wðTÞ ¼ 0 [33]. We use the detuning ΔðtÞ as the control
function. Provided that Δð0Þ < 0, ΔðTÞ > 0 and that Z2

symmetry is not explicitly broken, jψ0i is the ground state
for t ¼ 0, while jψþ

GHZi is the ground state for t → T.
A relevant source of symmetry breaking in this setting

arises from static but spatially inhomogeneous atomic
displacements, which vary from shot to shot and explicitly
break the Z2 lattice reflection symmetry [cf. Fig. 1(d)].
These experimental imperfections are particularly signifi-
cant due to the diagonal interaction U ffiffi

2
p

a ≃ 0.3Ω, which is
comparable to the Rabi frequency.
To identify the echo protocol for robust GHZ state

preparation, we apply GRAPE to the cost function
Eq. (4) (cf. Fig. 3), where each sample consists of one
displacement δxj per atom, independently drawn from a
Gaussian distribution with zero mean and standard
deviation σ ¼ 0.01a. As in the Ising model, the optimal
control solution differs qualitatively from a standard
adiabatic protocol beyond a timescale Ω0T� ≃ 20 [colored
region in Fig. 3(a)]. The corresponding optimal profiles are
shown in Fig. 3(b): While for T < T� the solution features a
monotonic ramp-up of ΔðtÞ, for T > T� the optimal
protocol exhibits the characteristic structure of the echo
scheme, featuring three sweeps across the phase transition
[cf. Fig. 3(b)]. The inset in Fig. 3(b) further highlights the
enhanced robustness of the echo protocol, which was
experimentally validated in a parallel study on Rydberg
ladders [32,33], enabling the preparation of GHZ states
nearly twice as large as those achievable with standard
adiabatic protocols.
Quantum spin liquid state preparation—As a final

example, we consider Rydberg atoms on the ruby lattice
and set Rb ¼ 2.3a [22,53]. Similarly to the GHZ prepa-
ration discussed above, we fix ΩðtÞ ¼ Ω0wðtÞ, with

(a) (b)

FIG. 3. GHZ state preparation in Rydberg arrays. (a) Optimal
cost function Eq. (4) vs total preparation time, for Ns ¼ 30 and
σ ¼ 0.01a. In the shaded red region, the optimal protocols exhibit
the features of the echo mechanism. (b) Optimal profiles for
Ω0T ¼ 20 (standard adiabatic) and Ω0T ¼ 38 (adiabatic echo).
The insets compare the robustness of the two against the strength
of the positional disorder. The shaded purple region marks the
finite-size critical regime, estimated from two independent
ground state diagnostics [33].

PHYSICAL REVIEW LETTERS 136, 120404 (2026)

120404-4



wð0Þ ¼ wðTÞ ¼ 0 [33], take ΔðtÞ as the control function,
with Δð0Þ < 0 and ΔðTÞ > 0, and initialize the system in
the product state jgg � � � gi. For t ¼ T, and with the van der
Waals potential truncated as UR ¼ 0 for R >

ffiffiffi
7

p
a, the

classical ground states correspond to all fully packed dimer
coverings of the kagome lattice [53]. Their equal-weight
superposition—the resonating valence bond (RVB) state
[54]—is a Z2 quantum spin liquid [55,56] and is the target
of our preparation. Previous works have demonstrated that
this state can be prepared with high fidelity in this setting
[57–59]. However, the inclusion of longer-range interac-
tion tails U3a lifts the degeneracy of the RVB components
in the classical limit, imprinting relative phases during the
evolution and thereby degrading the fidelity of the pre-
pared state [57,60].
While this perturbation does not explicitly break any

microscopic symmetry of the Rydberg Hamiltonian on the
ruby lattice, it plays a role analogous to the static pertur-
bation V̂ in the GHZ preparation discussed earlier, with the
two GHZ components replaced by exponentially many
RVB configurations. To determine the optimal protocol for
preparing the RVB state in this setting, we apply GRAPE to
the full Hamiltonian equation (5) on a periodic cluster of
24 atoms, including all van der Waals interaction tails.
Remarkably, as shown in Fig. 4(b), the resulting optimal
control profile displays the characteristic nonmonotonic
shape of the adiabatic echo. This solution is also robust, as
the optimal protocol remains essentially unchanged when
positional disorder is included in the optimization [cf. blue
and green lines in Fig. 4(b)]. In contrast, when the
interaction is truncated at distance R ¼ ffiffiffi

7
p

a, the optimal
solution is monotonic [cf. orange line in Fig. 4(b)],
confirming that the echo protocol arises specifically to
mitigate the effect of the long-range tails.
Conclusions—We introduced the adiabatic echo protocol

as a general approach to many-body quantum state prepa-
ration in the presence of static perturbations. Its key feature
is the suppression of leading-order errors via dynamically

engineered interference, which we analyzed both analyti-
cally and numerically. Going beyond standard approaches
to many-body optimal control, which rely on restrictive
parametrizations of the control fields [19,33,61,62], we
applied GRAPE to various interacting models and uncov-
ered robust solutions that naturally exhibit the echo
structure.
This Letter demonstrates that unbiased optimal control

methods such as GRAPE can be effectively applied to
strongly interacting quantum systems, highlighting their
effectiveness in this complex setting. The adiabatic echo
protocol introduced here offers a novel approach to robust
quantum state preparation, with potential applicability
across a wide range of platforms beyond those explicitly
considered. Taken together, these findings open new
directions for theoretical and numerical exploration of
robust many-body quantum dynamics.
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