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False vacuum decay and nucleation offer the opportunity to study non-equilibrium dynamical
phenomena in quantum many-body systems with confinement. Recent work has examined false
vacuum decay in 1D ferromagnetic Ising spins and superfluids. In this paper, we study false vac-
uum nucleation dynamics in 1D antiferromagnetic neutral atom chains with Rydberg interactions,
using both numerical simulations and analytic modeling. We apply a staggered local detuning field
to generate the false and true vacuum states. Our efforts focus on two dynamical regimes: decay
and annealing. In the first, we corroborate the phenomenological decay rate scaling and determine
the associated parameter range for the decay process; in the second, we uncover and elucidate a
procedure to anneal the false vacuum from the initial to the final system, with intermediate nucle-
ation events. We further propose experimental protocols to prepare the required states and perform
quenches on near-term neutral atom quantum simulators, examining the experimental feasibility of

our proposed setup and parameter regime.

I. INTRODUCTION

False vacua are metastable states in quantum systems
that lie above the true vacuum ground state and can
decay by tunneling via nucleation [1, 2|, thereby trans-
forming under a first-order phase transition. They were
examined in pioneering studies in quantum field the-
ory [1-7], after earlier analysis in statistical physics [8,
9]. Metastable false vacua and their decay properties
have also been explored in strongly-correlated quan-
tum systems, including ultracold atoms [10-12] and
magnetic materials [13-15]. In addition, more general
metastable states in quasi-classical systems can also un-
dergo phase transitions, including macromolecules such
as polymers [16, 17] and proteins [18, 19], possibly influ-
enced by similar effects.

In quantum field theory, false vacuum decay was orig-
inally studied for scalar fields without gravitational ef-
fects, for its applications in early-universe cosmology [1-
3, 6] and fundamental interactions [4, 5, 7]. The decay oc-
curs by a tunneling process in which true vacuum bubbles
are nucleated by quantum fluctuations in the false vac-
uum background, and bubbles larger than a critical size
can rapidly expand throughout the state [1, 2]. The de-
cay rate, that is, the tunneling probability per unit time,
has been derived analytically under simplifying assump-
tions [1-7]. In 1 4 1 spacetime dimensions, for certain
potentials and in the “thin-wall” approximation (elabo-
rated in Section IIT A1), it has the characteristic scal-

ing v 56_)‘871, where £ is the energy density differ-

ence between the false and true vacua, and A collects
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the remaining dependencies [5, 7]. For small £, the de-
cay rate becomes exponentially small, a feature of the
metastability. Recent numerical simulations with quan-
tum quenches have corroborated this scaling for (1 + 1)-
dimensional ¢* [20] and Ising [21] field theories, with ad-
ditional fitting parameters in the prefactor. In cosmology,
false vacuum studies have been extended to incorporate
additional physics, namely general relativity [22, 23] and
finite temperature [24, 25]. Concomitant efforts also ex-
amined the impact of the possible nucleation, expansion,
and collision of true vacuum bubbles on the evolution
of the Universe and its field content [23, 26-28]. For
such a cosmological phase transition [29, 30], observable
signatures could manifest in various different channels,
including the Higgs mass [31] and gravitational wave sig-
nals [32].

False vacuum metastability and decay are also impor-
tant features of strongly-correlated quantum matter and
materials. Experiments with these systems can be used
to test field theoretic predictions and perhaps direct fur-
ther theoretical investigations. Ultracold atoms are ef-
fective systems to study false vacua due to their control-
lability, and a number of experiments employing them
have been proposed [33-43] and implemented [10-12].
Notably, the authors of Ref. [12] recently performed an
experiment that used ferromagnetic superfluids, formed
from atomic Bose-Einstein condensates, and an adia-
batic protocol to observe signatures of false vacuum de-
cay driven by thermal and quantum fluctuations, real-
izing the first experimental test of the decay rate scal-
ing. Quantum spin chains also offer many advantages for
studying false vacuum phenomenology [13-15], particu-
larly due to advances in the use of quantum quenches
and adiabatic ramps [44-46]. A number of exegetic re-
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sults have been obtained from these systems. The de-
cay rate has been derived analytically in the perturbative
limit [13], providing the spin analogue of the expression
from quantum field theory. Numerical simulations with
quantum quenches have recently exhibited and corrob-
orated the exponential scaling [14]. More general false
vacuum nucleation dynamics have been observed outside
of the decay regime. Numerical investigations have ex-
amined linear ramps across first-order phase transitions
and quantified the nucleation points for sequential do-
main sizes [47]. Real-time simulations have studied the
collapse of false vacuum bubbles [48]. Scalar field theo-
ries have also been encoded in spin systems, with false
vacua detected through simulated annealing [49].

Neutral atoms with Rydberg excitations have emerged
as effective systems to study quantum many-body dy-
namics [50], due to experimental innovations allowing ef-
ficient entanglement generation [51-54], control of indi-
vidual atoms [55-57], and arrangement of large atomic
arrays [58-62]. These systems have been central in the
discovery of quantum many-body scars [63—-65]; the ver-
ification of the quantum Kibble-Zurek mechanism for
second-order phase transitions [62, 66]; the characteri-
zation of ground state phase diagrams in one and two
dimensions [67-70], along with the realization of exotic
phases [71, 72]; the exploration of topological phases [73],
including topological spin liquids [74-77]; and the sim-
ulation of lattice gauge theories [78, 79]. In addition,
these systems have been adapted for both digital quan-
tum logic [80, 81] and analog quantum simulation [82, 83].

In this paper, we study false vacuum decay and nucle-
ation in a 1D neutral atom chain with Rydberg interac-
tions. We use numerical methods and analytic modeling.
Our work undertakes an extensive investigation of this
antiferromagnetic system, and inherently includes finite-
size effects and long-range interactions. We explicitly
examine setups that are accessible to near-term experi-
ments and propose experimental protocols for near-term
quantum simulators. Our efforts focus on two regimes
that yield nucleation dynamics: decay and annealing. In
the decay regime, where the false vacuum decays by tun-
neling via nucleation, we determine the parameter range
to observe the tunneling process, and quantify the decay
rate scaling with the confinement parameter and the gap
structure. In the annealing regime, where we tune the
energy landscape to reverse the false and true vacuum
states, we uncover a procedure to adiabatically transfer
the false vacuum from the initial to the final system, with
quantized nucleation events at condensation and decon-
densation points.

We further study long-lived oscillations of false and
true vacua in a concurrent paper [84]. That process arises
in a more general parameter regime, and can be used to
distinguish between the two vacuum states.

The paper is organized as follows. We describe our
neutral atom model in Section II. We examine the regime
of false vacuum decay in Section III and annealing in
Section IV. In Section V, we highlight the experimental

(b) Annealing regime

FIG. 1. A schematic overview of our system and dynamical
regimes. We consider a 1D neutral atom chain arranged as
a ring. We apply the staggered local detuning field Ajoc,; in
Equation (3) to produce an asymmetric potential well with
false and true vacuum states; the detuning sign at each site
is shown by the blue +/— pattern. The state is initialized to
the false vacuum state, dominated by the Zs product state
[10...10), shown by the alternating color pattern where red
indicates a Rydberg state and white indicates a ground state.
(a) The decay regime. A constant positive local detuning
field is applied. The state then tunnels through the poten-
tial barrier by the nucleation of domains above a critical size
¢ ~ 7' and at finite temperature approaches a late-time
thermal state, indicated by the blended red/white color pat-
tern. (b) The annealing regime. A linear ramp of the local
detuning is applied from a large positive to a large negative
value, which smoothly tunes the potential well from one asym-
metry to another. The state is then annealed from the false
vacuum of the initial to the final system, passing through the
all-zero state via nucleation.

feasibility of our setups and propose experimental proto-
cols for near-term neutral atom quantum hardware. Sec-
tion VI concludes and describes future prospects.

II. MODEL

We explore nucleation dynamics in the regimes of de-
cay and annealing. Figure 1 schematically shows the dy-
namics in these two regimes, which will be motivated and
described in Sections III and IV. In our numerical stud-
ies, we initialize the state near the false vacuum, evolve it
under the Hamiltonian, and quantify it using various ob-
servables. In this section, we describe our Hamiltonian,
input parameters, confinement behavior, and relevant ob-
servables.

We study a 1D neutral atom chain, as shown in Fig-
ure 1. It has an even number of sites n,, where we



choose ngy = 16 as a specific example to obtain reasonable
computational wall times and enable a broad parameter
study; a constant atom separation a; and periodic bound-
ary conditions (PBCs) with the atoms arranged in a cir-
cle. Each atom j = 1,...,ns is treated as a two-level
system with a ground state |g;) = |0;) and a Rydberg
state |r;) = |1;).

The system is described by the Rydberg Hamiltonian

H = %Z&m’j 7ZAjﬁj +2ijﬁjﬁk7 (1)
7 J

i<k

where 655 = |g;)(r;j| + |rj){g;|, 7; = |r;)(r;l, Q is the
Rabi frequency, A; is the detuning field, and Vj;, =
Cs /19, is the two-site potential arising from the van der
Waals interaction between Rydberg states, with Cg a
constant that depends on the atom species and 7j; the
separation between sites j and k. The most important
potentials are Vi = Cg/r?; ., for nearest-neighbor and
Vo = Cg/r?ﬂv 4o for next-nearest-neighbor interactions.
The detuning field can be decomposed into global and
local pieces,

Aj = Ag,'lob + Aloc,j . (2)

The competition between the Rydberg coupling and the
Rabi frequency produces the Rydberg blockade mecha-
nism for atoms separated by roughly less than a blockade
radius Ry, = (Cs/Q)'/, since joint excitations to the Ry-
dberg state are suppressed by the large energy penalty
from the Vj;, 1/r?k scaling [51, 52].

We use a constant Rabi frequency of /27 = 1.0 MHz
that dictates the overall energy scale and the blockade
radius Rp. We specify the dimensionless ratio Rp/a to
set the atom separation a, and thereby the Rydberg cou-
pling and the Rydberg blockade spacing. We consider
a nearest-neighbor Rydberg blockade Rp/a € (1,2), us-
ing a constant global detuning field Ago, to tune the
system to the Zy ground state phase region [63, 65, 66].
For Agior, > € and Ajee; = 0, the ground state energy
eigenvalue is two-fold degenerate since ng is even; the
two degenerate eigenvectors are the antiferromagnetic Zs
states with a 2-site period and opposite order, which are
adiabatically connected to the product states |10...10)
and [01...01). In order to break this degeneracy, we in-
troduce the local detuning field with a staggered pattern

Aloc,j - (_1)jAloc . (3)

We thus obtain false and true vacuum states separated
by energy density £ o Ay, with each of the vacua dom-
inated by one of the opposite Z5 product states. The de-
tuning waveforms are then specified by two dimensionless
parameters:

o = Aglob/Qa (4)
6 = Aloc/Aglob- (5)

where we take o > 0. To explore the decay and annealing
regimes, we make particular choices for the initial state,

Ry/a, o, and B. Figure 1 schematically shows the choices
for the initial state and (3, as well as the resulting dynam-
ics, all of which will be further elucidated in Sections ITI
and IV.

The staggered field produces an interaction potential
between domain walls, commonly referred to as a con-
fining potential, because of its analogue in high-energy
physics. Domain walls separate regions of opposite anti-
ferromagnetic order; in the site basis, they arise as adja-
cent sites with occupations of 00 or 11, and introduce en-
ergy tradeoffs in the the global detuning, local detuning,
and nearest-neighbor Rydberg interaction. A domain, or
bubble, is a region bounded by two domain walls. In the
staggered field, the interaction potential is confining for
false vacuum domains and anticonfining for true vacuum
domains.

At a broad level, the state evolution imprints sig-
natures in magnetic order parameters (OP). Neutral
atoms in the blockade regime are in the antiferromag-
netic phase. A global quantity that captures the antifer-
romagnetic character is the Neel OP N = (N), defined
by the operator

~ 2 AN 1 .
8= 250y (5l 0) = o e ©
J j

N =1 for the Zs product state [10...10), N = —1 for
the Zz product state |01...01), and N = 0 for the two
states |0...0) and |1...1), for example. At a more de-
tailed level, the state evolution produces bubbles of true
vacuum. The density of an antiferromagnetic k-bubble
or = (Xg) can be determined from the operator X,
whose form depends on the bubble size k. The opera-
tors for some values of k are

ns—2
A~ 1 S o .
Xy = N — 2 Zl [(”jnj+1nj+2) +rev] , (7)
=
1 ns—3
Yo = n.—3 Z (77410420 +3) + rev] , (8)
S =1
ins = (N1§an3ds - .- p,—1Gn.) 9)

where §; = I; — fij = |g;)(g,|, the terms in parentheses
have the pattern of one type of k-bubble, and the term
“rev” is obtained by making the reversal 71; <+ g; for all
j to obtain the pattern of the opposite type of k-bubble.

III. DECAY

False vacuum decay occurs as a tunneling process via
bubble nucleation induced by quantum fluctuations [1, 2,
85]. Above a certain critical size, a true vacuum bubble
is driven to expand, since the bulk energy decrease can
compensate for the surface energy increase [1, 2, 85]; such
a supercritical bubble will rapidly expand throughout the
state, whereas a subcritical bubble cannot. In the finite



temperature case, nucleation is driven by both quantum
and thermal fluctuations, and the late-time state will be
a thermal state rather than the true vacuum. The decay
process has interesting applications in many scenarios,
including early-Universe dynamics in cosmology [1-3, 6],
soliton dynamics in high-energy physics [4, 5, 7], and non-
equilibrium dynamics in condensed matter systems [12—
14].

In this section, we study false vacuum dynamics in the
decay regime (Figure 1la). Our efforts have several novel
features. We investigate the decay process with antifer-
romagnetic 1D neutral atom systems, and incorporate
long-range Rydberg tails. These systems support con-
finement, spatially inhomogeneous field configurations,
and high levels of control, and thus have all the key fea-
tures to induce decay by nucleation [82, 83]. Our studies
are explicitly devised to accommodate system sizes, co-
herence times, and waveform constraints achievable by
near-term neutral atom experiments.

A. Decay Rate

The identifiable signature of tunneling by nucleation is
the characteristic scaling of the decay rate. We first re-
view earlier derivations of the decay rate scaling in quan-
tum field theory and spin chains. We then determine the
form of the decay rate scaling in our neutral atom setup,
in terms of the confinement parameter and the energy
gap of the Hamiltonian.

1. Quantum Field Theory

In quantum field theory, pioneering efforts to study
false vacuum decay examined a scalar field Lagrangian
L=18,0)%+V(¢) [1-7, 86]. In the semiclassical limit
where £ is small, and thus the field is treated as a classi-
cal particle and the tunneling process is treated quantum
mechanically, the decay rate, i.e. the tunneling probabil-
ity per unit time, can be written as v = Ae™ 5, with
B = Sg[¢p] for V(¢ppy) = 0, where the false vacuum is
labeled ¢ry and the “bounce” solution ¢y is a stationary
point of the Euclidean action Sg [1-3, 5, 6, 86]. In the
“thin-wall” limit where the critical bubble size is large
compared to the bubble thickness, and thus the energy
density difference £ between the false and true vacua is
small, the decay rate takes a simplified form since the
rigorous upper and lower bounds on the decay exponent
converge [87]. In the “thin-wall” limit, the form of the
decay rate can be obtained in the semiclassical limit [1-
3, 5, 6, 86] or, in the more general case, using effective
action methods [4, 7]; in 1+ 1 spacetime dimensions and
in certain potentials, it has the form y o< Ee=*¢ [5, 7],
which becomes exponentially small for small £.

The tunneling process in quantum field theory is dif-
ferent from the process in single-particle nonrelativistic

4

quantum mechanics [85, 86]. In the latter, the tunnel-
ing depends directly on the potential only [85, 86]. In
the former, the tunneling depends more elaborately on
the system properties, including both the states and the
potential. The states are field configurations. In (3 + 1)
dimensions, the relevant potential for tunneling is the
functional U[¢] = [ d*z[3(V$)? + V(¢)] rather than the
field potential V(¢) [85, 86]. The functional U[¢] not
only contains an extra gradient term from the states,
but also an integration over all space. It thereby pro-
hibits a direct transition between two spatially homoge-
neous field configurations, since the integral produces an
infinite energy barrier. Tunneling thus proceeds through
nucleation, in which the immediate post-tunneling state
is not spatially homogeneous. The tunneling process in
quantum field theory exhibits distinct behavior; for in-
stance, it can even occur without a potential barrier [86].

2. Spin Chains

False vacuum decay has also been examined in quan-
tum many-body systems with confinement. In particu-
lar, it has been studied in the ferromagnetic Ising spin
model [13, 14], described by the Hamiltonian

N
Hp == (62:0z2i11 + haGai + he624),  (10)

=1

where h, and h, are the transverse and longitudinal
fields. For h, = 0, the ground state is two-fold degener-
ate; domain walls propagate freely with dispersion rela-
tion w(f) = 2(1 — 2h, cos O + h2)/2 where 6 is the quasi-
momentum. In the further case 0 < |h,| < 1 and zero
temperature limit, the system is ferromagnetic and the
two ground states |04 ) have magnetizations (6, ;) = M
where M = (1 — h2)'/8. For h, # 0, the ground state
degeneracy is broken; domain walls experience a linear
interaction potential, or confinement potential. The re-
sulting true and false vacuum states have energy density
difference, or confinement energy density, proportional to
E x h,M.

The decay rate was derived rigorously in the thin-wall
limit |€| <« 1, or equivalently |h,| < 1/M, using the
integrability of the model at h, = 0, yielding [13]

v o N|hz\Mg(hz)e_”(gf))'/('th) , (11)

where g(h.) is a slowly-varying function of h, under com-
mon assumptions, f(0) = fo‘gw(a)da, and 6y = i|In h,|
is the imaginary root of w(f). This expression was de-
rived in a 2D limit that holds for a 1D system. Notably,
the term f(fy) in the numerator is specific to the exactly
solvable zero confinement system. Recent numerical sim-
ulations with quantum quenches have corroborated the
exponential term [14]. This expression is analogous to
the one from (1+ 1)-dimensional quantum field theory, if
we substitute the confinement energy density & oc h, M.



However, the specific form depends on the detailed mi-
crophysics of the system.

The form of the decay rate in these systems can be
understood intuitively with a simplified picture of the
tunneling process [14]. A critical bubble of true vacuum
has size £ oc £71, a result that can be obtained by com-
paring the classical energy of the false vacuum state to
that of a state with a true vacuum bubble. For small &, a
small bubble is produced by nucleation, and then grows
incrementally into a critical bubble. This process is non-
perturbative, and thus the matrix element for exciting
critical bubbles exhibits exponential scaling in £~!; the
decay rate follows. At finite temperature, the critical
bubbles will thermalize and the late-time state will be a
thermal state, not the true vacuum [14].

The form of the decay rate scaling in Equation (11) ex-
tends beyond Ising spin chains to other condensed matter
systems in the perturbative regime, after setting £ to the
relevant confinement energy density. Notably, it has been
corroborated numerically in the XXZ ladder [14] and ex-
perimentally with ferromagnetic superfluids formed from
atomic Bose-Einstein condensates [12].

8. Neutral Atom Setup

We investigate the decay rate scaling for our neutral
atom setup. We impose confinement using the staggered
local detuning field in Equation (3), which yields a con-
finement energy density £ o Ajc. The size of a critical
bubble can be discerned using a classical picture. If the
false vacuum state has energy ¢, then, ignoring the con-
tributions from V5, the energy of a state with a single
true vacuum bubble of size n is €[, & €0 + Agloh — NAjec,
yielding a critical bubble size ¢ ~ Agion/Aloe. We are
interested in the “thin-wall” limit |£] < Agiop, or equiv-
alently |Ajoe| < Agion, where the size of a critical bubble
is much larger than the thickness of the bubble walls.
The Hamiltonian we use is not integrable, so there is
no closed-form expression for the zero confinement dis-
persion relation. However, we can estimate its energy
scale as follows. The bandwidth o of the first excita-
tion band is proportional to the domain wall two-step
hopping energy T}, 42 ~ ©%/Agion + 22 /V;. For the pa-
rameter regime that we examine in Section I1I B, the zero
confinement energy gap ¢ is much larger than the band-
width 0. We can thus estimate the zero confinement
dispersion relation and the analogous numerator term as
foxw=d+O(c). In the “thin-wall” limit |£]| < Agiob,
we thus expect a decay rate scaling

7y oc e MBI (12)

where A collects the remaining terms in the exponent.
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FIG. 2. The numerical setup for false vacuum decay. The
left section shows the atom configuration. The grey circle
shows the blockade radius. The initial state is set to the
Zy product state |1(0)) = |10...10), represented by the color
pattern for the atoms. The right section shows the waveforms,
all held constant. The local detuning parameter is set to a
modest constant positive value 5 > 0, shown by the blue +/—
symbols on the left and waveform on the right, so that the
initial Z2 product state is close to the false vacuum state.

B. Numerical Results

Our numerical setup is shown in Figure 2. We set the
initial state to the Zs product state |1(0)) = |10...10),
shown in the atom chain in Figure 2. We set the local
detuning parameter to a modest constant positive value
B > 0, shown by the blue pattern in Figure 2, such that
the initial state is close to the false vacuum state.

The parameter requirements for the decay regime are
given by three broad sets of conditions: (1) Vo < Q <
Aglob ~ Vi, so that the system is modestly in the Z
phase and the Rydberg blockade does not heavily sup-
press nucleation; (2) Agiob < [Aloc|ns, so that criti-
cal bubbles of size £ ~ Agob/Aloe < ns can be nucle-
ated; and (3) |Aige] <€ Agiob, so that the system is in
the thin-wall regime, and thus nucleation proceeds by
the incremental growth of a domain, and does not pro-
duce two or more domains. We find a wide parameter
range that satisfies these requirements and produces de-
cay. It is centered around the following values: a small
nearest-neighbor blockade radius Rp/a =~ 1.2 that pro-
duces a modest nearest-neighbor interaction V; compa-
rable to € and Agion; a modest global detuning param-
eter a € [2.5,3.5]; and a modest constant positive local
detuning parameter 8 € [0.1,0.5] > 0 that permits a
perturbative description and nucleation of supercritical
bubbles, since Ajge K Agiob < |Aloc|ns.

To measure the decay rate, we require an observable
that takes two disparate values for the false and true
vacua, and smoothly transitions for intermediate states.
The Néel OP N in Equation (6) satisfies the required
properties. It is also simple to compute numerically.

Figure 3a shows a representative sample of the early-
time evolution of the Néel OP N, which undergoes expo-
nential decay within the rough time interval Qt/27w €
[0.1,0.4], in agreement with the theoretical prediction
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FIG. 3. The decay properties of the Néel OP. In each panel, we perform a least-squares fit to an exponential function; the small
vertical bars show the fitting regions and the dashed curves show the fit. (a) The (log) Néel OP N vs the (dimensionless) time
Qt/2m. The curves correspond to 8 = 0.1,0.2,0.3,0.4,0.5 from top to bottom. The curves exhibit the exponential decay given
in Equation (13), characteristic of resonant tunneling as described in Section IIT A. (b) The (dimensionless) decay rate v/ vs
the inverse local detuning parameter 3~'. The vertical grey dotted line shows the value 871 = 4.0 (8 =0.25). The decay rate
exhibits the characteristic scaling with the confinement parameter predicted for false vacuum decay, given in Equation (12).
(c) The (dimensionless) decay rate v/ [for § = 0.25] vs the energy gap AEs = Ez — Ejy [for = 0], the latter obtained by
changing Rp/a. It exhibits the derived gap scaling, given in Equation (12).
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FIG. 4. The phase properties in the decay regime. (a) The ground state phase diagram for 8 = 0, presented in terms of
the Néel OP N of the two-point correlation function (TPCF) g;;, defined analogously to Equation (6). The black stars show
the phase transition points, calculated from the inflection points of the curves of constant Rs/a. The red rectangle shows the
boundaries of 4b and 4c. (b) The same as 4a for the range in the red rectangle. (c) The (dimensionless) decay rate v/ for
B = 0.25. The horizontal grey dotted line shows the value Ry/a = 1.20. The decay rate qualitatively follows the behavior of

the Néel OP, which is a consequence of the underlying gap scaling.

from tunneling. We perform a least-squares fit to the
exponential

N =Ae™! (13)

to obtain the decay rate v and the amplitude A. To
determine the fitting interval, we compute a smoothed
Néel OP by applying a Savitzky-Golay filter with poly-
nomial order n = 3 and calculate the (10 — 90)% am-
plitude range of the smoothed curve in the time interval
Ot/27 € [0.1,0.4]. The curves experience an initial tran-
sient at the early times Qt/27 < 0.1, during which the
false vacuum is stationary and subcritical bubbles nu-
cleate and incrementally grow [14]. The curves exhibit
oscillations at later times Qt/27 2 0.4, due to the evolu-
tion and thermalization of the post-decay state.

The decay rate exhibits exponential scaling with the in-

verse local detuning (Figure 3b), within an interval that
minimally contains 371 € [2.5,4.0]. We thus observe the
phenomenological predicted scaling with the confinement
parameter determined in Equation (12). We can com-
pare this interval with our expected parameter condition
for the decay regime. The lower limit of the interval
gives Ajge = 0.4A4101 and the upper limit of the inter-
val gives Ajgens = 4.0A4101, which satisfy our condition
Ajpe € Agiob, < |Ajoe|ns. The interval for the confine-
ment scaling depends on the system size. We set the
fitting interval by inspection and perform a least-squares
fit to the exponential v = bta_f”/rl7 where b and p are fit-
ting parameters. Though not shown, the curves become
more closely spaced at larger Ry/a.

We examine in detail the properties of the decay rate
for a specific local detuning value; we select 8 = 0.25



(87! = 4.0). In Figure 3b, this value is shown by the
vertical grey dotted line, falling towards the end of the
fitting range of the confinement parameter, though we
note that this figure only presents results for R,/a =
1.20. In our subsequent discussion, we consider a range
of values of Ry/a.

The decay rate for the system with § = 0.25 exhibits
exponential scaling with the energy gap for system with
B = 0, as shown in Figure 3c. For zero confinement
B = 0, the energy gap is AFyy = FEo — Ey, where Fs is
the second excited state and Ej is the ground state. The
different values of AFsg correspond to different values of
Rp/a. As discussed in Section IIT A 3, the zero confine-
ment dispersion relation is approximately equal to the
energy gap 0 = AFEyy up to first order corrections in
the bandwidth o, and thus these results corroborate our
theoretically expected gap scaling in Equation (12). In
contrast to the confinement scaling, the interval for the
gap scaling should remain valid if the domain wall hop-
ping energy is much less than the potential energy, and
thus be independent of system size. We set the fitting
interval by inspection and perform a least-squares fit to
the exponential v = ke~ 2(AF20/92) where q and k are fit-
ting parameters. Though not presented, the parameter ¢
appears to show a linear scaling with a: it fits the linear
function ¢ = u(ag — «) for fitting parameters that sat-
isfy u < 0 and a9 > «. We cannot discern the cause of
this subleading linear dependence in terms of nucleation
theory.

The decay rate for § = 0.25 can be further compared
to the Hamiltonian ground state structure for g = 0 by
considering the phase properties (Figure 4). Figure 4a
shows the ground state phase diagram for the equivalent
Hamiltonian with zero local detuning 8 = 0. The ground
state phase is presented by the Néel OP of the two-point
correlation function (TPCF) g;; of the ground state, de-
fined analogously to the Néel OP of the Rydberg densi-
ties n; in Equation (6). The blue central region indicates
the antiferromagnetic phase. The yellow outer regions
indicate the disordered phase. The two boundaries be-
tween them indicate phase transitions; the black stars
show several transition points, determined by examining
curves of constant Rp/a and calculating the points with
vanishing second derivative. Figure 4b simply shows the
ground state phase diagram over a smaller axis range,
that bounded by the red rectangle in Figure 4a.

Figure 4c shows the decay rate for § = 0.25. It pro-
vides a complementary picture to Figure 3b, which pre-
sented results for Rp,/a = 1.20; the horizontal grey dotted
line in the former corresponds to the vertical grey dotted
line in the latter. The axis range is the false vacuum de-
cay region that we explored, and sets the axis range cho-
sen for Figure 4b and the red rectangle in Figure 4a. The
false vacuum decay region lies entirely within the antifer-
romagnetic phase of the ground state in Figure 4a; this
solidifies our decay results and suggests that false vacuum
decay is a dynamical transition separate from any ground
state phase transitions. The figure thus presents a decay

phase diagram within the parameter region that we ex-
plored. The main features of this decay phase diagram
arise from the scaling of the decay rate with the energy
gap. The gap closes at the ground state phase boundaries
in Figure 4a. The gap also grows with the ground state
Néel OP shown in Figure 4b, and thus the corresponding
decay rate decreases in Figure 4c. Therefore, though our
initial state is near the false vacuum state and not the
true vacuum, the decay rate still qualitatively probes the
features of the ground state phase diagram. The energy
gap of the system is hard to access in neutral atom exper-
iments, since it precludes preparation of excited states.
However, the decay rate of the false vacuum appears to be
a possible route for qualitative comparisons of gap sizes.
Furthermore, when the absolute gap size is unnecessary,
such as for critical scalings, the decay rate of the false
vacuum could even be used for a quantitative analysis.

IV. ANNEALING

In lieu of a quench to the decay regime, a slow ramp of
the confining field can also nucleate quantized bubbles.
Sinha et al. [47] recently proposed and studied this pro-
cess in 1D Ising spin chains, with the Hamiltonian given
by Equation (10). In particular, they initialized the state
in the false vacuum, tuned a linear ramp of the confining
field h,, and observed sequential nucleation of n-bubbles
at the resonance points h, = 2/n. They further found
that the resonances occur at Landau-Zener (LZ) avoided
crossings.

In this section, we study nucleation dynamics of the
false vacuum in 1D neutral atom chains under a linear
ramp of the confining field Aj,.. However, instead of the
ramp direction used in Ref. [47], we use the opposite di-
rection to obtain a reversed energy landscape for false
and true vacuum states. Though one might expect this
ramp to adiabatically tune the false vacuum of the ini-
tial system to the true vacuum of the final system, we
instead uncover a ramp that anneals the false vacuum
from the initial system to the final system, with inter-
mediate nucleation events corresponding to condensation
and decondensation points. Our procedure demonstrates
an adiabatic passage through excited states, and can be
generalized to other systems. For instance, it can be
considered in the cosmological context. If the energy
splitting of the false and true vacua slowly changes sign,
then the Universe will remain in a false vacuum state.
However, our results show that even this slow annealing
case can produce nucleation events that are potentially
observable.

A. Numerical Results

We outline our numerical setup in Figure 5. We set the
initial state to the Z product state, |(0)) =|10...10).
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FIG. 5. The numerical setup for false vacuum annealing. The
left section shows the atom configuration. The grey circle
shows the blockade radius. The initial state is set to the Z»
product state [1(0)) = [10...10), represented by the color
pattern for the atoms. The local detuning parameter § =
Aloc/Agiob is set to a linear ramp B(t) = Bstart — t/7, with
Bstart > 0 and Pstop < 0, shown at time ¢t = 0 by the blue
+/— symbols on the left and label on the right.

We set the local detuning parameter to the linear ramp
B(t) = ﬂStart - t/T, (14)

where Bstar¢ 18 the start amplitude and 7 is the ramp
timescale. A larger value of 7 implies a slower ramp.
The local detuning can be substituted for the time since
the two are linearly related by the ramp, and can be
normalized to the nearest-neighbor interaction strength
V1 to quantify its relative strength.

We use the following parameter values: a small
nearest-neighbor blockade spacing Rp/a = 1.2, a large
global detuning parameter o« = 5.0, large local detuning
start and stop amplitudes Bstare = 2.0 and Sgop = —1.5,
and local detuning ramp times 7 € [2, 32].

We aim to study the nucleation of k-bubbles during the
annealing procedure. We thus characterize the evolved
state by the Néel OP N given in Equation (6) and the
density of k-bubbles o}, given in Equations (7) - (9).

The Néel OP N evolves from N =1 to N = —1 dur-
ing the procedure, through plateaus punctuated by rapid
cliffs (Figure 6a). The curves evolve similarly for different
values of the ramp time 7, though curves with lower ramp
times exhibit stronger oscillations, as expected. The pro-
cedure thus appears stable for antiferromagnetic systems.

The densities of k-bubbles reveal several features that
clarify the nucleation dynamics and the behavior of the
Néel OP. Figures 6b to 6d show the densities of the
k-bubbles defined in Equations (7) to (9). The first
plateau Aj../Vi € [2.0,3.5] exhibits gradual nucleation
of 1-bubbles, and a small signal of 2-bubbles. The first
cliff Ajc/Vi € [1.6,2.0] coincides with the rapid nucle-
ation of 1-bubbles to its maximum density o7 ~ 0.5,
indicating that it is a condensation point that approxi-
mately produces the state |0...0). The first cliff also sees
the low-density production and destruction of 2-bubbles.
During the second plateau Ay../Vi € [—1.2,1.5], the
density of 1-bubbles remains near its maximum value

o1 =~ 0.5, but slightly declines as the local detun-
ing increases. This slight decline is precipitated by
the gradual low-density nucleation of 2-bubbles (and 3-
bubbles more prominently, though not shown). The sec-
ond cliff Ay,./V; € [—2.0,—1.2] and subsequent plateau
Aloe/V1 € [-2.5,—2.0] coincide with rapid nucleation of
a ng-bubble near its maximum value o,,, =~ 1, indicating
that is a decondensation point that approximately pro-
duces the state [01...01). The second cliff also sees the
low-density production and destruction of 2-bubbles (and
3-bubbles, though not shown). The final state is then
near the false vacuum of the final Hamiltonian, domi-
nated by the opposite Z product state |01...01).

B. Two-Atom Model

To explain the nucleation dynamics, we examine a 2-
atom chain. In short, we find that the nucleation events
correspond to Landau-Zener (LZ) avoided crossings.

We examine the 2-atom chain using only the nearest-
neighbor blockade subspace, which yields a restricted
Hilbert space spanned by the states {]00) , |01),]10)} and
the restricted Hamiltonian

Hy =105 ]00)(00] — Ajoe (£)(|01)(01] — [10)(10])

+ %(\01><00\ +[10)(00] + h.c.), (15)

where we added an overall energy shift of Agep, to sim-
plify terms. The restricted Hamiltonian describes a
gapped three-level system that is simple enough to study
analytically and yet rich enough to capture the features
observed in the many-atom case.

We set the initial state to the Z5 product state |1(0)) =
[10). We set the Rabi frequency to @ = 1, the global
detuning to Agop = 2.0, and the local detuning ramp
parameters to fsary = 2.0 and 7 = 8.0.

We can understand the important nucleation times by
considering the evolution of the three energy eigenvalues
E;(t) of H, during the procedure (Figure 7a). Each eigen-
value is symmetric about ¢ = Bstart™ (0r Ajoe = 0). The
eigenvalues F (t) and Eo(t) exhibit a LZ avoided crossing
at this point. The eigenvalues Fs(t) and Es5(t) exhibit LZ
avoided crossings at t = (Sstart £1)7 (0r Aloe = £Ag10b)-

The false vacuum state is the energy eigenstate |¢3(t))
corresponding to F3(t). At time ¢ = 0, it has overlap
probability p = [(¢3(0)[2>(0))|*> > 0.97 with the initial
state |¢(0)) = |10). We adiabatically tune the local de-
tuning with the linear ramp, and thus the evolution of the
state |¢(t)) is largely determined by the adiabatic evo-
lution of |¢3(t)), which is punctuated by the LZ avoided
crossings of E3(t). Figure 7b shows the evolution of the
state. The procedure nucleates a 1-bubble at the first LZ
avoided crossing t = (Bstart — 1)7 (0r Ajge = —Agiob) to
produce the state |¢(¢)) ~ |00). It then nucleates a 2-
bubble at the second LZ avoided crossing t = (Bstart+1)7
(or Aige = +Agiob) to produce the state |1(t)) ~ |01),
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FIG. 6. Nucleation dynamics during the annealing procedure, for & = 5.0 and Rp/a = 1.2. In each panel, the local detuning
on the z-axis is normalized to the nearest-neighbor interaction strength Vi, and the different curves correspond to different
ramp times 7. (a) The Néel OP N vs the (dimensionless) local detuning Ajoc/Vi. It exhibits plateaus and cliffs, suggesting

nucleation events. (b) The density of 1-bubbles o1, from Equation (7).

(c) The density of 2-bubbles o3, from Equation (8).

(d) The density of ns-bubbles o, , from Equation (9). The densities of the k-bubbles show that the first cliff is a condensation
point that approximately produces the state |0...0), the all zero state, and the second cliff is a decondensation point that
approximately produces the state [01...01), the false vacuum of the final Hamiltonian.

which has large overlap probability with the false vacuum
of the final Hamiltonian.

The two-atom model thus explains the features of
the many-atom case in Section IV A. The initial state
[1(0)) = |10...10) is close to the false vacuum state of
the initial Hamiltonian. The false vacuum energy has
two main LZ avoided crossings. The first one nucleates
1-bubbles to produce the state |1(t)) = |00...00), and
due to the larger system size it also produces and destroys
nearby 2-bubbles at low density. The second one nucle-
ates a ns-bubble to produce the state |1(t)) = [01...01),
which is close to the false vacuum state of the final Hamil-
tonian, and due to the larger system size it also produces
and destroys 2- and 3-bubbles at low density.

V. EXPERIMENTAL PROTOCOLS

In this section, we investigate how to extend our nu-
merical studies to explicit experimental protocols on cur-
rent and near-term neutral atom systems, including ana-
log quantum simulators [82, 83]. The protocols must
accommodate hardware constraints. Some current con-
straints on a prototypical system are [83]: a maximum
simulation time limit ¢ = 4 ps; a minimum atomic
spacing amin = 4.0 pm, including @min,y = 4.0 pym in
the vertical direction, with expected near-term upgrades
to 2.0 pm; a field of view (Fy,F,) = (75.0,76.0) pum,
with expected near-term upgrades to (75.0,120.0) pm;
a Rabi frequency Q € [0.00,15.8] rad/us, with max-
imum slew rate 250.0 rad/us?; and a global detuning
Agiob € [—125.0,125.0] rad/ps, with maximum slew rate
2500.0 rad/ps?. Importantly, constraints on the local
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Ajoe = 0), and the left and right vertical grey dashed lines show the times ¢ = (Bstart £ 1)7 (i.e. Aioe = £Agi0b), which are

the locations of the Landau-Zener (LZ) avoided crossings for Es(t).

Since we adiabatically tune the local detuning with the

linear ramp, the evolution of [¢(t)) is largely determined by the adiabatic evolution of |¢3(t)) and F3(t). The evolution in this
two-atom model explains the nucleation behavior of the many-atom system shown in Figure 6.

detuning field introduce limitations on the confining po-
tential. The most consequential experimental limitation
is the number of local detuning channels that an experi-
ment can support, with each channel representing a local
detuning term of the form:

AS(t) = f;4(2), (16)

where f; is a time-independent spatial pattern. Experi-
ments that employ at least two local detuning channels
can implement our protocol more directly than those that
do not, purely through pulse engineering. In these cases,
one local detuning channel can be used for the prepara-
tion of the desired initial false vacuum state, and another
for the quench. However, each local detuning channel
represents a new hardware and control element, intro-
ducing significant cost and complexity to experiments.
Thus, we describe in detail protocols for more common
near-term experiments that only require a single local de-
tuning channel. While we devise our setups specifically
with false vacuum decay and nucleation experiments in
mind, we expect them to be applicable to a range of
quantum simulation tasks that require local fields that
differ in the initial state preparation and quench dynam-
ics phases, notably several lattice gauge theory simula-
tion proposals [78, 79, 88].

A. Decay

In Section IIIB, we examined a numerical setup for
the decay process with the following input parameters:
/27 = 1.0 MHz (R, = 9.76 um); a € [8.00,8.27] pm;

Agiob/2m € [2.5,3.5] MHz; and Aj./2m € [0.625,1.4]
MHz. In this input range, the decay process itself occurs
on a timescale tgecay ~ 0.4 — 0.8 ps.

For setups that do not support multi-channel local de-
tuning quenches, we present a potential simulation pro-
tocol in Figure 8. The waveform sequence is shown in
Figure 8a and consists of two standard pieces: a prepa-
ration stage and a quench stage. The preparation stage
aims to prepare the desired Z, state connected to the
Zs product state |1(0)) = |10...10). The quench stage
aims to produce the desired evolution Hamiltonian, and
thus involves a quench to obtain the waveforms in our
numerical setup. The atom arrangement consists of a
main chain and ancilla chains, as shown in Figure 8b.

The preparation stage uses an adiabatic ramp of the
global detuning, as shown in the left part of Figure 8a.
The main chain has atom separation a. It has an even
number ng, = 16 sites, so in isolation the two Zs states
would be degenerate. The odd-site ancilla chains around
the main chain serve to suppress the opposite Z5 state
and preferentially produce the desired Z, state. The an-
cilla chains have the same atom separation a as the main
chain and sit at a distance b from the main chain, where

=~ a + ¢ for some small €, so that the main-ancilla inter-
action is weaker than the nearest-neighbor interaction on
the main chain. If possible, a preferable distance would
be b =~ Ry + R, so that the ancilla chain is outside the
blockade radius altogether. As an estimate, the distance
can be assigned the rough value b ~ 10.0 um. Informed
by the experiments that studied quantum many-body
scars [63, 65], we estimate a preparation time of at least
torep ~ 2.0 s to produce a Z state with sufficient con-
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trast.

The quench stage involves a quench of all the wave-
forms, including a single-sign quench of the local detun-
ing fields, as shown in the right part of Figure 8a. The
post-quench configuration is shown in Figure 8c, and in-
cludes the prepared Zs state and the post-quench local
detuning pattern. The quench requires large slew rates
on the waveforms; irregularities can be minimized by
turning off the Rabi drive during the quench. Given the
estimated preparation time, we estimate a post-quench
time of tevolve & 2.0 us, which is longer than the required
decay timescale tgccay ~ 0.4 — 0.8 us. Together with the
preparation time of 2.0 us, we are well within the co-
herence time of current devices [83]. In the post-quench
period, the Rabi frequency /27 = 1.0 MHz implies a
maximum local detuning phase accumulation of 37w. To
efficiently freeze the evolution of the ancilla atoms in the
post-quench period, one can apply a significantly higher
staggered local detuning field on the ancilla atoms than
on the main chain, perhaps up to ' /27 = 10 MHz, while
not affecting the coherence of the main chain. If we ex-
tend the atom configuration in the vertical direction, the
setup will require modified post-quench waveform param-
eters to produce false vacuum decay.

The atom configuration for ny = 16 shown in Figure 8b
fits within the field of view (F,, Fy) = (75.0,76.0) pm.
For the largest value a = 8.27 ym and b ~ 10 um, it
has dimensions d, = (4 + v2)a + 2b ~ 64.8 um and
dy = (2+Vv2)a + 2b =~ 48.2 ym. We can also run the
protocol for a longer main chain. The atom geometry
was chosen so that the horizontal width is maximal and
the vertical width can be extended. It must be extended
vertically in steps of 4 atoms, required to preserve the
pattern on the main chain and the relative locations of
the ancilla chains. For an upgraded F, = 120 pm, the
field of view can accommodate up to n, = 9 atoms along
the vertical part of the main chain, for a main chain size
ne = 2n, + 2n, = 28. Longer chains should produce
the same decay rate scaling, but would offer more space

to tune Ajoe relative to Agon, and thus test the decay
rate scaling over a broader relative range. However, the
fidelity of initial state preparation decreases as the chain
size increases.

For setups that do support multi-channel local detun-
ing quenches, the protocol is more direct. In the prepa-
ration stage, one applies a staggered local detuning field
with one pattern to the chain to obtain the desired Z»
state. In the quench stage, one performs a quench by
turning on the second local detuning channel to obtain
the staggered local detuning field with the opposite pat-
tern.

B. Annealing

In Section IV A, we examined a numerical setup for
the annealing process with the following input parame-
ters: Q/2m = 1.0 MHz (Rp = 9.76 pm); a = 8.13 pm;
Agiob/2m = 5.0 MHz; Ajge,start/2m = 10.0 MHz; and
Aloc,Stop/Zﬂ' = —7.5 MHz.

For setups that do not support multi-channel local de-
tuning fields, the annealing stage can be executed by per-
forming a linear ramp of the appropriate local detuning
field, with the starting point being determined by the an-
cilla chain. This approach introduces additional compli-
cations compared to a direct quench approach accessible
with multi-channel detuning fields. Notably, the field to
freeze the ancilla chains would also need to be ramped
slowly, potentially introducing some undesired ancilla dy-
namics. However, we expect this to be a secondary effect,
still permitting exploration of the false vacuum annealing
phenomenon. For setups that do support multi-channel
local detuning fields, the protocol is straightforward, as in
the decay regime. In both cases, a ramp time 7 should be
chosen so that the ramp duration t;amp = (Bstart —Sstop)T
is less than the expected post-quench time teyorve = 2 ps.
For instance, the ramp time 7 = 0.5 pus corresponds to
a ramp duration tyamp = 1.75 ps. From our numerical



results in Figure 6 for the nearby value 7 = 2 us, we ex-
pect that the evolution will track the plateaus and cliffs,
though it will be highly oscillatory.

VI. CONCLUSION AND OUTLOOK

In this paper, we studied false vacuum decay and nucle-
ation using neutral atoms with Rydberg excitations. We
focused on two dynamical regimes, and investigated se-
tups that are accessible to current and near-term neutral
atom experiments. In the decay regime, we uncovered
the parameter range to observe the decay process and
corroborated the expected decay rate scaling with the
confinement field and the gap size. Similarly, our work
in the annealing regime found a procedure to transfer
the false vacuum of the initial system to the final sys-
tem using a linear ramp, passing through condensation
and decondensation points that nucleate bubbles, pro-
ducing observable signatures. We concluded by consider-
ing experimental implementations for state preparation
and quantum quenches on near-term neutral atom hard-
ware.

This work opens several directions for further explo-
ration. The confinement strategy that we used, i.e. a
staggered local detuning field, can inform additional con-
finement strategies in neutral atom systems and others,
such as spin systems [44-46, 89]. The parameter regime
that we uncovered for false vacuum decay and annealing
in Sections III B and IV A will motivate parameter selec-
tion in experiments. The experimental protocols that we
suggested in V can be implemented on near-term neutral
atom platforms, including quantum simulators [82, 83].
The protocols executed on real quantum hardware can
accommodate much longer 1D chains, and thus enable
investigations as a function of system size. The prefac-
tor in the decay rate could be investigated with more
careful studies, which would permit the extraction of
more subtle system properties [7, 13]. The decay rate
scaling could also be examined outside of the thin-wall
limit [90, 91], by tuning the confinement field to larger
values, which would quantify higher-order confinement
effects. Our experimental atom configuration, which used
a main chain with ancilla chains, can be employed in ex-
perimental studies of other dynamical phenomena on 1D
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neutral atom chains, such as the simulation of lattice
gauge theories [78, 79, 88]. False vacuum decay experi-
ments with neutral atoms can also be performed on 2D
lattices [58-62]. These 2D experiments will require mod-
ified setups; they will also produce different decay rate
scalings, similar to their (24 1)-dimensional counterparts
in quantum field theory [92]. It is difficult to run prepara-
tory classical simulations on large 2D lattices [93, 94], and
thus experiments are the primary means to investigate
metastability phenomena in these systems.

The initial investigations of false vacuum decay and
nucleation began many decades ago [1, 2]. Theoretical
efforts, and more recent numerical work, have established
several testable predictions. The rapid development of
quantum hardware has opened, possibly for the first time,
an experimental avenue to interrogate these predictions,
more efficiently than any classical computer can, with
applications ranging from strongly-correlated quantum
matter to cosmology.

COMPUTING RESOURCES

We ran our simulations on the high-performance com-
puting system Perlmutter at the National Energy Re-
search Scientific Computing Center (NERSC) based at
Lawrence Berkeley National Laboratory [95] and used
the Bloqade software package developed by QuEra Com-
puting [96].
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