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From cosmology to quantum matter, metastable states often decay through the nucleation and21

growth of competing domains, with false vacuum decay providing the paradigmatic example of this22

process. Here we demonstrate a distinct regime in which domain growth outpaces nucleation by23

orders of magnitude and is controlled by local resonance conditions. Using a programmable quantum24

annealer with more than 4000 qubits, we realize a two-dimensional quantum Ising model whose25

metastable spin-polarized state encodes a false vacuum. At a specific value of the longitudinal field,26

single-spin flips at the boundary of a seeded bubble become resonant, enabling kinetically constrained27

expansion. Combining experiment with tensor-network simulations and stochastic circuit modeling,28

we observe nearly ballistic growth of true-vacuum domains with sub-ballistic interface broadening,29

consistent with Kardar–Parisi–Zhang universality. Our results establish a growth-dominated regime30

of false vacuum decay and show how large-scale quantum simulation can access nonequilibrium31

metastable dynamics relevant to quantum field theory, cosmology, and strongly correlated matter.32

INTRODUCTION33

Metastability is ubiquitous in many-body physics: a state can remain long-lived even when a lower-energy configura-34

tion is available, until fluctuations eventually trigger its decay. In quantum field theory and cosmology, the relaxation35

of a metastable vacuum through the nucleation of localized bubbles of the true vacuum is known as false-vacuum36

decay (FVD) [1–4]. More broadly, the same phenomenon underlies first-order quantum phase transitions [5] and the37

decay of metastable states in settings ranging from mesoscopic systems and quantum materials to reaction-rate theory,38

open quantum systems, and many-body quantum dynamics [6–11].39

The conventional description of FVD is critical-bubble theory: quantum or thermal fluctuations nucleate small40

domains of the stable phase, and the competition between bulk energy gain and interfacial tension determines whether41

such bubbles shrink or expand [1, 2, 4]. Once a bubble exceeds a critical size, its subsequent evolution is usually42

regarded as comparatively simple, with growth driven by the free-energy difference between the two phases. In this43

way, standard treatments separate the problem into nucleation and growth, with most of the conceptual emphasis44

placed on the former [12–24]. This leaves open the possibility of a qualitatively different regime in which post-45

nucleation growth itself becomes the nontrivial part of the dynamics, controlled by local resonant processes at the46

bubble boundary rather than by the smooth pressure-driven motion of an interface.47

Motivated by the field-theoretic picture, lattice realizations of FVD in quantum spin systems were first explored48

theoretically [25–28] and have recently become experimentally accessible. Analogs of FVD have now been realized in49

superfluids [29], neutral-atom systems [30, 31], cold atoms [32, 33], trapped ions [34], quantum annealers [35], and50
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graphene multilayers [36]. In one dimension, these studies probed decay-rate scaling, confinement effects, and the51

importance of properly preparing metastable states [26, 27, 31], revealing intrinsic lattice effects, such as quantized and52

resonant nucleation channels [31, 35]. By contrast, FVD in two dimensions remains far less understood, with recent53

numerical studies starting to access such regimes [37] and Rydberg atom experiments observing resonant deconfined54

cluster-growth dynamics governed by kinetic constraints [38], which we also address in this work. In particular, the55

real-time growth of resonant false-vacuum bubbles in two dimensions has largely remained unexplored.56

Two dimensions are qualitatively different from one: bubble growth is no longer constrained to a line, but depends57

on the geometry of the interface and on the competition between area and perimeter. This makes two dimensions58

a natural setting to explore whether post-nucleation growth can itself become the essential part of FVD. Here, we59

address this question using a large-scale programmable quantum annealer that realizes the two-dimensional mixed-60

field Ising model in a metastable regime. We identify a special resonance at which single-spin flips at the boundary61

of an existing true-vacuum seed become energy conserving, causing bubble growth to outpace spontaneous nucleation62

by several orders of magnitude. Combining quantum simulation with tensor-network calculations and large-scale63

stochastic modeling, we show that this produces a distinct growth-dominated regime of FVD, characterized by ballistic64

expansion together with nontrivial interface broadening following the Kardar-Parisi-Zhang (KPZ) universality class.65

Our results uncover a new route to FVD in which local resonant processes govern the expansion of true-vacuum66

domains, and establish programmable quantum hardware as a controlled platform for studying FVD beyond the67

standard semiclassical paradigm.68

QUANTUM SIMULATION OF RESONANT FALSE VACUUM DECAY69

We study the mixed-field quantum Ising model70

Ĥ = −J
∑

⟨i,j⟩

σ̂z
i σ̂

z
j − hx

∑

i

σ̂x
i − hz

∑

i

σ̂z
i , (1)

on a square lattice with periodic boundary conditions, in the regime J ≫ hx. For hz = 0, the model has two71

degenerate ferromagnetic ground states, |↓↓ . . . ↓⟩ and |↑↑ . . . ↑⟩. A finite longitudinal field lifts this degeneracy, so72

that one state becomes the true vacuum and the other a metastable false vacuum; here we take the all-down state73

as the true vacuum and the all-up state as the false vacuum. Figures 1a,b show the implementation of this model74

on the D-Wave Advantage2 quantum annealer. The logical lattice has the topology of a torus and is embedded into75

the Advantage2 system1.6 and Advantage2 system1.13 processors, using 4058 and 4044 out of 4593 and 4579 physical76

qubits, respectively. The reverse-annealing protocol provides direct control over the time-dependent transverse field77

hx(t), while the longitudinal field hz(t) can be programmed independently, as described below. The exact details of78

the protocols are given in the Supplementary Information (SI) [39].79

Domains of opposite magnetization of different shapes and sizes in the background of the metastable polarized state80

are true-vacuum bubbles. The energy of a domain with area A and perimeter ∂A is determined by the negative bulk81

contribution 2hzA and the positive interface term 2J ∂A. For specific values of hz and J , certain domains become82

resonant with the initial metastable state. Resonances occur when83

2|hz|A = 2J ∂A. (2)

As shown in Fig. 1c, this gives one-spin, two-spin, three-spin, and symmetric four-spin resonances at hz = 4J , 3J ,84

8J/3, and 2J , respectively. Their amplitudes scale parametrically as hA
x , so the one-spin resonance is the strongest,85

followed by the two- and three-spin resonances. This hierarchy is directly visible by holding hz constant at various86

magnitudes while ramping hx(t) from 0 to a small value and back in Fig. 1d, where the strongest features correspond87

to the lowest-order processes, and the snapshots on the right confirm the associated bubble geometries.88

The resonance at hz = 2J is special because it not only allows four-spin nucleation, but also first-order growth of89

an already existing bubble [38]. For an up-spin adjacent to a down-spin seed, the local Ising contribution from its90

neighborhood is 2J , so the effective longitudinal term becomes −σ̂z
i (2J − hz). Geometrically, the move increases the91

bubble area by one site while creating two additional domain-wall segments, increasing the energy by 4J . This increase92

is exactly offset by the longitudinal field at hz = 2J , making the growth process resonant. Once a seed is present,93

the bubble can therefore spread through single-spin flips, a first-order process in hx. In comparison, spontaneous94

nucleation of the four-spin bubble is fourth order, so growth dominates over nucleation by approximately three orders95

of magnitude in the experimentally relevant regime.96

To probe the growth regime directly, we prepare a single flipped spin at the center of the system and ramp the97

global hz through the hz = 2J resonance while hx remains finite, to isolate the fast interface dynamics. The time98

spent in the resonant regime is estimated to be of order tens of nanoseconds, consistent with the coherent operating99
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FIG. 1. Two-dimensional resonant false-vacuum decay on a quantum annealer. a, Logical square lattice with periodic
boundary conditions in both directions, realizing a torus topology. The colors indicate subsets of logical sites according to the
physical-qubit groups used in the embedding shown in b. Black squares denote missing physical qubits on the processor,
which are bypassed in the logical construction. b, Embedding of the logical lattice on the quantum processing unit. The
colored groups match those in a and are connected so as to implement the periodic two-dimensional geometry despite hardware
defects. c, Lowest resonances of the mixed-field Ising model as the longitudinal field is varied. The resonances correspond
to the condition in Eq. 2 where the domain-wall cost matches the energy gain from flipped spins. Shown are the one-, two-,
three-, and four-spin resonances. The hz = 2J resonance is special because, in addition to four-spin nucleation, it also enables
first-order resonant growth of an already existing bubble. d, Experimental sweep of the longitudinal field on the annealer,
showing the magnetization M as a function of hz and evolution time t for the constant-hz reverse-annealing protocol. The
measured resonance structure agrees with the sequence shown in c; representative spin configurations at the numbered points
are displayed on the right. The strongest resonances are the lowest-order ones, while the higher-order two- and three-spin
resonances appear progressively weaker, consistent with the hierarchy of tunneling amplitudes. The resonant values of hz are
slightly shifted with respect to expected values (4J , 3J , 8J/3, 2J) due to slight miscalibration between the user specified values
of hz and J and actual device values, however, we characterized the resonances using the dominant bubble type we observed.
e, Three single-shot experimental configurations obtained from a deliberately prepared initial state containing a single flipped
spin at the center of the system. Here, a time-dependent linear ramp of hz(t) is used to pass through the hz = 2J resonance
while hx remains finite, thereby isolating the fast growth dynamics associated with the resonant interface process. A ramified
fractal pattern spreads outward from the seed in a manner consistent with the local resonance rule. At later times, weak
thermalization effects become visible through violations of the strict resonance constraint. f, Time-averaged spin configurations
obtained from 100 snapshots of the type shown in e, revealing the average spatial structure of the resonantly spreading bubble.

regime established in previous annealer-based quantum simulations [40–42]. Further details are given in the SI [39].100

Representative single-shot configurations are shown in Fig. 1e. Starting from the seeded defect, the true-vacuum101

region expands in a ramified, fractal-like pattern consistent with the local resonance rule: only interface spins in102

the proper environment can flip resonantly. At later times, weak violations of this ideal pattern appear, signaling103

the onset of off-resonant processes, but the dynamics remain dominated by the resonant growth channel. Averaging104

over many realizations, Fig. 1f reveals a growing, approximately isotropic domain, centered on the seed. Thus, the105

hz = 2J resonance gives rise not merely to isolated resonant moves, but to a robust growth regime with an emergent106

propagating interface.107
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TRUE VACUUM BUBBLE GROWTH108

We further characterize the true vacuum bubble growth obtained using the ramp protocol with an artificial initial109

seed at multiple locations, used for averaging. As shown in Fig. 2a, the local magnetization profile, ⟨σ̂z
j ⟩, mea-110

sured along a horizontal cut through the center, develops a clear light-cone structure. The initially localized seed111

spreads outwards approximately symmetrically, forming an expanding true-vacuum domain inside the false-vacuum112

background. Figure 2b shows the corresponding nearest-neighbor kink density K̂j,j+1 = (1 − σ̂z
j σ̂

z
j+1)/2. Its sharp113

expanding front matches the light-cone in the magnetization which demonstrates that the growth is controlled by the114

motion of a well-defined interface. For a standard expanding bubble, one would expect the kink density in the bulk to115

decrease to zero. However, we find a large kink density in the bulk, suggesting a rich internal structure of the growing116

false vacuum domain, consistent with the ramified pattern.117

To characterize the propagation more quantitatively, we study the equal-time correlation function ⟨σ̂z
−j σ̂

z
j ⟩ and its118

connected counterpart ⟨σ̂z
−j σ̂

z
j ⟩c = ⟨σ̂z

−j σ̂
z
j ⟩ − ⟨σ̂z

−j⟩⟨σ̂
z
j ⟩, where σ̂z

j denotes the single-site magnetization at horizontal119

distance j from the central initialized bubble site. The resulting space-time maps are shown in Fig. 2c,d. In both120

cases, the correlation front propagates linearly to a good approximation, allowing us to define an edge position as a121

function of time. Fitting the extracted front position to a power law c τp gives exponents p ≈ 1.15 ± 0.06 for the full122

correlator and p ≈ 1.00 ± 0.10 for the connected correlator. Repeating the same analysis for different values of hx,123

Fig. 2e shows that the extracted exponent remains close to p = 1 across the explored range. The larger deviations124

at small hx arise from slower dynamics, where the corresponding changes in the magnetization profile are harder to125

resolve and increase the fit uncertainty. By contrast, at large hx, the fitted exponent is systematically shifted above126

p = 1 because the bubble reaches the system boundary and self-interferes through the periodic boundary conditions.127

These data indicate that the resonant bubble grows nearly ballistically in the experimentally accessible time window.128

This conclusion is further illustrated by the magnetization profiles in Fig. 2f. As time increases, the front moves to129

larger distances while retaining an approximately self-similar shape. We find a collapse by rescaling the coordinate130

jτ−1 in Fig. 2g, where τ is the duration of the linear hz(t) ramp and is proportional to the time spent in the resonant131

regime, confirming that the dominant scaling is ballistic. At the same time, the residual deviations from perfect132

collapse near the interface indicate that the front is not rigid. We address this observation in the next section.133

The results presented here are expected to generalize to larger scales and higher dimensions in a weak transverse134

field regime hx ≪ J . In d = 2 dimensions, similar resonances occur at |hz| = 2J/l, where filaments with thickness l135

spread ballistically from an initial seed of size 4l2 with velocity hl
x. The rate of initial seed nucleation scales with its136

volume (h4l2

x ), while the rate of filament spreading scales with the square root of the volume (hl
x), thereby governing137

the late-time dynamics. A similar resonant phenomenon is also expected in d > 2, where the analogous symmetric138

initial seed would be a (hyper-)cube with side d
d−1

l and the nucleation rate scaling as ∼ h
( d

d−1
l)

d

x . The corresponding139

resonances appear at |hz| = 2J(d − 1)/l where filaments with thickness l would grow ballistically with the rate that140

scales as ∼ hld−1

x , still dominating the dynamics in any d. The ratio of nucleation and filament growth rate exponents141

is l
(

d
d−1

)d

, implying that filament growth becomes even faster compared to nucleation with increasing dimensionality.142

CLASSICAL MODELING OF BUBBLE GROWTH143

We support the quantum simulation results with two complementary classical approaches. First, we simulate the144

full quantum model of Eq. (1) with tree tensor networks (TTNs), a generalization of matrix product states that better145

represent long-range correlations in higher-dimensional systems [43]. TTNs allow us to simulate the full quantum146

dynamics with controlled truncation errors, albeit with limitations on the accessible system sizes and total evolution147

times [44, 45]. To access the late-time properties of bubble growth beyond the reach of TTNs, we additionally148

develop an effective stochastic circuit (SC) model of bubble dynamics. In the SC approach, we initialize a classical149

configuration with a single lattice site flipped into the true-vacuum state and evolve it in discrete time steps denoted150

by ts. At each step, any site j is acted on with a constrained spin-flip operator, preserving the resonance condition,151

with probability p and left unchanged with probability 1 − p. The crucial point is that each update maps a single152

computational-basis configuration to another computational-basis configuration, and can thus be simulated classically.153

Further details about the two types of classical simulations can be found in Methods.154

To isolate the intrinsic bubble-growth dynamics from the extraneous ramp protocol effects present in quantum155

simulations, we consider instantaneous quenches from an initial product state in which a single spin is flipped into156

the true-vacuum state. We then evolve under the full Hamiltonian at finite hx and fixed hz = 2J . The evolution of157

the magnetization, computed by TTNs, is shown in Fig. 3a, while a representative trajectory of the SC simulation158

is shown in the top three panels of Fig. 3b. Each trajectory exhibits the same tree-like pattern reminiscent of the159
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FIG. 2. Experimental light-cone dynamics of resonant bubble spreading on the quantum annealer. a, Time
evolution of the measured local magnetization profile −⟨σ̂z

j ⟩ along a horizontal cut through the center of the two-dimensional
system, shown as a function of distance j from the initially prepared central seed and evolution time τ , for hx = 0.06. The
bright central region corresponds to the expanding true-vacuum bubble, whose front forms a clear light-cone structure. b,

Corresponding nearest-neighbor kink density ⟨K̂j,j+1⟩, showing the propagation of the domain-wall fronts that bound the
bubble. The two fronts move approximately symmetrically away from the seeded center and directly visualize the spreading
interface. c, Equal-time correlation function ⟨σ̂z

−j σ̂
z
j ⟩, where σ̂z

j denotes the single-site magnetization at horizontal distance
j from the central initialized bubble site. The black points mark the extracted edge positions of the correlation front, and
the green line shows a power-law fit c · τp with exponent p ≈ 1.15, indicating nearly ballistic spreading with a weak apparent
superlinear correction over the experimentally accessible times. d, Connected equal-time correlator ⟨σ̂z

−j σ̂
z
j ⟩c. The black points

again mark the extracted edge positions, while the green line is a power-law fit c · τp with exponent p ≈ 1.00. The close
agreement with c shows that the front dynamics is robust with respect to disconnected background contributions. e, Growth
exponent p extracted from power-law fits to the edge positions of ⟨σ̂z

−j σ̂
z
j ⟩ and ⟨σ̂z

−j σ̂
z
j ⟩c as a function of hx. The dashed

horizontal line marks purely ballistic propagation, p = 1. Both correlators yield exponents close to unity across the explored
range of transverse fields, consistent with nearly ballistic spreading. f, Raw magnetization profiles −⟨σ̂z

j ⟩ at different times τ ,
showing the outward propagation of the bubble front. The approximately triangular profile in the laboratory frame reflects a
front moving with nearly constant velocity while broadening in time. g, The same data as in f, replotted against the scaled
coordinate jτ−1. The approximate collapse confirms ballistic scaling of the front position, while the residual deviations near
the interface encode the slower broadening of the wavefront.

experimental data in Fig. 1.160

The bottom panel of Fig. 3a reveals the breakdown of TTN calculations: the bubble seemingly grows faster in161

certain preferred directions. Such anomalous interface effects are a consequence of mapping the 2D system into a162

tensor network that does not natively represent the lattice geometry [46]. This is a sign that the simulation becomes163

unreliable for thx ≳ 3 for this system of 16 × 16 spins. On the other hand, the SC dynamics in Fig. 3b provides164

a window to the coarse-grained description of the long-time growth regime, where the dynamics is dominated by165

the accumulation of many local resonant events and the relevant observables are statistical properties of the growing166

bubble. This allows us to access the statistical growth dynamics of bubbles in systems containing hundreds of167

thousands of spins and over thousands of time steps. The magnetization, averaged over many SC realizations, is168

shown in the bottom panel of Fig. 3b. Interestingly, it demonstrates a remarkable spherical invariance despite the169

underlying D4 symmetry of the square lattice.170

The evolution of the bubble size r, computed via TTNs from the second moment of ⟨σ̂z⟩, is shown in Fig. 3c for171

a few values of hx. This data suggests a ballistic growth with a characteristic timescale of hx, indicating that the172

growth process is driven by the first-order resonance, rather than by quantum coarsening or other diffusive processes.173

To extract the long-time features of the growth, we focus on the SC simulation of the same quantity r (see Methods).174

Figure 3d plots the log derivative of r over time, displaying close agreement and convergence towards the ballistic175
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FIG. 3. Ballistic growth and universal interface broadening of resonantly spreading bubbles. a, TTN simulations
of the magnetization ⟨σ̂z⟩, showing an expanding true-vacuum domain with a broadening front. b, SC simulations of the
effective resonant model showing representative snapshots of the magnetization σz at increasing times, with the averaged local
magnetization ⟨σz

x,y⟩ at long time shown at the bottom. The dashed circle has radius r equal to
√
2 times the second moment

of the bubble profile, demonstrating that the expanding domain remains approximately isotropic. c, Bubble radius extracted
from the TTN simulations, plotted as r versus the scaled time thx. The data collapse for several values of hx confirms that the
growth timescale is given by thx, as expected for the first-order resonant growth process generated by the effective Hamiltonian.
d, Logarithmic derivative d log(r)/d log(t) extracted from the SC simulations. The effective exponent remains close to unity
over the accessible time window and decreases only weakly at late times, consistent with asymptotically ballistic radial growth.
e, Bipartite entanglement entropy S from the TN simulations as a function of thx. The entropy growth remains moderate
over the accessible time window, explaining why tensor-network simulations can faithfully capture the early-time quantum
dynamics while becoming limited at later times and larger systems. f, Collapse of the SC magnetization profile along the
line x = 0, plotted as −⟨σz

x=0,y⟩ versus y/t. The good overlap of the profiles at different times demonstrates a well-defined
ballistic front propagating with velocity v ≈ 0.152, while deviations near the front indicate additional broadening beyond a
rigidly translating profile. g, Scaling collapse of the SC wavefront after subtracting the ballistic drift, plotted as a function of
(y/t− v)t2/3. The collapse is consistent with front broadening governed by the Kardar–Parisi–Zhang (KPZ) scaling exponent
2/3. h, Experimental quantum-simulator (QS) profiles along a one-dimensional cut through the two-dimensional bubble at
several evolution times, plotted in the co-moving coordinate (j/τ − v). The measured magnetization shows the same ballistic
front propagation as in the SC and TN calculations. i, Collapse of the experimental QS wavefront using the KPZ-scaled
coordinate (j/τ − v)τ2/3. The agreement with the stochastic-circuit scaling supports a universal coarse-grained description of
the resonant bubble interface, with nearly ballistic radial growth and sub-ballistic KPZ-type front broadening.

growth exponent of 1.176

Despite the fact that the main features of the bubble growth can be reproduced by SC simulations, the underlying177

dynamics generate a considerable amount of entanglement and should thus be understood as a genuinely many-body178

quantum process. Figure 3e shows the evolution of the half-cut entanglement entropy S for quenches of hz to the179

values indicated in the legend, computed via TTNs. As expected, the state remains approximately frozen when180

there are no resonant processes available (hz = 1.5J) [47], while the resonant process at hz = 2J triggers very fast181

entanglement growth. Interestingly, for a quench close to the resonant point (hz = 1.9J), S initially grows at the182



7

same rate as in the resonant case, but quickly tapers off and saturates at a smaller value. This might be due to the183

confinement of excitations, expected at small hx far from the critical point [37, 48].184

It is inherently difficult to directly compare TTN results with our quantum simulations because the precise hz(t)185

and hx(t) ramps are unknown, even though they have a strong influence on the exact shape of M(t). However, we186

consistently find a collapse of M(t) with a rescaled time axis h2
xt in quantum simulation, contrary to the expected187

hxt scaling. We therefore performed analogous hz(t) ramps through the resonance using TTNs and found that the188

h2
xt scaling law emerges there as well, see SI [39]. This is explained by the quantum nature of the resonance, where189

perturbation theory predicts a finite resonance width δhz ∝ hx. Then the time spent in the resonance during the190

ramp is δt ∝ hx, and the scaling law of the dynamics needs to be appropriately modified as M(t) ∼ hxδt ∝ h2
xt,191

suggesting agreement between TTN and quantum simulation.192

An alternative way to test for the ballistic bubble growth is to collapse the data along a single row or column,193

as is done in Fig 3f. Assuming a constant propagation speed leads to a clean collapse everywhere except near the194

center of the system and around the wavefront. This indicates that the latter broadens more slowly than ballistically.195

Performing a second collapse of the wavefront data, Fig 3g, we find that the best results are obtained for t
2/3
s . This196

strongly suggests that our stochastic circuit belongs to the KPZ universality class, which describes transport properties197

of a variety of quantum systems [49–51]. This class was first developed to describe the growth of interfaces in classical198

systems, which is indeed similar to the process at play here [52]. We perform the same collapses on the quantum199

simulation data, shown in Fig. 3h,i, and find a good agreement both for the ballistic growth of the bubble size and200

the KPZ coarsening of the interface, see the SI [39] for a detailed analysis of the optimal exponent across the entire201

quantum simulation dataset.202

DISCUSSION AND OUTLOOK203

We have studied a growth-dominated regime of FVD in two dimensions on a superconducting quantum annealer. At204

the resonance |hz| = 2J , single-spin flips at the boundary of an existing true-vacuum seed become energy conserving,205

so growth already proceeds at first order in hx, while spontaneous nucleation of new bubbles remains parametrically206

slower. This produces an approximately three orders of magnitude separation between growth and nucleation. In207

our quantum simulations, the resulting dynamics appear as a clear light-cone structure and nearly ballistic spreading208

of a seeded bubble, while classical modeling captures the accompanying sub-ballistic interface broadening consistent209

with KPZ scaling. The essential physics, therefore, lies not in the formation of the initial seed but in its subsequent210

resonant expansion and fluctuating interface growth described by KPZ universality.211

Several observations indicate that the annealer probes genuinely quantum dynamics. First, the estimated time212

spent in the dynamical resonant regime is of order a few tens of nanoseconds, consistent with the timescales on213

which coherent behavior has previously been demonstrated on the same class of annealers [40–42]; see SI for the214

estimation. Second, the observed scaling M(t) ∼ h2
xt, seen in both TTN calculations and quantum simulations, arises215

from resonance broadening, an intrinsically quantum effect. Third, we find that the classical-energy contribution216

remains approximately conserved over the experimentally relevant time window, showing that the observed growth217

stays concentrated near the resonant manifold rather than being dominated by generic off-resonant relaxation due to218

thermalization. These points, together with the agreement with approximate classical methods, provide evidence that219

the annealer realizes the targeted quantum many-body dynamics of the full model over the experimentally relevant220

time window. Its ability to simulate large systems is particularly important for extracting the late-time properties of221

bubble growth, where finite-size effects can otherwise obscure the asymptotic behavior.222

At the same time, our results expose an intriguing puzzle. The microscopic dynamics generate substantial entangle-223

ment and exhibit signatures consistent with coherent quantum evolution, yet the asymptotic growth laws, i.e., nearly224

ballistic expansion and KPZ-type interface broadening, are already captured by a SC description of the effective res-225

onant model. This suggests that the large-scale statistical properties of resonant bubble growth may be remarkably226

insensitive to many microscopic quantum details. Determining precisely how quantum effects influence the asymptotic227

dynamics, therefore, remains an important open question. Moreover, it is interesting to consider if and how the KPZ228

universality class changes in higher dimensions d > 2, where the filaments are growing (d − 1)-dimensional surfaces.229

Addressing these questions will likely require new dynamical control capabilities of quantum annealers that are not230

yet publicly available [53], or significant advances in numerical methods for higher-dimensional quantum dynamics,231

where current classical approaches remain substantially more limited.232

More broadly, the present study should be viewed as a controlled isolation of one particular post-nucleation growth233

channel, as part of a larger class of similar resonances that appear at other longitudinal field values and in arbitrary234

dimensions. Generic FVD process will, in general, involve a mixture of nucleation and multiple competing growth235

channels. This suggests that resonant accretion may provide a broader route to growth-dominated metastable decay236

whenever local interface moves become energetically favored. An important outlook is therefore to understand whether237
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an analog of this mechanism can arise in quantum field theory, where true-vacuum expansion is usually assumed to238

be pressure-driven rather than mediated by stochastic accretion. Establishing when such locally enhanced interface239

growth can compete with conventional bubble-wall motion would connect the resonant mechanism identified here to240

more generic FVD settings.241
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[28] S. Darbha, M. Kornjača, F. Liu, J. Balewski, M. R. Hirsbrunner, P. L. S. Lopes, S.-T. Wang, R. Van Beeumen, D. Camps,310

and K. Klymko, False vacuum decay and nucleation dynamics in neutral atom systems, Phys. Rev. B 110, 155103 (2024).311

[29] A. Zenesini, A. Berti, R. Cominotti, C. Rogora, I. G. Moss, T. P. Billam, I. Carusotto, G. Lamporesi, A. Recati, and312

G. Ferrari, False vacuum decay via bubble formation in ferromagnetic superfluids, Nature Physics 20, 558 (2024).313

[30] R. Cominotti, C. Baroni, C. Rogora, D. Andreoni, G. Guarda, G. Lamporesi, G. Ferrari, and A. Zenesini, Observation of314

temperature effects on false vacuum decay in atomic quantum gases, Phys. Rev. Lett. 135, 183401 (2025).315

[31] Y.-X. Chao, P. Ge, Z.-X. Hua, C. Jia, X. Wang, X. Liang, Z. Yue, R. Lu, M. K. Tey, X. Wang, and L. You, Probing false316

vacuum decay and bubble nucleation in a Rydberg atom array, Phys. Rev. Lett. 136, 120407 (2026).317

[32] B. Song, S. Dutta, S. Bhave, J.-C. Yu, E. Carter, N. Cooper, and U. Schneider, Realizing discontinuous quantum phase318

transitions in a strongly correlated driven optical lattice, Nat. Phys. 18, 259 (2022).319

[33] Z.-H. Zhu, Y. Liu, G. Lagnese, F. M. Surace, W.-Y. Zhang, M.-G. He, J. C. Halimeh, M. Dalmonte, S. C. Morampudi,320

F. Wilczek, Z.-S. Yuan, and J.-W. Pan, Probing false vacuum decay on a cold-atom gauge-theory quantum simulator,321

arXiv e-Prints (2024), arXiv:2411.12565 [cond-mat.quant-gas].322

[34] D. Luo, F. M. Surace, A. De, A. Lerose, E. R. Bennewitz, B. Ware, A. Schuckert, Z. Davoudi, A. V. Gorshkov, O. Katz,323

et al., Quantum simulation of bubble nucleation across a quantum phase transition, arXiv e-Prints (2025), arXiv:2505.09607324

[quant-ph].325

[35] J. Vodeb, J.-Y. Desaules, A. Hallam, A. Rava, G. Humar, D. Willsch, F. Jin, M. Willsch, K. Michielsen, and Z. Papić,326
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boundary conditions in both directions, while bypassing missing qubits on the quantum processing unit.386

The programmable D-Wave Hamiltonian takes the form [54]387

ĤDW(t) = −
A(s)

2

∑

i

σ̂x
i +

B(s)

2



g(t)
∑

i

hiσ̂
z
i +

∑

i>j

Jij σ̂
z
i σ̂

z
j



 , (3)

where s = t/ta ∈ [0, 1] is the normalized anneal parameter, A(s) sets the transverse-field energy scale, B(s) the388

problem-Hamiltonian scale, and g(t) is the time-dependent gain multiplying the linear biases hi. Restricting Jij389

to nearest-neighbor ferromagnetic couplings on the logical lattice, with Jprog = −0.3, and taking uniform biases390

hi = hprog, the Hamiltonian reduces, after factoring out B(s)/2, to the mixed-field Ising form in Eq. (1), with391

hx = A(s)/[B(s)Jprog] and hz(t) = −g(t)hprog/Jprog.392

To realize the dynamics, we used a reverse-annealing protocol specified by the schedule [(0, 1), (t1, shx
), (t2, shx

), (t3, 1)],393

where shx
is chosen such that hx = A(shx

)/(B(shx
)Jprog). Starting from a classical spin configuration at hx = 0, the394

system is reverse annealed to a point with small but finite transverse field, held there for a pause time τ = t2 − t1,395

and then annealed back to hx = 0 for readout. Typical values are t1 = 1.0µs, τ ranging from 0.25µs to 7.0µs, and396

t3 − t2 = 200 ns.397

We employed two protocols for the longitudinal field using the device’s h-gain feature. In the first, g(t) is held398

constant during the pause, corresponding to a constant hz(t); sweeping this value produces the resonance map shown399

in Fig. 1d. In the second, g(t) is linearly ramped from g(t1) = 1 to g(t2) = −1, with hprog = −0.7, so that hz(t)400

approaches the |hz| = 2J resonance while hx remains finite. This isolates the fast interface-growth dynamics by401

ensuring that the system spends only a small fraction of the full reverse anneal near the resonance.402

Effective Hamiltonian at the resonance403

At first order in hx/J , the dynamics at the resonance |hz| = 2J is governed by an effective constrained Hamiltonian,404

Ĥeff = −hx

∑

j

P̂j σ̂
x
j , P̂j =

{

1, if
∑

i∈⟨i,j⟩ σ
z
i = 2,

0, otherwise,
(4)

where the projector P̂j enforces the local resonance condition: a spin may flip only if it has exactly one nearest405

neighbor in the true vacuum and three in the false vacuum. This projector structure makes the resonance highly406

selective: isolated nucleation events are strongly suppressed, while growth along an existing interface is allowed. The407

resulting dynamics is therefore not that of conventional pressure-driven bubble expansion, but a kinetically constrained408

spreading process in which the FVD is controlled by local moves at the boundary of preexisting bubbles.409

The Hamiltonian (4) is obtained using a Schrieffer-Wolf transformation [55] with Ĥ0 given by the classical energy410

−J
(

∑

⟨i,j⟩ σ̂
z
i σ̂

z
j − 2

∑

j σ̂
z
j

)

and the perturbation V̂ by the dynamical term −hx

∑

j σ̂
x
j . The classical energy Ĥ0 is411

conserved at all orders in this expansion; however, the bubble growth that we observe is more constrained than simply412

conserving this quantity. For example, the effective Hamiltonian (4) displays Hilbert space fragmentation, and the413

system only explores the sector of the initial state.414

We are interested in sectors in which there can be multiple initial bubbles, but all of size 1 (i.e., corresponding415

to a single-site defect). In this case, there are two different emergent conserved quantities: the conservation of the416

number of bubbles and the absence of loops. The latter means that there are no sequences of neighboring (vertically417

or horizontally, but not diagonally) down-spins that form a closed path. For example,418





↓ ↓ ↑ ↓
↓ ↑ ↑ ↓
↓ ↓ ↓ ↓



 and





↓ ↓ ↓
↓ ↑ ↓
↓ ↓ ↑



 are not loops, but





↓ ↓ ↓
↓ ↑ ↓
↓ ↓ ↓



 ,







↑ ↓ ↓ ↓ ↑
↓ ↓ ↑ ↓ ↓
↓ ↑ ↓ ↑ ↓
↓ ↓ ↓ ↓ ↓






and

[

↓ ↓
↓ ↓

]

are. (5)

For any finite value of hx, the higher-order processes are still relevant, even though they are suppressed. Notably,419

already at the second order, the number of bubbles and the number of loops are no longer conserved. For example,420

the two processes below happen with a rate −h2
x/(8J). They both create a loop and split a single bubble into two as421







↓ ↓ ↓
↓ ↑ ↑
↓ ↓ ↑
↑ ↓ ↓






→







↓ ↓ ↓
↓ ↓ ↑
↓ ↑ ↑
↑ ↓ ↓






and







↓ ↓ ↓
↓ ↑ ↑
↓ ↓ ↓
↑ ↑ ↓






→







↓ ↓ ↓
↓ ↓ ↑
↓ ↑ ↓
↑ ↑ ↓






. (6)
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In fact, for the different system sizes and sectors we tested, we find that the combination of the first- and second-order422

Hamiltonians leads to almost all states with a given value of Ĥ0 being in the same sector. Thus, for a finite value of423

hx used in the experiment, it is expected that configurations violating the constraints appear at later times. Due to424

the very strong effect of the second-order term on fragmentation, we can neglect the effect of terms of order 3 and425

beyond. We note that if we look at a region of false-vacuum (i.e., with only up-spins), the smallest bubbles that can426

nucleate resonantly are 4-bubbles in a square configuration. As these only occur at fourth order, these processes are427

highly suppressed and can be neglected if there is any bubble already present.428

Tensor network simulations429

In order to fully capture the quantum effects of the bubble growth, we perform simulations with tensor networks.430

These provide a controlled approximation to the evolution of the full quantum model. We use tree tensor networks431

(TTNs), where the tensors are arranged into a binary tree structure. The leaves of the tree contain the physical432

indices of the lattice sites, whilst the auxiliary tensors in the upper layers help to transfer correlations across distant433

sites. This is critical for simulating two-dimensional systems with a one-dimensional tensor network. In such cases,434

the lattice has to be mapped down to one dimension using a space-filling curve, which necessarily produces effective435

long-range interactions. Nonetheless, TTNs capture long-range correlations better than the standard matrix product436

states [43], and it has been recently shown that TTNs can simulate certain dynamical processes of relatively large437

spin systems in two dimensions [17, 37].438

For the simulations of the bubble growth, we start with an initial product state where all spins are aligned down in439

the Z direction, and a single nucleation center pointing up. We evolve the state with the Ising Hamiltonian Eq. (1),440

with J = 1, hz = 2 and varying hx. This is akin to an instantaneous quench directly into the resonant point.441

We simulate the time evolution with the time-dependent variational principle (TDVP) algorithm [44, 45]. We use442

the single-tensor update version of the algorithm, and pad the tensors of the initial product state to the maximal443

bond dimension. For TTNs, this is a much more efficient approach compared to the two-site TDVP; because the444

tensors in the TTN are of rank-3 with all legs at the maximal bond dimension χ, the computational complexity of445

the single-site TDVP scales with O(χ4), while the two-site TDVP scales as O(χ6).446

We have checked that the results are converged in the size of the discretized timestep, and use dt = 0.01/J . All447

simulations were performed at a set of different bond dimensions, and we checked that the observables of interest are448

converged with increasing bond dimension. Despite the relatively small value of hx, we find that the TTNs cannot449

accurately capture all features of the dynamics beyond tJ ∼ 5. Whilst the average quantities (such as the total450

magnetization) are well converged, their spatial distributions are not. This is best seen in Fig. 3. The tensor network451

simulations were performed using the Quantum Tea package [56].452

Classical stochastic circuit simulations453

To simulate large systems, we turn to a classically simulable stochastic circuit inspired by the effective model (4).454

The basic circuit has a “brickwork structure”, meaning that for each time step, there are two intermediate steps455

during which the odd (x + y odd) and even (x + y even) sites are evolved, respectively. This is to ensure that the456

evolution does not violate the constraint. In each evolution step, all flippable sites (both up to down and down to457

up) with the correct parity are identified. Each of these is then flipped with a probability p or left unflipped with458

probability 1 − p. We use p = 0.1, which keeps the dynamics stochastic and avoids the deterministic limit obtained459

for p = 1. We note that the results are insensitive to the exact value of p as long as p ≪ 1. The only influence of p is460

a rescaling of time. We show this invariance with respect to p in the SI.461

In order to make sure that what we observe is a generic feature of the constraint and not an artifact of our exact462

evolution scheme, we have also tested an alternative circuit. Instead of having a brickwork structure, each step is463

composed of a single evolution step in which both odd and even sites can be updated. We consider flips on all sites464

satisfying the constraint (still with probability p) and subsequently resolve “conflicts”, where flips on neighboring465

sites would lead to violations of the constraints. We have explored different ways of resolving these “conflicts” while466

maximizing the number of flips, and found that the alternate circuit also shows ballistic growth (with a slightly467

different velocity) in all cases. See SI for more details and results.468

Radially averaged bubble size469

In Fig. 3 we show the radially averaged bubble size r, extracted from TN and SC simulations. In both cases, it is470
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computed from the local magnetization as471

r =

√

2
∑

x,y

⟨nx,y⟩ [(x− x0)2 + (y − y0)2], with x0 =
∑

⟨nx,y⟩x, y0 =
∑

⟨nx,y⟩y, (7)

where nx,y = (1 − σz
x,y)/2 is equal to one if a site is in the true vacuum (and so part of the bubble) and to zero if it472

is in the false vacuum.473
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