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ωr → C ⊋
kBT

(SS, Quantum Phase Transitions, 1999)

1. Quantum critical dynamics of the Ising model in 2 spatial dimensions 

2. Quantum critical transport at the superfluid-insulator transition  
in 2 spatial dimensions
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QPTs in a Rydberg quantum simulator
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These models were motivated by ‘tilted lattices’ of bosonic atoms, and predicted a
Z2 quantum transition which was observed in J. Simon, W. S. Bakr, Ruichao Ma,
M. Eric Tai, P. M. Preiss, M. Greiner, Nature 472, 307 (2011).
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to

Quantum Phases of Matter on a 256-Atom Programmable Quantum Simulator, Sepehr Ebadi, Tout T. Wang, Harry Levine, Alexander 
Keesling, Giulia Semeghini, Ahmed Omran, Dolev Bluvstein, Rhine Samajdar, Hannes Pichler, Wen Wei Ho,  Soonwon Choi, Subir 
Sachdev, Markus Greiner, Vladan Vuletic, and Mikhail D. Lukin, Nature 595, 227 (2021); Pascal Scholl et al. Nature 595, 233 (2021)
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is related to the mean Rydberg excitation density hni by
� = @hni/@� according to the Hellman-Feynman theo-
rem. We measure hni vs. � along a slow linear sweep to
remain as adiabatic as possible. We take the numerical
derivative of the fitted data to obtain �, finding its peak
to be at �c/⌦ = 1.12(4) (see Methods).

Having identified the position of the critical point, we
now extract the value of ⌫ that optimizes data collapse
(inset of Fig. 3d and Methods). The resulting ⌫ = 0.62(4)
rescales the experimental data to clearly fall on a single
universal curve (Fig. 3d). This measurement is in good
agreement with the predicted ⌫ = 0.629 for the quan-
tum Ising universality class in (2+1) dimensions[14], and
distinct from both the mean-field value[13] of ⌫ = 1/2
and the previously verified value in (1+1) dimensions
[24] of ⌫ = 1. Despite imperfections associated with
non-adiabatic state preparation and decoherence in our
system, this demonstration of universal scaling highlights
opportunities for quantitative studies of quantum critical
phenomena on our platform.

PHASE DIAGRAM OF THE SQUARE LATTICE

A rich variety of new phases have been recently
predicted for the square lattice when Rydberg block-
ade is extended beyond nearest neighbors [14]. To
map this phase diagram experimentally, we use the
Fourier transform of single-shot measurement outcomes

F(k) =
���
P

i
exp(ik · xi/a)ni/

p
N

���, which characterizes

long-range order in our system. For instance, the checker-
board phase shows a prominent peak at k = (⇡,⇡),
corresponding to the canonical antiferromagnetic or-
der parameter: the staggered magnetization (Fig. 4a).
We construct order parameters for all observed phases
using the symmetrized Fourier transform F̃(k1, k2) =
hF(k1, k2) + F(k2, k1)i/2, averaged over experimental
repetitions, which takes into account the reflection sym-
metry in our system (see Methods).

When interaction strengths are increased such that
next-nearest (diagonal) neighbor excitations are sup-
pressed by Rydberg interactions (Rb/a &

p
2), trans-

lational symmetry along the diagonal directions is also
broken, leading to the appearance of a new striated phase
(Fig. 4b). In this phase, Rydberg excitations are mostly
located two sites apart and hence appear both on alter-
nating rows and alternating columns. This ordering is
immediately apparent through the observation of promi-
nent peaks at k = (0,⇡), (⇡, 0), and (⇡,⇡) in the Fourier
domain. As discussed and demonstrated below, quantum
fluctuations, appearing as defects on single shot images
(Fig. 4b), play a key role in stabilizing this phase.

At even larger values of Rb/a & 1.7, the star phase
emerges, with Rydberg excitations placed every four sites
along one direction and every two sites in the perpendic-
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FIG. 3. Observation of the (2+1)D Ising quantum
phase transition on a 16⇥16 array. a. The transition
into the checkerboard phase is explored using a linear detun-
ing sweep �(t) at constant ⌦. The resulting checkerboard
ordering is measured at various endpoints. b. Example of
growing correlations G(2) with increasing �/⌦ along a linear
sweep with sweep rate s = 15 MHz/µs. c. Growth of cor-
relation length ⇠ for s spanning an order of magnitude from
15 MHz/µs to 120 MHz/µs. ⇠ used here measures correlations
between the coarse-grained local staggered magnetization (see
Methods). d. For an optimized value of the critical expo-
nent ⌫, all curves collapse onto a single universal curve when
rescaled relative to the quantum critical point �c. Inset: dis-
tance D between all pairs of rescaled curves as a function of
⌫ (see Methods). The minimum at ⌫ = 0.62(4) (red dashed
line) yields the experimental value for the critical exponent
(red and gray shaded regions indicate uncertainties).

ular direction. There are two possible orientations for the
ordering of this phase, so Fourier peaks are observed at k
= (⇡, 0) and (⇡/2,⇡), as well as at their symmetric part-
ners (0,⇡) and (⇡,⇡/2) (Fig. 4c). In the thermodynamic
limit, the star ordering corresponds to the lowest-energy
classical configuration of Rydberg excitations on a square
array with a density of 1/4.

We now systematically explore the phase diagram on
13⇥13 (169 atoms) arrays, with dimensions chosen to be
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FIG. 4. Phase diagram of the two-dimensional square lattice. a. Example fluorescence image of atoms in the
checkerboard phase and the corresponding Fourier transform averaged over many experimental repetitions hF(k)i, highlighting
the peak at (⇡,⇡) (circled). b. Image of atoms in the striated phase and the corresponding hF(k)i highlighting peaks at
(0,⇡), (⇡, 0) and (⇡,⇡) (circled). c. Image of atoms in the star phase with corresponding Fourier peaks at (⇡/2,⇡) and (⇡, 0)
(circled), as well as at symmetric partners (⇡,⇡/2) and (⇡, 0). d. The experimental phase diagram is constructed by measuring
order parameters for each of the three phases for di↵erent values of the tunable blockade range Rb/a and detuning �/⌦. Red
markers indicate the numerically calculated phase boundaries (see Methods). e. The order parameters evaluated numerically
using DMRG for a 9⇥9 array (see Methods).

simultaneously commensurate with checkerboard, stri-
ated, and star orderings (see Methods). For each value
of the blockade range Rb/a, we linearly sweep � (sim-
ilar to Fig. 3a but with a ramp-down time of 200 ns),
stopping at evenly spaced endpoints to raster the full
phase diagram. For every endpoint, we extract the or-
der parameter corresponding to each many-body phase,
and plot them separately to show their prominence in
di↵erent regions of the phase diagram (Fig. 4d).

We compare our observations with numerical simu-
lations of the phase diagram using the density-matrix
renormalization group (DMRG) on a smaller 9⇥9 array
with open boundary conditions (Fig. 4e and red mark-
ers in Fig. 4d). We find excellent agreement in the ex-
tent of the checkerboard phase. For the striated and star
phases, we also find good similarity between experiment
and theory, although due to their larger unit cells and
the existence of many degenerate configurations, these
two phases are more sensitive to both edge e↵ects and

experimental imperfections. We emphasize that the nu-
merical simulations evaluate the order parameter for the
exact ground state of the system at each point, while
the experiment quasi-adiabatically prepares these states
via a dynamical process. These results establish the po-
tential of programmable quantum simulators with tun-
able, long-range interactions for studying large quantum
many-body systems that are challenging to access with
state-of-the-art computational tools [39].

QUANTUM FLUCTUATIONS IN THE
STRIATED PHASE

We now explore the nature of the striated phase. In
contrast to the checkerboard and star phases, which can
be understood from a dense-packing argument [14], this
phase has no counterpart in the classical limit (⌦ ! 0)
(see Methods). Striated ordering allows the atoms to
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First observation of Ising 
quantum phase transition  

in 2+1 dimensions

Nature | Vol 595 | 8 July 2021 | 229

measure the growth of correlations across the phase transition 
(Fig. 3a,b). Slower sweep rates s = d∆/dt result in longer correlation 
lengths ξ, as expected (Fig. 3c).

The quantum Kibble–Zurek mechanism predicts a universal scal-
ing relationship between the control parameter ∆ and the correlation 
length ξ. Specifically, when both ∆ and ξ are rescaled with the sweep 
rate s (relative to a reference rate s0)

ξ ξ s s~ = ( / ) (2)µ
0

∆ ∆ ∆ s s~ = ( − )( / ) (3)κ
c 0

with critical point ∆c and critical exponents µ ν zν≡ /(1 + )  and 
κ zν≡ − 1/(1 + ), then universality implies that the rescaled ξ~ versus ∆~ 
collapses onto a single curve24 for any sweep rate s. Figure 3d shows a 
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Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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state. Top right: the measured oscillations decay more rapidly as the phase 
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occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.

<latexit sha1_base64="uKHIJjupcu8H89B0h/nWTcNDlbo="></latexit>

f(x) → ω(!↑!c = x)

ω(!c ↑! = x)
↓ 1.9



 



 

































86 | Nature | Vol 638 | 6 February 2025

Article

Quantum coarsening and collective 
dynamics on a programmable simulator

Tom Manovitz1,8, Sophie H. Li1,8, Sepehr Ebadi1,7,8, Rhine Samajdar2,3, Alexandra A. Geim1, 
Simon J. Evered1, Dolev Bluvstein1, Hengyun Zhou1,4, Nazli Ugur Koyluoglu1,5, 
Johannes Feldmeier1, Pavel E. Dolgirev1, Nishad Maskara1, Marcin Kalinowski1, 
Subir Sachdev1, David A. Huse2, Markus Greiner1, Vladan Vuletić6 & Mikhail D. Lukin1 ✉

Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.
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thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
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instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Understanding the collective quantum dynamics of non-equilibrium many-body 
systems is an outstanding challenge in quantum science. In particular, dynamics driven 
by quantum !uctuations are important for the formation of exotic quantum phases  
of matter1, fundamental high-energy processes2, quantum metrology3,4 and quantum 
algorithms5. Here we use a programmable quantum simulator based on Rydberg atom 
arrays to experimentally study collective dynamics across a (2+1)-dimensional Ising 
quantum phase transition. After crossing the quantum critical point, we observe a 
gradual growth of correlations through coarsening of antiferromagnetically ordered 
domains6. By deterministically preparing and following the evolution of ordered 
domains, we show that the coarsening is driven by the curvature of domain boundaries, 
and "nd that the dynamics accelerate with proximity to the quantum critical point. We 
quantitatively explore these phenomena and further observe long-lived oscillations  
of the order parameter, corresponding to an amplitude (‘Higgs’) mode7. These 
observations o#er a viewpoint into emergent collective dynamics in strongly 
correlated quantum systems and non-equilibrium quantum processes.

Quantum phase transitions (QPTs) are transformations between states 
of matter that are driven by quantum fluctuations8. Analogously to 
thermal fluctuations in classical phase transitions, quantum fluc-
tuations have a dominant role in the emergence of order in quantum 
systems. Although classical dynamics near thermal critical points 
have been studied extensively over the past several decades, only 
recently have quantum dynamics across QPTs become experimen-
tally accessible, owing to the advent of quantum simulators9–12 and 
ultrafast spectroscopic methods in solid-state systems7,13–15. Their 
universal properties have been studied in systems of varied dimen-
sionality using the quantum Kibble–Zurek mechanism (KZM)10,11,16. 
The KZM stipulates that a quantum system’s dynamics and correla-
tions ‘freeze’ in the vicinity of a QPT when the system can no longer 
respond adiabatically to dynamical changes. However, in many 
instances, other mechanisms of correlation growth beyond KZM 
can dominate ordering17–21. In particular, when an unordered system 
passes through a continuous phase transition into a symmetry-broken 
phase, a progressive growth of long-range order, known as coarsening, 
is expected. These ordering dynamics are predicted to show univer-
sality, manifested as self-similarity in the growth of correlations22–24. 
Such phenomena are well understood in classical systems24, and have 
been experimentally explored in Bose gases in the mean-field regime 
over the past two decades25–31. However, the effects of quantum fluc-
tuations in coarsening dynamics, particularly near QPTs, have only 
recently emerged as a subject of theoretical6,32–35 and experimental36  
investigation.

We use a programmable quantum simulator based on Rydberg atom 
arrays to investigate the collective out-of-equilibrium dynamics asso-
ciated with the growth of order following an Ising QPT. We observe 
key features of beyond-mean-field quantum-coarsening processes 
arising from quantum fluctuations: the curvature-driven dynamics 
of domain walls and their acceleration when approaching the critical 
point. We further explore self-similarity and universality in the order-
ing process. In addition, we observe long-lived coherent oscillations 
of the correlation length and the order parameter on both sides of 
the QPT. In the ordered phase, these oscillations are the analogue of 
a ‘Higgs’ mode13,15,37. Our observations are consistent with theoretical 
predictions8, extending these studies in a regime that is difficult to 
simulate classically.

Our experiments are performed using a two-dimensional program-
mable atom array, previously described in ref. 11. The measurements 
are conducted on a 16 % 16 square lattice of 87Rb atoms trapped in an 
array of optical tweezers generated by a spatial light modulator. Atoms 
are initialized in the electronic ground state g&∣  and are coupled to the 
high-lying electronic Rydberg state r&∣  through a two-photon excitation 
with time-dependent Rabi frequency Ω(t) and global detuning ∆(t). As 
a key upgrade, we introduce a second spatial light modulator for gen-
erating locally controlled light shifts, allowing for programmable 
site-dependent detunings δi(t) = αiδ(t), where αi is a time-independent 
weight at site i (Methods and Extended Data Fig. 1). The atoms in the 
r| & state interact strongly through a van der Waals potential, giving rise 
to the following Hamiltonian governing the system’s dynamics:
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt

0 0
−   

to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt
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along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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Fig. 5 | Higgs mode oscillations. a, Long-lived oscillations of the staggered 
magnetization observed when one sublattice is initially pinned and then 
released. b, Numerical calculation of the energy difference, in a 10 × 10 system 
with periodic boundary conditions, of the initial pinned state (blue) and the 2Z  
state (green) relative to the ground state, as well as the gap to the first excited 
state (red). The pinned state is much lower in energy than the Z2 state at finite 
detuning. c, Schematic of the effective potential for the amplitude mode.  
d, Oscillation parameters extracted from fitting φ t φ A ωt θ( ) ≈ + cos( + )e γt

0 0
−   

to data shown in a. Left: measured oscillation frequencies (red points), plotted 
along with numerically determined values and calculated ground-state energy 
gaps (both for a 10 × 10 lattice). A lower local detuning ∣δ∣ leads to oscillations  
of lower amplitude and frequency (orange). Oscillation frequencies of the 

magnetization in the global sweeps, as shown in Extended Data Fig.%8a, are 
indicated in purple. PBC, periodic boundary conditions; MPS, matrix product 
state. Top right: the measured oscillations decay more rapidly as the phase 
transition is approached. Bottom right: in the disordered phase, oscillations 
occur around ms = 0, whereas in the ordered phase, a finite offset emerges.  
e, Oscillations of the correlation length. For final detunings close to the 
quantum critical point, these oscillations are superposed with substantial 
growth of the correlation lengths. The correlation length oscillates at double 
the frequency of the order parameter in the disordered phase, and matches the 
frequency of the order-parameter oscillations in the ordered phase (Methods). 
All data shown are for Ω/2π = 3.1 MHz.
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ωq(k,ε) =
1

T 2→ω
!I

(
ck

T
,
ε

T
,
g → gc
T 1/ε

)

where c is the velocity of ‘light’, ϑ is a
critical exponent of the three-dimensional
classical Ising model, and !I is a univer-
sal scaling function (apart from an overall
amplitude).
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ωrelax = C ⊋
kBT
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Quantum critical dynamic susceptibility in an ex-
pansion in ω = 3→ d

ε(k,ϑ) =
1

c2k2 → ϑ2 + ω
2ϖ2T 2

9
→ i sgn(ϑ)ω2

4ϖ3T 2

27

This indicates a breakdown of the ω expansion for
⊋ϑ ↑

↓
ωkBT . Expected low frequency form is

ε(k,ϑ) =
1

c2k2 → ϑ2 + ω
2ϖ2T 2

9
→ i!ϑT

with ! a universal constant.

S. Sachdev, PRB 55, 142 (1997)
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More generally
ω(k = 0,ε) = T→2+ω!(ε/T )
and

”̃ = iTω
ϑω→1

ϑε

∣∣∣∣
ε=0

is a universal number
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However, the ω expansion
works well at T = 0, and

yields systematic correc-

tions to f(x) → ε(!↑!c = x)

ε(!c ↑! = x)
which agree with obser-

vations.
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For ⊋ω →
↑
εkBT and ε small, we can use a semi-classical approach.

Equal time correlators
In a classical theory, equal time correlators are independent of the dynamics, and depend only upon
the potential energy. The classical !4 field theory has potential energy

V[!] =
∫

d2x

[
1

2
(↓!)2 +

R̃

2
!2 +

U

24
!4

]

The partition function at a temperature T is

Z =

∫
D! exp

(
↔V[!]

T

)

and a typical correlator of interest is the equal time structure factor

Scl(k) =
1

Z

∫
D! exp

(
↔V[!]

T

)∫
d2xe→ikx!(x)!(0)

59, 14054 (1999)

S. Sachdev, PRB 59, 14054 (1999)
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Matching to determine couplings
Let us assume a square lattice of spacing a. A key assertion is that results are independent of the

lattice as a → 0 a single mass renormalization. This renormalization is equivalent to replacing R̃ by

R, where

R̃ = R↑
TU

2

∫ ω/a

→ω/a

dkxdky
4ω2

1

(2/a2)[2↑ cos(kxa)↑ cos(kya)] +R

After all lattice results are expressed in terms of R, then the claim is that no further renormalizations

are needed, and the limit a → 0 exists, and is independent of the lattice choice. Notice that we

assume that R > 0, and that as R ranges from 0 to +↓, R̃ ranges from ↑↓ to +↓. The values of

R and U are determined by matching to static properties of the quantum critical point.

Classical dynamics
We introduce a conjugate momentum field !(x) with the Poisson bracket

{”(x),!(y)}P.B. = ε2(x↑ y)

and the Hamiltonian

H[”,!] =

∫
d2x

c2!2

2
+ V[”]

where c is a velocity. The partition function is now extended to

Z =

∫
D”D! exp

(
↑
H[”,!]

T

)
.

The equations of motion are

ϑ”

ϑt
= c2!

ϑ!

ϑt
= ↔

2
”↑ R̃”↑

U

6
”

3

By integrating these equations of motion, we can obtain the dynamic structure factor

Scl(k,ϖ) =

∫
d2x

∫
dt ↗”(x, t)”(0, 0)↘ e→i(kx→εt) .

Here the average ↗·↘ is over thermal initial conditions defined by the partition function Z.

S. Sachdev, PRB 59, 14054 (1999)
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kBT

(SS, Quantum Phase Transitions, 1999)
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The Superfluid-Insulator transition

Boson Hubbard model

Bosons, bj hopping on the sites j of a square lattice with Hamiltonian

H = �t

X

hiji

b
†
i bj +

U

2

X

j

nj(nj � 1)

nj ⌘ b
†
i bi

The boson operators obey the commutation relation

[bj , b
†
k] = �jk

We restrict attention to the sector of the Fock space with

X

j

nj = integer multiple of the number of sites
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):

hnSF=U~ 3
ffiffiffi
2
p

{4
" #

1zj=jcð Þ
$ %1=2

j=jc{1ð Þ1=2

Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
transition point16. The fitted gaps are consistent with the Mott gap

hnMI=U~ 1z 12
ffiffiffi
2
p

{17
" #

j=jc
$ %1=2

1{j=jcð Þ1=2

where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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Figure 1 | Illustration of the Higgs mode and experimental sequence.
a, Classical energy density V as a function of the order parameter Y. Within the
ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):
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Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
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where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):

hnSF=U~ 3
ffiffiffi
2
p

{4
" #

1zj=jcð Þ
$ %1=2

j=jc{1ð Þ1=2

Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
transition point16. The fitted gaps are consistent with the Mott gap

hnMI=U~ 1z 12
ffiffiffi
2
p

{17
" #

j=jc
$ %1=2

1{j=jcð Þ1=2

where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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Figure 1 | Illustration of the Higgs mode and experimental sequence.
a, Classical energy density V as a function of the order parameter Y. Within the
ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):

hnSF=U~ 3
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Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
transition point16. The fitted gaps are consistent with the Mott gap

hnMI=U~ 1z 12
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where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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Figure 1 | Illustration of the Higgs mode and experimental sequence.
a, Classical energy density V as a function of the order parameter Y. Within the
ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):

hnSF=U~ 3
ffiffiffi
2
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j=jc{1ð Þ1=2

Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
transition point16. The fitted gaps are consistent with the Mott gap

hnMI=U~ 1z 12
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where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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Figure 1 | Illustration of the Higgs mode and experimental sequence.
a, Classical energy density V as a function of the order parameter Y. Within the
ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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expected to diverge at low frequencies, if the probe in use couples
longitudinally to the order parameter2,4,5,9 (for example to the real part
of Y, if the equilibrium value of Y was chosen along the real axis), as is
the case for neutron scattering. If, instead, the coupling is rotationally
invariant (for example through coupling to jYj2), as expected for
lattice modulation, such a divergence could be avoided and the

response is expected to scale as n3 at low frequencies3,6,9,17.
Combining this result with the scaling dimensions of the response
function for a rotationally symmetric perturbation coupling to jYj2,
we expect the low-frequency response to be proportional to
(1 2 j/jc)

22n3 (ref. 9 and Methods). The experimentally observed sig-
nal is consistent with this scaling at the ‘base’ of the absorption feature
(Fig. 4). This indicates that the low-frequency part is dominated by
only a few in-trap eigenmodes, which approximately show the generic
scaling of the homogeneous system for a response function describing
coupling to jYj2.

In the intermediate-frequency regime, it remains a challenge to
construct a first-principles analytical treatment of the in-trap system
including all relevant decay and coupling processes. Lacking such a
theory, we constructed a heuristic model combining the discrete spec-
trum from the Gutzwiller approach (Fig. 3a) with the line shape for a
homogeneous system based on an O(N) field theory in two dimen-
sions, calculated in the large-N limit3,6 (Methods). An implicit assump-
tion of this approach is a continuum of phase modes, which is
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system with a recently developed scheme based on single-atom-
resolved detection24. It is the high sensitivity of this method that
allowed us to reduce the modulation amplitude by almost an order
of magnitude compared with earlier experiments20,21 and to stay well
within the linear response regime (Supplementary Information).

The results for selected lattice depths V0 are shown in Fig. 2b. We
observe a gapped response with an asymmetric overall shape that will
be analysed in the following paragraphs. Notably, the maximum
observed temperature after modulation is well below the ‘melting’
temperature for a Mott insulator in the atomic limit25, Tmelt < 0.2U/kB

(kB, Boltzmann’s constant), demonstrating that our experiments probe
the quantum gas in the degenerate regime. To obtain numerical values
for the onset of spectral response, we fitted each spectrum with an error
function centred at a frequency n0 (Fig. 2b, black lines). With j
approaching jc, the shift of the gap to lower frequencies is already
visible in the raw data (Fig. 2b) and becomes even more apparent for
the fitted gap n0 as a function of j/jc (Fig. 2a, filled circles). The n0 values
are in quantitative agreement with a prediction for the Higgs gap nSF at
commensurate filling (solid line):

hnSF=U~ 3
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Here h denotes Planck’s constant. This value is based on an analysis of
variations around a mean-field state7,16 (throughout the manuscript,
we have rescaled jc in the theoretical calculations to match the value
jc<0:06 obtained from quantum Monte Carlo simulations26).

The sharpness of the spectral onset can be quantified by the width of
the fitted error function, which is shown as vertical dashed lines in
Fig. 2a. Approaching the critical point, the spectral onset becomes
sharper, and the width normalized to the centre frequency n0 remains
constant (Supplementary Fig. 3). The constancy of this ratio indicates
that the width of the spectral onset scales with the distance to the
critical point in the same way as the gap frequency.

We observe similar gapped responses in the Mott insulating regime
(Supplementary Information and Fig. 5a), with the gap closing con-
tinuously when approaching the critical point (Fig. 2a, open circles).
We interpret this as a result of combined particle and hole excitations
with a frequency given by the Mott excitation gap that closes at the
transition point16. The fitted gaps are consistent with the Mott gap
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where nMI is the Mott gap as predicted by mean-field theory16 (Fig. 2a,
dashed line).

The observed softening of the onset of spectral response in the
superfluid regime has led to an identification of the experimental
signal with a response from collective excitations of Higgs type. To
gain further insight into the full in-trap response, we calculated the
eigenspectrum of the system in a Gutzwiller approach16,22 (Methods
and Supplementary Information). The result is a series of discrete
eigenfrequencies (Fig. 3a), and the corresponding eigenmodes show
in-trap superfluid density distributions, which are reminiscent of the
vibrational modes of a drum (Fig. 3b). The frequency of the lowest-
lying amplitude-like eigenmode n0,G closely follows the long-wave-
length prediction for homogeneous commensurate filling nSF over a
wide range of couplings j/jc until the response rounds off in the vicinity
of the critical point due to the finite size of the system (Fig. 3c). Fitting
the low-frequency edge of the experimental data can be interpreted as
extracting the frequency of this mode, which explains the good
quantitative agreement with the prediction for the homogeneous com-
mensurate filling in Fig. 2a. Modes at different frequencies from the
lowest-lying amplitude-like mode broaden the spectrum only above
the onset of spectral response.

An eigenmode analysis, however, does not yield any information
about the finite spectral width of the modes, which stems from the
interaction between amplitude and phase excitations. We will consider
the question of the spectral width by analysing the low-, intermediate-
and high-frequency parts of the response separately. We begin by
examining the low-frequency part of the response, which is expected
to be governed by a process coupling a virtually excited amplitude
mode to a pair of phase modes with opposite momenta. As a result,
the response of a strongly interacting, two-dimensional superfluid is
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Figure 1 | Illustration of the Higgs mode and experimental sequence.
a, Classical energy density V as a function of the order parameter Y. Within the
ordered (superfluid) phase, Nambu–Goldstone and Higgs modes arise from
phase and amplitude modulations (blue and red arrows in panel 1). As the
coupling j 5 J/U (see main text) approaches the critical value jc, the energy
density transforms into a function with a minimum at Y 5 0 (panels 2 and 3).
Simultaneously, the curvature in the radial direction decreases, leading to a
characteristic reduction of the excitation frequency for the Higgs mode. In the
disordered (Mott insulating) phase, two gapped modes exist, respectively
corresponding to particle and hole excitations in our case (red and blue arrow in
panel 3). b, The Higgs mode can be excited with a periodic modulation of the
coupling j, which amounts to a ‘shaking’ of the classical energy density
potential. In the experimental sequence, this is realized by a modulation of the
optical lattice potential (see main text for details). t 5 1/nmod; Er, lattice recoil
energy.
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Quasiparticle view of quantum criticality (Boltzmann equation):
Electrical transport for a (weakly) interacting CFT3

K. Damle and S. Sachdev, Phys. Rev. B 56, 8714 (1997).
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Traditional CMT
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Dynamics without quasiparticles
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itational theory on AdS

� Dynamics of a “horizon”
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Basic characteristics of CFTs
Primary operators of CFT, Oa(x), obey ( at T = 0):

hOa(x)Ob(0)i =
�ab

|x|2�a

where �a is their scaling dimension. Their “interactions” are determined by

the OPE (considering scalar operators only)

lim
x0!x

hOa(x
0
)Ob(x)Oc(0)i =

fabc

|x|�a+�b+�c

The values of {�a, fabc} determine (in principle) all observable properties

of the CFT, as constrained by conformal Ward identities. For the Wilson-

Fisher CFT3, systematic methods exist to compute (in principle) all the

{�a, fabc}, and we will assume this data is known. This knowledge will be

taken as an input to the computation of the finite T dynamics

Oa

Ob

Ocfabc



Basic characteristics of CFT3s

E. Katz, S. Sachdev, E. Sorensen, and W. Witczak-Krempa, Physical Review B 90, 245109 (2014)
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The OPE of the current operator is

lim
|!|→p

Jx(ω)Jx(→ω + p) = →|!|ω↑ ε(3)(p)→
C

|!|”↓1
O(p)

The most important O is the thermal operator O ↑ |”|
2
with scaling dimensions

# = 3→ 1/ϑ. We also need

↓O↔T → ↓O↔T=0 ↗ BT 3↓1/ω

Then the thermal average of the OPE of two O(2) current operators yields for

ϖ ↘ T

ω(ϖ)

ωQ
= ω↑ + b1

(
T

ϖ

)3↓1/ω

+ b2

(
T

ϖ

)3

+ . . .

where b1 = BC and b2 depends on OPE with the energy-momentum tensor.
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FIG. 1. QMC results (open circles) at Kc = 0.3330671 with µ = 0 for the frequency dependent
conductivity �(i!n). All results have first been extrapolated to L ! 1 and subsequently to T ! 0
(L⌧ ! 1). The solid blue line shows a fit to the QMC data for n = 1, . . . , 6 of the form 2⇡�/�Q =
0.36038 + 0.053/n1.516

� 0.01/n3 with n = !n/(2⇡T ) the Matsubara index.

be applicable. Inserting appropriate powers of 2⇡, the fit in Fig. 1 can be converted to a fit to

Eq. (4) and we find fitted values of �1, ⌫, b1, and b2 as follows

2⇡�1 = 0.3603(3)

⌫ = 0.67(3)

b1 = 0.137(6)

b2 = �0.4(1) , (29)

where we only quote statistical errors arising from the fit. We comment on these values in turn:

• The value of 2⇡�1 is in excellent agreement with existing results [2, 7, 9]. Comparing with

the large N result in Eq. (8), the N = 1 value is 0.39, while the 1/N corrected expression

evaluated at N = 2 yields 0.25.

• Our fits reliably determine that ⌫ is slightly larger than 2/3, and is in good agreement with

previous numerical studies [29–31].

• For b1, we can only compare with the N = 1 result obtained in Section II. From Eqs. (24),

(15) and (17), or equivalently from Eq. (C12), we obtain b1 = ⇥2/4 = 0.23.
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Excellent agreement with OPE

Quantum Monte Carlo for lattice model of integer currents 
(Villain model) in Euclidean time

E. Katz, S. Sachdev, E. Sorensen, and W. Witczak-Krempa, Physical Review B 90, 245109 (2014)
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QMC fails for Minkowski frequencies ~! ⌧ kBT
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Extending OPE using holography

E. Katz, S. Sachdev, E. Sorensen, and W. Witczak-Krempa, Physical Review B 90, 245109 (2014)
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We match the OPE results to a holographic theory of a U(1) gauge field F , which is dual to the conserved

current J , in a AdS4 background.

The T > 0 AdS4-Schwarzschild metric is

ds2Sch =
r20

L2u2

[
→f(u)dt2 + dx2

+ dy2
]
+

L2du2

u2f(u)
,

where u is the holographic dimension with f(u) = 1 → u3
. We also introduce a holographic scalar field ω

dual to O which has the profile near the boundary

ω(x, ũ ↑ 0) =
ũ!

(2!→D)
(↓O↔T → ↓O↔T=0)

where ũ = uL2/r0 with r0 = 4εTL2/3. Then the current correlations are determined by the holographic

theory for F :

S =

∫
d4x

↗
→gSch

{
→

1

4g24
[1 + ϑω(u)]FabF

ab

}



Conductivity of Einstein-Maxwell theory
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Numerical solution of Einstein-Maxwell-Weyl-scalar 
theory + OPE info from QMC
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Numerical solution of Einstein-Maxwell-Weyl-scalar 
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be compared with 
experiments !
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