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All matter arises from interacting electrons self-assembling into some structure: 
atoms, molecules, crystals, glasses, topological insulators, superconductors… 

 table saltNaCl  cuprate 
superconductor
La2CuO4

QUANTUM NETWORK  

A system of many strongly-interacting quantum elements 
organized into different structures



c2000s— characterize ground state phases by structure of long-range entanglement. 


Unitary circuits and tensor networks are powerful for encapsulating this entanglement structure 

QUANTUM NETWORK  

A system of many strongly-interacting quantum elements 
organized by the structure of quantum information 

Xiao-Gang Wen, Ignacio Cirac, Frank Verstraete…

IPAM tensor network workshop 2021
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QUANTUM NETWORK  

A system of many strongly and controllably interacting quantum elements 
organized by the structure and flow of quantum information 

How does an isolated quantum system reach thermal 
equilibrium under its own dynamics? 

Can a system evade thermal equilibrium?  

What intrinsically non-equilibrium phases of matter 
exist? 

How do we characterize the capacity of a quantum 
network to retain coherent quantum information?  

How do we characterize the computational capacity 
of a quantum network?Dynamics: flow of quantum 

information through spacetime



Kitaev’s toric code 
  spin liquid↔ Z2

Haah’s cubic code 
 fracton phase↔

Engineered interactions 
((new exotic phases)

QUANTUM NETWORK  

A system of many strongly and controllably interacting quantum elements 
organized by the structure and flow of quantum information 

Fisher, Khemani, Nahum, Vijay ARCMP 2023

Dynamics: flow of quantum 
information through spacetime
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).

desired qubit arrangement.

Figure 1 demonstrates our ability to transport qubits
across large distances while preserving entanglement and
coherence [20]. We initialize pairs at an atom-atom dis-
tance of 3 µm (Fig. 1b) and then create a Bell state
|�+i = 1p

2
(|00i + |11i) in the hyperfine basis (Meth-

ods) [5]. To probe the resulting entangled-state fidelity,
we apply an additional ⇡/2 pulse with a variable phase
that results in oscillations of the two-atom parity h�z

1�
z
2i

(Fig. 1c) [5]. We then repeat this experiment, but now
move the atoms apart by 110 µm before applying the
final ⇡/2 pulse. Our transport protocol is optimized
to suppress heating and loss by implementing cubic-
interpolated atom trajectories (Methods), and is further
accompanied by an 8-pulse XY8 robust dynamical decou-
pling sequence [28] to suppress dephasing. The resulting
parity oscillations indicate that two-atom entanglement
is una↵ected by the transport process [20, 29]. Perform-
ing this experiment as a function of movement speed

shows that fidelity remains unchanged until the total sep-
aration speed becomes > 0.55 µm/µs, corresponding to
the onset of atom loss (Fig. 1d). We note that the entan-
glement transport in Figure 1b corresponds to moving
quantum information across a region of space that can
in principle host ⇠ 2000 qubits (at an atom separation
of 3 µm), on a timescale corresponding to < 10�3

T2

(Extended Data Fig. 3), directly enabling applications in
large-scale quantum information systems.

Programmable circuits and graph states

To exemplify the ability to generate nonlocal connec-
tivity between qubit arrays in parallel, we carry out
preparation of entangled graph states: a large class of
useful quantum information states, with examples rang-
ing from GHZ states and cluster states to quantum error
correction codes [30]. Graph states are defined by ini-
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).

desired qubit arrangement.

Figure 1 demonstrates our ability to transport qubits
across large distances while preserving entanglement and
coherence [20]. We initialize pairs at an atom-atom dis-
tance of 3 µm (Fig. 1b) and then create a Bell state
|�+i = 1p

2
(|00i + |11i) in the hyperfine basis (Meth-

ods) [5]. To probe the resulting entangled-state fidelity,
we apply an additional ⇡/2 pulse with a variable phase
that results in oscillations of the two-atom parity h�z

1�
z
2i

(Fig. 1c) [5]. We then repeat this experiment, but now
move the atoms apart by 110 µm before applying the
final ⇡/2 pulse. Our transport protocol is optimized
to suppress heating and loss by implementing cubic-
interpolated atom trajectories (Methods), and is further
accompanied by an 8-pulse XY8 robust dynamical decou-
pling sequence [28] to suppress dephasing. The resulting
parity oscillations indicate that two-atom entanglement
is una↵ected by the transport process [20, 29]. Perform-
ing this experiment as a function of movement speed

shows that fidelity remains unchanged until the total sep-
aration speed becomes > 0.55 µm/µs, corresponding to
the onset of atom loss (Fig. 1d). We note that the entan-
glement transport in Figure 1b corresponds to moving
quantum information across a region of space that can
in principle host ⇠ 2000 qubits (at an atom separation
of 3 µm), on a timescale corresponding to < 10�3

T2

(Extended Data Fig. 3), directly enabling applications in
large-scale quantum information systems.

Programmable circuits and graph states

To exemplify the ability to generate nonlocal connec-
tivity between qubit arrays in parallel, we carry out
preparation of entangled graph states: a large class of
useful quantum information states, with examples rang-
ing from GHZ states and cluster states to quantum error
correction codes [30]. Graph states are defined by ini-
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Fig. 1. Engineering distance-dependent interactions. a An array of atomic ensembles is trapped inside an optical cavity.
We apply a magnetic field gradient �B in the longitudinal direction, which leads to a di↵erence �E = ~r!B in the Zeeman
splittings of atoms separated by a distance r. By modulating the intensity of the drive field at a frequency r!B we generate
correlated atom pairs in states m = ±1 at distance r. b Measured correlations Cpm for three di↵erent combinations of the
magnetic field gradient, shown by the dependence of �E on distance (red circles), and the drive field spectrum (blue lines).

drive waveform thus determines the dispersion relation
�k = �2nJ̃(k/!B) for spin waves with momentum k, in
a system of n atoms per site.

We probe the connectivity of interactions by measur-
ing spatial correlations in the populations of the m = ±1
states in an array of M = 18 sites, with n ⇡ 104

rubidium-87 atoms per site. After turning on interac-
tions for 100-200 µs, after which 30-50% of the atoms
are in states m = ±1, we perform state-sensitive imag-
ing to obtain the correlations Cpm

ij = Corr(n+,i, n�,j)
in the populations n+,i, n�,j of states m = ±1 for each
pair of sites (i, j). Figure 1b shows the measured correla-
tions for three di↵erent scenarios. For a monochromatic
drive field, in a uniform magnetic field we observe cor-
relations of equal strength between all sites, indicating
the expected all-to-all interactions. By contrast, adding
a magnetic field gradient results in correlations being lo-
calized to individual sites. Finally, modulating the inten-
sity of the drive light at frequency r!B produces corre-
lations between all pairs of sites separated by a distance
|i� j| = r, as shown for r = 10.

The dependence of spatial correlations on modulation
frequency is shown in Fig. 2a. There, we plot the average
correlation Cpm(d) =

P
i C

pm
i,i+d/(M � |d|) of sites sepa-

rated by distance d. Plotting Cpm(d) as a function of
modulation frequency r!B , for integer values r, reveals
correlations at distances d = ±r and d = 0. While the
correlations at d = 0 indicate on-site pair creation that
is resonant even for a single drive frequency, the correla-
tions at d = ±r confirm the presence of interactions at
the distance set by the modulation frequency. The inter-
actions are spectrally well resolved as a function of drive
frequency [Fig. 2a inset], highlighting the precise control
of the coupling distance.

To sensitively probe the growth and spreading of
correlations, we examine the transverse magnetization,
which provides an enhanced signal at early times.
Specifically, we evaluate the normalized covariance

cxx = Cov(F x
i , F

x
i+d)/n

2, where Fi =
P

µ2i fµ denotes
the collective magnetization on site i in a rotating frame
set by the local magnetic field. Figure 2b shows cxx as a
function of time and distance d, averaged over all sites i,
for a system programmed to interact at distance r = 3.
Correlations first appear between nearest neighbors on
the coupling graph and spread over time to further neigh-
bors at multiples of the distance r. We additionally com-
pute the structure factor F̃ x

k =
P

l e
iklF x

l /
p
M , plotting

its rms value in Fig. 2c. We observe narrowing in mo-
mentum space as function of time, complementary to the
observed spreading of correlations in position space.
The growth of the structure factor is consistent with

an analytical model where spin waves of momentum k
are amplified by a factor proportional to |�k| per Bloch
period of evolution. Equivalently, the growth in |F̃ x

k |
for each momentum mode k is proportional to the drive
intensity J̃(t) at time t = k/!B . The amplification is
notably strongest at minima of the dispersion relation
�k < 0. Pair creation thus drives the system towards
states of minimal interaction energy, while increasing the
quadratic Zeeman energy Hq to compensate.
Engineering the dispersion relation via the drive wave-

form remarkably allows for realizing periodic boundary
conditions (PBC), despite the physical geometry of our
array as an open chain. For a chain of M sites with
PBC, the domain of the dispersion relation is a discrete
set of points in momentum space, spaced by�k = 2⇡/M .
Correspondingly, we break the drive waveform into a
train of short pulses with spacing ⌧B/M in time, where
⌧B = 2⇡/!B is the Bloch oscillation period for spin exci-
tations. For an initial sinusoidal modulation designed to
introduce interactions at distance r, the pulsed variant
has a frequency spectrum that includes peaks at both
r!B and (M � r)!B . The resulting correlations Cpm,
shown in Fig. 2d, are strongest at distances d = ±r and
d = ±(M � r), indicating that the system now behaves
as though the sites were situated on a ring.
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Fig. 1. Engineering distance-dependent interactions. a An array of atomic ensembles is trapped inside an optical cavity.
We apply a magnetic field gradient �B in the longitudinal direction, which leads to a di↵erence �E = ~r!B in the Zeeman
splittings of atoms separated by a distance r. By modulating the intensity of the drive field at a frequency r!B we generate
correlated atom pairs in states m = ±1 at distance r. b Measured correlations Cpm for three di↵erent combinations of the
magnetic field gradient, shown by the dependence of �E on distance (red circles), and the drive field spectrum (blue lines).

drive waveform thus determines the dispersion relation
�k = �2nJ̃(k/!B) for spin waves with momentum k, in
a system of n atoms per site.

We probe the connectivity of interactions by measur-
ing spatial correlations in the populations of the m = ±1
states in an array of M = 18 sites, with n ⇡ 104

rubidium-87 atoms per site. After turning on interac-
tions for 100-200 µs, after which 30-50% of the atoms
are in states m = ±1, we perform state-sensitive imag-
ing to obtain the correlations Cpm

ij = Corr(n+,i, n�,j)
in the populations n+,i, n�,j of states m = ±1 for each
pair of sites (i, j). Figure 1b shows the measured correla-
tions for three di↵erent scenarios. For a monochromatic
drive field, in a uniform magnetic field we observe cor-
relations of equal strength between all sites, indicating
the expected all-to-all interactions. By contrast, adding
a magnetic field gradient results in correlations being lo-
calized to individual sites. Finally, modulating the inten-
sity of the drive light at frequency r!B produces corre-
lations between all pairs of sites separated by a distance
|i� j| = r, as shown for r = 10.

The dependence of spatial correlations on modulation
frequency is shown in Fig. 2a. There, we plot the average
correlation Cpm(d) =

P
i C

pm
i,i+d/(M � |d|) of sites sepa-

rated by distance d. Plotting Cpm(d) as a function of
modulation frequency r!B , for integer values r, reveals
correlations at distances d = ±r and d = 0. While the
correlations at d = 0 indicate on-site pair creation that
is resonant even for a single drive frequency, the correla-
tions at d = ±r confirm the presence of interactions at
the distance set by the modulation frequency. The inter-
actions are spectrally well resolved as a function of drive
frequency [Fig. 2a inset], highlighting the precise control
of the coupling distance.

To sensitively probe the growth and spreading of
correlations, we examine the transverse magnetization,
which provides an enhanced signal at early times.
Specifically, we evaluate the normalized covariance

cxx = Cov(F x
i , F

x
i+d)/n

2, where Fi =
P

µ2i fµ denotes
the collective magnetization on site i in a rotating frame
set by the local magnetic field. Figure 2b shows cxx as a
function of time and distance d, averaged over all sites i,
for a system programmed to interact at distance r = 3.
Correlations first appear between nearest neighbors on
the coupling graph and spread over time to further neigh-
bors at multiples of the distance r. We additionally com-
pute the structure factor F̃ x

k =
P

l e
iklF x

l /
p
M , plotting

its rms value in Fig. 2c. We observe narrowing in mo-
mentum space as function of time, complementary to the
observed spreading of correlations in position space.
The growth of the structure factor is consistent with

an analytical model where spin waves of momentum k
are amplified by a factor proportional to |�k| per Bloch
period of evolution. Equivalently, the growth in |F̃ x

k |
for each momentum mode k is proportional to the drive
intensity J̃(t) at time t = k/!B . The amplification is
notably strongest at minima of the dispersion relation
�k < 0. Pair creation thus drives the system towards
states of minimal interaction energy, while increasing the
quadratic Zeeman energy Hq to compensate.
Engineering the dispersion relation via the drive wave-

form remarkably allows for realizing periodic boundary
conditions (PBC), despite the physical geometry of our
array as an open chain. For a chain of M sites with
PBC, the domain of the dispersion relation is a discrete
set of points in momentum space, spaced by�k = 2⇡/M .
Correspondingly, we break the drive waveform into a
train of short pulses with spacing ⌧B/M in time, where
⌧B = 2⇡/!B is the Bloch oscillation period for spin exci-
tations. For an initial sinusoidal modulation designed to
introduce interactions at distance r, the pulsed variant
has a frequency spectrum that includes peaks at both
r!B and (M � r)!B . The resulting correlations Cpm,
shown in Fig. 2d, are strongest at distances d = ±r and
d = ±(M � r), indicating that the system now behaves
as though the sites were situated on a ring.
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The interactions are spectrally well resolved as a function of drive fre-
quency (Fig. 2a, inset), highlighting the precise control of the coupling 
distance.

To sensitively probe the growth and spreading of correlations, we 
examine the transverse magnetization, which provides an enhanced 
signal at early times. Specifically, we evaluate the normalized covari-
ance c F F N= Cov( , )/xx

i
x

i d
x
+

2 , where F f= ∑i µ i µ∈  denotes the collective 
magnetization on site i in a rotating frame set by the local magnetic 
field. Figure 2b shows cxx as a function of time and distance d, averaged 
over all sites i, for a system programmed to interact at distance r = 3. 
Correlations first appear between nearest neighbours on the coupling 
graph and spread over time to further neighbours at multiples  
of the distance r. We additionally compute the structure factor 
F F M= ∑ e /k

x
l

kl
l
xi∼ , plotting its root mean square value in Fig. 2c.  

We observe narrowing in momentum space as a function of time, com-
plementary to the observed spreading of correlations in position space.

The growth of the structure factor is consistent with an analytical 
model in which spin waves of momentum k are amplified by a factor 
proportional to |χk| per Bloch period of evolution. Equivalently, the 
growth in F| |k

x∼  for each momentum mode k is proportional to the drive 
intensity ∼J t( ) at time t = k/ωB. The amplification is notably strongest 
at minima of the dispersion relation χk < 0. Pair creation thus drives the 
system towards states of minimal interaction energy, while increasing 
the quadratic Zeeman energy Hq to compensate.

Engineering the dispersion relation via the drive waveform enables 
the realization of periodic boundary conditions, despite the physical  
geometry of our array as an open chain. For a chain of M sites with periodic 
boundary conditions, the domain of the dispersion relation is a discrete set 
of points in momentum space, spaced by ∆k = 2π/M. Correspondingly, we 
break the drive waveform into a train of short pulses with spacing τB/M in 

time, where τB = 2π/ωB is the Bloch oscillation period for spin excitations. 
For an initial sinusoidal modulation designed to introduce interactions 
at distance r, the pulsed variant has a frequency spectrum that includes 
peaks at both rωB and (M − r)ωB. The resulting correlations Cpm, shown 
in Fig. 2d, are strongest at distances d = ±r and d = ±(M − r), indicating 
that the system now behaves as though the sites were situated on a ring.

We verify the periodic boundary conditions by directly reconstruct-
ing the effective geometry of the system from measured spin correla-
tions C F F= Corr( , )ij

xx
i
x

j
x . Adopting an ansatz that correlations decay as 

a Gaussian function C ρρ ρρ| | ∝ exp( − | − | )ij
xx

i j
2  of distance |ρi − ρj| in a 

D-dimensional space, we seek a mapping of the array sites to effective 
coordinates ρi that best fit the distances d C= − log | |ij ij

xx  inferred from 
the correlations (Methods). We obtain the coordinates ρi from the 
distance matrix dij by metric multidimensional scaling. The result is 
shown in Fig. 3a for a system with nearest-neighbour interactions and 
periodic boundary conditions. We additionally calculate an inferred 
coupling matrix J′ = (Cxx)−1. Colouring the edges between all pairs of 
sites according to J′ corroborates the ring-like coupling graph.

Tailoring the drive waveform enables versatile control over the geom-
etry and topology of the coupling graph, as we illustrate by the same 
black-box reconstruction technique. We first observe that introducing 
interactions at a distance r > 1, with open boundary conditions, produces 
a set of r disjoint chains, as depicted in Fig. 3b for r = 3. Linking such chains 
with a second modulation frequency generates a two-dimensional graph, 
as shown by the triangular ladder in Fig. 3c, formed by interactions at 
distances r1 = 1 and r2 = 2. Furthermore, adding periodic boundary con-
ditions enables the realization of non-trivial topologies. For example, 
Fig. 3d shows a square-lattice cylinder, whereas Fig. 3e shows a Möbius 
ladder. The characteristic twist of the Möbius strip is evident in the cross-
ing of two bonds in the reconstructed geometry.
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Fig. 3 | Geometry extracted from correlations. a–e, Ring (a), disconnected 
chains (b), triangular antiferromagnetic ladder (c), cylinder with anisotropic 
sign of interactions (d) and Möbius ladder with oppositely signed interactions 
along the edge and width (e). Top row, connectivity graphs, with red (blue) 
bonds indicating ferromagnetic (antiferromagnetic) couplings between sites 
labelled by position in array. Second row, structure factor (purple circles) 

measured after T = 2 Bloch periods is proportional to squared dispersion 
relation χk

2 (blue shaded region). Third row, correlations Cxx. Bottom row, 
reconstructed geometries in D = 3 dimensions, with Cartesian coordinates ρ. 
Colour and opacity of bonds indicate sign and magnitude of the inferred 
coupling J′, respectively.
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FIG. 1. Quantum information architecture enabled by coherent transport of neutral atoms. a, In our approach,
qubits are transported to perform entangling gates with distant qubits, enabling programmable and nonlocal connectivity. Atom
shuttling is performed using optical tweezers, with high parallelism in two dimensions and between multiple zones allowing
selective manipulations. Inset shows the atomic levels used: the |0i , |1i qubit states refer to themF = 0 clock states of 87Rb, and
|ri is a Rydberg state used for generating entanglement between qubits (Extended Data Fig. 1b). b, Atom images illustrating
coherent transport of entangled qubits. Using a sequence of single-qubit and two-qubit gates, atom pairs are each prepared in
the |�+i Bell state (Methods), and are then separated by 110 µm over a span of 300 µs. c, Parity oscillations indicate that
movement does not observably a↵ect entanglement or coherence. For both the moving and stationary measurements, qubit
coherence is preserved using an XY8 dynamical decoupling sequence for 300 µs (Methods). d, Measured Bell state fidelity as
a function of separation speed over the 110 µm, showing that fidelity is una↵ected for a move slower than 200 µs (average
separation speed of 0.55 µm/µs). Inset: normalizing by atom loss during the move results in constant fidelity, indicating that
atom loss is the dominant error mechanism (see Methods for details).

desired qubit arrangement.

Figure 1 demonstrates our ability to transport qubits
across large distances while preserving entanglement and
coherence [20]. We initialize pairs at an atom-atom dis-
tance of 3 µm (Fig. 1b) and then create a Bell state
|�+i = 1p

2
(|00i + |11i) in the hyperfine basis (Meth-

ods) [5]. To probe the resulting entangled-state fidelity,
we apply an additional ⇡/2 pulse with a variable phase
that results in oscillations of the two-atom parity h�z

1�
z
2i

(Fig. 1c) [5]. We then repeat this experiment, but now
move the atoms apart by 110 µm before applying the
final ⇡/2 pulse. Our transport protocol is optimized
to suppress heating and loss by implementing cubic-
interpolated atom trajectories (Methods), and is further
accompanied by an 8-pulse XY8 robust dynamical decou-
pling sequence [28] to suppress dephasing. The resulting
parity oscillations indicate that two-atom entanglement
is una↵ected by the transport process [20, 29]. Perform-
ing this experiment as a function of movement speed

shows that fidelity remains unchanged until the total sep-
aration speed becomes > 0.55 µm/µs, corresponding to
the onset of atom loss (Fig. 1d). We note that the entan-
glement transport in Figure 1b corresponds to moving
quantum information across a region of space that can
in principle host ⇠ 2000 qubits (at an atom separation
of 3 µm), on a timescale corresponding to < 10�3

T2

(Extended Data Fig. 3), directly enabling applications in
large-scale quantum information systems.

Programmable circuits and graph states

To exemplify the ability to generate nonlocal connec-
tivity between qubit arrays in parallel, we carry out
preparation of entangled graph states: a large class of
useful quantum information states, with examples rang-
ing from GHZ states and cluster states to quantum error
correction codes [30]. Graph states are defined by ini-

Periwal,…,Schleier-Smith: Nature (2021)
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Fig. 1. Engineering distance-dependent interactions. a An array of atomic ensembles is trapped inside an optical cavity.
We apply a magnetic field gradient �B in the longitudinal direction, which leads to a di↵erence �E = ~r!B in the Zeeman
splittings of atoms separated by a distance r. By modulating the intensity of the drive field at a frequency r!B we generate
correlated atom pairs in states m = ±1 at distance r. b Measured correlations Cpm for three di↵erent combinations of the
magnetic field gradient, shown by the dependence of �E on distance (red circles), and the drive field spectrum (blue lines).

drive waveform thus determines the dispersion relation
�k = �2nJ̃(k/!B) for spin waves with momentum k, in
a system of n atoms per site.

We probe the connectivity of interactions by measur-
ing spatial correlations in the populations of the m = ±1
states in an array of M = 18 sites, with n ⇡ 104

rubidium-87 atoms per site. After turning on interac-
tions for 100-200 µs, after which 30-50% of the atoms
are in states m = ±1, we perform state-sensitive imag-
ing to obtain the correlations Cpm

ij = Corr(n+,i, n�,j)
in the populations n+,i, n�,j of states m = ±1 for each
pair of sites (i, j). Figure 1b shows the measured correla-
tions for three di↵erent scenarios. For a monochromatic
drive field, in a uniform magnetic field we observe cor-
relations of equal strength between all sites, indicating
the expected all-to-all interactions. By contrast, adding
a magnetic field gradient results in correlations being lo-
calized to individual sites. Finally, modulating the inten-
sity of the drive light at frequency r!B produces corre-
lations between all pairs of sites separated by a distance
|i� j| = r, as shown for r = 10.

The dependence of spatial correlations on modulation
frequency is shown in Fig. 2a. There, we plot the average
correlation Cpm(d) =

P
i C

pm
i,i+d/(M � |d|) of sites sepa-

rated by distance d. Plotting Cpm(d) as a function of
modulation frequency r!B , for integer values r, reveals
correlations at distances d = ±r and d = 0. While the
correlations at d = 0 indicate on-site pair creation that
is resonant even for a single drive frequency, the correla-
tions at d = ±r confirm the presence of interactions at
the distance set by the modulation frequency. The inter-
actions are spectrally well resolved as a function of drive
frequency [Fig. 2a inset], highlighting the precise control
of the coupling distance.

To sensitively probe the growth and spreading of
correlations, we examine the transverse magnetization,
which provides an enhanced signal at early times.
Specifically, we evaluate the normalized covariance

cxx = Cov(F x
i , F

x
i+d)/n

2, where Fi =
P

µ2i fµ denotes
the collective magnetization on site i in a rotating frame
set by the local magnetic field. Figure 2b shows cxx as a
function of time and distance d, averaged over all sites i,
for a system programmed to interact at distance r = 3.
Correlations first appear between nearest neighbors on
the coupling graph and spread over time to further neigh-
bors at multiples of the distance r. We additionally com-
pute the structure factor F̃ x

k =
P

l e
iklF x

l /
p
M , plotting

its rms value in Fig. 2c. We observe narrowing in mo-
mentum space as function of time, complementary to the
observed spreading of correlations in position space.
The growth of the structure factor is consistent with

an analytical model where spin waves of momentum k
are amplified by a factor proportional to |�k| per Bloch
period of evolution. Equivalently, the growth in |F̃ x

k |
for each momentum mode k is proportional to the drive
intensity J̃(t) at time t = k/!B . The amplification is
notably strongest at minima of the dispersion relation
�k < 0. Pair creation thus drives the system towards
states of minimal interaction energy, while increasing the
quadratic Zeeman energy Hq to compensate.
Engineering the dispersion relation via the drive wave-

form remarkably allows for realizing periodic boundary
conditions (PBC), despite the physical geometry of our
array as an open chain. For a chain of M sites with
PBC, the domain of the dispersion relation is a discrete
set of points in momentum space, spaced by�k = 2⇡/M .
Correspondingly, we break the drive waveform into a
train of short pulses with spacing ⌧B/M in time, where
⌧B = 2⇡/!B is the Bloch oscillation period for spin exci-
tations. For an initial sinusoidal modulation designed to
introduce interactions at distance r, the pulsed variant
has a frequency spectrum that includes peaks at both
r!B and (M � r)!B . The resulting correlations Cpm,
shown in Fig. 2d, are strongest at distances d = ±r and
d = ±(M � r), indicating that the system now behaves
as though the sites were situated on a ring.
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Fig. 1. Engineering distance-dependent interactions. a An array of atomic ensembles is trapped inside an optical cavity.
We apply a magnetic field gradient �B in the longitudinal direction, which leads to a di↵erence �E = ~r!B in the Zeeman
splittings of atoms separated by a distance r. By modulating the intensity of the drive field at a frequency r!B we generate
correlated atom pairs in states m = ±1 at distance r. b Measured correlations Cpm for three di↵erent combinations of the
magnetic field gradient, shown by the dependence of �E on distance (red circles), and the drive field spectrum (blue lines).

drive waveform thus determines the dispersion relation
�k = �2nJ̃(k/!B) for spin waves with momentum k, in
a system of n atoms per site.

We probe the connectivity of interactions by measur-
ing spatial correlations in the populations of the m = ±1
states in an array of M = 18 sites, with n ⇡ 104

rubidium-87 atoms per site. After turning on interac-
tions for 100-200 µs, after which 30-50% of the atoms
are in states m = ±1, we perform state-sensitive imag-
ing to obtain the correlations Cpm

ij = Corr(n+,i, n�,j)
in the populations n+,i, n�,j of states m = ±1 for each
pair of sites (i, j). Figure 1b shows the measured correla-
tions for three di↵erent scenarios. For a monochromatic
drive field, in a uniform magnetic field we observe cor-
relations of equal strength between all sites, indicating
the expected all-to-all interactions. By contrast, adding
a magnetic field gradient results in correlations being lo-
calized to individual sites. Finally, modulating the inten-
sity of the drive light at frequency r!B produces corre-
lations between all pairs of sites separated by a distance
|i� j| = r, as shown for r = 10.

The dependence of spatial correlations on modulation
frequency is shown in Fig. 2a. There, we plot the average
correlation Cpm(d) =

P
i C

pm
i,i+d/(M � |d|) of sites sepa-

rated by distance d. Plotting Cpm(d) as a function of
modulation frequency r!B , for integer values r, reveals
correlations at distances d = ±r and d = 0. While the
correlations at d = 0 indicate on-site pair creation that
is resonant even for a single drive frequency, the correla-
tions at d = ±r confirm the presence of interactions at
the distance set by the modulation frequency. The inter-
actions are spectrally well resolved as a function of drive
frequency [Fig. 2a inset], highlighting the precise control
of the coupling distance.

To sensitively probe the growth and spreading of
correlations, we examine the transverse magnetization,
which provides an enhanced signal at early times.
Specifically, we evaluate the normalized covariance

cxx = Cov(F x
i , F

x
i+d)/n

2, where Fi =
P

µ2i fµ denotes
the collective magnetization on site i in a rotating frame
set by the local magnetic field. Figure 2b shows cxx as a
function of time and distance d, averaged over all sites i,
for a system programmed to interact at distance r = 3.
Correlations first appear between nearest neighbors on
the coupling graph and spread over time to further neigh-
bors at multiples of the distance r. We additionally com-
pute the structure factor F̃ x

k =
P

l e
iklF x

l /
p
M , plotting

its rms value in Fig. 2c. We observe narrowing in mo-
mentum space as function of time, complementary to the
observed spreading of correlations in position space.
The growth of the structure factor is consistent with

an analytical model where spin waves of momentum k
are amplified by a factor proportional to |�k| per Bloch
period of evolution. Equivalently, the growth in |F̃ x

k |
for each momentum mode k is proportional to the drive
intensity J̃(t) at time t = k/!B . The amplification is
notably strongest at minima of the dispersion relation
�k < 0. Pair creation thus drives the system towards
states of minimal interaction energy, while increasing the
quadratic Zeeman energy Hq to compensate.
Engineering the dispersion relation via the drive wave-

form remarkably allows for realizing periodic boundary
conditions (PBC), despite the physical geometry of our
array as an open chain. For a chain of M sites with
PBC, the domain of the dispersion relation is a discrete
set of points in momentum space, spaced by�k = 2⇡/M .
Correspondingly, we break the drive waveform into a
train of short pulses with spacing ⌧B/M in time, where
⌧B = 2⇡/!B is the Bloch oscillation period for spin exci-
tations. For an initial sinusoidal modulation designed to
introduce interactions at distance r, the pulsed variant
has a frequency spectrum that includes peaks at both
r!B and (M � r)!B . The resulting correlations Cpm,
shown in Fig. 2d, are strongest at distances d = ±r and
d = ±(M � r), indicating that the system now behaves
as though the sites were situated on a ring.

Kollár, Fitzpatrick, Houck: Nature (2019)
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The interactions are spectrally well resolved as a function of drive fre-
quency (Fig. 2a, inset), highlighting the precise control of the coupling 
distance.

To sensitively probe the growth and spreading of correlations, we 
examine the transverse magnetization, which provides an enhanced 
signal at early times. Specifically, we evaluate the normalized covari-
ance c F F N= Cov( , )/xx

i
x

i d
x
+

2 , where F f= ∑i µ i µ∈  denotes the collective 
magnetization on site i in a rotating frame set by the local magnetic 
field. Figure 2b shows cxx as a function of time and distance d, averaged 
over all sites i, for a system programmed to interact at distance r = 3. 
Correlations first appear between nearest neighbours on the coupling 
graph and spread over time to further neighbours at multiples  
of the distance r. We additionally compute the structure factor 
F F M= ∑ e /k

x
l

kl
l
xi∼ , plotting its root mean square value in Fig. 2c.  

We observe narrowing in momentum space as a function of time, com-
plementary to the observed spreading of correlations in position space.

The growth of the structure factor is consistent with an analytical 
model in which spin waves of momentum k are amplified by a factor 
proportional to |χk| per Bloch period of evolution. Equivalently, the 
growth in F| |k

x∼  for each momentum mode k is proportional to the drive 
intensity ∼J t( ) at time t = k/ωB. The amplification is notably strongest 
at minima of the dispersion relation χk < 0. Pair creation thus drives the 
system towards states of minimal interaction energy, while increasing 
the quadratic Zeeman energy Hq to compensate.

Engineering the dispersion relation via the drive waveform enables 
the realization of periodic boundary conditions, despite the physical  
geometry of our array as an open chain. For a chain of M sites with periodic 
boundary conditions, the domain of the dispersion relation is a discrete set 
of points in momentum space, spaced by ∆k = 2π/M. Correspondingly, we 
break the drive waveform into a train of short pulses with spacing τB/M in 

time, where τB = 2π/ωB is the Bloch oscillation period for spin excitations. 
For an initial sinusoidal modulation designed to introduce interactions 
at distance r, the pulsed variant has a frequency spectrum that includes 
peaks at both rωB and (M − r)ωB. The resulting correlations Cpm, shown 
in Fig. 2d, are strongest at distances d = ±r and d = ±(M − r), indicating 
that the system now behaves as though the sites were situated on a ring.

We verify the periodic boundary conditions by directly reconstruct-
ing the effective geometry of the system from measured spin correla-
tions C F F= Corr( , )ij

xx
i
x

j
x . Adopting an ansatz that correlations decay as 

a Gaussian function C ρρ ρρ| | ∝ exp( − | − | )ij
xx

i j
2  of distance |ρi − ρj| in a 

D-dimensional space, we seek a mapping of the array sites to effective 
coordinates ρi that best fit the distances d C= − log | |ij ij

xx  inferred from 
the correlations (Methods). We obtain the coordinates ρi from the 
distance matrix dij by metric multidimensional scaling. The result is 
shown in Fig. 3a for a system with nearest-neighbour interactions and 
periodic boundary conditions. We additionally calculate an inferred 
coupling matrix J′ = (Cxx)−1. Colouring the edges between all pairs of 
sites according to J′ corroborates the ring-like coupling graph.

Tailoring the drive waveform enables versatile control over the geom-
etry and topology of the coupling graph, as we illustrate by the same 
black-box reconstruction technique. We first observe that introducing 
interactions at a distance r > 1, with open boundary conditions, produces 
a set of r disjoint chains, as depicted in Fig. 3b for r = 3. Linking such chains 
with a second modulation frequency generates a two-dimensional graph, 
as shown by the triangular ladder in Fig. 3c, formed by interactions at 
distances r1 = 1 and r2 = 2. Furthermore, adding periodic boundary con-
ditions enables the realization of non-trivial topologies. For example, 
Fig. 3d shows a square-lattice cylinder, whereas Fig. 3e shows a Möbius 
ladder. The characteristic twist of the Möbius strip is evident in the cross-
ing of two bonds in the reconstructed geometry.
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Fig. 3 | Geometry extracted from correlations. a–e, Ring (a), disconnected 
chains (b), triangular antiferromagnetic ladder (c), cylinder with anisotropic 
sign of interactions (d) and Möbius ladder with oppositely signed interactions 
along the edge and width (e). Top row, connectivity graphs, with red (blue) 
bonds indicating ferromagnetic (antiferromagnetic) couplings between sites 
labelled by position in array. Second row, structure factor (purple circles) 

measured after T = 2 Bloch periods is proportional to squared dispersion 
relation χk

2 (blue shaded region). Third row, correlations Cxx. Bottom row, 
reconstructed geometries in D = 3 dimensions, with Cartesian coordinates ρ. 
Colour and opacity of bonds indicate sign and magnitude of the inferred 
coupling J′, respectively.



QUANTUM NETWORK  

A system of many strongly and controllably interacting quantum elements 
organized by the structure and flow of quantum information 

“good LDPC codes” 
Fisher, Khemani, Nahum, Vijay ARCMP 2023

Engineered interactions and geometry 
 ((new exotic phases)

Dynamics: flow of quantum 
information through spacetime



Universality in Quantum Dynamics



Generic strongly-interacting isolated quantum systems are expected to 
thermalize: i.e. to evolve to entropy maximizing thermal states

time
A

t

S(t)

∼ VA ln(2)



… interesting universality in the approach to thermal equilibrium:

Generic strongly-interacting isolated quantum systems are expected to 
thermalize: i.e. to evolve to entropy maximizing thermal states



… interesting universality in the approach to thermal equilibrium:

Dynamics of Entanglement Dynamics of Information Scrambling Emergence of Hydrodynamics

Nahum, Ruhman, Vijay Haah PRX 2017+ … Nahum, Vijay Haah PRX 2017; 

von Keyserlingk, Rakovszky, Pollmann, Sondhi PRX 2017+…

VK. Vishwanath, Huse PRX 2018;

Rakovszky, Pollmann, von Keyserlingk PRX 2018+…

Generic strongly-interacting isolated quantum systems are expected to 
thermalize: i.e. to evolve to entropy maximizing thermal states



… interesting universality in the approach to thermal equilibrium:

Kaufman…Greiner Science 2016 Google Quantum AI Science 2021 Weinand…Gopalakrishnan… Bloch 2023

Dynamics of Entanglement Dynamics of Information Scrambling Emergence of Hydrodynamics
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VK. Vishwanath, Huse PRX 2018;

Rakovszky, Pollmann, von Keyserlingk PRX 2018+…

Generic strongly-interacting isolated quantum systems are expected to 
thermalize: i.e. to evolve to entropy maximizing thermal states



Universal Non-Equilibrium 
Phases by Evading 

Thermalization 



I. Many Body Localization

Anderson 1958; Basko Aleiner Altshuler 
2006; Oganesyan Huse 2007 + …

Choi…VK…Bloch, 
Gross, Science (2016)

time



I. Many Body Localization

Anderson 1958; Basko Aleiner Altshuler 
2006; Oganesyan Huse 2007 + …

Choi…VK…Bloch, 
Gross, Science (2016)

time

VK. Lazarides, Moessner, Sondhi (2015)

Else Bauer Nayak (2016)+ …
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 Time-Crystalline 
eigenstate order 
(spatiotemporal)

| ↑ ↓ ↑ ↑ ↓ ↓ ⟩
+ | ↓ ↑ ↓ ↓ ↑ ↑ ⟩

| ↑ ↓ ↑ ↑ ↓ ↓ ⟩
− | ↓ ↑ ↓ ↓ ↑ ↑ ⟩



II. Monitored Dynamics: Controlled Measurements

U

Active error correction

Information protection via information processing

Noise adds entropy


Destroys coherence

Measurements + feedback 
remove entropy 


Restores coherence



Measurement as a part of many-body dynamics


Measurements can have a dramatic effect on the 
state being measured: can create, destroy and 
restructure quantum correlations. 


Get new nonequilibrium phases defined by 
structure of quantum information in spacetime 

Monitored Dynamics: Controlled Measurements

Image: Google Quantum AI



Monitored Dynamics: Controlled Measurements

Measurement Induced Phase Transition 

Hoke, Ippoliti…VK, Roushan, Nature (2023)
Li Chen Fisher (2018) Skinner Ruhman Nahum (2018)

in individual quantum trajectories



Monitored Dynamics: Controlled Measurements

Measurement Induced Phase Transition 

Hoke, Ippoliti…VK, Roushan, Nature (2023)
Li Chen Fisher (2018) Skinner Ruhman Nahum (2018)

in individual quantum trajectories
Measurement-only Dynamics

Hastings-Haah Floquet Code (2021)

• Periodic sequence of local measurements  
• Dynamically generated error correcting code 
• Code and logical operators transform periodically in time

•  automorphism after every period 


• “Topological” time-crystal
e ⇄ m

Ippoliti…VK  PRX 2021

Sang Hsieh PRR 2021
Lavasani, Alvirad, Barkeshli Nature Physics 2021



Unitary MBL Floquet Topological Order  Measurement-only Floquet Code↔

MBL Floquet Topological Phase 

(Po et al 2017)

Sullivan Wen Potter (2023)
Aasen Haah Li Wong (2023)

Roberts Vijay Dua (2023)

Measurement-only Floquet Code 

(Hastings Haah 2021)



Controllable Geometry and 
Interactions



LDPC:  every (qu)bit talks to 

only a finite number of (qu)bits

low density parity check

Good code:  

                      k ∝ n

d ∝ n

A recent theoretical breakthrough: good quantum LDPC codes

Low overhead!

Very robust!

# physical bits code distance

(smallest undetectable error)

[n, k, d]

# encoded (logical) bits

boundary is proportional to volume

Requires expander graph

Pantaleev, Kalachev 2021
Leverrier, Zemor 2022

Breuckmann Eberhardt 2021 ⊗sym



The Physics of LDPC Codes

Rakovszky VK (2023)

Rakovszky VK (2024)


Placke Rakovszky Sommers Breuckmann VK (in progress)

Ordered Phases of MatterError Correcting Codes

Symmetry BreakingClassical Code (Repetition)

Topological OrderQuantum Code (Toric code)

LDPC Codes Novel gauge theories 
and spin glasses



Dynamics: flow of quantum 
information in spacetime

Fisher, Khemani, Nahum, Vijay ARCMP 2023

Engineered interactions 
and geometry

QUANTUM NETWORK  

A system of many strongly and controllably interacting quantum elements 
organized by the structure and flow of quantum information 

“good LDPC codes” 


