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            Abstract
A quantum simulator is a type of quantum computer that controls the interactions between quantum bits (or qubits) in a way that can be mapped to certain quantum many-body problems1,2. As it becomes possible to exert more control over larger numbers of qubits, such simulators will be able to tackle a wider range of problems, such as materials design and molecular modelling, with the ultimate limit being a universal quantum computer that can solve general classes of hard problems3. Here we use a quantum simulator composed of up to 53 qubits to study non-equilibrium dynamics in the transverse-field Ising model with long-range interactions. We observe a dynamical phase transition after a sudden change of the Hamiltonian, in a regime in which conventional statistical mechanics does not apply4. The qubits are represented by the spins of trapped ions, which can be prepared in various initial pure states. We apply a global long-range Ising interaction with controllable strength and range, and measure each individual qubit with an efficiency of nearly 99 per cent. Such high efficiency means that arbitrary many-body correlations between qubits can be measured in a single shot, enabling the dynamical phase transition to be probed directly and revealing computationally intractable features that rely on the long-range interactions and high connectivity between qubits.
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                    Figure 1: Illustration of the DPT from a quantum quench.[image: ]


Figure 2: Real-time spin dynamics after a quantum quench of 16 spins in an Ising chain.[image: ]


Figure 3: Two-body correlations.[image: ]


Figure 4: Domain statistics and reconstructed single-shot images of 53 spins.[image: ]
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Extended Data Figure 1 Distributions of the largest domain size.
Statistics of the largest domain size in each experimental shot (200 experiments for each of the last 5 time steps). Considering only the largest domains of each shot eliminates the undesirable biasing towards small domain sizes that is present in Fig. 4a. Domain sizes are related to many-body correlators, with a domain size of N corresponding to an N-body correlator. Dashed lines are fits to a two-parameter Gamma distribution proportional to eâˆ’x/Î²xÎ±âˆ’1, with shape parameter Î± and scale parameter Î².


Extended Data Figure 2 Domain size observable for 16 spins.
Mean maximum domain size as a function of the (Kac-normalized41) transverse field for 16 spins. Experimental data are analysed as for Fig. 4b. The dashed line is a numerical simulation of the Hamiltonian determined from the experimental parameters. Error bars, 1 s.d.


Extended Data Figure 3 Theoretical calculations of the correlations.
The spatially and long-time averaged correlation [image: ] (defined in equation (4)), calculated as a function of [image: ] for Î±â€‰=â€‰0. The finite-N curves are calculated using exact diagonalization; the Nâ€‰=â€‰âˆž curve is calculated analytically from equation (4).
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Richard Feynman proposed the quantum computer in 1982 as a technique for simulating states of matter and the various complex interactions that occur within these systems. In the past few years, quantum simulators have become a reality, with several different qubit approaches. For example, small numbers of individually controlled qubits have already been used to simulate molecules and quantum magnets. However, it has remained a challenge to perform tasks that are beyond the capabilities of classical computers. In this issue, two papers demonstrate quantum simulators with an unprecedentedly high number of controlled qubits. Mikhail Lukin and colleagues used 51 cold Rydberg atoms and Christopher Monroe and colleagues used 53 trapped ions to study phase transitions in Ising-type quantum magnets. Both groups observed novel many-body interactions that are computationally intractable with classical computers.
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