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            Abstract
In most cosmological models, rapid expansion of space marks the first moments of the Universe and leads to the amplification of quantum fluctuations1. The description of subsequent dynamics and related questions in cosmology requires an understanding of the quantum fields of the standard model and dark matter in curved spacetime. Even the reduced problem of a scalar quantum field in an explicitly time-dependent spacetime metric is a theoretical challenge2,3,4,5, and thus a quantum field simulator can lead to insights. Here we demonstrate such a quantum field simulator in a two-dimensional Bose–Einstein condensate with a configurable trap6,7 and adjustable interaction strength to implement this model system. We explicitly show the realization of spacetimes with positive and negative spatial curvature by wave-packet propagation and observe particle-pair production in controlled power-law expansion of space, using Sakharov oscillations to extract amplitude and phase information of the produced state. We find quantitative agreement with analytical predictions for different curvatures in time and space. This benchmarks and thereby establishes a quantum field simulator of a new class. In the future, straightforward upgrades offer the possibility to enter unexplored regimes that give further insight into relativistic quantum field dynamics.
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                    Fig. 1: Curvature in space and time realized in a BEC.


Fig. 2: Configurable density distribution for hyperbolic and spherical geometry.


Fig. 3: Correlation function of fluctuations before and after the ramp.


Fig. 4: Propagation of correlations after the end of the expansion.


Fig. 5: Expansion histories extracted by heterodyne detection.
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Extended data figures and tables

Extended Data Fig. 1 Theoretical prediction for density-contrast correlation functions in real space.
The initial temperature is taken to be 40 nK, the final speed of sound is 1.2 µm ms−1 and the ramp goes from as = 350aB to as = 50aB with scale factor a(t) ∝ tγ for a decelerated expansion with γ = 0.5 and a duration ∆t = 1.5 ms (left) and ∆t = 3.0 ms (right). The fields are convoluted with a Gaussian of σ = 0.8 µm corresponding to the optical resolution of the experiment. Different colours correspond to different hold times.
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