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            Abstract
On the fundamental level, quantum fluctuations or entanglement lead to complex dynamical behaviour in many-body systems1 for which a description as emergent phenomena can be found within the framework of quantum field theory. A central quantity in these efforts, containing all information about the measurable physical properties, is the quantum effective action2. Though non-equilibrium quantum dynamics can be exactly formulated in terms of the quantum effective action, finding solutions is in general beyond the capabilities of classical computers3. Here, we present a strategy to determine the non-equilibrium quantum effective action4 using analogue quantum simulators, and demonstrate our method experimentally with a quasi-one-dimensional spinor Bose gas out of equilibrium5,6. Spatially resolved snapshots of the complex-valued transversal spin field7 allow us to infer the quantum effective action up to fourth order in an expansion in one-particle irreducible correlation functions at equal times. We uncover a strong suppression of the irreducible four vertex emerging at low momenta in the highly occupied regime far from equilibrium where perturbative descriptions fail8. Our work constitutes a new realm of large-scale analogue quantum computing9, where highly controlled synthetic quantum systems10 provide the means for solving theoretical problems in high-energy and condensed-matter physics with an experimental approach11,12,13,14.
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                    Fig. 1: Experimental platform and extraction of correlation functions.[image: ]


Fig. 2: Statistical significance of the four-point 1PI correlator in momentum space.[image: ]


Fig. 3: Momentum-conserving diagonals of the 1PI correlators.[image: ]


Fig. 4: Observation of scaling with time of the distribution function as well as the corresponding couplings.[image: ]
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Extended data

Extended Data Fig. 1 Observation of the complex valued field for all times.
We show the distribution of F⊥ (as in Fig. 1c; for the relative frequency see colorbar) for all evolution times shown in Fig. 4. The blue circle indicates ∣F⊥∣ = 0.7.


Extended Data Fig. 2 1PI four vertex.
\({\varGamma }_{t}^{(4)}({p}_{1},{p}_{2},{p}_{3},{p}_{4})\) inferred from the data for the same momenta as shown in Fig. 2c. For comparison we show the results for the Gaussian model.


Extended Data Fig. 3 Momentum conserving diagonals.
Momentum conserving diagonals of the four-point 1PI correlators shown in Fig. 3 for all evolution times between 9 s and 18 s. Grey shaded area is the finite statistical bias from a Gaussian model. All error bars shown are 1 s.d. calculated from bootstrap resampling.


Extended Data Fig. 4 Universal dynamics of two-point correlator.
a, Time evolution of two-point correlator for longest times accessible in the experiment. b, A rescaling analysis yields α = β = 0.45 ± 0.05. After rescaling the data collapses on a universal curve. The found dynamics underlines the universal features found in these and previous experiments.


Extended Data Fig. 5 Rescaling of different momentum conserving diagonals.
Momentum conserving diagonals of the 1PI four-point correlator shown in Fig. 3 for all evolution times between 9 s and 18 s rescaled as in Fig. 4b with γ = 0 and β4 = 1/2. Given the finite statistics, we attribute the quality of the scaling collapse shown in Fig. 4b (compared to the shifted momentum diagonals shown here) to a larger signal-to-noise ratio, which is also evidenced by smaller statistical errors. All error bars shown are 1 s.d. calculated from bootstrap resampling.
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