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            Abstract
Many-body physics describes phenomena that cannot be understood by looking only at the constituents of a system1. Striking examples are broken symmetry, phase transitions and collective excitations2. To understand how such collective behaviour emerges as a system is gradually assembled from individual particles has been a goal in atomic, nuclear and solid-state physics for decades3,4,5,6. Here we observe the few-body precursor of a quantum phase transition from a normal to a superfluid phase. The transition is signalled by the softening of the mode associated with amplitude vibrations of the order parameter, usually referred to as a Higgs mode7. We achieve fine control over ultracold fermions confined to two-dimensional harmonic potentials and prepare closed-shell configurations of 2, 6 and 12 fermionic atoms in the ground state with high fidelity. Spectroscopy is then performed on our mesoscopic system while tuning the pair energy from zero to a value larger than the shell spacing. Using full atom counting statistics, we find the lowest resonance to consist of coherently excited pairs only. The distinct non-monotonic interaction dependence of this many-body excitation, combined with comparison with numerical calculations allows us to identify it as the precursor of the Higgs mode. Our atomic simulator provides a way to study the emergence of collective phenomena and the thermodynamic limit, particle by particle.
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                    Fig. 1: Deterministic preparation of two-dimensional closed-shell configurations.


Fig. 2: Excitation spectrum for 6 particles.


Fig. 3: Excitation spectra as function of interaction strength for 6 and 12 particles.


Fig. 4: Coherent driving of the lower pair excitation mode.



                


                
                    
                
            

            
                Data availability


The data that support the findings of this study are available from the corresponding authors upon reasonable request.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Experimental protocol.
The sequence can be separated into three parts. First, several evaporation and spilling stages are combined with a transfer from a quasi-1D to a quasi-2D trap geometry. This is needed to prepare closed-shell ground state configurations of up to 12 atoms. Second, we excite the system at some defined frequency fexc and magnetic offset field B using a sinusoidal modulation of either the radial or axial confinement. Third, detection is implemented by spilling to the ground state a second time and a transfer of all remaining atoms to the magneto-optical trap, where we count them.


Extended Data Fig. 2 Excitation spectrum for two particles.
We define the two-body excitation energy Eexc as the energy difference between the ground state and the lowest monopole excitation of the two atom system. It is measured using the same modulation scheme as for the Higgs mode. The system is initialized with one filled shell, that is, two particles. The analytical solution of the two-body problem (solid line) shows good agreement with the measurement (blue points). The systematic uncertainty of around 2% on the measured radial and axial trap frequencies that enters into the analytical solution is indicated by the grey error band. Residual systematic deviations can be explained by the trap anharmonicity. For the measurement (blue points) error bars are extracted from the fit to the spectrum and are smaller than the data points.


Extended Data Fig. 3 Comparison of different modulation schemes.
A modulation of the radial trap frequency leads to similar transition probabilities for the pair excitation mode and the higher excited states (top). In contrast, a modulation of the axial confinement effectively only modulates the interaction strength and couples predominantly to the pair excitation mode. Excitations to higher states are suppressed by this modulation scheme (bottom). This qualitative observation agrees with the coupling elements that were predicted in ref. 9. The two modulation amplitudes have been chosen such that they lead to a similar response of the pair excitation mode. The data are taken for EBÂ =Â 0.09hfr. For this measurement the radial trap frequency was 2frÂ =Â 1,660Â Hz. Error bars show the standard error of the mean. Each data point is the average of at least 24 measurements.


Extended Data Fig. 4 Probabilities of different atom numbers remaining in the lowest two shells for the NÂ =Â 6 initial state.
aâ€“f, The probabilities for different remaining atom numbers after modulating the 6-atom ground state with a defined frequency given on the y axis and subsequent removal of excited atoms. All possible excitations manifest themselves by a reduced probability of remaining in the ground state of 6 atoms (a). We find that the lowest excitation, or Higgs mode, mostly consists of excitations to four atoms (c), while the higher excited peaks are predominantly generated by the loss of a single atom (b). For each setting the experiment is repeated between 42 and 47 times.


Extended Data Fig. 5 Probabilities of different atom numbers remaining in the lowest three shells for the NÂ =Â 12 initial state.
aâ€“f, The probabilities for different remaining atom numbers after modulating the 12-atom ground state with a defined frequency given on the y axis and subsequent removal of excited atoms. All possible excitations manifest themselves by a reduced probability of remaining in the ground state of 12 atoms (a). We find that lowest excitation, or Higgs mode, mainly consists of excitations to ten atoms (c), while the higher excited peaks are predominantly generated by the loss of even more atoms (dâ€“f). For each setting the experiment is repeated between 19 and 63 times.


Extended Data Fig. 6 Numerically calculated excitation spectrum for 6 particles.
a, The level spectrum obtained by exact diagonalization with parameters AÂ =Â 20 and Î³Â =Â 0.99 for the potential as well as the experimental results. The calculation includes states up to \({E}_{{\rm{sp}}}^{{\rm{cut}}}=10\hbar {\omega }_{{\rm{r}}}\) and up to a many-body energy of 28Ä§Ï‰r. For comparison the experimental data are shown by green diamonds. Values and errors bars are obtained as in Fig. 3c. b, The numerically calculated excitation spectrum for a modulation of the interaction strength. As in the experiment we observe that this modulation couples to two non-monotonous modes. We note that the calculations performed for b employ a smaller cut-off (\({E}_{{\rm{sp}}}^{{\rm{cut}}}=6\hbar {\omega }_{{\rm{r}}}\) and a maximal many-body energy of 24Ä§Ï‰r) than in a owing to the computational demand in calculating the matrix element (equation (4)).
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