







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	letters

	
                                    article


    
        
        
            
            
                
                    	Letter
	Published: 18 May 2017



                    Experimental characterization of a quantum many-body system via higher-order correlations

                    	Thomas Schweigler1, 
	Valentin Kasper2, 
	Sebastian Erne1,2, 
	Igor Mazets1,3, 
	Bernhard Rauer1, 
	Federica Cataldini1, 
	Tim Langen1,4, 
	Thomas Gasenzer5, 
	Jürgen Berges2 & 
	…
	Jörg Schmiedmayer1 

Show authors

                    

                    
                        
    Nature

                        volume 545, pages 323–326 (2017)Cite this article
                    

                    
        
            	
                        10k Accesses

                    
	
                        158 Citations

                    
	
                            55 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Quantum physics
	Quantum simulation
	Statistical physics
	Ultracold gases


    


                
    
    

    
    

                
            


        
            Abstract
Quantum systems can be characterized by their correlations1,2. Higher-order (larger than second order) correlations, and the ways in which they can be decomposed into correlations of lower order, provide important information about the system, its structure, its interactions and its complexity3,4. The measurement of such correlation functions is therefore an essential tool for reading, verifying and characterizing quantum simulations5. Although higher-order correlation functions are frequently used in theoretical calculations, so far mainly correlations up to second order have been studied experimentally. Here we study a pair of tunnel-coupled one-dimensional atomic superfluids and characterize the corresponding quantum many-body problem by measuring correlation functions. We extract phase correlation functions up to tenth order from interference patterns and analyse whether, and under what conditions, these functions factorize into correlations of lower order. This analysis characterizes the essential features of our system, the relevant quasiparticles, their interactions and topologically distinct vacua. From our data we conclude that in thermal equilibrium our system can be seen as a quantum simulator of the sine-Gordon model6,7,8,9,10, relevant for diverse disciplines ranging from particle physics to condensed matter11,12. The measurement and evaluation of higher-order correlation functions can easily be generalized to other systems and to study correlations of any other observable such as density, spin and magnetization. It therefore represents a general method for analysing quantum many-body systems from experimental data.
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                    Figure 1: Schematics of the experimental set-up.[image: ]


Figure 2: Decomposition of the fourth-order phase correlation function G(4)(z, z′).[image: ]


Figure 3: Relative size of the fourth-order connected correlation function.[image: ]


Figure 4: Full distribution functions and interference patterns of the phase.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Parameter dependence of phase locking in thermal sine-Gordon theory.
We use the experimental observable 〈cos(φ)〉 to quantify the phase locking in a direct and model-independent way. Its dependence on the dimensionless parameter q = λT/lJ (see Methods section ‘sine-Gordon model’) is displayed for the full sine-Gordon model (dashed green line) and for the quadratic Bogoliubov model (dashed-dotted grey line), obtained by expanding the cosine to second order and valid for large phase locking. To compare experiment and theory, the finite imaging resolution needs to be taken into account (solid green line). Some experimental parameters used in the main text are marked and connected to the respective values of q.

                          Source data
                        


Extended Data Figure 2 Extraction of the relative phase φ(z).
a, The two superfluids (see Fig. 1) interfere in 16 ms time-of-flight. The picture shows the resultant interference pattern recorded through absorption imaging. The colour encodes the atomic density, with red corresponding to high density and blue to low density. b, For each z value, the x-dependent atomic density is fitted with a cosine function with a Gaussian envelope25; as an example, the fit for z = 0 (dash-dotted line in a) is shown. c, The fitted phase shift of the cosine function represents (at least approximately) the in situ phase φ(z) mod 2π between the two superfluids. d, Imposing continuity onto the phase profile (by shifting the local value of the phase by multiples of 2π) gives phase differences that are not restricted to the interval [−π, π). A global ambiguity of 2πn (where n is an integer) remains.


Extended Data Figure 3 Integral measures for the thermal equilibrium data (prepared by slow evaporative cooling).
a, Relative size of the Nth-order connected correlation function as quantified by the measure M(N) (equation (5)). b, Relative deviation from the Wick decomposition as quantified by the measure [image: ] (equation (8); Methods). Both measures are plotted as a function of the phase-locking strength, which is quantified by 〈cos(φ)〉. The experimental data are plotted as red circles, with error bars representing 80% confidence intervals calculated using bootstrapping. The theoretical prediction for a large sample (105 numerical realizations) is given by the solid lines. The two lines and the shaded area in between represent the prediction for the maximum spread of the estimated experimental parameters. The green bars represent the theoretical predictions for the experimental sample sizes (typically around 1,000). The heights of the bars represent the 80% confidence intervals of the predictions and the width was chosen arbitrarily. The P values testing the null hypotheses of having Gaussian fluctuations (same sample sizes and same mean and covariance as in the experimental data) are marked as squares; values smaller than 0.02 are marked in orange, the rest in grey. See Methods for a detailed discussion of the plotted quantities and the statistical methods used.


Extended Data Figure 4 Integral measures for the rapidly cooled data.
As for Extended Data Fig. 3, but with the experimental data plotted as blue diamonds.


Extended Data Figure 5 Decomposition of the sixth-order phase correlation functions G(6)(z, z′).
a–c, Uncoupled (〈cos(φ)〉 ≈ 0; a), intermediate (b) and strongly phase-locked (〈cos(φ)〉 ≈ 1; c) regimes. To visualize the high-dimensional data, we choose z3 = −z4 = 10 μm, z5 = − z6 = 20 μm and z′ = 0, which results in the observed symmetric crosses where the correlation function vanishes. The colour marks the value of the full, disconnected or connected correlation functions, or the difference between the full correlation functions and their Wick decompositions. Each row is normalized to its maximum absolute value such that the colour encodes the interval [−1, 1]. Although the connected part for 〈cos(φ)〉 = 0.92 is small, the deviation from the Wick decomposition is larger, in agreement with theory. Full Wick factorization requires even higher phase locking (see Extended Data Fig. 3).


Extended Data Figure 6 Decomposition of the eighth-order phase correlation functions G(8)(z, z′).
As for Extended Data Fig. 5, but with z3 = −z4 = 10 μm, z5 = −z6 = 18 μm, z7 = −z8 = 24 μm and z′ = 0. The apparent failure of the Wick decomposition for the uncoupled case (〈cos(φ)〉 ≈ 0; top right) can be attributed to the finite sample size (see Extended Data Fig. 3 and discussion in Methods).


Extended Data Figure 7 Decomposition of the tenth-order phase correlation functions G(10)(z, z′).
As for Extended Data Fig. 5, but with z3 = −z4 = 10 μm, z5 = −z6 = 15 μm, z7 = −z8 = 20 μm, z9 = −z10 = 24 μm and z′ = 0. The apparent failure of the Wick decomposition for the uncoupled case (〈cos(φ)〉 ≈ 0; top right) can be attributed to the finite sample size (see Extended Data Fig. 3 and discussion in Methods).
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Ultracold gases of rubidium atoms on a quantum chip are well established analogue quantum simulators of quantum many-body physics. The system has been proposed to be described by a field theory called the sine-Gordon model, but verifying this requires direct measurement of higher-order correlation functions. Knowing all of the correlation functions of a system implies being able to characterize the system and solve the underlying quantum many-body problem. Here, the authors measure the higher-order correlation functions in an ultracold gas on a quantum chip from interference patterns, quantitatively confirming that it can indeed be described by a sine-Gordon model. Their methodology could in principle be applied to many types of quantum systems and hence will help to transform analogue quantum simulators into more quantitative and insightful tools.
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