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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors present an experimental realization of the bosonic Kitaev chain model using 

parametric cavities. The needed hopping and pairing terms are implemented with difference 

and sum of the mode frequencies. They demonstrate important precursors of nontrivial 

topology and the non-Hermitian skin effect in the bosonic Kitaev chain, including chiral 

transport, quadrature wavefunction localization, and sensitivity to boundary conditions. 

While the works is well done, sound and very interesting, and significant for the many-body 

topological quantum physics with artificial systems. 

I have the following comments before recommend its publication. 

First, the authors claimed to implement the bosonic Kitaev chain in synthetic dimensions. 

The bosonic modes are in different cavities with different site, and thus “synthetic 

dimensions” may be misleading. 

Second, I suggest to include previous work on chiral transport with parametric couplings on 

superconducting circuits, e.g., Sci. Rep. 5, 8352 (2015) and its realization in Nat. Phys. 13, 

146 (2017), and comment on the difference with here. 

Reviewer #2 (Remarks to the Author): 

The authors describe a method for synthesizing a Bosonic Kitaev Chain using a coplanar 

waveguide resonator grounded through a SQUID. The SQUID can be parametrically 

modulated at both difference and sum frequencies in order to generate interactions 

between multiple resonant modes (“bosonic sites or nodes”) of the resonator. In the case of 

two and three linked bosonic sites, the authors use microwave transport measurements at 

the different nodes to check their predictions. Because each node is coupled to the feedline 

for driving and extraction of microwave signals, this open quantum system is accessible to 

characterization. Under the right conditions (see Eqn. (7)), even though the pump drives at 

the sum frequencies continuously push energy into the system, the system can reach a 



steady state with energy leaking out of the connected nodes with rates kappa_j. The 

authors describe a graphical method for visualizing the stable dynamics in the form of 

“twisted-tubes”. The presentation of the data and theory are very clear and seem to agree 

extremely well. 

I find several noteworthy results. First, the presentation of the data and the visualization are 

very clear. The ability to generate both hopping and pairing terms simultaneously with 

tunable strengths is also a unique part of this platform. I also find the Methods thorough 

and appreciated the detail in D. and E. describing the calibrations and fitting procedures, as 

well as the Tables with device parameters. 

I think this work will be of significance to the field of quantum simulation. It represents a 

rather simple system to fabricate and study, but with rich dynamics built in. It can help to 

motivate more work and push towards more complex systems. It adds a novel experimental 

existence proof of a fully tunable analog simulator to the current literature for this nascent 

field that is still maturing experimentally. 

I feel that the work supports the conclusions and claims as evidenced by the good 

agreement between input-output theoretical predictions and the experiment. The 

methodology appears to be sound and meets the expected standards in field. 

I feel this work should be published in Nat. Comm., but I have a few suggestions and 

recommendations that I believe would improve the paper: 

1) It would be nice to see in the Methods some more experimental details about the actual 

devices, fabrication, and the wiring diagram, including some details about the 

instrumentation used to record the data. This would give any reader more information were 

they interested in reproducing or extending results like this. 

2) Although the concluding paragraphs discussed future work, there was no mention of how 

difficult it would be to add more nodes to this existing system. It seems that adding even 

one more node would not have been that difficult, since those modes are already in the 

current structure. What prevented this? If the authors wanted to scale this system, how 

many experimentally accessible mode frequencies are reasonably accessible? Does adding 

many more pumps complicate the system? 

3) You should add the reference: S. de Léséleuc et al., Science 10.1126/science.aav9105 



(2019) 

Reviewer #3 (Remarks to the Author):

Busnaina et al. report the experimental realization of the minimal instance of the bosonic 

Kitaev chain (BKC), a lattice model with nearest neighbor complex hopping and pairing 

terms. The lattice sites are represented by frequency modes of a multimode 

superconducting cavity with hopping and pairing interactions induced by external coherent 

pumps. This allows the authors to control both the magnitude and phase of each coherent 

coupling term individually and thereby reach a suitable parameter regime and boundary 

conditions where the system becomes non-reciprocal and can show effects related to non-

trivial topology (but maybe not a non-trivial topological phase as stated below). In 

particular, by performing phase-sensitive transport experiments, the authors demonstrate 

chiral (non-reciprocal) transport in the system, wavefunction localization, and high 

sensitivity of the spectrum to boundary conditions, known as the non-Hermitian skin effect. 

I think that the experimental realization of lattice models showing precursors of non-trivial 

non-Hermitian topology can be of great importance for the field of Quantum Simulation and 

Condensed Matter. There are many works in the literature discussing theoretical aspects of 

topology in non-Hermitian systems, but few have shown direct experimental consequences. 

In particular, the reported realization of the BKC is interesting, which is possible due to the 

high level of control and programmability demonstrated by the authors in their 

superconducting lattice simulator. The possibility of individually controlling the amplitude of 

phases of all couplings as well as the switching from open and periodic boundary conditions 

is remarkable, even for a minimal instance of the model with only three sites. The 

experimental demonstration of non-reciprocal transport, localization of the wavefunctions, 

and the non-Hermitian skin effect via comparing eigen-spectra for open and periodic 

boundaries is scientifically sound and interesting. The experimental evidence and details of 

these results are convincing and allow reproducibility. So, from the experimental 

perspective, I see this work as solid. 

However, I have important doubts about the theoretical foundations of various strong 



claims found in the paper regarding the “non-trivial topology of the model”, the role played 

by dissipation, and the “genuine quantum conditions” of the experiment. Below I explain my 

concerns, which I require the authors to carefully clarify so that I can assess if the results of 

the work are well communicated and support the claims, or if some of them need to be 

revised and explained more precisely. Depending on this I can give a final recommendation 

for publication of the paper in Nature Communications. 

1) My most important concern has to do with the proper justification of the non-trivial 

topology presented by the BKC. The authors show that the model features non-reciprocity, 

localized wavefunctions on the edges, and non-Hermitian skin effect, but the phase of the 

system can still be topologically trivial if there is no underlying topological invariant (see for 

instance Guo et al., arXiv:2304.06926). If this is the case, then the properties of the phase do 

not rely on a truly non-local topological property of the system, and the response of the 

system to disorder is not exponentially suppressed or protected. To be sure that the system 

is in a non-trivial topological phase, topological invariants need to be calculated such as the 

winding number calculated in Gomez-Leon et al., Quantum 7, 1016 (2023). Here, the same 

BKC model is considered with phi=pi/2, but also local squeezing terms a_j^dag a_j^dag are 

included in addition to the non-local ones _j^dag a_{j+1}^dag. It is shown that local and non-

local squeezing terms are required in order to have a non-zero winding number W=1. When 

local pairing terms are absent, it is also shown that there appear localized edge states, but 

still, the phase is topologically trivial with winding number zero. I strongly recommend the 

authors calculate the winding number corresponding to their model and depending on this 

revise their claims on the non-trivial topology of the model, which may be misleading at the 

moment. Another important evidence of non-trivial topology would be the robustness to 

disorder of the chiral transport and localization of the wavefunctions, which is also absent in 

the discussion so far. This can be a clear indicator of topological protection, even if the 

lattice has few sites. 

2) Another important point I ask the authors to clarify is the claim that the system can show 

non-Hermitian topology “even in the absence of dissipation”. I agree that the presence of 

pairing terms leads to a dynamical matrix that is non-Hermitian, but as far as I see from the 

theoretical description in Eqs. (4), (6) and (7), if local dissipation kappa vanishes, then the 



resulting phase is always unstable. It is very important that the authors clarify this further 

since stability is an unavoidable physical requirement, and therefore would make dissipation 

as essential as pairing terms of the realization of the BKC model. In addition, I note that all 

experimental data is shown for kappa on the order of the hopping t so this also does not 

help to make this point clearer. Finally, a small local kappa will be always present in the 

model due to practical reasons for manipulating the system via external transmission lines 

(whose couplings contribute to the dissipation terms). I suggest the authors to comment on 

all these aspects. 

3) My third concern has to do with the statements “genuinely quantum simulation” or 

“genuinely quantum conditions” found in several places in the text. I wonder to what extent 

the presented simulation of the model is quantum. As far I understand the authors send and 

measure coherent (Gaussian fields) which can be equally well described by a classical model 

of linearly coupled modes such as in Naaman & Aumentado, PRX Quantum 3, 020201 

(2022). I think the key is to measure quantum fluctuations in the system, of the generated 

squeezed states, for instance. I think this may be possible in the discussed setup, but I do 

not see clearly to what extent this is reached in the present work. I, therefore, ask the 

authors to be clearer in this respect and to soften their claims regarding the quantum 

regime if this is needed. 

4) Another important comment is regarding the various approaches to non-Hermitian 

topology highlighted in the introduction. Only two options are mentioned: either take an 

open quantum system and post-select the dynamics condition to the absence of jumps or 

consider a Hermitian system with squeezing terms as described in the present work. Here, 

the authors are missing a relevant approach, which is considering a general open quantum 

system (with not only pairing terms but also non-local pumping or dissipation) and analyzing 

its non-trivial topology by mapping to topological insulator theory via the singular value 

decomposition and the doubled Hamiltonian [Gong et al. PRX 8, 031079 (2018), Porras et al. 

PRL 122, 143901, (2019), Herviou, et al. Phys. Rev. A 99, 052118 (2019), Okuma et al. Phys. 

Rev. B 102, 014203 (2020). This approach includes the non-Hermiticity via pairing terms as a 

special case, and it is more general as it allows the classification of non-trivial topological 

phases according to the underlying symmetries. 



5) Finally, when commenting on applications of the system to topological amplification, the 

list does not include relevant references in the field such as Wanjura et al., Nat. Commun. 

11, 3149 (2020) and Ramos et al. PRA 103, 033513 (2021).





  

                     
                   
                
                   
                 
                   
         

                 
 

   

                  
                           
 

   

              
                
              
           
                
   

        

              

               
             

                 
                
             

              
                   
  

                    
                 





                  
         

                 
                 





   

               
               
               
                 
                 
              
                 
                    
               
             

                 
                 
                  
          

                    
                   
                 
         

                 
               
  

                   
    

                


                  
                
              

               

                 
                    
                 
             
     

                  
                 
             
                 
               





                    
                 
 

                   
               


        

             

                    
 

           

               
              

 

                
                
     





   

                
                
              
                 
              
               
            
              
       

              
                 
               
              
                
               
                 
              
             
               
            

                
               
                 
                      
                 
     

                 
   

                 
               
                  
                 
                    
                 
               
                   

 



         



        

                   
                  
               
                  
               
                   
          

                     
                 





                 
  

               
               
                 
                

 


     
     




                     
   

 




 



           




 



             

                
               
                    
                
                

                     
                  
                      
              
                   
                
                   
                  
               
               
   

                    
                
                  
               
              
                  
                   
    

                   
                 Z   
            

                     

                      
                    Z  
          

  


   

   
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





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


   


 
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   




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     

 

























 
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 


     


   

 


       


 

       
           
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

    

 
    
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   

   


      
      









     
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       

  


 

   

 
   









  
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



   


 

                     
                     
          

               
                  
                 
                      
               
                  
                  
                  
                 
     

                   
              


  

             
          


   




  

              
                

  



  

 



  

   

          

                  
                    
                  
                   







 

    each band of           

          

                    
       

 

                    
        for each band

                  
                  
                    
                 
              
                   
                        
                  
                
 

                   
                 

                     
                    
                      
              
                     
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               
          classical     
                
                 
              
                
        

                  
                    
                
          

                
     

                
                   
  

                    

               

           





 

                   
 

          

                         

 

              

         

             

                

           

                   
 

                371  
            598  
                5  
                    
    13  

                      
365  

           105  
                   106  
          129  
            14  
                  6  
             124  

           7  
           8  
                 8  
                    

     10  
              43  
         105  
            105  
         122  
            99  
         102  
           11  
            103  
         103  
         121  
           108  
       63  



REVIEWERS' COMMENTS

Reviewer #3 (Remarks to the Author):

I thank very much the authors for the very careful and detailed response. I have read all 

explanations to my questions and concerns and I think that they are all satisfactory. The 

addition to the supplementary material regarding the detailed analysis of the topology of 

the model is very clear as well. I would only suggest to make some connection or reference 

in the main text to the discussion of the disorder found in the supplementary, as otherwise 

these may be hard to find for a reader. 

In general, I think the paper is of high quality and interesting for the field of quantum 

simulation of topological models and I recommend publication in Nature Communications. 

As a side comment to the authors, I wanted to stress that the method of the extended 

Hamiltonian and singular value decomposition is not necessary classical as they argued, but 

it is a general method that can be applied to any non-interacting quantum system as well, 

including local and non-local pairing terms.


