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1. Introduction 
 
Quantum enhanced metrology allows to study the fundamental limits on the precision of 
measurements of basic physical quantities such as length, time or phase. Thanks to the 
properties of quantum states and above all the concept of entanglement, quantum 
measurement protocols allow for a significant enhancement of precision compared with 
classical strategies. Most of the work in the field has been devoted so far to the study of linear 
models, where quantum state allow for a quadratic precision enhancement over classical 
scenarios leading to the so called Heisenberg limit. In this deliverable a nonlinear model for 
parameter estimation is considered, which naturally arises, e.g., when considering BEC. 
Thanks to the presence of nonlinearity it is possible to estimate the BEC coupling constants 
with precision exceedind the Heisenberg limit.  

 

2. Concept and Results 
 
In order to demonstrate the feasibility of non-linear metrology using quantum optical systems 
a model of a two-mode trapped BEC has been analyzed. The effective Hamiltonian in this 
case is a nonlinear (quadratic) function of mode occupation number operators and as such 
allows in principle for super Heisenberg sensing of the coupling constants characterising the 
interaction between the two modes. If the spread of the atomic cloud with increasing number 
of atoms n is neglected one may reach an estimation precision for the coupling constants 
scaling as 1/√n3 making use of atoms prepared in a appropriate product state. This is a result 
analogous to the one discussed also a for non-linear Kerr Hamiltonian in a purely optical 
scenario. For larger number of atoms, however, the BEC cloud spreads and this affects the 
precision of the parameter estimation and the scaling becomes less favourable with increasing 
n.  An appropriate trapping potential need to be employed to counteract this effect.  
 
Numerical simulations have been performed that confirm the analytical predictions for the 
effect of the spreading of the BEC ground-state wave function on the ideal scaling (see Figure 
1). Numerical integration of the coupled, time-dependent, two-mode Gross-Pitaevskii 
equations allowed to study the several simplifying assumptions made in the initial analytic 
study of the proposal and to explore when they can be justified. In particular, it was found that 
the two modes share the same spatial wave function for a length of time that is sufficient to 
run the metrology scheme. The results have been published in Phys. Rev. A [TBD1-10]. 
 
 
 



 
 
Figure 1. N dependence of the coupling constant estimation precision. Slopes of the fitted lines are given, and 
correspond to the precision scaling exponent. The points correspond to the results of the numerical integration of 
the 3D GP ground-state solution for different transverse potentials V(r)= krq : blue correspond to q = 2, green to 
q = 4, and red to q = 10. The stiffness parameter k of the trapping potential is chosen so that the crossover from 
1D to 3D behavior occurs at N = 14 000 for all three values of q. 
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