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In this paper they 
neglect g
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• The blue term has a special role: 


• Creation and annihilation of a cavity photon couples 
the BEC ground-state with the first 8 excited states

|gsi = |kx = 0, ky = 0i

| ± kp ± kiiexcited states = 

At low energies, the effective dynamics will involve only these 9 states.





Ansatz for the field operators
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Augmenting the symmetry from Z2 to U(1)
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H1 and H2 both have a Z2 symmetry:
ai ! �ai

ci± ! �ci±

But the total Hamiltonian H is now 
invariant under a stronger U(1) symmetry
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Order parameters

↵i = haii

Two superfluid phases: ↵1 6= 0, ↵2 = 0

↵1 = 0, ↵2 6= 0
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Supersolid phase:
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↵1 6= 0, ↵2 6= 0

Supersolid = crystallization of a many-body systems + dissipation flow of the atoms

= breaking of 2 continuous symmetries: phase invariance of a superfluid  
   and continuous translation invariance.



Holstein-Primakoff

They neglect the c+ term
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Averages give the order 
parameters

Fluctuation operators determine 
the excitation spectra
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Normal phase
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Two massive modes with 
frequency

Supersolid phase

One mode is massive (complicated expression for the 
frequency): Higgs

But the other mode is massless: Goldstone



Probe the different modes by applying a time-dependent 
perturbation in the Hamiltonian which creates excitations above 

the BEC.

lattice depth “=“ 𝝺



Dynamics of the Higgs and Goldstone modes



By explicitly breaking the U(1) symmetry they can make the Goldstone mode 
massive again.



Conclusions

• Real-time access to Higgs and Goldstone modes. 


• Huge experimental achievement


• In my opinion what is coolest is: 


• Touches on properties of Higgs and Goldstone modes 
which are not usually discussed in theoretical papers, 
but are relevant from an experimental point of view. 


