
Supersolid formation in a quantum gas breaking a continuous 
translational symmetry  
Leonard et al., Nature 543, 87-90 (2017) 

 

Monitoring and manipulating Higgs and Goldstone modes in a 
supersolid quantum gas 
Leonard et al., Science 358, 1415-1418 (2017) 

 



Spontaneous symmetry breaking 
gentle introduction 



Spontaneous symmetry breaking 
gentle introduction 

<latexit sha1_base64="mb6gtvnSYMone+CAuWSUwntDUhs="></latexit>

Model: N real scalar fields

Free energy is invariant under O(N) symmetry

<latexit sha1_base64="Bpbiat7Q3qA7rkfndzMe6vhG/TI="></latexit>

<latexit sha1_base64="E818VYodJ5jqyz4dKUrN6YL3nOk="></latexit>



Spontaneous symmetry breaking 
gentle introduction 

<latexit sha1_base64="mb6gtvnSYMone+CAuWSUwntDUhs="></latexit>

Model: N real scalar fields

Free energy is invariant under O(N) symmetry

<latexit sha1_base64="Bpbiat7Q3qA7rkfndzMe6vhG/TI="></latexit>

<latexit sha1_base64="E818VYodJ5jqyz4dKUrN6YL3nOk="></latexit>

<latexit sha1_base64="amJD/oQpMYES4Bu53nRoOl9mPc4="></latexit>

O(2)-model,  N = 2

invariant under U(1) phase rotations

<latexit sha1_base64="mbgL/bJ7tfH7clTNvKh+Y181ey0="></latexit>

<latexit sha1_base64="TEUW2HUPlHYroKPBig1QmzH4bfU="></latexit>



Spontaneous symmetry breaking 
gentle introduction 

<latexit sha1_base64="mb6gtvnSYMone+CAuWSUwntDUhs="></latexit>

Model: N real scalar fields

Free energy is invariant under O(N) symmetry

<latexit sha1_base64="Bpbiat7Q3qA7rkfndzMe6vhG/TI="></latexit>

<latexit sha1_base64="E818VYodJ5jqyz4dKUrN6YL3nOk="></latexit>

<latexit sha1_base64="amJD/oQpMYES4Bu53nRoOl9mPc4="></latexit>

O(2)-model,  N = 2

invariant under U(1) phase rotations

<latexit sha1_base64="mbgL/bJ7tfH7clTNvKh+Y181ey0="></latexit>

<latexit sha1_base64="TEUW2HUPlHYroKPBig1QmzH4bfU="></latexit>

1. XY-model, continuous spin s rotation in plane

2. Bose-Einstein condensate (BEC)

<latexit sha1_base64="MPt2LrYN6ChSVyiQMD4CRkiAjF8="></latexit>



Spontaneous symmetry breaking 
gentle introduction 

Lagrangian density function:

<latexit sha1_base64="VfAbc1fraujdxreKh/LP2PIS/vY="></latexit>

<latexit sha1_base64="ZZRkM0iTqVGXVGFsVwftLpZ5+08="></latexit>

<latexit sha1_base64="1L2r5WvzhmRrHYa+NqJGfLw3sfI="></latexit>

Abelian symmetry group U(1)



Spontaneous symmetry breaking 
gentle introduction 

Lagrangian density function:

<latexit sha1_base64="VfAbc1fraujdxreKh/LP2PIS/vY="></latexit>

<latexit sha1_base64="ZZRkM0iTqVGXVGFsVwftLpZ5+08="></latexit>

<latexit sha1_base64="1L2r5WvzhmRrHYa+NqJGfLw3sfI="></latexit>

<latexit sha1_base64="ryyrdm+S8ngNfZe1MbU+2sS4KIA="></latexit>

<latexit sha1_base64="tA2glTTOMMue39Pl/yBIZpGpOY4="></latexit>

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

<latexit sha1_base64="J0YKivXY0+GM1z6P/9AVYvZvgH4="></latexit>

Abelian symmetry group U(1)

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

solution solution
<latexit sha1_base64="xsa+wReJPrZfkRzoTqZuz7qL92k="></latexit>

global symmetry



Spontaneous symmetry breaking 
gentle introduction 

Lagrangian density function:

<latexit sha1_base64="VfAbc1fraujdxreKh/LP2PIS/vY="></latexit>

<latexit sha1_base64="ZZRkM0iTqVGXVGFsVwftLpZ5+08="></latexit>

<latexit sha1_base64="1L2r5WvzhmRrHYa+NqJGfLw3sfI="></latexit>

<latexit sha1_base64="ryyrdm+S8ngNfZe1MbU+2sS4KIA="></latexit>

<latexit sha1_base64="tA2glTTOMMue39Pl/yBIZpGpOY4="></latexit>

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

<latexit sha1_base64="J0YKivXY0+GM1z6P/9AVYvZvgH4="></latexit>

Abelian symmetry group U(1)

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

solution solution
<latexit sha1_base64="xsa+wReJPrZfkRzoTqZuz7qL92k="></latexit>

global symmetry



Spontaneous symmetry breaking 
gentle introduction 

fluctuations around potential minima:

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

<latexit sha1_base64="GT5TLE/d7Xix1/Frt7pfPVhLtY8="></latexit>

<latexit sha1_base64="Z1+DKSJXFF4Zwf4oDucRGWdjpX4="></latexit>

<latexit sha1_base64="efabmnRIOc/jRFpsKQuaFivEbQo="></latexit>



Spontaneous symmetry breaking 
gentle introduction 

fluctuations around potential minima:

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

<latexit sha1_base64="GT5TLE/d7Xix1/Frt7pfPVhLtY8="></latexit>

<latexit sha1_base64="Z1+DKSJXFF4Zwf4oDucRGWdjpX4="></latexit>

<latexit sha1_base64="efabmnRIOc/jRFpsKQuaFivEbQo="></latexit>

<latexit sha1_base64="Fdfrpf6UH1CkdOZRlXJV4UOQDX0="></latexit>

<latexit sha1_base64="Pap8A2R8O8SjhkfCfKwMSmvesAk="></latexit>



Spontaneous symmetry breaking 
gentle introduction 

fluctuations around potential minima:

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

<latexit sha1_base64="wlgmVDvnvxbkiYjoaUxaJRgOJts="></latexit>

<latexit sha1_base64="rHAAcsOE/EqYxmgDTUVD9RRzap0="></latexit>

<latexit sha1_base64="GT5TLE/d7Xix1/Frt7pfPVhLtY8="></latexit>

<latexit sha1_base64="Z1+DKSJXFF4Zwf4oDucRGWdjpX4="></latexit>

<latexit sha1_base64="efabmnRIOc/jRFpsKQuaFivEbQo="></latexit>

<latexit sha1_base64="Fdfrpf6UH1CkdOZRlXJV4UOQDX0="></latexit>

<latexit sha1_base64="Pap8A2R8O8SjhkfCfKwMSmvesAk="></latexit>

canonical quantisation of fields:

<latexit sha1_base64="GT5TLE/d7Xix1/Frt7pfPVhLtY8="></latexit>

<latexit sha1_base64="5gpF6LIvO6Dn/5xbkF6UkGh55y0="></latexit>

the quanta        of mass
<latexit sha1_base64="Z1+DKSJXFF4Zwf4oDucRGWdjpX4="></latexit>

massless       quanta

Nambu-Goldstone mode 
soft / gapless mode

Higgs mode 
gapped mode

E2 = m2 + p2 ∼ m2 + k2



Spontaneous symmetry breaking 
gentle introduction 

local gauge symmetry

<latexit sha1_base64="b0rt1xO9IQXSSEm5qQ85vGBlwAE="></latexit>

<latexit sha1_base64="+dqi//Lfa1CNyNzyrvetm5zHRGc="></latexit> <latexit sha1_base64="09OnF32N053rRyD8JnlmwaBDLIg="></latexit>

<latexit sha1_base64="NZsAZzNAaS6URwbwHazaGbsBFCo="></latexit>

<latexit sha1_base64="hVOVMGVbsrxcon0J5vh0DZ/yOUs="></latexit>

<latexit sha1_base64="0LjWejvL3Fubn3tT5Ga7W3IO9vA="></latexit>

<latexit sha1_base64="ZZRkM0iTqVGXVGFsVwftLpZ5+08="></latexit>

covariant derivative gauge field potential energy

invariant

<latexit sha1_base64="PVUYzsv0LfJ6gQTSdc7aMGz8ywo="></latexit>

Nambu-Goldstone mode 
+ 

massless gauge field 
= 

massive vector field

Anderson-Higgs mechanism



Supersolid formation in a quantum gas breaking a continuous 
translational symmetry  
Leonard et al., Nature 543, 87-90 (2017) 

 

Monitoring and manipulating Higgs and Goldstone modes in a 
supersolid quantum gas 
Leonard et al., Science 358, 1415-1418 (2017) 

 



Experiments 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice



Experiments 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice



Experiments 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

order parameters



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Hamiltonian in a frame rotating at pump frequency ωp
ωp

ω2

ω1

ωa

gi - Rabi frequency of cavities 
Ωp - Rabi frequency of transverse pump beam

field wavevectors



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Hamiltonian in a frame rotating at pump frequency ωp
ωp

ω2

ω1

ωa

cavity 1,2

gi - Rabi frequency of cavities 
Ωp - Rabi frequency of transverse pump beam

cavity 1,2 interference terms
cavity and transverse pump 

 interference terms
transverse pump  

interference terms

atomic field 
operators

field wavevectors



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Hamiltonian in a frame rotating at pump frequency ωp
ωp

ω2

ω1

ωa

cavity 1,2

gi - Rabi frequency of cavities 
Ωp - Rabi frequency of transverse pump beam

cavity 1,2 interference terms
cavity and transverse pump 

 interference terms
transverse pump  

interference terms

atomic field 
operators

field wavevectors



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Hamiltonian in a frame rotating at pump frequency ωp
ωp

ω2

ω1

ωa

cavity 1,2

gi - Rabi frequency of cavities 
Ωp - Rabi frequency of transverse pump beam

cavity 1,2 interference terms
cavity and transverse pump 

 interference terms
transverse pump  

interference terms

atomic field 
operators

field wavevectors



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Hamiltonian in a frame rotating at pump frequency ωp
ωp

ω2

ω1

ωa

cavity 1,2

gi - Rabi frequency of cavities 
Ωp - Rabi frequency of transverse pump beam

cavity 1,2 interference terms
cavity and transverse pump 

 interference terms
transverse pump  

interference terms

atomic field 
operators

field wavevectors



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

Raman processes (two-photon) coherently couple zero-momentum states of BEC  
to eight momentum states

ωp

ω2

ω1

ωa

field wavevectors

Atomic momentum states  
associated with Raman processes

single-photon recoil frequency

atomic field operator:

annihilation (creation) operators of atoms



Microscopic picture of the system 

BEC dispersively coupled with 2 optical cavities and illuminated by a 1D transverse pump lattice

effective Hamiltonian
ωp

ω2

ω1

ωa

Raman coupling

control parameters:
detuning

interaction energy

kinetic energy
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Emergence of a doubly self-organised phase
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Breaking continuous translational symmetry

ωp

ω2

ω1

ωa

i



Breaking continuous translational symmetry



Higgs and Goldstone modes for a U(1) symmetry 

detunning δ(t) 
(relative to ωp)
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 reduced Hamiltonian

effective potential:

mean-field approach:



Excitation spectrum across the phase transition 
 

effective potential:

Higgs and Goldstone excitations
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