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What if we can change the law of nature?

The laws of science, as we know them at present, contain many 
fundamental numbers, like the size of the electric charge of the 
electron and the ratio of the masses of the proton and the 
electron. ... The remarkable fact is that the values of these 
numbers seem to have been very finely adjusted to make 
possible the development of life.

A Brief History of Time, Stephen Hawking



Quantum Spin Ice: A universe in a grain of sand

figure credit: Nature 451, 42–45 (2008)
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Effective theory: 3D U(1) Quantum Electrodynamics (QED) 

1. Ground state: gapless topological quantum liquid state 
2. Gapless excitations: photons 
3. Gapped excitations: electric charges and magnetic monopoles 



Quantum Spin Ice: A universe in a grain of sand

figure credit: Nature 451, 42–45 (2008)

Effective theory: 3D U(1) Quantum Electrodynamics (QED) 

1. Ground state: gapless topological quantum liquid state 
2. Gapless excitations: photons 
3. Gapped excitations: electric charges and magnetic monopoles 

Our result: proposal to experimentally tune the quantum dynamics of lattice 
QED of dipolar-octupolar quantum spin ice 

1. New lattice QED phases and phase transitions. 
2. Photon dynamics: tune the emergent speed of light, birefringence, non-

linear photon coupling.



Outline

1. Classical spin ice as electrostatics 

2. Quantum spin ice as emergent Quantum Electrodynamics (eQED) 

3. Controlling eQED dynamics in dipolar-octupolar quantum spin ice
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Classical Spin Ice
Classical Spin Ice 

on the pyrochlore lattice
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z is local basis of in/out tetrahedron

M. Hermele, M. P. A. Fisher, and L. Balents, Phys. Rev. B 69, 064404 (2004)



Classical Spin Ice
Classical Spin Ice 

on the pyrochlore lattice
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single tetrahedron  
ground state: 
2-in-2-out (ice-rule)
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z is local basis of in/out tetrahedron

similar hydrogen 
arrangement in ice



Classical Spin Ice
Classical Spin Ice 

on the pyrochlore lattice
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excited state: 
3-in-1-out / 3-out-1-in
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Classical Spin Ice
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Ground state: 2-in-2-out
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ground states

1-charge states

2-charge states

flip one spin

flip a loop of spins

propagation of charge

Classical Spin Ice



Classical Spin Ice
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Science 326, 415 (2009)
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Classical Spin Ice

neutron scattering measures spin-spin correlation in momentum space
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Holmium Titanium



Classical Spin Ice

<latexit sha1_base64="aoJpg1uq0+8UgxtvNTDoAJgQwL8=">AAACGnicbVC7TsMwFHV4lvIKMLIYKiQkpCpBFbAgVbB0LII+pLZEjuu0bu0ksh2kEmXmJ/gFVtjZECsLK1+C02agLUeydXTOvbr3HjdkVCrL+jYWFpeWV1Zza/n1jc2tbXNnty6DSGBSwwELRNNFkjDqk5qiipFmKAjiLiMNd3id+o0HIiQN/Ds1CkmHo55PPYqR0pJjHrQ5Un2MWFxJLmFbRtyJ6SC5vX90aPoNThyzYBWtMeA8sTNSABmqjvnT7gY44sRXmCEpW7YVqk6MhKKYkSTfjiQJER6iHmlp6iNOZCcen5LAI610oRcI/XwFx+rfjhhxKUfc1ZXp4nLWS8X/vFakvItOTP0wUsTHk0FexKAKYJoL7FJBsGIjTRAWVO8KcR8JhJVOb2qKy5O8DsWejWCe1E+L9lmxdFMqlK+yeHJgHxyCY2CDc1AGFVAFNYDBE3gBr+DNeDbejQ/jc1K6YGQ9e2AKxtcvZwWhZA==</latexit>

H =
X

ij

Sz
i S

z
j+

Ground state: 2-in-2-out
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Science 326, 415 (2009)

Classical Spin Ice

“artificial  
magnetic monopoles”

Holmium Titanium



Outline

1. Classical spin ice as electrostatics 

2. Quantum spin ice as emergent Quantum Electrodynamics 
(eQED) 

3. Controlling eQED dynamics in dipolar-octupolar quantum spin ice
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Emergent QED in Quantum Spin Ice
Classical Spin Ice
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Ground state: 2-in-2-out
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r ·E = 0

ground states

1 charge states

2 charge states

Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2

quantum dynamics



Emergent QED in Quantum Spin Ice
Classical Spin Ice

<latexit sha1_base64="aoJpg1uq0+8UgxtvNTDoAJgQwL8=">AAACGnicbVC7TsMwFHV4lvIKMLIYKiQkpCpBFbAgVbB0LII+pLZEjuu0bu0ksh2kEmXmJ/gFVtjZECsLK1+C02agLUeydXTOvbr3HjdkVCrL+jYWFpeWV1Zza/n1jc2tbXNnty6DSGBSwwELRNNFkjDqk5qiipFmKAjiLiMNd3id+o0HIiQN/Ds1CkmHo55PPYqR0pJjHrQ5Un2MWFxJLmFbRtyJ6SC5vX90aPoNThyzYBWtMeA8sTNSABmqjvnT7gY44sRXmCEpW7YVqk6MhKKYkSTfjiQJER6iHmlp6iNOZCcen5LAI610oRcI/XwFx+rfjhhxKUfc1ZXp4nLWS8X/vFakvItOTP0wUsTHk0FexKAKYJoL7FJBsGIjTRAWVO8KcR8JhJVOb2qKy5O8DsWejWCe1E+L9lmxdFMqlK+yeHJgHxyCY2CDc1AGFVAFNYDBE3gBr+DNeDbejQ/jc1K6YGQ9e2AKxtcvZwWhZA==</latexit>

H =
X

ij

Sz
i S

z
j+

Ground state: 2-in-2-out
<latexit sha1_base64="Z3BPtH1R3oYCTgU1cBzoxSxkbyY=">AAACE3icbVDLSsNAFJ34rPEVdeHCzWApuCqJ+NoIBVFcVrAPaEKZTKbt0JlJmJkUSwj4E36BW/0Cd+LWD/AD/A+nj01bD1w4nHO5nHvChFGlXffHWlpeWV1bL2zYm1vbO7vO3n5dxanEpIZjFstmiBRhVJCappqRZiIJ4iEjjbB/M/IbAyIVjcWjHiYk4KgraIdipI3Udg59gUKGoI+jWEM/5NltDq+h23aKbtkdAy4Sb0qKYIpq2/n1oxinnAiNGVKq5bmJDjIkNcWM5KVUkQh2YmlGaDgObvtGTBDuoy7JEFdqyMMcljjSPTXvjcT/vFaqO1dBRkWSaiKwWTFeJ2VQx3D0L4yoJFizoSEIS2rSQNxDEmFtWpm5FA1oogTiRAXZ0zhgbs/ECHlum168+RYWSf207F2Uzx/OipW750lDBXAEjsEJ8MAlqIB7UAU1gEEOXsEbeLderA/r0/qarC5Z01YPwAys7z/BVZ3H</latexit>

r ·E = 0

ground states

1 charge states

2 charge states

Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2

quantum dynamics

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges

SungBin Lee, Shigeki Onoda, and Leon Balents Phys. Rev. B 86, 104412 



Emergent QED in Quantum Spin Ice

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="mNf6p2nZepKtBETj8Xh5efDcWO8=">AAACHnicbVC7TgMxEPTxJrwClDQWUaTQhLvwbJAQNIgKJEIi5XHyOU6wsH0new8RTvcF/AS/QAs9HaKFli/BCSlIwkgrjWZ2tbsTRIIbcN0vZ2Jyanpmdm4+s7C4tLySXV27NmGsKSvTUIS6GhDDBFesDBwEq0aaERkIVgluT3t+5Y5pw0N1Bd2INSTpKN7mlICV/Gz+3K8Du4dEc9VJ8RHewVaJZHNnu1A695OHh7RZ2vKzObfo9oHHiTcgOTTAhZ/9rrdCGkumgApiTM1zI2gkRAOngqWZemxYROgt6bCapYpIZhpJ/50U563Swu1Q21KA++rfiYRIY7oysJ2SwI0Z9Xrif14thvZhI+EqioEp+ruoHQsMIe5lg1tcMwqiawmhmttbMb0hmlCwCQ5tCWSasaF4oxGMk+tS0dsv7l3u5o5PBvHMoQ20iQrIQwfoGJ2hC1RGFD2iZ/SCXp0n5815dz5+Wyecwcw6GoLz+QPIAqFZ</latexit>

Jring = 3J3
±/(2J

2
zz)

<latexit sha1_base64="YWSdSE65ryK6pnDWPvPgGBpvU1g=">AAACEnicbVDJSgNBEO2JW4xb1JN4aQxCvIQZcTuGeBFPEcwCmRB6Op2kSXfP0F0jhiH4E/6CV717E6/+gFe/xM5yMIkPCh7vVVFVL4gEN+C6305qaXlldS29ntnY3Nreye7uVU0Ya8oqNBShrgfEMMEVqwAHweqRZkQGgtWC/vXIrz0wbXio7mEQsaYkXcU7nBKwUit74Bsu8W3LB/YIieaqO/RpaPKlk1Y25xbcMfAi8aYkh6Yot7I/fjuksWQKqCDGNDw3gmZCNHAq2DDjx4ZFhPZJlzUsVUQy00zGLwzxsVXauBNqWwrwWP07kRBpzEAGtlMS6Jl5byT+5zVi6Fw1E66iGJiik0WdWGAI8SgP3OaaURADSwjV3N6KaY9oQsGmNrMlkMOMDcWbj2CRVE8L3kXh/O4sVyxN40mjQ3SE8shDl6iIblAZVRBFT+gFvaI359l5dz6cz0lrypnO7KMZOF+/oJedwA==</latexit>

⇠ Jring cos(B)
<latexit sha1_base64="I8Gu/Fnk1HKTGcVZX3oB2rNxE/4=">AAACEXicbVDLSgMxFM3UV62vUTeCm2ARKkKZKb6WRTcuK9gHdMaSSTNtaDIZkoxQhvoT/oJb3bsTt36BW7/EtJ2FbT0QOJxzD/fmBDGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKJxKSOBROyFSBFGI1IXVPNSCuWBPGAkWYwuBn7zUciFRXRvR7GxOeoF9GQYqSN1LEPPCxUKTiBnqIcBg8VeAq9rtCqYxedsjMBXCRuRoogQ61j/5gcTjiJNGZIqbbrxNpPkdQUMzIqeIkiMcID1CNtQyPEifLTyQ9G8NgoXRgKaV6k4UT9m0gRV2rIAzPJke6reW8s/ue1Ex1e+SmN4kSTCE8XhQmDWsBxHbBLJcGaDQ1BWFJzK8R9JBHWprSZLQEfFUwp7nwFi6RRKbsX5fO7s2L1OqsnDw7BESgBF1yCKrgFNVAHGDyBF/AK3qxn6936sD6nozkry+yDGVhfv516m/c=</latexit>

cos(b) ⇠ b2 + . . .



<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)

Emergent QED in Quantum Spin Ice

ground states

1 charge states

2 charge states

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

QSI g.s.: superposition of ice-states
<latexit sha1_base64="YWSdSE65ryK6pnDWPvPgGBpvU1g=">AAACEnicbVDJSgNBEO2JW4xb1JN4aQxCvIQZcTuGeBFPEcwCmRB6Op2kSXfP0F0jhiH4E/6CV717E6/+gFe/xM5yMIkPCh7vVVFVL4gEN+C6305qaXlldS29ntnY3Nreye7uVU0Ya8oqNBShrgfEMMEVqwAHweqRZkQGgtWC/vXIrz0wbXio7mEQsaYkXcU7nBKwUit74Bsu8W3LB/YIieaqO/RpaPKlk1Y25xbcMfAi8aYkh6Yot7I/fjuksWQKqCDGNDw3gmZCNHAq2DDjx4ZFhPZJlzUsVUQy00zGLwzxsVXauBNqWwrwWP07kRBpzEAGtlMS6Jl5byT+5zVi6Fw1E66iGJiik0WdWGAI8SgP3OaaURADSwjV3N6KaY9oQsGmNrMlkMOMDcWbj2CRVE8L3kXh/O4sVyxN40mjQ3SE8shDl6iIblAZVRBFT+gFvaI359l5dz6cz0lrypnO7KMZOF+/oJedwA==</latexit>

⇠ Jring cos(B)

<latexit sha1_base64="I8Gu/Fnk1HKTGcVZX3oB2rNxE/4=">AAACEXicbVDLSgMxFM3UV62vUTeCm2ARKkKZKb6WRTcuK9gHdMaSSTNtaDIZkoxQhvoT/oJb3bsTt36BW7/EtJ2FbT0QOJxzD/fmBDGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKJxKSOBROyFSBFGI1IXVPNSCuWBPGAkWYwuBn7zUciFRXRvR7GxOeoF9GQYqSN1LEPPCxUKTiBnqIcBg8VeAq9rtCqYxedsjMBXCRuRoogQ61j/5gcTjiJNGZIqbbrxNpPkdQUMzIqeIkiMcID1CNtQyPEifLTyQ9G8NgoXRgKaV6k4UT9m0gRV2rIAzPJke6reW8s/ue1Ex1e+SmN4kSTCE8XhQmDWsBxHbBLJcGaDQ1BWFJzK8R9JBHWprSZLQEfFUwp7nwFi6RRKbsX5fO7s2L1OqsnDw7BESgBF1yCKrgFNVAHGDyBF/AK3qxn6936sD6nozkry+yDGVhfv516m/c=</latexit>

cos(b) ⇠ b2 + . . .

<latexit sha1_base64="jkMZc8zOmRuQuxu0yphxAsFMzkA=">AAACCHicbVDLSsNAFL2pr1ofjbp0M1gEQShJ8bUsitBlBfuANi2T6bQdOpOEmYlQQn/AX3Cre3fi1r9w65c4bbOwrQcuHM65l3M5fsSZ0o7zbWXW1jc2t7LbuZ3dvf28fXBYV2EsCa2RkIey6WNFOQtoTTPNaTOSFAuf04Y/upv6jScqFQuDRz2OqCfwIGB9RrA2UtfOV9qKCXTfKaFz5HdKXbvgFJ0Z0CpxU1KAFNWu/dPuhSQWNNCEY6VarhNpL8FSM8LpJNeOFY0wGeEBbRkaYEGVl8wen6BTo/RQP5RmAo1m6t+LBAulxsI3mwLroVr2puJ/XivW/RsvYUEUaxqQeVA/5kiHaNoC6jFJieZjQzCRzPyKyBBLTLTpaiHFF5OcKcVdrmCV1EtF96p4+XBRKN+m9WThGE7gDFy4hjJUoAo1IBDDC7zCm/VsvVsf1ud8NWOlN0ewAOvrF66kmDA=</latexit>

H ⇠ E
2 + b

2

<latexit sha1_base64="I8Gu/Fnk1HKTGcVZX3oB2rNxE/4=">AAACEXicbVDLSgMxFM3UV62vUTeCm2ARKkKZKb6WRTcuK9gHdMaSSTNtaDIZkoxQhvoT/oJb3bsTt36BW7/EtJ2FbT0QOJxzD/fmBDGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKJxKSOBROyFSBFGI1IXVPNSCuWBPGAkWYwuBn7zUciFRXRvR7GxOeoF9GQYqSN1LEPPCxUKTiBnqIcBg8VeAq9rtCqYxedsjMBXCRuRoogQ61j/5gcTjiJNGZIqbbrxNpPkdQUMzIqeIkiMcID1CNtQyPEifLTyQ9G8NgoXRgKaV6k4UT9m0gRV2rIAzPJke6reW8s/ue1Ex1e+SmN4kSTCE8XhQmDWsBxHbBLJcGaDQ1BWFJzK8R9JBHWprSZLQEfFUwp7nwFi6RRKbsX5fO7s2L1OqsnDw7BESgBF1yCKrgFNVAHGDyBF/AK3qxn6936sD6nozkry+yDGVhfv516m/c=</latexit>

cos(b) ⇠ b2 + . . .



<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)

Emergent QED in Quantum Spin Ice

ground states

1 charge states

2 charge states

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

<latexit sha1_base64="lA74AVFJtUs7T1lxS/WVsDxhpR4=">AAACDXicbVDLSsNAFJ3UV42vVJdugqUgiCURX8uCIOKqUvuANg2TybQdO5OEmUm1hIB/4Be41S9wJ279Bj/A/3D62LT1wIXDOZfLuceLKBHSsn60zNLyyupadl3f2Nza3jFyuzURxhzhKgppyBseFJiSAFclkRQ3Io4h8yiue/2rkV8fYC5IGNzLYYQdBrsB6RAEpZJcI3frJq2IpRWXtI8q7kP72DXyVtEaw1wk9pTkwRRl1/ht+SGKGQ4kolCIpm1F0kkglwRRnBZigX2zE3I1gTTHkfWWEiOI+rCLE8iEGDIvNQsMyp6Y90bif14zlp1LJyFBFEscILWivE5MTRmao09Nn3CMJB0qAhEnKo2JepBDJFUfM5f8AYlEABkWTvI0DpjqMzE8luqqF3u+hUVSOyna58Wzu9N86fp50lAW7IMDcAhscAFK4AaUQRUg8AhewRt41160D+1T+5qsZrRpq3tgBtr3Hz4Tm/s=</latexit>

J±S
+
i S�

j

photons: also superposition of ice-states, 
with finite momentum<latexit sha1_base64="YWSdSE65ryK6pnDWPvPgGBpvU1g=">AAACEnicbVDJSgNBEO2JW4xb1JN4aQxCvIQZcTuGeBFPEcwCmRB6Op2kSXfP0F0jhiH4E/6CV717E6/+gFe/xM5yMIkPCh7vVVFVL4gEN+C6305qaXlldS29ntnY3Nreye7uVU0Ya8oqNBShrgfEMMEVqwAHweqRZkQGgtWC/vXIrz0wbXio7mEQsaYkXcU7nBKwUit74Bsu8W3LB/YIieaqO/RpaPKlk1Y25xbcMfAi8aYkh6Yot7I/fjuksWQKqCDGNDw3gmZCNHAq2DDjx4ZFhPZJlzUsVUQy00zGLwzxsVXauBNqWwrwWP07kRBpzEAGtlMS6Jl5byT+5zVi6Fw1E66iGJiik0WdWGAI8SgP3OaaURADSwjV3N6KaY9oQsGmNrMlkMOMDcWbj2CRVE8L3kXh/O4sVyxN40mjQ3SE8shDl6iIblAZVRBFT+gFvaI359l5dz6cz0lrypnO7KMZOF+/oJedwA==</latexit>

⇠ Jring cos(B)

<latexit sha1_base64="I8Gu/Fnk1HKTGcVZX3oB2rNxE/4=">AAACEXicbVDLSgMxFM3UV62vUTeCm2ARKkKZKb6WRTcuK9gHdMaSSTNtaDIZkoxQhvoT/oJb3bsTt36BW7/EtJ2FbT0QOJxzD/fmBDGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKJxKSOBROyFSBFGI1IXVPNSCuWBPGAkWYwuBn7zUciFRXRvR7GxOeoF9GQYqSN1LEPPCxUKTiBnqIcBg8VeAq9rtCqYxedsjMBXCRuRoogQ61j/5gcTjiJNGZIqbbrxNpPkdQUMzIqeIkiMcID1CNtQyPEifLTyQ9G8NgoXRgKaV6k4UT9m0gRV2rIAzPJke6reW8s/ue1Ex1e+SmN4kSTCE8XhQmDWsBxHbBLJcGaDQ1BWFJzK8R9JBHWprSZLQEfFUwp7nwFi6RRKbsX5fO7s2L1OqsnDw7BESgBF1yCKrgFNVAHGDyBF/AK3qxn6936sD6nozkry+yDGVhfv516m/c=</latexit>

cos(b) ⇠ b2 + . . .

<latexit sha1_base64="jkMZc8zOmRuQuxu0yphxAsFMzkA=">AAACCHicbVDLSsNAFL2pr1ofjbp0M1gEQShJ8bUsitBlBfuANi2T6bQdOpOEmYlQQn/AX3Cre3fi1r9w65c4bbOwrQcuHM65l3M5fsSZ0o7zbWXW1jc2t7LbuZ3dvf28fXBYV2EsCa2RkIey6WNFOQtoTTPNaTOSFAuf04Y/upv6jScqFQuDRz2OqCfwIGB9RrA2UtfOV9qKCXTfKaFz5HdKXbvgFJ0Z0CpxU1KAFNWu/dPuhSQWNNCEY6VarhNpL8FSM8LpJNeOFY0wGeEBbRkaYEGVl8wen6BTo/RQP5RmAo1m6t+LBAulxsI3mwLroVr2puJ/XivW/RsvYUEUaxqQeVA/5kiHaNoC6jFJieZjQzCRzPyKyBBLTLTpaiHFF5OcKcVdrmCV1EtF96p4+XBRKN+m9WThGE7gDFy4hjJUoAo1IBDDC7zCm/VsvVsf1ud8NWOlN0ewAOvrF66kmDA=</latexit>

H ⇠ E
2 + b

2

<latexit sha1_base64="I8Gu/Fnk1HKTGcVZX3oB2rNxE/4=">AAACEXicbVDLSgMxFM3UV62vUTeCm2ARKkKZKb6WRTcuK9gHdMaSSTNtaDIZkoxQhvoT/oJb3bsTt36BW7/EtJ2FbT0QOJxzD/fmBDGjSjvOt5VbWl5ZXcuvFzY2t7Z37N29hhKJxKSOBROyFSBFGI1IXVPNSCuWBPGAkWYwuBn7zUciFRXRvR7GxOeoF9GQYqSN1LEPPCxUKTiBnqIcBg8VeAq9rtCqYxedsjMBXCRuRoogQ61j/5gcTjiJNGZIqbbrxNpPkdQUMzIqeIkiMcID1CNtQyPEifLTyQ9G8NgoXRgKaV6k4UT9m0gRV2rIAzPJke6reW8s/ue1Ex1e+SmN4kSTCE8XhQmDWsBxHbBLJcGaDQ1BWFJzK8R9JBHWprSZLQEfFUwp7nwFi6RRKbsX5fO7s2L1OqsnDw7BESgBF1yCKrgFNVAHGDyBF/AK3qxn6936sD6nozkry+yDGVhfv516m/c=</latexit>

cos(b) ⇠ b2 + . . .



Emergent QED in Quantum Spin Ice

ground states

1 charge states

2 charge states

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2 <latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

hopping of charges on a gauge field background

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



Emergent QED in Quantum Spin Ice

ground states

1 charge states

2 charge states

<latexit sha1_base64="gem7Gyo3ZB/DCu8GqZWE08mAM+Y="></latexit>

H = (r ·E)2 or |�|2

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

overall picture: QSI is a lattice emergent QED (eQED) with photons, electric charges, and magnetic 
monopoles. All these components have their dynamics and interactions.

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)

Emergent QED in Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

It is generally impossible to solve this model exactly. 
So mean-field theory and numerics are used to 
identify the spectrum. 



Emergent QED in Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

It is generally impossible to solve this model exactly. 
So mean-field theory and numerics are used to 
identify the spectrum. 

background b = 0 background b = π

<latexit sha1_base64="CeO1g4SvqqVZJxnZIONpOexksUE=">AAACCHicbVDJSgNBFOyJW4xLRj16aQxCRAgz4nYMeskxglkgM4SeTk/SpJehu0cIIT/gL3jVuzfx6l949UvsJHMwiQUPiqr3qEdFCaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79cGZid</latexit>

H ⇠ +cos(b)
<latexit sha1_base64="8+i5jxz4stTIHxu3keuTwRLxQY8=">AAACCHicbVC7SgNBFJ2NrxgfWbW0GQxCLAy74qsM2qSMYB6QXcLsZDYZMo9lZlYIIT/gL9hqbye2/oWtX+Ik2cIkHrhwOOdezuVECaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79fUZif</latexit>

H ⇠ � cos(b)

0 flux phase
+

pi flux phase_

<latexit sha1_base64="L0m9wKB/uvheAx2xXv1iXTZZHh8=">AAACAHicbVC7SgNBFL0bXzG+opY2g0GITdgVX2XQxjKCeUiyhNnJbDJkZnaZmRXCksZfsNXeTmz9E1u/xEmyhUk8cOFwzr3ce08Qc6aN6347uZXVtfWN/GZha3tnd6+4f9DQUaIIrZOIR6oVYE05k7RumOG0FSuKRcBpMxjeTvzmE1WaRfLBjGLqC9yXLGQEGys99lGHRLocnHaLJbfiToGWiZeREmSodYs/nV5EEkGlIRxr3fbc2PgpVoYRTseFTqJpjMkQ92nbUokF1X46PXiMTqzSQ2GkbEmDpurfiRQLrUcisJ0Cm4Fe9Cbif147MeG1nzIZJ4ZKMlsUJhyZCE2+Rz2mKDF8ZAkmitlbERlghYmxGc1tCcS4YEPxFiNYJo2zindZubg/L1VvsnjycATHUAYPrqAKd1CDOhAQ8AKv8OY8O+/Oh/M5a8052cwhzMH5+gUQKZZf</latexit>

g cos(b)

SungBin Lee, Shigeki Onoda, and Leon Balents Phys. Rev. B 86, 104412 

2 different phases of lattice eQED

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)

Emergent QED in Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

It is generally impossible to solve this model exactly. 
So mean-field theory and numerics are used to 
identify the spectrum. 

<latexit sha1_base64="CeO1g4SvqqVZJxnZIONpOexksUE=">AAACCHicbVDJSgNBFOyJW4xLRj16aQxCRAgz4nYMeskxglkgM4SeTk/SpJehu0cIIT/gL3jVuzfx6l949UvsJHMwiQUPiqr3qEdFCaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79cGZid</latexit>

H ⇠ +cos(b)
<latexit sha1_base64="8+i5jxz4stTIHxu3keuTwRLxQY8=">AAACCHicbVC7SgNBFJ2NrxgfWbW0GQxCLAy74qsM2qSMYB6QXcLsZDYZMo9lZlYIIT/gL9hqbye2/oWtX+Ik2cIkHrhwOOdezuVECaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79fUZif</latexit>

H ⇠ � cos(b)

Gang Chen & collaborators: 
PRR 5, 033169 PRR 2, 013066 PRB 96, 195127  
PRB 96, 085136 PRB 95, 041106 PRL 112, 167203 

background b = 0 background b = π



Emergent QED in Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

The spectrum can be measured by neutron scattering 
expriments.

exp theory

Nature Physics 14, 711–715  

<latexit sha1_base64="7C9O3tUquyUFMJMmTZtDWeoDZTY="></latexit>

hEx(q)Ex(�q)i ⇠ q2y/q
2

 Praseodymium-Hafnium

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)

Emergent QED in Quantum Spin Ice

Effective model (roughly speaking)
<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

The spectrum can be measured by neutron scattering 
experiments.

background b = Pi

q-integrated DOS <latexit sha1_base64="CeO1g4SvqqVZJxnZIONpOexksUE=">AAACCHicbVDJSgNBFOyJW4xLRj16aQxCRAgz4nYMeskxglkgM4SeTk/SpJehu0cIIT/gL3jVuzfx6l949UvsJHMwiQUPiqr3qEdFCaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79cGZid</latexit>

H ⇠ +cos(b)

<latexit sha1_base64="Cb64g/mtrz+4rMwzfYiX7hRjxhg=">AAACInicbVDLSgMxFM3UV62vUZduBkvFVZkpal0WCuLOivYBdhgymbQNTTJDkimWYcAP8DP8Arf6Be7EleDW/zB9CLb1QODccy7h3ONHlEhl259GZml5ZXUtu57b2Nza3jF39xoyjAXCdRTSULR8KDElHNcVURS3IoEh8ylu+v3qyG8OsJAk5LdqGGGXwS4nHYKg0pJnHrUZVD3BkipOvdLvcMP/DFepV/bMvF20x7AWiTMleTBFzTO/20GIYoa5QhRKeefYkXITKBRBFKeFWOLA6oRCP66s8R25thYjiPqwixPIpBwyP7UKoxRy3huJ/3l3seqcuwnhUawwR3pFe52YWiq0RudbAREYKTrUBCJBdBoL9aCASOmSZn4KBiSSHDIs3eR+HDDNzcTwWZrTvTjzLSySRqnonBVPr0/ylYuHSUNZcAAOwTFwQBlUwCWogTpA4BE8gxfwajwZb8a78TFZzRjTVvfBDIyvH1IEpa8=</latexit>

Ce2Sn2O7

arXiv:2304.05452, to appear on Nat. Phys.  
V Porée, HY , …, Romain Sibille 

Cerium Stannum



Emergent QED in Quantum Spin Ice
As a lattice QED, it is interesting for probing QED physics not accessible from fundamental particles

superluminal Cherenkov radiation effect:  
charges propagating faster than light!

large fine-structure constant



Outline

1. Classical spin ice as electrostatics 

2. Quantum spin ice as emergent Quantum Electrodynamics (eQED) 

3. Controlling eQED dynamics in dipolar-octupolar 
quantum spin ice

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz



Control the dynamics of eQED?

arXiv:2312.11641, Experimentally tunable QED in dipolar-octupolar quantum spin ice 

Alaric Sanders 
Cambridge

Claudio Castelnovo 
Cambridge

Andriy H. Nevidomskyy 
Rice



Control the dynamics of eQED?
Effective model (roughly speaking)

<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

One material, one version of eQED 

Generally very difficult to have accurate 
control of its dynamics!<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



Conventional spin 1/2s on pyrochlore lattice:

<latexit sha1_base64="Ru/wDFJcpu5feyDZeVqL31GJQ28=">AAACHHicbVDLSsNAFJ3UV62vqEs3g6XgxpKIr2VREJcV7QOaECaTaTt0Jgkzk2IJAVd+hl/gVr/AnbgV/AD/w2naTVsPDJw553I59/gxo1JZ1o9RWFpeWV0rrpc2Nre2d8zdvaaMEoFJA0csEm0fScJoSBqKKkbasSCI+4y0/MH12G8NiZA0Ch/UKCYuR72QdilGSkueCY9hDzoy4R6Fjs/Tqww6OIhU/rnPPOqZZatq5YCLxJ6SMpii7pm/ThDhhJNQYYak7NhWrNwUCUUxI1klkSSA3UjoFyqYX1BytBgjPEA9kiIu5Yj7GaxwpPpy3huL/3mdRHUv3ZSGcaJIiPWI9roJgyqC48NhQAXBio00QVhQnQbiPhIIK13PzKZgSGMZIk6kmz7mAbPSTAyfZyXdiz3fwiJpnlTt8+rZ3Wm5dvM0aagIDsAhOAI2uAA1cAvqoAEweAav4A28Gy/Gh/FpfE1GC8a01X0wA+P7DyASocI=</latexit>

�g
X

i

B · Si + (other spin-spin terms)

ground states

1 charge states

2 charge states

classical limit

apply magnetic field

<latexit sha1_base64="XcJQBZv1+3w/ShCrPOs1bLdAguY=">AAACF3icbVDLTgIxFO3gC/E16pJNIyFxRWaMryWJiSGuMMojgWHSKQUq7cyk7RCBTKKf4Re41S9wZ9y69AP8DzvABvAkvTk55+bm9Hgho1JZ1o+RWlldW99Ib2a2tnd298z9g6oMIoFJBQcsEHUPScKoTyqKKkbqoSCIe4zUvP5V4tcGREga+PdqGBKHo65POxQjpSXXzJZgU1KuR8ThjTuCdy5tJfOhNXLNnFWwJoDLxJ6RHJih7Jq/zXaAI058hRmSsmFboXLGSCiKGYnzkSRt2AmEfr6Ck/CZphZDhPuoS8aISznkXgzzHKmeXPQS8T+vEanOpTOmfhgp4mO9or1OxKAKYPJn2KaCYMWGmiAsqE4DcQ8JhJVuZu5Se0BD6SNOpDN+nASMM3MxPB5ndC/2YgvLpHpSsM8LZ7enueL107ShNMiCI3AMbHABiqAEyqACMHgGr+ANvBsvxofxaXxNV1PGrNVDMAfj+w/wcJ+C</latexit>

H ⇠
X

JzS
z
i S

z
j

B

Control the dynamics of eQED?

gap 
<latexit sha1_base64="0+Ad39nRLQAHdEGKEWD95zcj/oU=">AAACAHicbVDLSsNAFL2prxpfVZduBkvBVUnE17IoiMsK9gFtKJPJpB07k4SZSbGUgPgFbvUL3Ilb/8QP8D+cPjZtPXDhcM7lcu7xE86UdpwfK7eyura+kd+0t7Z3dvcK+wd1FaeS0BqJeSybPlaUs4jWNNOcNhNJsfA5bfj9m7HfGFCpWBw96GFCPYG7EQsZwdpI9bZiAl13CkWn7EyAlok7I0WYodop/LaDmKSCRppwrFTLdRLtjbDUjHCalVJFAxTG0kyk0SSl3TZigkkfd+kIC6WGws9QSWDdU4veWPzPa6U6vPJGLEpSTSNiVowXphzpGI2fQwGTlGg+NAQTyUwaRHpYYqJNBXOXggFLVIQFVd7oaRIws+di+CKzTS/uYgvLpH5adi/K5/dnxcrt87ShPBzBMZyAC5dQgTuoQg0IPMIrvMG79WJ9WJ/W13Q1Z81aPYQ5WN9/ch6XPg==</latexit>

⇠ B



<latexit sha1_base64="Ru/wDFJcpu5feyDZeVqL31GJQ28=">AAACHHicbVDLSsNAFJ3UV62vqEs3g6XgxpKIr2VREJcV7QOaECaTaTt0Jgkzk2IJAVd+hl/gVr/AnbgV/AD/w2naTVsPDJw553I59/gxo1JZ1o9RWFpeWV0rrpc2Nre2d8zdvaaMEoFJA0csEm0fScJoSBqKKkbasSCI+4y0/MH12G8NiZA0Ch/UKCYuR72QdilGSkueCY9hDzoy4R6Fjs/Tqww6OIhU/rnPPOqZZatq5YCLxJ6SMpii7pm/ThDhhJNQYYak7NhWrNwUCUUxI1klkSSA3UjoFyqYX1BytBgjPEA9kiIu5Yj7GaxwpPpy3huL/3mdRHUv3ZSGcaJIiPWI9roJgyqC48NhQAXBio00QVhQnQbiPhIIK13PzKZgSGMZIk6kmz7mAbPSTAyfZyXdiz3fwiJpnlTt8+rZ3Wm5dvM0aagIDsAhOAI2uAA1cAvqoAEweAav4A28Gy/Gh/FpfE1GC8a01X0wA+P7DyASocI=</latexit>

�g
X

i

B · Si + (other spin-spin terms)

ground states

1 charge states

2 charge states

classical limit apply magnetic field
<latexit sha1_base64="XcJQBZv1+3w/ShCrPOs1bLdAguY=">AAACF3icbVDLTgIxFO3gC/E16pJNIyFxRWaMryWJiSGuMMojgWHSKQUq7cyk7RCBTKKf4Re41S9wZ9y69AP8DzvABvAkvTk55+bm9Hgho1JZ1o+RWlldW99Ib2a2tnd298z9g6oMIoFJBQcsEHUPScKoTyqKKkbqoSCIe4zUvP5V4tcGREga+PdqGBKHo65POxQjpSXXzJZgU1KuR8ThjTuCdy5tJfOhNXLNnFWwJoDLxJ6RHJih7Jq/zXaAI058hRmSsmFboXLGSCiKGYnzkSRt2AmEfr6Ck/CZphZDhPuoS8aISznkXgzzHKmeXPQS8T+vEanOpTOmfhgp4mO9or1OxKAKYPJn2KaCYMWGmiAsqE4DcQ8JhJVuZu5Se0BD6SNOpDN+nASMM3MxPB5ndC/2YgvLpHpSsM8LZ7enueL107ShNMiCI3AMbHABiqAEyqACMHgGr+ANvBsvxofxaXxNV1PGrNVDMAfj+w/wcJ+C</latexit>

H ⇠
X

JzS
z
i S

z
j

gap 
<latexit sha1_base64="0+Ad39nRLQAHdEGKEWD95zcj/oU=">AAACAHicbVDLSsNAFL2prxpfVZduBkvBVUnE17IoiMsK9gFtKJPJpB07k4SZSbGUgPgFbvUL3Ilb/8QP8D+cPjZtPXDhcM7lcu7xE86UdpwfK7eyura+kd+0t7Z3dvcK+wd1FaeS0BqJeSybPlaUs4jWNNOcNhNJsfA5bfj9m7HfGFCpWBw96GFCPYG7EQsZwdpI9bZiAl13CkWn7EyAlok7I0WYodop/LaDmKSCRppwrFTLdRLtjbDUjHCalVJFAxTG0kyk0SSl3TZigkkfd+kIC6WGws9QSWDdU4veWPzPa6U6vPJGLEpSTSNiVowXphzpGI2fQwGTlGg+NAQTyUwaRHpYYqJNBXOXggFLVIQFVd7oaRIws+di+CKzTS/uYgvLpH5adi/K5/dnxcrt87ShPBzBMZyAC5dQgTuoQg0IPMIrvMG79WJ9WJ/W13Q1Z81aPYQ5WN9/ch6XPg==</latexit>

⇠ B

<latexit sha1_base64="mNf6p2nZepKtBETj8Xh5efDcWO8=">AAACHnicbVC7TgMxEPTxJrwClDQWUaTQhLvwbJAQNIgKJEIi5XHyOU6wsH0new8RTvcF/AS/QAs9HaKFli/BCSlIwkgrjWZ2tbsTRIIbcN0vZ2Jyanpmdm4+s7C4tLySXV27NmGsKSvTUIS6GhDDBFesDBwEq0aaERkIVgluT3t+5Y5pw0N1Bd2INSTpKN7mlICV/Gz+3K8Du4dEc9VJ8RHewVaJZHNnu1A695OHh7RZ2vKzObfo9oHHiTcgOTTAhZ/9rrdCGkumgApiTM1zI2gkRAOngqWZemxYROgt6bCapYpIZhpJ/50U563Swu1Q21KA++rfiYRIY7oysJ2SwI0Z9Xrif14thvZhI+EqioEp+ruoHQsMIe5lg1tcMwqiawmhmttbMb0hmlCwCQ5tCWSasaF4oxGMk+tS0dsv7l3u5o5PBvHMoQ20iQrIQwfoGJ2hC1RGFD2iZ/SCXp0n5815dz5+Wyecwcw6GoLz+QPIAqFZ</latexit>

Jring = 3J3
±/(2J

2
zz)

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges

Control the dynamics of eQED?
Conventional spin 1/2s on pyrochlore lattice:

drives system to QSI

drives system to magnetic order



Control the dynamics of eQED?
Effective model (roughly speaking)

<latexit sha1_base64="7jFGUxT9uqjP/VT6lleExNH/tec="></latexit>

H = Jzz|�|2 + J±�ie
iAij�

†
j + h.c.

Given a material, the interactions are fixed: 
one material, one eQED 

Our work: can we also control the dynamics of 
the eQED in QSI, so we can probe different 
regimes of QED in one compound? 

It is possible in a class of materials called 
Dipolar-Octupolar QSI!
arXiv:2312.11641 A Sanders, HY, C Castelnovo, AH Nevidomskyy

<latexit sha1_base64="O5yk7w18jqTYp3wgQGLDO4sGe2I=">AAACAHicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQRFxVsA9oQ5lMJu3YmUmYmRTbEBC/wK1+gTtx65/4Af6H08emrQcuHM65XM49fsyo0o7zY+VWVtfWN/Kb9tb2zu5eYf+grqJEYlLDEYtk00eKMCpITVPNSDOWBHGfkYbfvx77jQGRikbiQQ9j4nHUFTSkGGkj1e866WiUdQpFp+xMAJeJOyNFMEO1U/htBxFOOBEaM6RUy3Vi7aVIaooZyUqJIgEMI2lGaDhJabeNGCPcR12SIq7UkPsZLHGke2rRG4v/ea1Eh1deSkWcaCKwWTFemDCoIzh+DgZUEqzZ0BCEJTVpIO4hibA2FcxdCgY0VgJxorz0aRIws+di+DyzTS/uYgvLpH5adi/K5/dnxcrN87ShPDgCx+AEuOASVMAtqIIawOARvII38G69WB/Wp/U1Xc1Zs1YPwRys7z9T75fM</latexit>

Jzz electric charges
(spinons)



Dipolar-Octuplar QSI

sketch of the idea: spin comes from the d electron orbitals. 
lowest two states are two of the jz = 3/2 states instead of 1/2 
the pseudo spin-1/2 operators act differently under symmetry

electron orbitals on each single site



Dipolar-Octuplar QSI

sketch of the idea: spin comes from the d electron orbitals. 
lowest two states are two of the jz = 3/2 states instead of 1/2 
the pseudo spin-1/2 operators act differently under symmetry

electron orbitals on each single site

<latexit sha1_base64="0Ecm/6/hSOdCI+5o/lXWbeTdUHU=">AAAB/XicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQxGWl9gFtLJPJpB06Mwkzk2IIQX/ArX6BO3Hrt/gB/ofTx6bVAxcO51wu5x4/ZlRpx/m2Ciura+sbxU17a3tnd6+0f9BSUSIxaeKIRbLjI0UYFaSpqWakE0uCuM9I2x9dT/z2mEhFI3Gv05h4HA0EDSlG2kiNxkPaL5WdqjMF/EvcOSmDOer90k8viHDCidCYIaW6rhNrL0NSU8xIXkkUCWAYSTNCw2lEu2fEGOERGpAMcaVS7uewwpEeqmVvIv7ndRMdXnkZFXGiicBmxXhhwqCO4OQzGFBJsGapIQhLatJAPEQSYW3+X7gUjGmsBOJEednjNGBuL8TweW6bXtzlFv6S1mnVvaie352VazfPs4aK4AgcgxPggktQA7egDpoAgwF4Aa/gzXqy3q0P63O2WrDmrR6CBVhfv57llkM=</latexit>

Sy has the symmetry of an octupole

does not couple to applied magnetic field
<latexit sha1_base64="0Ecm/6/hSOdCI+5o/lXWbeTdUHU=">AAAB/XicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQxGWl9gFtLJPJpB06Mwkzk2IIQX/ArX6BO3Hrt/gB/ofTx6bVAxcO51wu5x4/ZlRpx/m2Ciura+sbxU17a3tnd6+0f9BSUSIxaeKIRbLjI0UYFaSpqWakE0uCuM9I2x9dT/z2mEhFI3Gv05h4HA0EDSlG2kiNxkPaL5WdqjMF/EvcOSmDOer90k8viHDCidCYIaW6rhNrL0NSU8xIXkkUCWAYSTNCw2lEu2fEGOERGpAMcaVS7uewwpEeqmVvIv7ndRMdXnkZFXGiicBmxXhhwqCO4OQzGFBJsGapIQhLatJAPEQSYW3+X7gUjGmsBOJEednjNGBuL8TweW6bXtzlFv6S1mnVvaie352VazfPs4aK4AgcgxPggktQA7egDpoAgwF4Aa/gzXqy3q0P63O2WrDmrR6CBVhfv57llkM=</latexit>

Sy



Dipolar-Octuplar QSI
<latexit sha1_base64="0Ecm/6/hSOdCI+5o/lXWbeTdUHU=">AAAB/XicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQxGWl9gFtLJPJpB06Mwkzk2IIQX/ArX6BO3Hrt/gB/ofTx6bVAxcO51wu5x4/ZlRpx/m2Ciura+sbxU17a3tnd6+0f9BSUSIxaeKIRbLjI0UYFaSpqWakE0uCuM9I2x9dT/z2mEhFI3Gv05h4HA0EDSlG2kiNxkPaL5WdqjMF/EvcOSmDOer90k8viHDCidCYIaW6rhNrL0NSU8xIXkkUCWAYSTNCw2lEu2fEGOERGpAMcaVS7uewwpEeqmVvIv7ndRMdXnkZFXGiicBmxXhhwqCO4OQzGFBJsGapIQhLatJAPEQSYW3+X7gUjGmsBOJEednjNGBuL8TweW6bXtzlFv6S1mnVvaie352VazfPs4aK4AgcgxPggktQA7egDpoAgwF4Aa/gzXqy3q0P63O2WrDmrR6CBVhfv57llkM=</latexit>

Sy has the symmetry of an octupole

does not couple to applied magnetic field
<latexit sha1_base64="0Ecm/6/hSOdCI+5o/lXWbeTdUHU=">AAAB/XicbVDLSsNAFJ3UV42vqks3g6XgqiTia1kQxGWl9gFtLJPJpB06Mwkzk2IIQX/ArX6BO3Hrt/gB/ofTx6bVAxcO51wu5x4/ZlRpx/m2Ciura+sbxU17a3tnd6+0f9BSUSIxaeKIRbLjI0UYFaSpqWakE0uCuM9I2x9dT/z2mEhFI3Gv05h4HA0EDSlG2kiNxkPaL5WdqjMF/EvcOSmDOer90k8viHDCidCYIaW6rhNrL0NSU8xIXkkUCWAYSTNCw2lEu2fEGOERGpAMcaVS7uewwpEeqmVvIv7ndRMdXnkZFXGiicBmxXhhwqCO4OQzGFBJsGapIQhLatJAPEQSYW3+X7gUjGmsBOJEednjNGBuL8TweW6bXtzlFv6S1mnVvaie352VazfPs4aK4AgcgxPggktQA7egDpoAgwF4Aa/gzXqy3q0P63O2WrDmrR6CBVhfv57llkM=</latexit>

Sy

DO-pyrochlore lattice spin Hamiltonian conventional pyrochlore lattice spin Hamiltonian

<latexit sha1_base64="Ru/wDFJcpu5feyDZeVqL31GJQ28=">AAACHHicbVDLSsNAFJ3UV62vqEs3g6XgxpKIr2VREJcV7QOaECaTaTt0Jgkzk2IJAVd+hl/gVr/AnbgV/AD/w2naTVsPDJw553I59/gxo1JZ1o9RWFpeWV0rrpc2Nre2d8zdvaaMEoFJA0csEm0fScJoSBqKKkbasSCI+4y0/MH12G8NiZA0Ch/UKCYuR72QdilGSkueCY9hDzoy4R6Fjs/Tqww6OIhU/rnPPOqZZatq5YCLxJ6SMpii7pm/ThDhhJNQYYak7NhWrNwUCUUxI1klkSSA3UjoFyqYX1BytBgjPEA9kiIu5Yj7GaxwpPpy3huL/3mdRHUv3ZSGcaJIiPWI9roJgyqC48NhQAXBio00QVhQnQbiPhIIK13PzKZgSGMZIk6kmz7mAbPSTAyfZyXdiz3fwiJpnlTt8+rZ3Wm5dvM0aagIDsAhOAI2uAA1cAvqoAEweAav4A28Gy/Gh/FpfE1GC8a01X0wA+P7DyASocI=</latexit>

�g
X

i

B · Si + (other spin-spin terms)

ground states

1 charge states

2 charge states

classical limit
<latexit sha1_base64="58G69zWef0cTQMcecQBcs7J19FI=">AAACGHicbVDLSsNAFJ34rPEVdamLwVJwVRLxtSwIUlxVtA9oa5hMJu3YmSTMTIqlBMTP8Avc6he4E7fu/AD/w0nbTVsPzOFwz+Vy5ngxo1LZ9o+xsLi0vLKaWzPXNza3tq2d3ZqMEoFJFUcsEg0PScJoSKqKKkYasSCIe4zUvd5l5tf7REgahXdqEJM2R52QBhQjpUeudVCGLUm5poTDa3cAb116n/GDZtfK20V7BDgvnInIgwkqrvXb8iOccBIqzJCUTceOVXuIhKKYkbSQSOLDIBL6hQqO0pstPYwR7qEOGSIu5YB7KSxwpLpy1suG/3nNRAUX7SEN40SREOsV7QUJgyqC2aehTwXBig20QFhQnQbiLhIIK13N1CW/T2MZIk5ke/g4CpiaUzE8npq6F2e2hXlROy46Z8XTm5N86epp3FAO7INDcAQccA5KoAwqoAoweAav4A28Gy/Gh/FpfI1XF4xJq3tgCsb3H00Xn6k=</latexit>

H ⇠
X

JyS
y
i S

y
j



DO-pyrochlore lattice spin Hamiltonian
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0
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0

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

3
0

Emergent QED in DO-QSI



DO-pyrochlore lattice spin Hamiltonian
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0
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0

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

3
0

Emergent QED in DO-QSI

<latexit sha1_base64="DeaS3xl5b7bZmVP1PQ/AK/dcmbM=">AAAB/nicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJAMoafTkzTpZejuEUII+Ate9e5NvPorXv0SO8kcTOKDgsd7VVTVixLOjPX9b29ldW19YzO3ld/e2d3bLxwc1o1KNaE1orjSzQgbypmkNcssp81EUywiThvR4G7iN56oNkzJRztMaChwT7KYEWyd1GgTZUrRWadQ9Mv+FGiZBBkpQoZqp/DT7iqSCiot4diYVuAnNhxhbRnhdJxvp4YmmAxwj7YclVhQE46m547RqVO6KFbalbRoqv6dGGFhzFBErlNg2zeL3kT8z2ulNr4JR0wmqaWSzBbFKUdWocnvqMs0JZYPHcFEM3crIn2sMbEuobktkRjnXSjBYgTLpH5eDq7Klw8XxcptFk8OjuEEShDANVTgHqpQAwIDeIFXePOevXfvw/ucta542cwRzMH7+gXs5ZXE</latexit>

cos(b)



DO-pyrochlore lattice spin Hamiltonian

1 2

0

12

0

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
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�
j

3
0

p=0,1,2,3 for 4 types of rings

Emergent QED in DO-QSI

<latexit sha1_base64="DeaS3xl5b7bZmVP1PQ/AK/dcmbM=">AAAB/nicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJAMoafTkzTpZejuEUII+Ate9e5NvPorXv0SO8kcTOKDgsd7VVTVixLOjPX9b29ldW19YzO3ld/e2d3bLxwc1o1KNaE1orjSzQgbypmkNcssp81EUywiThvR4G7iN56oNkzJRztMaChwT7KYEWyd1GgTZUrRWadQ9Mv+FGiZBBkpQoZqp/DT7iqSCiot4diYVuAnNhxhbRnhdJxvp4YmmAxwj7YclVhQE46m547RqVO6KFbalbRoqv6dGGFhzFBErlNg2zeL3kT8z2ulNr4JR0wmqaWSzBbFKUdWocnvqMs0JZYPHcFEM3crIn2sMbEuobktkRjnXSjBYgTLpH5eDq7Klw8XxcptFk8OjuEEShDANVTgHqpQAwIDeIFXePOevXfvw/ucta542cwRzMH7+gXs5ZXE</latexit>

cos(b)



Emergent QED in DO-QSI
<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="DeaS3xl5b7bZmVP1PQ/AK/dcmbM=">AAAB/nicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJAMoafTkzTpZejuEUII+Ate9e5NvPorXv0SO8kcTOKDgsd7VVTVixLOjPX9b29ldW19YzO3ld/e2d3bLxwc1o1KNaE1orjSzQgbypmkNcssp81EUywiThvR4G7iN56oNkzJRztMaChwT7KYEWyd1GgTZUrRWadQ9Mv+FGiZBBkpQoZqp/DT7iqSCiot4diYVuAnNhxhbRnhdJxvp4YmmAxwj7YclVhQE46m547RqVO6KFbalbRoqv6dGGFhzFBErlNg2zeL3kT8z2ulNr4JR0wmqaWSzBbFKUdWocnvqMs0JZYPHcFEM3crIn2sMbEuobktkRjnXSjBYgTLpH5eDq7Klw8XxcptFk8OjuEEShDANVTgHqpQAwIDeIFXePOevXfvw/ucta542cwRzMH7+gXs5ZXE</latexit>

cos(b)

four rings have the same dynamics

also see: Zhou, Desrochers, Kim arXiv:2406.18650

B
0.2



B
0.2

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="DeaS3xl5b7bZmVP1PQ/AK/dcmbM=">AAAB/nicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJAMoafTkzTpZejuEUII+Ate9e5NvPorXv0SO8kcTOKDgsd7VVTVixLOjPX9b29ldW19YzO3ld/e2d3bLxwc1o1KNaE1orjSzQgbypmkNcssp81EUywiThvR4G7iN56oNkzJRztMaChwT7KYEWyd1GgTZUrRWadQ9Mv+FGiZBBkpQoZqp/DT7iqSCiot4diYVuAnNhxhbRnhdJxvp4YmmAxwj7YclVhQE46m547RqVO6KFbalbRoqv6dGGFhzFBErlNg2zeL3kT8z2ulNr4JR0wmqaWSzBbFKUdWocnvqMs0JZYPHcFEM3crIn2sMbEuobktkRjnXSjBYgTLpH5eDq7Klw8XxcptFk8OjuEEShDANVTgHqpQAwIDeIFXePOevXfvw/ucta542cwRzMH7+gXs5ZXE</latexit>

cos(b)

Emergent QED in DO-QSI

four rings have the same dynamics

1. We can tune the speed of light!



B
0.2

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
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�
j

<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
i �

�
j

<latexit sha1_base64="DeaS3xl5b7bZmVP1PQ/AK/dcmbM=">AAAB/nicbVDJSgNBEK1xjXGLevTSGIR4CTPidgx68RjBLJAMoafTkzTpZejuEUII+Ate9e5NvPorXv0SO8kcTOKDgsd7VVTVixLOjPX9b29ldW19YzO3ld/e2d3bLxwc1o1KNaE1orjSzQgbypmkNcssp81EUywiThvR4G7iN56oNkzJRztMaChwT7KYEWyd1GgTZUrRWadQ9Mv+FGiZBBkpQoZqp/DT7iqSCiot4diYVuAnNhxhbRnhdJxvp4YmmAxwj7YclVhQE46m547RqVO6KFbalbRoqv6dGGFhzFBErlNg2zeL3kT8z2ulNr4JR0wmqaWSzBbFKUdWocnvqMs0JZYPHcFEM3crIn2sMbEuobktkRjnXSjBYgTLpH5eDq7Klw8XxcptFk8OjuEEShDANVTgHqpQAwIDeIFXePOevXfvw/ucta542cwRzMH7+gXs5ZXE</latexit>

cos(b)

Emergent QED in DO-QSI

four rings have the same dynamics

1. We can tune the speed of light. 
2. We can also induce quantum phase transition.

<latexit sha1_base64="8+i5jxz4stTIHxu3keuTwRLxQY8=">AAACCHicbVC7SgNBFJ2NrxgfWbW0GQxCLAy74qsM2qSMYB6QXcLsZDYZMo9lZlYIIT/gL9hqbye2/oWtX+Ik2cIkHrhwOOdezuVECaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79fUZif</latexit>

H ⇠ � cos(b)
<latexit sha1_base64="CeO1g4SvqqVZJxnZIONpOexksUE=">AAACCHicbVDJSgNBFOyJW4xLRj16aQxCRAgz4nYMeskxglkgM4SeTk/SpJehu0cIIT/gL3jVuzfx6l949UvsJHMwiQUPiqr3qEdFCaPaeN63k1tb39jcym8Xdnb39ovuwWFTy1Rh0sCSSdWOkCaMCtIw1DDSThRBPGKkFQ3vp37riShNpXg0o4SEHPUFjSlGxkpdt1gLNOXwHAZY6nJ01nVLXsWbAa4SPyMlkKHedX+CnsQpJ8JghrTu+F5iwjFShmJGJoUg1SRBeIj6pGOpQJzocDx7fAJPrdKDsVR2hIEz9e/FGHGtRzyymxyZgV72puJ/Xic18W04piJJDRF4HhSnDBoJpy3AHlUEGzayBGFF7a8QD5BC2NiuFlIiPinYUvzlClZJ86LiX1euHi5L1busnjw4BiegDHxwA6qgBuqgATBIwQt4BW/Os/PufDif89Wck90cgQU4X79cGZid</latexit>

H ⇠ +cos(b)

Pi flux 0 flux



Emergent QED in DO-QSI
<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
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<latexit sha1_base64="YuBq6fhn83GVSOK4fgOK8oVRbOs=">AAACH3icbVDLSgMxFM3UV62vqks3wVJwVWbE17IoiMsK9gGdWjKZtA1NZobkTmkdBtz6GX6BW/0Cd+K2H+B/mD42rR4IHM45hHOPFwmuwbbHVmZldW19I7uZ29re2d3L7x/UdBgryqo0FKFqeEQzwQNWBQ6CNSLFiPQEq3v9m4lfHzCleRg8wChiLUm6Ae9wSsBI7XzB9WRynbrUDwFPuNsjkDylaZtjV/OuJI9Dk7JL9hT4L3HmpIDmqLTzP64f0liyAKggWjcdO4JWQhRwKlhajDXzcSdU5gWAp0fkXCNGhPZJlyVEaj2SXoqLkkBPL3sT8T+vGUPnqpXwIIqBBdREjNeJBYYQT27HPleMghgZQqjipg2mPaIIBbPQwk/+gEc6IJLpVjKcFkxzCzU8mebMLs7yCn9J7bTkXJTO788K5dvn2UJZdISO0Qly0CUqoztUQVVE0Qt6Q+/ow3q1Pq0v63sWzVjzVQ/RAqzxL+T2pG4=</latexit>

B · ẑi�x
<latexit sha1_base64="yCbQHs3jqCdHUtOr0sFGdG+li6o=">AAACF3icbVDLSsNAFJ3UV62vqMtuBktBEEsivpYFQcRVBfuAPsJkOmnHziRhZlIsIaCf4Re41S9wJ25d+gH+h9M2m7YeuHA453I597gho1JZ1o+RWVpeWV3Lruc2Nre2d8zdvZoMIoFJFQcsEA0XScKoT6qKKkYaoSCIu4zU3cHV2K8PiZA08O/VKCRtjno+9ShGSkuOmb914lbIk5akPY4c2jlK2UPn2DELVsmaAC4SOyUFkKLimL+tboAjTnyFGZKyaVuhasdIKIoZSYqRJF3oBUKPr+AkfK6lxRDhAeqRGHEpR9xNYJEj1Zfz3lj8z2tGyrtsx9QPI0V8rFe050UMqgCOf4ZdKghWbKQJwoLqNBD3kUBY6WZmLnWHNJQ+4kS248dJwCQ3E8PlSU73Ys+3sEhqJyX7vHR2d1ooXz9NG8qCPDgAh8AGF6AMbkAFVAEGz+AVvIF348X4MD6Nr+lqxkhb3QczML7/ALhVoJM=</latexit>

J±�
+
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�
j
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also see: Zhou, Desrochers, Kim arXiv:2406.18650
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photon dispersion: 
birefringence: two photon 
polarizations have different speeds 
of light and refraction rates.

3. We can realize new emergent birefringence.
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3. We can realize new emergent birefringence.  
4. We have new quantum liquid phase(s)

A new eQED phase 
of different gauge 
background
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background b-flux on different hexagons
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1. We can tune the speed of light. 
2. We can also induce quantum phase transition. 
3. We have new quantum liquid phase(s) 
4. We can realize new emergent birefringence. 
5. We can realize non-linear photon coupling of b3 in frustrated flux phase.



Exact diagonlizations

ED Expectation values of ring-flip operators on a 72-site cluster subject to (a-e) 111 and (f-j) 011 
magnetic fields. 
Black dotted lines indicate the semiclassical phase boundaries
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Various works by Romain Sibille, Bruce Gaulin, Pengcheng Dai
Cerium  Tin/Stannum Hafnium Zirconium 

According to GMFT, such exotic phase transitions may not happen to current materials.

arXiv: 2502.14067, Z Zhou, Y-B Kim



Quantum Spin Ice: A universe in a grain of sand

Effective theory: 3D U(1) Quantum Electrodynamics 

1. Ground state: gapless topological quantum liquid state 
2. Gapless excitations: photons 
3. Gapped excitations: electric charges and magnetic monopoles 

Our result: proposal to experimentally tune the quantum dynamics of lattice 
QED of dipolar-octupolar quantum spin ice 

1. New lattice QED phases and phase transitions. 
2. Photon dynamics: tune the emergent speed of light, birefringence, non-

linear photon coupling.



https://groups.oist.jp/tsvp/tp25qm
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3. We can realize new emergent birefringence.  
4. We have new quantum liquid phase(s)

A new eQED phase 
of different gauge 
background



Emergent QED in DO-QSI
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Exact diagonlizations

ED Expectation values of ring-flip operators on a 72-site cluster subject to (a-e) 111 and (f-j) 011 
magnetic fields. 
Black dotted lines indicate the semiclassical phase boundaries



Spinon Signatures

The spinon spectrum is much easier to be measured 
in current neutron scattering experiments.  

Different phases have very different features.

Also ref. F Desrochers, Y-B Kim PRL, 132(6), 066502 (2024) 
Z Zhou, F Desrochers, Y-B Kim PhysRevB.110.174441


