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Highly degenerate 
Particles reorganise into 
highly correlated states
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No small parameter 
Sign problem (for fermions) 
Breakdown of quasiparticles/Fermi liquid 
Macroscopically degenerate 
Exponential growth of Hilbert space 
Non-perturbative behaviour 
… 

Equilibrium properties difficult 
-> Dynamic and transport even harder 
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1. Banging the Fermi drum

‘Universal’ diffusion of first sound
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In situ thermometry of second sound
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2. In situ physics of a rotating quantum gas

Geometric squeezing Dynamics of superfluid under  
gauge field + interactions

Chiral edge modes

Flat LL dispersion -> purely 
interaction-driven physics 
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Unitary Fermi gas a ! 1
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Box potential 
•Critical phenomena 
•Correlation functions 
•Transport properties 
•Spectral response 
•…

Two lengthscales:

�th, n�1/3
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Two energy scales:

kBT, EF
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Scale invariant system:

E(T ) =
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Injecting sound waves
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c = 15.5(4) mm/s
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c = 15.2(4) mm/s
<latexit sha1_base64="9KpqUtGxHMarPT1hepYwnBnXp20=">AAACE3icbVBLSgNBEO2Jvxh/URcu3AwGIW7iTIioCyXgxmUEYwJJCD2dStKke2borhHDMB7DC7jVG7gStx7AC3gOO5+FiT4oeLxXRVU9LxRco+N8WamFxaXllfRqZm19Y3Mru71zp4NIMaiyQASq7lENgvtQRY4C6qECKj0BNW9wNfJr96A0D/xbHIbQkrTn8y5nFI3Uzu6xC/ekUMyXjh6bCA+oZCzlsU7a2ZxTcMaw/xJ3SnJkiko7+93sBCyS4CMTVOuG64TYiqlCzgQkmWakIaRsQHvQMNSnEnQrHj+Q2IdG6djdQJny0R6rvydiKrUeSs90Sop9Pe+NxP+8RoTds1bM/TBC8NlkUTcSNgb2KA27wxUwFENDKFPc3GqzPlWUoclsZoun6AAwyZhg3PkY/pJqsXBecG9KufLlNKE02ScHJE9cckrK5JpUSJUwkpBn8kJerSfrzXq3PiatKWs6s0tmYH3+ABmynaY=</latexit><latexit sha1_base64="9KpqUtGxHMarPT1hepYwnBnXp20=">AAACE3icbVBLSgNBEO2Jvxh/URcu3AwGIW7iTIioCyXgxmUEYwJJCD2dStKke2borhHDMB7DC7jVG7gStx7AC3gOO5+FiT4oeLxXRVU9LxRco+N8WamFxaXllfRqZm19Y3Mru71zp4NIMaiyQASq7lENgvtQRY4C6qECKj0BNW9wNfJr96A0D/xbHIbQkrTn8y5nFI3Uzu6xC/ekUMyXjh6bCA+oZCzlsU7a2ZxTcMaw/xJ3SnJkiko7+93sBCyS4CMTVOuG64TYiqlCzgQkmWakIaRsQHvQMNSnEnQrHj+Q2IdG6djdQJny0R6rvydiKrUeSs90Sop9Pe+NxP+8RoTds1bM/TBC8NlkUTcSNgb2KA27wxUwFENDKFPc3GqzPlWUoclsZoun6AAwyZhg3PkY/pJqsXBecG9KufLlNKE02ScHJE9cckrK5JpUSJUwkpBn8kJerSfrzXq3PiatKWs6s0tmYH3+ABmynaY=</latexit><latexit sha1_base64="9KpqUtGxHMarPT1hepYwnBnXp20=">AAACE3icbVBLSgNBEO2Jvxh/URcu3AwGIW7iTIioCyXgxmUEYwJJCD2dStKke2borhHDMB7DC7jVG7gStx7AC3gOO5+FiT4oeLxXRVU9LxRco+N8WamFxaXllfRqZm19Y3Mru71zp4NIMaiyQASq7lENgvtQRY4C6qECKj0BNW9wNfJr96A0D/xbHIbQkrTn8y5nFI3Uzu6xC/ekUMyXjh6bCA+oZCzlsU7a2ZxTcMaw/xJ3SnJkiko7+93sBCyS4CMTVOuG64TYiqlCzgQkmWakIaRsQHvQMNSnEnQrHj+Q2IdG6djdQJny0R6rvydiKrUeSs90Sop9Pe+NxP+8RoTds1bM/TBC8NlkUTcSNgb2KA27wxUwFENDKFPc3GqzPlWUoclsZoun6AAwyZhg3PkY/pJqsXBecG9KufLlNKE02ScHJE9cckrK5JpUSJUwkpBn8kJerSfrzXq3PiatKWs6s0tmYH3+ABmynaY=</latexit><latexit sha1_base64="9KpqUtGxHMarPT1hepYwnBnXp20=">AAACE3icbVBLSgNBEO2Jvxh/URcu3AwGIW7iTIioCyXgxmUEYwJJCD2dStKke2borhHDMB7DC7jVG7gStx7AC3gOO5+FiT4oeLxXRVU9LxRco+N8WamFxaXllfRqZm19Y3Mru71zp4NIMaiyQASq7lENgvtQRY4C6qECKj0BNW9wNfJr96A0D/xbHIbQkrTn8y5nFI3Uzu6xC/ekUMyXjh6bCA+oZCzlsU7a2ZxTcMaw/xJ3SnJkiko7+93sBCyS4CMTVOuG64TYiqlCzgQkmWakIaRsQHvQMNSnEnQrHj+Q2IdG6djdQJny0R6rvydiKrUeSs90Sop9Pe+NxP+8RoTds1bM/TBC8NlkUTcSNgb2KA27wxUwFENDKFPc3GqzPlWUoclsZoun6AAwyZhg3PkY/pJqsXBecG9KufLlNKE02ScHJE9cckrK5JpUSJUwkpBn8kJerSfrzXq3PiatKWs6s0tmYH3+ABmynaY=</latexit>

Prediction from EoS:

Extract sound speed
T/TF = 0.15

<latexit sha1_base64="ImfMXvFKNk0vWaYMtou7u1sy8lA=">AAACD3icbVBLSgNBFOyJvxh/o1m6GQyCqzgjirpQAoK4jJCYQDIMPZ2XpEnPh+43YhjmEl7Ard7Albj1CF7Ac9j5LExiwYOi6j3qUX4suELb/jZyS8srq2v59cLG5tb2jrm796CiRDKos0hEsulTBYKHUEeOApqxBBr4Ahr+4GbkNx5BKh6FNRzG4Aa0F/IuZxS15JnF2nHNayM8oQzS2+zKLjtnnlmyy/YY1iJxpqREpqh65k+7E7EkgBCZoEq1HDtGN6USOROQFdqJgpiyAe1BS9OQBqDcdPx8Zh1qpWN1I6knRGus/r1IaaDUMPD1ZkCxr+a9kfif10qwe+GmPIwThJBNgrqJsDCyRk1YHS6BoRhqQpnk+leL9amkDHVfMym+pAPArKCLceZrWCT1k/Jl2bk/LVWupw3lyT45IEfEIeekQu5IldQJI0PyQl7Jm/FsvBsfxudkNWdMb4pkBsbXLztdnBY=</latexit><latexit sha1_base64="ImfMXvFKNk0vWaYMtou7u1sy8lA=">AAACD3icbVBLSgNBFOyJvxh/o1m6GQyCqzgjirpQAoK4jJCYQDIMPZ2XpEnPh+43YhjmEl7Ard7Albj1CF7Ac9j5LExiwYOi6j3qUX4suELb/jZyS8srq2v59cLG5tb2jrm796CiRDKos0hEsulTBYKHUEeOApqxBBr4Ahr+4GbkNx5BKh6FNRzG4Aa0F/IuZxS15JnF2nHNayM8oQzS2+zKLjtnnlmyy/YY1iJxpqREpqh65k+7E7EkgBCZoEq1HDtGN6USOROQFdqJgpiyAe1BS9OQBqDcdPx8Zh1qpWN1I6knRGus/r1IaaDUMPD1ZkCxr+a9kfif10qwe+GmPIwThJBNgrqJsDCyRk1YHS6BoRhqQpnk+leL9amkDHVfMym+pAPArKCLceZrWCT1k/Jl2bk/LVWupw3lyT45IEfEIeekQu5IldQJI0PyQl7Jm/FsvBsfxudkNWdMb4pkBsbXLztdnBY=</latexit><latexit sha1_base64="ImfMXvFKNk0vWaYMtou7u1sy8lA=">AAACD3icbVBLSgNBFOyJvxh/o1m6GQyCqzgjirpQAoK4jJCYQDIMPZ2XpEnPh+43YhjmEl7Ard7Albj1CF7Ac9j5LExiwYOi6j3qUX4suELb/jZyS8srq2v59cLG5tb2jrm796CiRDKos0hEsulTBYKHUEeOApqxBBr4Ahr+4GbkNx5BKh6FNRzG4Aa0F/IuZxS15JnF2nHNayM8oQzS2+zKLjtnnlmyy/YY1iJxpqREpqh65k+7E7EkgBCZoEq1HDtGN6USOROQFdqJgpiyAe1BS9OQBqDcdPx8Zh1qpWN1I6knRGus/r1IaaDUMPD1ZkCxr+a9kfif10qwe+GmPIwThJBNgrqJsDCyRk1YHS6BoRhqQpnk+leL9amkDHVfMym+pAPArKCLceZrWCT1k/Jl2bk/LVWupw3lyT45IEfEIeekQu5IldQJI0PyQl7Jm/FsvBsfxudkNWdMb4pkBsbXLztdnBY=</latexit><latexit sha1_base64="ImfMXvFKNk0vWaYMtou7u1sy8lA=">AAACD3icbVBLSgNBFOyJvxh/o1m6GQyCqzgjirpQAoK4jJCYQDIMPZ2XpEnPh+43YhjmEl7Ard7Albj1CF7Ac9j5LExiwYOi6j3qUX4suELb/jZyS8srq2v59cLG5tb2jrm796CiRDKos0hEsulTBYKHUEeOApqxBBr4Ahr+4GbkNx5BKh6FNRzG4Aa0F/IuZxS15JnF2nHNayM8oQzS2+zKLjtnnlmyy/YY1iJxpqREpqh65k+7E7EkgBCZoEq1HDtGN6USOROQFdqJgpiyAe1BS9OQBqDcdPx8Zh1qpWN1I6knRGus/r1IaaDUMPD1ZkCxr+a9kfif10qwe+GmPIwThJBNgrqJsDCyRk1YHS6BoRhqQpnk+leL9amkDHVfMym+pAPArKCLceZrWCT1k/Jl2bk/LVWupw3lyT45IEfEIeekQu5IldQJI0PyQl7Jm/FsvBsfxudkNWdMb4pkBsbXLztdnBY=</latexit>

Injecting sound waves



Richard Fletcher EFT methods from bound  
states to binary systems

Dynamics and transport in  
strongly-interacting quantum fluids
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<latexit sha1_base64="qvBn+hAvmHOc56CEHFXCAscA8Eg="></latexit><latexit sha1_base64="qvBn+hAvmHOc56CEHFXCAscA8Eg="></latexit><latexit sha1_base64="qvBn+hAvmHOc56CEHFXCAscA8Eg="></latexit><latexit sha1_base64="qvBn+hAvmHOc56CEHFXCAscA8Eg="></latexit>
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<latexit sha1_base64="BqIrTpFGJaNcxMYumX6sMQWMMCU="></latexit><latexit sha1_base64="BqIrTpFGJaNcxMYumX6sMQWMMCU="></latexit><latexit sha1_base64="BqIrTpFGJaNcxMYumX6sMQWMMCU="></latexit><latexit sha1_base64="BqIrTpFGJaNcxMYumX6sMQWMMCU="></latexit>

E / V �2/3
<latexit sha1_base64="y3c5jgT9PwJsfpFdWQdwDvkH144=">AAACDXicbVDLSgMxFM3UV62vqS7dBIvgxjpTBXUjBRFcVnDaQjuWTJppQzOZkGSUMsw/+ANu9Q9ciVu/wR/wO0wfC9t64MLhnHu5955AMKq043xbuaXlldW1/HphY3Nre8cu7tZVnEhMPByzWDYDpAijnHiaakaaQhIUBYw0gsH1yG88EqlozO/1UBA/Qj1OQ4qRNlLHLt60hYyFjmH9IT2unJxmHbvklJ0x4CJxp6QEpqh17J92N8ZJRLjGDCnVch2h/RRJTTEjWaGdKCIQHqAeaRnKUUSUn45Pz+ChUbowjKUpruFY/TuRokipYRSYzgjpvpr3RuJ/XivR4YWfUi4STTieLAoTBs2noxxgl0qCNRsagrCk5laI+0girE1aM1sCiQZEZwUTjDsfwyLxKuXLsnt3VqpeTRPKg31wAI6AC85BFdyCGvAABk/gBbyCN+vZerc+rM9Ja86azuyBGVhfv+Fwm18=</latexit><latexit sha1_base64="y3c5jgT9PwJsfpFdWQdwDvkH144=">AAACDXicbVDLSgMxFM3UV62vqS7dBIvgxjpTBXUjBRFcVnDaQjuWTJppQzOZkGSUMsw/+ANu9Q9ciVu/wR/wO0wfC9t64MLhnHu5955AMKq043xbuaXlldW1/HphY3Nre8cu7tZVnEhMPByzWDYDpAijnHiaakaaQhIUBYw0gsH1yG88EqlozO/1UBA/Qj1OQ4qRNlLHLt60hYyFjmH9IT2unJxmHbvklJ0x4CJxp6QEpqh17J92N8ZJRLjGDCnVch2h/RRJTTEjWaGdKCIQHqAeaRnKUUSUn45Pz+ChUbowjKUpruFY/TuRokipYRSYzgjpvpr3RuJ/XivR4YWfUi4STTieLAoTBs2noxxgl0qCNRsagrCk5laI+0girE1aM1sCiQZEZwUTjDsfwyLxKuXLsnt3VqpeTRPKg31wAI6AC85BFdyCGvAABk/gBbyCN+vZerc+rM9Ja86azuyBGVhfv+Fwm18=</latexit><latexit sha1_base64="y3c5jgT9PwJsfpFdWQdwDvkH144=">AAACDXicbVDLSgMxFM3UV62vqS7dBIvgxjpTBXUjBRFcVnDaQjuWTJppQzOZkGSUMsw/+ANu9Q9ciVu/wR/wO0wfC9t64MLhnHu5955AMKq043xbuaXlldW1/HphY3Nre8cu7tZVnEhMPByzWDYDpAijnHiaakaaQhIUBYw0gsH1yG88EqlozO/1UBA/Qj1OQ4qRNlLHLt60hYyFjmH9IT2unJxmHbvklJ0x4CJxp6QEpqh17J92N8ZJRLjGDCnVch2h/RRJTTEjWaGdKCIQHqAeaRnKUUSUn45Pz+ChUbowjKUpruFY/TuRokipYRSYzgjpvpr3RuJ/XivR4YWfUi4STTieLAoTBs2noxxgl0qCNRsagrCk5laI+0girE1aM1sCiQZEZwUTjDsfwyLxKuXLsnt3VqpeTRPKg31wAI6AC85BFdyCGvAABk/gBbyCN+vZerc+rM9Ja86azuyBGVhfv+Fwm18=</latexit><latexit sha1_base64="y3c5jgT9PwJsfpFdWQdwDvkH144=">AAACDXicbVDLSgMxFM3UV62vqS7dBIvgxjpTBXUjBRFcVnDaQjuWTJppQzOZkGSUMsw/+ANu9Q9ciVu/wR/wO0wfC9t64MLhnHu5955AMKq043xbuaXlldW1/HphY3Nre8cu7tZVnEhMPByzWDYDpAijnHiaakaaQhIUBYw0gsH1yG88EqlozO/1UBA/Qj1OQ4qRNlLHLt60hYyFjmH9IT2unJxmHbvklJ0x4CJxp6QEpqh17J92N8ZJRLjGDCnVch2h/RRJTTEjWaGdKCIQHqAeaRnKUUSUn45Pz+ChUbowjKUpruFY/TuRokipYRSYzgjpvpr3RuJ/XivR4YWfUi4STTieLAoTBs2noxxgl0qCNRsagrCk5laI+0girE1aM1sCiQZEZwUTjDsfwyLxKuXLsnt3VqpeTRPKg31wAI6AC85BFdyCGvAABk/gBbyCN+vZerc+rM9Ja86azuyBGVhfv+Fwm18=</latexit> E ! E

�2
<latexit sha1_base64="jTvGWcPzXVef052oQx3oizI3fns=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBVZkpgrqRghRcVrC20KnlTJppQzMXkjNKGWbra/gCbvUNXIlbwRfwOUwvC9t6IPDz/+fkJJ8XS6HRtr+tpeWV1bX13EZ+c2t7Z7ewt3+no0QxXmeRjFTTA82lCHkdBUrejBWHwJO84Q2uRnnjgSstovAWhzFvB9ALhS8YoLE6BVp1lej1EZSKHqnrK2BpNUtdaa7own056xSKdskeF10UzlQUybRqncKP241YEvAQmQStW44dYzsFhYJJnuXdRPMY2AB6vGVkCAHX7XT8k4weG6dL/UiZEyIdu38nUgi0Hgae6QwA+3o+G5n/Za0E/fN2KsI4QR6yySI/kRQjOsJCu0JxhnJoBDAlzFsp64OhgQbezBZPwYBjljdgnHkMi6JeLl2UnJvTYuVySihHDskROSEOOSMVck1qpE4YeSIv5JW8Wc/Wu/VhfU5al6zpzAGZKevrF0cJoqc=</latexit><latexit sha1_base64="jTvGWcPzXVef052oQx3oizI3fns=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBVZkpgrqRghRcVrC20KnlTJppQzMXkjNKGWbra/gCbvUNXIlbwRfwOUwvC9t6IPDz/+fkJJ8XS6HRtr+tpeWV1bX13EZ+c2t7Z7ewt3+no0QxXmeRjFTTA82lCHkdBUrejBWHwJO84Q2uRnnjgSstovAWhzFvB9ALhS8YoLE6BVp1lej1EZSKHqnrK2BpNUtdaa7own056xSKdskeF10UzlQUybRqncKP241YEvAQmQStW44dYzsFhYJJnuXdRPMY2AB6vGVkCAHX7XT8k4weG6dL/UiZEyIdu38nUgi0Hgae6QwA+3o+G5n/Za0E/fN2KsI4QR6yySI/kRQjOsJCu0JxhnJoBDAlzFsp64OhgQbezBZPwYBjljdgnHkMi6JeLl2UnJvTYuVySihHDskROSEOOSMVck1qpE4YeSIv5JW8Wc/Wu/VhfU5al6zpzAGZKevrF0cJoqc=</latexit><latexit sha1_base64="jTvGWcPzXVef052oQx3oizI3fns=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBVZkpgrqRghRcVrC20KnlTJppQzMXkjNKGWbra/gCbvUNXIlbwRfwOUwvC9t6IPDz/+fkJJ8XS6HRtr+tpeWV1bX13EZ+c2t7Z7ewt3+no0QxXmeRjFTTA82lCHkdBUrejBWHwJO84Q2uRnnjgSstovAWhzFvB9ALhS8YoLE6BVp1lej1EZSKHqnrK2BpNUtdaa7own056xSKdskeF10UzlQUybRqncKP241YEvAQmQStW44dYzsFhYJJnuXdRPMY2AB6vGVkCAHX7XT8k4weG6dL/UiZEyIdu38nUgi0Hgae6QwA+3o+G5n/Za0E/fN2KsI4QR6yySI/kRQjOsJCu0JxhnJoBDAlzFsp64OhgQbezBZPwYBjljdgnHkMi6JeLl2UnJvTYuVySihHDskROSEOOSMVck1qpE4YeSIv5JW8Wc/Wu/VhfU5al6zpzAGZKevrF0cJoqc=</latexit><latexit sha1_base64="jTvGWcPzXVef052oQx3oizI3fns=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBVZkpgrqRghRcVrC20KnlTJppQzMXkjNKGWbra/gCbvUNXIlbwRfwOUwvC9t6IPDz/+fkJJ8XS6HRtr+tpeWV1bX13EZ+c2t7Z7ewt3+no0QxXmeRjFTTA82lCHkdBUrejBWHwJO84Q2uRnnjgSstovAWhzFvB9ALhS8YoLE6BVp1lej1EZSKHqnrK2BpNUtdaa7own056xSKdskeF10UzlQUybRqncKP241YEvAQmQStW44dYzsFhYJJnuXdRPMY2AB6vGVkCAHX7XT8k4weG6dL/UiZEyIdu38nUgi0Hgae6QwA+3o+G5n/Za0E/fN2KsI4QR6yySI/kRQjOsJCu0JxhnJoBDAlzFsp64OhgQbezBZPwYBjljdgnHkMi6JeLl2UnJvTYuVySihHDskROSEOOSMVck1qpE4YeSIv5JW8Wc/Wu/VhfU5al6zpzAGZKevrF0cJoqc=</latexit>

if

Consequence of scale invariance

E/N =
9

10
mc2
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Superfluid
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Integrate along ‘boring’ direction 
and plot as function of drive 
frequency…

One-sided shaking: restricted to t <
L
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Instead: drive resonant modes of box

Attenuation of sound waves
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Attenuation of sound waves
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Continuity equation

Navier-Stokes equation - viscosity 
damps velocity gradients

Thermal conduction damps 
temperature variations, increases 
entropy

!2 = c2k2 + i!Dk2
<latexit sha1_base64="93FiF8C+HKCJ7jopD24Nw3NFHOg=">AAACGXicbVDLSsNAFJ34rPUVdSnCYBEEoSRBUBdKQRcuKxhbaNMymd62QyYPZiZCCV35G/6AW/0DV+LWlT/gdzhts7CtBy6cOede7tzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw+yDgVFFwa81jUfSKBswhcxRSHeiKAhD6Hmh9cj/zaIwjJ4uheDRLwQtKLWJdRorTUNg+acQg90nIuacsJWs4Jmwj4ButX2yxZZWsMPE/snJRQjmrb/Gl2YpqGECnKiZQN20qUlxGhGOUwLDZTCQmhAelBQ9OIhCC9bHzGEB9ppYO7sdAVKTxW/05kJJRyEPq6MySqL2e9kfif10hV99zLWJSkCiI6WdRNOVYxHmWCO0wAVXygCaGC6b9i2ieCUKWTm9riCxKAGhZ1MPZsDPPEdcoXZfvutFS5yhMqoH10iI6Rjc5QBd2iKnIRRU/oBb2iN+PZeDc+jM9J64KRz+yhKRhfv/vUn50=</latexit><latexit sha1_base64="93FiF8C+HKCJ7jopD24Nw3NFHOg=">AAACGXicbVDLSsNAFJ34rPUVdSnCYBEEoSRBUBdKQRcuKxhbaNMymd62QyYPZiZCCV35G/6AW/0DV+LWlT/gdzhts7CtBy6cOede7tzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw+yDgVFFwa81jUfSKBswhcxRSHeiKAhD6Hmh9cj/zaIwjJ4uheDRLwQtKLWJdRorTUNg+acQg90nIuacsJWs4Jmwj4ButX2yxZZWsMPE/snJRQjmrb/Gl2YpqGECnKiZQN20qUlxGhGOUwLDZTCQmhAelBQ9OIhCC9bHzGEB9ppYO7sdAVKTxW/05kJJRyEPq6MySqL2e9kfif10hV99zLWJSkCiI6WdRNOVYxHmWCO0wAVXygCaGC6b9i2ieCUKWTm9riCxKAGhZ1MPZsDPPEdcoXZfvutFS5yhMqoH10iI6Rjc5QBd2iKnIRRU/oBb2iN+PZeDc+jM9J64KRz+yhKRhfv/vUn50=</latexit><latexit sha1_base64="93FiF8C+HKCJ7jopD24Nw3NFHOg=">AAACGXicbVDLSsNAFJ34rPUVdSnCYBEEoSRBUBdKQRcuKxhbaNMymd62QyYPZiZCCV35G/6AW/0DV+LWlT/gdzhts7CtBy6cOede7tzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw+yDgVFFwa81jUfSKBswhcxRSHeiKAhD6Hmh9cj/zaIwjJ4uheDRLwQtKLWJdRorTUNg+acQg90nIuacsJWs4Jmwj4ButX2yxZZWsMPE/snJRQjmrb/Gl2YpqGECnKiZQN20qUlxGhGOUwLDZTCQmhAelBQ9OIhCC9bHzGEB9ppYO7sdAVKTxW/05kJJRyEPq6MySqL2e9kfif10hV99zLWJSkCiI6WdRNOVYxHmWCO0wAVXygCaGC6b9i2ieCUKWTm9riCxKAGhZ1MPZsDPPEdcoXZfvutFS5yhMqoH10iI6Rjc5QBd2iKnIRRU/oBb2iN+PZeDc+jM9J64KRz+yhKRhfv/vUn50=</latexit><latexit sha1_base64="93FiF8C+HKCJ7jopD24Nw3NFHOg=">AAACGXicbVDLSsNAFJ34rPUVdSnCYBEEoSRBUBdKQRcuKxhbaNMymd62QyYPZiZCCV35G/6AW/0DV+LWlT/gdzhts7CtBy6cOede7tzjJ5xJZVnfxsLi0vLKamGtuL6xubVt7uw+yDgVFFwa81jUfSKBswhcxRSHeiKAhD6Hmh9cj/zaIwjJ4uheDRLwQtKLWJdRorTUNg+acQg90nIuacsJWs4Jmwj4ButX2yxZZWsMPE/snJRQjmrb/Gl2YpqGECnKiZQN20qUlxGhGOUwLDZTCQmhAelBQ9OIhCC9bHzGEB9ppYO7sdAVKTxW/05kJJRyEPq6MySqL2e9kfif10hV99zLWJSkCiI6WdRNOVYxHmWCO0wAVXygCaGC6b9i2ieCUKWTm9riCxKAGhZ1MPZsDPPEdcoXZfvutFS5yhMqoH10iI6Rjc5QBd2iKnIRRU/oBb2iN+PZeDc+jM9J64KRz+yhKRhfv/vUn50=</latexit>

� = Dk2
<latexit sha1_base64="EF+4ETqlShFTEJCYCBHjhfm6D1k=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVZIiqAuloKDLCsYW0lhuppN26EwSZiZCCd37A271D1yJW7/DH/A7nLZZ2NYDFw7n3Mu99wQJZ0rb9rdVWFpeWV0rrpc2Nre2d8q7ew8qTiWhLol5LFsBKMpZRF3NNKetRFIQAafNYHA19ptPVCoWR/d6mFBfQC9iISOgjeS1b0AIuLgePNY65YpdtSfAi8TJSQXlaHTKP+1uTFJBI004KOU5dqL9DKRmhNNRqZ0qmgAZQI96hkYgqPKzyckjfGSULg5jaSrSeKL+nchAKDUUgekUoPtq3huL/3leqsMzP2NRkmoakemiMOVYx3j8P+4ySYnmQ0OASGZuxaQPEog2Kc1sCSQMqB6VTDDOfAyLxK1Vz6vO3UmlfpknVEQH6BAdIwedojq6RQ3kIoJi9IJe0Zv1bL1bH9bntLVg5TP7aAbW1y8Xo5jb</latexit><latexit sha1_base64="EF+4ETqlShFTEJCYCBHjhfm6D1k=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVZIiqAuloKDLCsYW0lhuppN26EwSZiZCCd37A271D1yJW7/DH/A7nLZZ2NYDFw7n3Mu99wQJZ0rb9rdVWFpeWV0rrpc2Nre2d8q7ew8qTiWhLol5LFsBKMpZRF3NNKetRFIQAafNYHA19ptPVCoWR/d6mFBfQC9iISOgjeS1b0AIuLgePNY65YpdtSfAi8TJSQXlaHTKP+1uTFJBI004KOU5dqL9DKRmhNNRqZ0qmgAZQI96hkYgqPKzyckjfGSULg5jaSrSeKL+nchAKDUUgekUoPtq3huL/3leqsMzP2NRkmoakemiMOVYx3j8P+4ySYnmQ0OASGZuxaQPEog2Kc1sCSQMqB6VTDDOfAyLxK1Vz6vO3UmlfpknVEQH6BAdIwedojq6RQ3kIoJi9IJe0Zv1bL1bH9bntLVg5TP7aAbW1y8Xo5jb</latexit><latexit sha1_base64="EF+4ETqlShFTEJCYCBHjhfm6D1k=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVZIiqAuloKDLCsYW0lhuppN26EwSZiZCCd37A271D1yJW7/DH/A7nLZZ2NYDFw7n3Mu99wQJZ0rb9rdVWFpeWV0rrpc2Nre2d8q7ew8qTiWhLol5LFsBKMpZRF3NNKetRFIQAafNYHA19ptPVCoWR/d6mFBfQC9iISOgjeS1b0AIuLgePNY65YpdtSfAi8TJSQXlaHTKP+1uTFJBI004KOU5dqL9DKRmhNNRqZ0qmgAZQI96hkYgqPKzyckjfGSULg5jaSrSeKL+nchAKDUUgekUoPtq3huL/3leqsMzP2NRkmoakemiMOVYx3j8P+4ySYnmQ0OASGZuxaQPEog2Kc1sCSQMqB6VTDDOfAyLxK1Vz6vO3UmlfpknVEQH6BAdIwedojq6RQ3kIoJi9IJe0Zv1bL1bH9bntLVg5TP7aAbW1y8Xo5jb</latexit><latexit sha1_base64="EF+4ETqlShFTEJCYCBHjhfm6D1k=">AAACBXicbVDLSsNAFJ3UV62vqks3g0VwVZIiqAuloKDLCsYW0lhuppN26EwSZiZCCd37A271D1yJW7/DH/A7nLZZ2NYDFw7n3Mu99wQJZ0rb9rdVWFpeWV0rrpc2Nre2d8q7ew8qTiWhLol5LFsBKMpZRF3NNKetRFIQAafNYHA19ptPVCoWR/d6mFBfQC9iISOgjeS1b0AIuLgePNY65YpdtSfAi8TJSQXlaHTKP+1uTFJBI004KOU5dqL9DKRmhNNRqZ0qmgAZQI96hkYgqPKzyckjfGSULg5jaSrSeKL+nchAKDUUgekUoPtq3huL/3leqsMzP2NRkmoakemiMOVYx3j8P+4ySYnmQ0OASGZuxaQPEog2Kc1sCSQMqB6VTDDOfAyLxK1Vz6vO3UmlfpknVEQH6BAdIwedojq6RQ3kIoJi9IJe0Zv1bL1bH9bntLVg5TP7aAbW1y8Xo5jb</latexit>

D =
4

3

⌘

⇢
+



⇢

✓
1

cv
� 1

cp

◆

<latexit sha1_base64="bmeF4RF3OCnl0HUODhE1jLLvYRE="></latexit><latexit sha1_base64="bmeF4RF3OCnl0HUODhE1jLLvYRE="></latexit><latexit sha1_base64="bmeF4RF3OCnl0HUODhE1jLLvYRE="></latexit><latexit sha1_base64="bmeF4RF3OCnl0HUODhE1jLLvYRE="></latexit>

Hydrodynamic equations
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Spectral response broadens with frequency

T/TF = 0.36
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Obtain diffusivity as function of temperature

Attenuation of sound waves
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High temperature limit:

D ⇠ vl
<latexit sha1_base64="QVt3spUcbe4k3e51TWOTI2a0wHU=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4koAePEVwNJEuYnfQmQ2Znl5nZQAg5+gNe9Q88iVd/xB/wO5wkezCJBQ1FVTfdXWEquDau++0UVlbX1jeKm6Wt7Z3dvfL+waNOMsXQZ4lIVCOkGgWX6BtuBDZShTQOBT6F/ZuJ/zRApXkiH8wwxSCmXckjzqixUuO2pXlMBqJdrrhVdwqyTLycVCBHvV3+aXUSlsUoDRNU66bnpiYYUWU4EzgutTKNKWV92sWmpZLGqIPR9N4xObFKh0SJsiUNmap/J0Y01noYh7YzpqanF72J+J/XzEx0GYy4TDODks0WRZkgJiGT50mHK2RGDC2hTHF7K2E9qigzNqK5LaGifTTjkg3GW4xhmfhn1auqd39eqV3nCRXhCI7hFDy4gBrcQR18YCDgBV7hzXl23p0P53PWWnDymUOYg/P1C1Qjl+0=</latexit><latexit sha1_base64="QVt3spUcbe4k3e51TWOTI2a0wHU=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4koAePEVwNJEuYnfQmQ2Znl5nZQAg5+gNe9Q88iVd/xB/wO5wkezCJBQ1FVTfdXWEquDau++0UVlbX1jeKm6Wt7Z3dvfL+waNOMsXQZ4lIVCOkGgWX6BtuBDZShTQOBT6F/ZuJ/zRApXkiH8wwxSCmXckjzqixUuO2pXlMBqJdrrhVdwqyTLycVCBHvV3+aXUSlsUoDRNU66bnpiYYUWU4EzgutTKNKWV92sWmpZLGqIPR9N4xObFKh0SJsiUNmap/J0Y01noYh7YzpqanF72J+J/XzEx0GYy4TDODks0WRZkgJiGT50mHK2RGDC2hTHF7K2E9qigzNqK5LaGifTTjkg3GW4xhmfhn1auqd39eqV3nCRXhCI7hFDy4gBrcQR18YCDgBV7hzXl23p0P53PWWnDymUOYg/P1C1Qjl+0=</latexit><latexit sha1_base64="QVt3spUcbe4k3e51TWOTI2a0wHU=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4koAePEVwNJEuYnfQmQ2Znl5nZQAg5+gNe9Q88iVd/xB/wO5wkezCJBQ1FVTfdXWEquDau++0UVlbX1jeKm6Wt7Z3dvfL+waNOMsXQZ4lIVCOkGgWX6BtuBDZShTQOBT6F/ZuJ/zRApXkiH8wwxSCmXckjzqixUuO2pXlMBqJdrrhVdwqyTLycVCBHvV3+aXUSlsUoDRNU66bnpiYYUWU4EzgutTKNKWV92sWmpZLGqIPR9N4xObFKh0SJsiUNmap/J0Y01noYh7YzpqanF72J+J/XzEx0GYy4TDODks0WRZkgJiGT50mHK2RGDC2hTHF7K2E9qigzNqK5LaGifTTjkg3GW4xhmfhn1auqd39eqV3nCRXhCI7hFDy4gBrcQR18YCDgBV7hzXl23p0P53PWWnDymUOYg/P1C1Qjl+0=</latexit><latexit sha1_base64="QVt3spUcbe4k3e51TWOTI2a0wHU=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoF4koAePEVwNJEuYnfQmQ2Znl5nZQAg5+gNe9Q88iVd/xB/wO5wkezCJBQ1FVTfdXWEquDau++0UVlbX1jeKm6Wt7Z3dvfL+waNOMsXQZ4lIVCOkGgWX6BtuBDZShTQOBT6F/ZuJ/zRApXkiH8wwxSCmXckjzqixUuO2pXlMBqJdrrhVdwqyTLycVCBHvV3+aXUSlsUoDRNU66bnpiYYUWU4EzgutTKNKWV92sWmpZLGqIPR9N4xObFKh0SJsiUNmap/J0Y01noYh7YzpqanF72J+J/XzEx0GYy4TDODks0WRZkgJiGT50mHK2RGDC2hTHF7K2E9qigzNqK5LaGifTTjkg3GW4xhmfhn1auqd39eqV3nCRXhCI7hFDy4gBrcQR18YCDgBV7hzXl23p0P53PWWnDymUOYg/P1C1Qjl+0=</latexit>

v ⇠ ~
m�

<latexit sha1_base64="t5tYFwsBE/zegZOYOS3zEKkLSCE=">AAACF3icbVDLSsNAFJ3UV62vqMtugkVwVRIR1I0U3LisYGyhCeVmMmmHziRhZlIoIQt/wx9wq3/gSty69Af8DqdtFrb1wMDhnHu4d06QMiqVbX8blbX1jc2t6nZtZ3dv/8A8PHqUSSYwcXHCEtENQBJGY+IqqhjppoIADxjpBKPbqd8ZEyFpEj+oSUp8DoOYRhSD0lLfrI89SbkXCcC5NwxAFDn3mM6HUPTNht20Z7BWiVOSBirR7ps/XpjgjJNYYQZS9hw7VX4OQlHMSFHzMklSwCMYkJ6mMXAi/Xz2icI61UpoRYnQL1bWTP2byIFLOeGBnuSghnLZm4r/eb1MRVd+TuM0UyTG80VRxiyVWNNGrJAKghWbaAJYUH2rhYegC1G6t4UtgYARUUVNF+Ms17BK3PPmddO5v2i0bsqGqqiOTtAZctAlaqE71EYuwugJvaBX9GY8G+/Gh/E5H60YZeYYLcD4+gUt46EX</latexit><latexit sha1_base64="t5tYFwsBE/zegZOYOS3zEKkLSCE=">AAACF3icbVDLSsNAFJ3UV62vqMtugkVwVRIR1I0U3LisYGyhCeVmMmmHziRhZlIoIQt/wx9wq3/gSty69Af8DqdtFrb1wMDhnHu4d06QMiqVbX8blbX1jc2t6nZtZ3dv/8A8PHqUSSYwcXHCEtENQBJGY+IqqhjppoIADxjpBKPbqd8ZEyFpEj+oSUp8DoOYRhSD0lLfrI89SbkXCcC5NwxAFDn3mM6HUPTNht20Z7BWiVOSBirR7ps/XpjgjJNYYQZS9hw7VX4OQlHMSFHzMklSwCMYkJ6mMXAi/Xz2icI61UpoRYnQL1bWTP2byIFLOeGBnuSghnLZm4r/eb1MRVd+TuM0UyTG80VRxiyVWNNGrJAKghWbaAJYUH2rhYegC1G6t4UtgYARUUVNF+Ms17BK3PPmddO5v2i0bsqGqqiOTtAZctAlaqE71EYuwugJvaBX9GY8G+/Gh/E5H60YZeYYLcD4+gUt46EX</latexit><latexit sha1_base64="t5tYFwsBE/zegZOYOS3zEKkLSCE=">AAACF3icbVDLSsNAFJ3UV62vqMtugkVwVRIR1I0U3LisYGyhCeVmMmmHziRhZlIoIQt/wx9wq3/gSty69Af8DqdtFrb1wMDhnHu4d06QMiqVbX8blbX1jc2t6nZtZ3dv/8A8PHqUSSYwcXHCEtENQBJGY+IqqhjppoIADxjpBKPbqd8ZEyFpEj+oSUp8DoOYRhSD0lLfrI89SbkXCcC5NwxAFDn3mM6HUPTNht20Z7BWiVOSBirR7ps/XpjgjJNYYQZS9hw7VX4OQlHMSFHzMklSwCMYkJ6mMXAi/Xz2icI61UpoRYnQL1bWTP2byIFLOeGBnuSghnLZm4r/eb1MRVd+TuM0UyTG80VRxiyVWNNGrJAKghWbaAJYUH2rhYegC1G6t4UtgYARUUVNF+Ms17BK3PPmddO5v2i0bsqGqqiOTtAZctAlaqE71EYuwugJvaBX9GY8G+/Gh/E5H60YZeYYLcD4+gUt46EX</latexit><latexit sha1_base64="t5tYFwsBE/zegZOYOS3zEKkLSCE=">AAACF3icbVDLSsNAFJ3UV62vqMtugkVwVRIR1I0U3LisYGyhCeVmMmmHziRhZlIoIQt/wx9wq3/gSty69Af8DqdtFrb1wMDhnHu4d06QMiqVbX8blbX1jc2t6nZtZ3dv/8A8PHqUSSYwcXHCEtENQBJGY+IqqhjppoIADxjpBKPbqd8ZEyFpEj+oSUp8DoOYRhSD0lLfrI89SbkXCcC5NwxAFDn3mM6HUPTNht20Z7BWiVOSBirR7ps/XpjgjJNYYQZS9hw7VX4OQlHMSFHzMklSwCMYkJ6mMXAi/Xz2icI61UpoRYnQL1bWTP2byIFLOeGBnuSghnLZm4r/eb1MRVd+TuM0UyTG80VRxiyVWNNGrJAKghWbaAJYUH2rhYegC1G6t4UtgYARUUVNF+Ms17BK3PPmddO5v2i0bsqGqqiOTtAZctAlaqE71EYuwugJvaBX9GY8G+/Gh/E5H60YZeYYLcD4+gUt46EX</latexit>

l ⇠ 1

n�2
<latexit sha1_base64="AfaXGgvyMvAeRZvV+V7/Efph+Mk=">AAACFnicbVDNSsNAGNz4W+tf1JteFovgqSRFUC9S8OKxgrGFJpbNZtMu3d2E3Y1QQsDX8AW86ht4Eq9efQGfw22bg20dWBhmvuH7dsKUUaUd59taWl5ZXVuvbFQ3t7Z3du29/XuVZBITDycskZ0QKcKoIJ6mmpFOKgniISPtcHg99tuPRCqaiDs9SknAUV/QmGKkjdSzD5mvKId+LBHO3SIXPjPhCD00ip5dc+rOBHCRuCWpgRKtnv3jRwnOOBEaM6RU13VSHeRIaooZKap+pkiK8BD1SddQgThRQT75QwFPjBLBOJHmCQ0n6t9EjrhSIx6aSY70QM17Y/E/r5vp+CLIqUgzTQSeLoozBnUCx4XAiEqCNRsZgrCk5laIB8jUoU1tM1tCiYZEF1VTjDtfwyLxGvXLunt7VmtelQ1VwBE4BqfABeegCW5AC3gAgyfwAl7Bm/VsvVsf1ud0dMkqMwdgBtbXLynEn+w=</latexit><latexit sha1_base64="AfaXGgvyMvAeRZvV+V7/Efph+Mk=">AAACFnicbVDNSsNAGNz4W+tf1JteFovgqSRFUC9S8OKxgrGFJpbNZtMu3d2E3Y1QQsDX8AW86ht4Eq9efQGfw22bg20dWBhmvuH7dsKUUaUd59taWl5ZXVuvbFQ3t7Z3du29/XuVZBITDycskZ0QKcKoIJ6mmpFOKgniISPtcHg99tuPRCqaiDs9SknAUV/QmGKkjdSzD5mvKId+LBHO3SIXPjPhCD00ip5dc+rOBHCRuCWpgRKtnv3jRwnOOBEaM6RU13VSHeRIaooZKap+pkiK8BD1SddQgThRQT75QwFPjBLBOJHmCQ0n6t9EjrhSIx6aSY70QM17Y/E/r5vp+CLIqUgzTQSeLoozBnUCx4XAiEqCNRsZgrCk5laIB8jUoU1tM1tCiYZEF1VTjDtfwyLxGvXLunt7VmtelQ1VwBE4BqfABeegCW5AC3gAgyfwAl7Bm/VsvVsf1ud0dMkqMwdgBtbXLynEn+w=</latexit><latexit sha1_base64="AfaXGgvyMvAeRZvV+V7/Efph+Mk=">AAACFnicbVDNSsNAGNz4W+tf1JteFovgqSRFUC9S8OKxgrGFJpbNZtMu3d2E3Y1QQsDX8AW86ht4Eq9efQGfw22bg20dWBhmvuH7dsKUUaUd59taWl5ZXVuvbFQ3t7Z3du29/XuVZBITDycskZ0QKcKoIJ6mmpFOKgniISPtcHg99tuPRCqaiDs9SknAUV/QmGKkjdSzD5mvKId+LBHO3SIXPjPhCD00ip5dc+rOBHCRuCWpgRKtnv3jRwnOOBEaM6RU13VSHeRIaooZKap+pkiK8BD1SddQgThRQT75QwFPjBLBOJHmCQ0n6t9EjrhSIx6aSY70QM17Y/E/r5vp+CLIqUgzTQSeLoozBnUCx4XAiEqCNRsZgrCk5laIB8jUoU1tM1tCiYZEF1VTjDtfwyLxGvXLunt7VmtelQ1VwBE4BqfABeegCW5AC3gAgyfwAl7Bm/VsvVsf1ud0dMkqMwdgBtbXLynEn+w=</latexit><latexit sha1_base64="AfaXGgvyMvAeRZvV+V7/Efph+Mk=">AAACFnicbVDNSsNAGNz4W+tf1JteFovgqSRFUC9S8OKxgrGFJpbNZtMu3d2E3Y1QQsDX8AW86ht4Eq9efQGfw22bg20dWBhmvuH7dsKUUaUd59taWl5ZXVuvbFQ3t7Z3du29/XuVZBITDycskZ0QKcKoIJ6mmpFOKgniISPtcHg99tuPRCqaiDs9SknAUV/QmGKkjdSzD5mvKId+LBHO3SIXPjPhCD00ip5dc+rOBHCRuCWpgRKtnv3jRwnOOBEaM6RU13VSHeRIaooZKap+pkiK8BD1SddQgThRQT75QwFPjBLBOJHmCQ0n6t9EjrhSIx6aSY70QM17Y/E/r5vp+CLIqUgzTQSeLoozBnUCx4XAiEqCNRsZgrCk5laIB8jUoU1tM1tCiYZEF1VTjDtfwyLxGvXLunt7VmtelQ1VwBE4BqfABeegCW5AC3gAgyfwAl7Bm/VsvVsf1ud0dMkqMwdgBtbXLynEn+w=</latexit>

D = �
~
m

✓
T

TF

◆3/2

<latexit sha1_base64="une2uP3Dur/8yF8eGjvJgkGGcF8="></latexit><latexit sha1_base64="une2uP3Dur/8yF8eGjvJgkGGcF8="></latexit><latexit sha1_base64="une2uP3Dur/8yF8eGjvJgkGGcF8="></latexit><latexit sha1_base64="une2uP3Dur/8yF8eGjvJgkGGcF8="></latexit>

Diffusivity of first sound

7
3
η

ρ

η from Enss, Haussmann, Zwerger, Ann. 
Phys. (2011)

Schäfer et al., PRA 
2010

D ⇠ vl ⇠ vF
k2F
n

⇠ ~
m

<latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit>
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Diffusivity of first sound

7
3
η

ρ

η from Enss, Haussmann, Zwerger, Ann. 
Phys. (2011)

Low temperature limit:
D ⇠ v l

nq

n
<latexit sha1_base64="Hk1eiwZ46/mT5UrT5EgVwFsQmIE=">AAACE3icbZDNSgMxFIUz/tb6N+rChZtgEVyVGRHUjRR04bKCYwudoWTSTBuaZMYkUyjD9DF8Abf6Bq7ErQ/gC/gcpu0sbOuBwOHce7k3X5gwqrTjfFtLyyura+uljfLm1vbOrr23/6jiVGLi4ZjFshkiRRgVxNNUM9JMJEE8ZKQR9m/G9caASEVj8aCHCQk46goaUYy0idr24a2vKIeDERv5kUQ4E+2nPBN52644VWciuGjcwlRAoXrb/vE7MU45ERozpFTLdRIdZEhqihnJy36qSIJwH3VJy1iBOFFBNvlADk9M0oFRLM0TGk7SvxMZ4koNeWg6OdI9NV8bh//VWqmOLoOMiiTVRODpoihlUMdwTAN2qCRYs6ExCEtqboW4hwwHbZjNbAkl6hOdlw0Ydx7DovHOqldV9/68UrsuCJXAETgGp8AFF6AG7kAdeACDHLyAV/BmPVvv1of1OW1dsoqZAzAj6+sXxCCfRA==</latexit><latexit sha1_base64="Hk1eiwZ46/mT5UrT5EgVwFsQmIE=">AAACE3icbZDNSgMxFIUz/tb6N+rChZtgEVyVGRHUjRR04bKCYwudoWTSTBuaZMYkUyjD9DF8Abf6Bq7ErQ/gC/gcpu0sbOuBwOHce7k3X5gwqrTjfFtLyyura+uljfLm1vbOrr23/6jiVGLi4ZjFshkiRRgVxNNUM9JMJEE8ZKQR9m/G9caASEVj8aCHCQk46goaUYy0idr24a2vKIeDERv5kUQ4E+2nPBN52644VWciuGjcwlRAoXrb/vE7MU45ERozpFTLdRIdZEhqihnJy36qSIJwH3VJy1iBOFFBNvlADk9M0oFRLM0TGk7SvxMZ4koNeWg6OdI9NV8bh//VWqmOLoOMiiTVRODpoihlUMdwTAN2qCRYs6ExCEtqboW4hwwHbZjNbAkl6hOdlw0Ydx7DovHOqldV9/68UrsuCJXAETgGp8AFF6AG7kAdeACDHLyAV/BmPVvv1of1OW1dsoqZAzAj6+sXxCCfRA==</latexit><latexit sha1_base64="Hk1eiwZ46/mT5UrT5EgVwFsQmIE=">AAACE3icbZDNSgMxFIUz/tb6N+rChZtgEVyVGRHUjRR04bKCYwudoWTSTBuaZMYkUyjD9DF8Abf6Bq7ErQ/gC/gcpu0sbOuBwOHce7k3X5gwqrTjfFtLyyura+uljfLm1vbOrr23/6jiVGLi4ZjFshkiRRgVxNNUM9JMJEE8ZKQR9m/G9caASEVj8aCHCQk46goaUYy0idr24a2vKIeDERv5kUQ4E+2nPBN52644VWciuGjcwlRAoXrb/vE7MU45ERozpFTLdRIdZEhqihnJy36qSIJwH3VJy1iBOFFBNvlADk9M0oFRLM0TGk7SvxMZ4koNeWg6OdI9NV8bh//VWqmOLoOMiiTVRODpoihlUMdwTAN2qCRYs6ExCEtqboW4hwwHbZjNbAkl6hOdlw0Ydx7DovHOqldV9/68UrsuCJXAETgGp8AFF6AG7kAdeACDHLyAV/BmPVvv1of1OW1dsoqZAzAj6+sXxCCfRA==</latexit><latexit sha1_base64="Hk1eiwZ46/mT5UrT5EgVwFsQmIE=">AAACE3icbZDNSgMxFIUz/tb6N+rChZtgEVyVGRHUjRR04bKCYwudoWTSTBuaZMYkUyjD9DF8Abf6Bq7ErQ/gC/gcpu0sbOuBwOHce7k3X5gwqrTjfFtLyyura+uljfLm1vbOrr23/6jiVGLi4ZjFshkiRRgVxNNUM9JMJEE8ZKQR9m/G9caASEVj8aCHCQk46goaUYy0idr24a2vKIeDERv5kUQ4E+2nPBN52644VWciuGjcwlRAoXrb/vE7MU45ERozpFTLdRIdZEhqihnJy36qSIJwH3VJy1iBOFFBNvlADk9M0oFRLM0TGk7SvxMZ4koNeWg6OdI9NV8bh//VWqmOLoOMiiTVRODpoihlUMdwTAN2qCRYs6ExCEtqboW4hwwHbZjNbAkl6hOdlw0Ydx7DovHOqldV9/68UrsuCJXAETgGp8AFF6AG7kAdeACDHLyAV/BmPVvv1of1OW1dsoqZAzAj6+sXxCCfRA==</latexit>

⇠ v

�n
<latexit sha1_base64="qkxf58pZltBnN9xcopbVIGGap6k=">AAACE3icbZDLSgMxFIYz9VbrrerChZtgEVyVGRHUjRTcuKzgaKEzlEx6pg1NMkOSKZRhXsMXcKtv4Erc+gC+gM9helnY1h8Cf/5zDif5opQzbVz32ymtrK6tb5Q3K1vbO7t71f2DR51kioJPE56oVkQ0cCbBN8xwaKUKiIg4PEWD23H9aQhKs0Q+mFEKoSA9yWJGibFRp3oUaCZwECtC82GR21tPECyLTrXm1t2J8LLxZqaGZmp2qj9BN6GZAGkoJ1q3PTc1YU6UYZRDUQkyDSmhA9KDtrWSCNBhPvlAgU9t0sVxouyRBk/SvxM5EVqPRGQ7BTF9vVgbh//V2pmJr8KcyTQzIOl0UZxxbBI8poG7TAE1fGQNoYrZt2LaJxaGsczmtkSKDMAUFQvGW8SwbPzz+nXdu7+oNW5mhMroGJ2gM+ShS9RAd6iJfERRgV7QK3pznp1358P5nLaWnNnMIZqT8/ULMJ2e5w==</latexit><latexit sha1_base64="qkxf58pZltBnN9xcopbVIGGap6k=">AAACE3icbZDLSgMxFIYz9VbrrerChZtgEVyVGRHUjRTcuKzgaKEzlEx6pg1NMkOSKZRhXsMXcKtv4Erc+gC+gM9helnY1h8Cf/5zDif5opQzbVz32ymtrK6tb5Q3K1vbO7t71f2DR51kioJPE56oVkQ0cCbBN8xwaKUKiIg4PEWD23H9aQhKs0Q+mFEKoSA9yWJGibFRp3oUaCZwECtC82GR21tPECyLTrXm1t2J8LLxZqaGZmp2qj9BN6GZAGkoJ1q3PTc1YU6UYZRDUQkyDSmhA9KDtrWSCNBhPvlAgU9t0sVxouyRBk/SvxM5EVqPRGQ7BTF9vVgbh//V2pmJr8KcyTQzIOl0UZxxbBI8poG7TAE1fGQNoYrZt2LaJxaGsczmtkSKDMAUFQvGW8SwbPzz+nXdu7+oNW5mhMroGJ2gM+ShS9RAd6iJfERRgV7QK3pznp1358P5nLaWnNnMIZqT8/ULMJ2e5w==</latexit><latexit sha1_base64="qkxf58pZltBnN9xcopbVIGGap6k=">AAACE3icbZDLSgMxFIYz9VbrrerChZtgEVyVGRHUjRTcuKzgaKEzlEx6pg1NMkOSKZRhXsMXcKtv4Erc+gC+gM9helnY1h8Cf/5zDif5opQzbVz32ymtrK6tb5Q3K1vbO7t71f2DR51kioJPE56oVkQ0cCbBN8xwaKUKiIg4PEWD23H9aQhKs0Q+mFEKoSA9yWJGibFRp3oUaCZwECtC82GR21tPECyLTrXm1t2J8LLxZqaGZmp2qj9BN6GZAGkoJ1q3PTc1YU6UYZRDUQkyDSmhA9KDtrWSCNBhPvlAgU9t0sVxouyRBk/SvxM5EVqPRGQ7BTF9vVgbh//V2pmJr8KcyTQzIOl0UZxxbBI8poG7TAE1fGQNoYrZt2LaJxaGsczmtkSKDMAUFQvGW8SwbPzz+nXdu7+oNW5mhMroGJ2gM+ShS9RAd6iJfERRgV7QK3pznp1358P5nLaWnNnMIZqT8/ULMJ2e5w==</latexit><latexit sha1_base64="qkxf58pZltBnN9xcopbVIGGap6k=">AAACE3icbZDLSgMxFIYz9VbrrerChZtgEVyVGRHUjRTcuKzgaKEzlEx6pg1NMkOSKZRhXsMXcKtv4Erc+gC+gM9helnY1h8Cf/5zDif5opQzbVz32ymtrK6tb5Q3K1vbO7t71f2DR51kioJPE56oVkQ0cCbBN8xwaKUKiIg4PEWD23H9aQhKs0Q+mFEKoSA9yWJGibFRp3oUaCZwECtC82GR21tPECyLTrXm1t2J8LLxZqaGZmp2qj9BN6GZAGkoJ1q3PTc1YU6UYZRDUQkyDSmhA9KDtrWSCNBhPvlAgU9t0sVxouyRBk/SvxM5EVqPRGQ7BTF9vVgbh//V2pmJr8KcyTQzIOl0UZxxbBI8poG7TAE1fGQNoYrZt2LaJxaGsczmtkSKDMAUFQvGW8SwbPzz+nXdu7+oNW5mhMroGJ2gM+ShS9RAd6iJfERRgV7QK3pznp1358P5nLaWnNnMIZqT8/ULMJ2e5w==</latexit>

Gapped excitations:
v ⇠ vF

<latexit sha1_base64="CWXKblnp27noHrMCAslPMc0gntU=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAbBVZgRQd1IQBCXERwTSELo6bwkTbpnhu43IWHIIbyAW72BK3HrFbyA57DzWZjEggdF1XvUo4JYCoOu++1k1tY3Nrey27md3b39g/xh4clEiebg80hGuhYwA1KE4KNACbVYA1OBhGrQv5341QFoI6LwEUcxNBXrhqIjOEMrtfKFQcMIRQetBsIQtUrvxq180S25U9BV4s1JkcxRaeV/Gu2IJwpC5JIZU/fcGJsp0yi4hHGukRiIGe+zLtQtDZkC00ynv4/pqVXatBNpOyHSqfr3ImXKmJEK7KZi2DPL3kT8z6sn2LlqpiKME4SQz4I6iaQY0UkRtC00cJQjSxjXwv5KeY9pxtHWtZASaNYHHOdsMd5yDavEPy9dl7yHi2L5Zt5QlhyTE3JGPHJJyuSeVIhPOBmSF/JK3pxn5935cD5nqxlnfnNEFuB8/QJt9pzl</latexit><latexit sha1_base64="CWXKblnp27noHrMCAslPMc0gntU=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAbBVZgRQd1IQBCXERwTSELo6bwkTbpnhu43IWHIIbyAW72BK3HrFbyA57DzWZjEggdF1XvUo4JYCoOu++1k1tY3Nrey27md3b39g/xh4clEiebg80hGuhYwA1KE4KNACbVYA1OBhGrQv5341QFoI6LwEUcxNBXrhqIjOEMrtfKFQcMIRQetBsIQtUrvxq180S25U9BV4s1JkcxRaeV/Gu2IJwpC5JIZU/fcGJsp0yi4hHGukRiIGe+zLtQtDZkC00ynv4/pqVXatBNpOyHSqfr3ImXKmJEK7KZi2DPL3kT8z6sn2LlqpiKME4SQz4I6iaQY0UkRtC00cJQjSxjXwv5KeY9pxtHWtZASaNYHHOdsMd5yDavEPy9dl7yHi2L5Zt5QlhyTE3JGPHJJyuSeVIhPOBmSF/JK3pxn5935cD5nqxlnfnNEFuB8/QJt9pzl</latexit><latexit sha1_base64="CWXKblnp27noHrMCAslPMc0gntU=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAbBVZgRQd1IQBCXERwTSELo6bwkTbpnhu43IWHIIbyAW72BK3HrFbyA57DzWZjEggdF1XvUo4JYCoOu++1k1tY3Nrey27md3b39g/xh4clEiebg80hGuhYwA1KE4KNACbVYA1OBhGrQv5341QFoI6LwEUcxNBXrhqIjOEMrtfKFQcMIRQetBsIQtUrvxq180S25U9BV4s1JkcxRaeV/Gu2IJwpC5JIZU/fcGJsp0yi4hHGukRiIGe+zLtQtDZkC00ynv4/pqVXatBNpOyHSqfr3ImXKmJEK7KZi2DPL3kT8z6sn2LlqpiKME4SQz4I6iaQY0UkRtC00cJQjSxjXwv5KeY9pxtHWtZASaNYHHOdsMd5yDavEPy9dl7yHi2L5Zt5QlhyTE3JGPHJJyuSeVIhPOBmSF/JK3pxn5935cD5nqxlnfnNEFuB8/QJt9pzl</latexit><latexit sha1_base64="CWXKblnp27noHrMCAslPMc0gntU=">AAACDnicbVBLSgNBFOyJvxh/MS7dNAbBVZgRQd1IQBCXERwTSELo6bwkTbpnhu43IWHIIbyAW72BK3HrFbyA57DzWZjEggdF1XvUo4JYCoOu++1k1tY3Nrey27md3b39g/xh4clEiebg80hGuhYwA1KE4KNACbVYA1OBhGrQv5341QFoI6LwEUcxNBXrhqIjOEMrtfKFQcMIRQetBsIQtUrvxq180S25U9BV4s1JkcxRaeV/Gu2IJwpC5JIZU/fcGJsp0yi4hHGukRiIGe+zLtQtDZkC00ynv4/pqVXatBNpOyHSqfr3ImXKmJEK7KZi2DPL3kT8z6sn2LlqpiKME4SQz4I6iaQY0UkRtC00cJQjSxjXwv5KeY9pxtHWtZASaNYHHOdsMd5yDavEPy9dl7yHi2L5Zt5QlhyTE3JGPHJJyuSeVIhPOBmSF/JK3pxn5935cD5nqxlnfnNEFuB8/QJt9pzl</latexit> � ⇠ 1

k2F

✓
�

EF

◆2

<latexit sha1_base64="LEf+6GZIcNqhteGR/8R53DkGrC4="></latexit><latexit sha1_base64="LEf+6GZIcNqhteGR/8R53DkGrC4="></latexit><latexit sha1_base64="LEf+6GZIcNqhteGR/8R53DkGrC4="></latexit><latexit sha1_base64="LEf+6GZIcNqhteGR/8R53DkGrC4="></latexit>

D ⇠ ~
m

✓
EF

�

◆2

<latexit sha1_base64="qqR3UnJRPa16pG8Vm97gM/ne65I="></latexit><latexit sha1_base64="qqR3UnJRPa16pG8Vm97gM/ne65I="></latexit><latexit sha1_base64="qqR3UnJRPa16pG8Vm97gM/ne65I="></latexit><latexit sha1_base64="qqR3UnJRPa16pG8Vm97gM/ne65I="></latexit>

Dimensional grounds: D =
~
m
fD

✓
T

TF

◆

<latexit sha1_base64="CvpsBcINDgfmVoARnLL6IGSR0Nw="></latexit><latexit sha1_base64="CvpsBcINDgfmVoARnLL6IGSR0Nw="></latexit><latexit sha1_base64="CvpsBcINDgfmVoARnLL6IGSR0Nw="></latexit><latexit sha1_base64="CvpsBcINDgfmVoARnLL6IGSR0Nw="></latexit>

D ⇠ vl ⇠ vF
k2F
n

⇠ ~
m

<latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit><latexit sha1_base64="eTI2TQ5PENaUdyTX9vzYYcASCHE="></latexit>

l ⇠ 1

nq�
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Below Tc, constant D

Ono et al., JLTP 48, 167 (1982)
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Above Tc, Fermi liquid
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Comparison to 3He
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First sound 
Always propagating Second sound 

Diffusive T>Tc 
Propagating for T<Tc

Density response function:
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Second  
sound

First  
sound − =
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In situ spectroscopy

Spectroscopy of unitary Fermi gas 

Number of flipped spins 
gives probe of local 
temperature 

Temperature

Biswaroop Mukherjee, Parth B. Patel, Zhenjie Yan, Richard J. 
Fletcher, Julian Struck, and Martin W. Zwierlein 
Phys. Rev. Lett. 122, 203402 (2019) 
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Observation of Second Sound in Quasi-1D geometry: 
Sidorenkov et al., Grimm, Stringari&Piatevskii, Nature 2013

On bosons: weakly interacting situation: JILA (Debbie Jin 1996), MIT  
Hydrodynamic gas: van der Straten

Drive temperature wave using potential (coupled to density)

+

Injection of second sound
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Density Probe

! Speeds and decay rates of first and second sound

Observation of first and second sound

Z. Yan, P. Patel, B. Mukherjee, R. Fletcher, M. Zwierlein, in prep. (2020)
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Decay of standing wave of  
second sound

Damping of second sound

Z. Yan, P. Patel, B. Mukherjee, R. Fletcher, M. Zwierlein, in prep. (2020)
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2. In situ physics of a rotating quantum gas

Geometric squeezing Dynamics of superfluid under  
gauge field + interactions

Chiral edge modes

Flat LL dispersion -> purely 
interaction-driven physics 
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+
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R. Fletcher, A. Shaffer, C. Wilson, P. Patel, Z. Yan, V. Crepel, B. Mukherjee, M. Zwierlein,  
arXiv:1911.12347 (2019) Science, accepted

https://arxiv.org/abs/1911.12347
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In situ detection of quantum vortices
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Artificial magnetic fields: 
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Spin-orbit coupling

Direct phase  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PRL 111, 18530 (2013)
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Cyclotron Guiding centre

Particle moves within non- 
commutative space

If potential                varies slowly, can’t resolve cyclotron motion

Quantum description
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Transverse Hall response

Isopotential flow

Force Motion

Y
X

Y
X

Time evolution under generic spatial potential  
=  

Geometric transformation

Life in a non-commuting space
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Elliptical harmonic potential

Rotate at frequency    , ramp up to trap frequency      
and hold

Our experiment: BEC in a rotating elliptical trap

V =
1

2
m!2

⇥
(1 + ")x2 + (1� ")y2

⇤
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Squeezing rate
Hamiltonian under saddle potential

C.f. one-mode squeezing operator:

Geometric squeezing
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Transformation from a ‘symmetric gauge’ to ‘Landau gauge’ condensate
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Instability of the Landau gauge wavefunction

Spontaneous crystallisation of superfluid

Occurs in the absence of any single-particle  
dynamics
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Instability of the Landau gauge wavefunction

Spontaneous crystallisation of superfluid

Occurs in the absence of any single-particle  
dynamics
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