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1.  Static bulk viscosity in 3D 

•  Nonrelativistic conformal invariance 

•  Its implications for hydrodynamics 

2.  Dynamic bulk viscosity in 1D 

•  Bose-Fermi duality and integrability 

•  Implications of  integrability breaking …
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1.  Nonrelativistic CFT

Y. Nishida & D. T. Son, PRD (2007);  arXiv:1004.3597
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Maximal spacetime symmetries of

•  Translations in time and space 

•  Galilean boosts

•  Scale transformation

•  Conformal transformation
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U. Niederer, HPA (1972) 
C. R. Hagen, PRD (1972)

•  Spatial rotations 

•  Phase rotation
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•  Scale transformation

•  Conformal transformation
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•  Scale transformation  (infinitesimal)
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•  Conformal transformation
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•  Scale transformation  (infinitesimal)
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•  Conformal transformation  (infinitesimal)

~  mean square radius 
~  harmonic potential
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•  Scale transformation  (infinitesimal)

•  Conformal transformation  (infinitesimal)
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Generators (D, C, H) obey SO(2,1) Lie algebra
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zero-range (r0 =0) 
& infinite scattering length (a=∞) interaction 
(relevant to cold atom experiments)

H=H’ for
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2.  Hydrodynamics

Y. Nishida & D. T. Son, PRD (2007);  arXiv:1004.3597 

K. Fujii & Y. Nishida, Phys. Rev. A 98, 063634 (2018)
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2!
<latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit>

L+|Oi
<latexit sha1_base64="5G0lUYrS0xNAoU/UhcPL7Fyjnak="></latexit><latexit sha1_base64="5G0lUYrS0xNAoU/UhcPL7Fyjnak="></latexit><latexit sha1_base64="5G0lUYrS0xNAoU/UhcPL7Fyjnak="></latexit><latexit sha1_base64="5G0lUYrS0xNAoU/UhcPL7Fyjnak="></latexit>

L2
+|Oi

<latexit sha1_base64="WbCFKLCVe6HAiYO25utYN76mtqA="></latexit><latexit sha1_base64="WbCFKLCVe6HAiYO25utYN76mtqA="></latexit><latexit sha1_base64="WbCFKLCVe6HAiYO25utYN76mtqA="></latexit><latexit sha1_base64="WbCFKLCVe6HAiYO25utYN76mtqA="></latexit>

�!
<latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit>

2!
<latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit><latexit sha1_base64="0YGDR2diCC/0zYzqoYtaPK9+8e8=">AAACinicbZHdSgMxEIXT9a/+t3rpjdgbwSLdUhBRpKCglxWsFpoik91xXUyyS5JWS9jX8FZfy7cxXSuyrXOTw5kvcxiGpTzWptH4KnkLi0vLK+XVtfWNza3tSnXnXidDFWA3SHiiegw08lhi18SGYy9VCIJxfGAvl5P+wwiVjhN5Z8YpDgREMn6KAzDOopQJ26SJwAiyx0qtcdzIa39e+FNRI9PqPFZLzzRMgqFAaQIOWluFI4NvrWyNDjWmELxAhBaEFmCe6+7VY8HqTBT6fSclCNT1cBSnOpcDm2/mOImvQSIEyNBShWHW9wfWUhdicsJOPFvzs2yGjRSinKOvc/c/nvEhzuG5+Usr/OOp+5GCMjHwwhwXC5NhwlIJjEMxhR5ZGkIUYXExem4pBxlxnE25cDv/NNxt/NlLzIv75rHv9G2r1m5Pr1Qme+SAHBKfnJA2uSEd0iUBSck7+SCf3obX9E69sx/UK03/7JJCeVffGb7OFg==</latexit>

Valid for 
any scale invariant systems 
confined by harmonic potential

L�|Oi = 0

H!L
n
+|Oi = (�! + 2n!)Ln

+|Oi
<latexit sha1_base64="PIoqL4M+SmAJ9yav+LMXSc0hjys="></latexit><latexit sha1_base64="PIoqL4M+SmAJ9yav+LMXSc0hjys="></latexit><latexit sha1_base64="PIoqL4M+SmAJ9yav+LMXSc0hjys="></latexit><latexit sha1_base64="PIoqL4M+SmAJ9yav+LMXSc0hjys="></latexit>

H! ⌘ H + !
2
C, L± ⌘ H � !

2
C ± i!D

<latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit>

[H!, L±] = ±2!L±, [L+, L�] = �4!H!
<latexit sha1_base64="hla15Nu9e8Ps5scFXUpKmLOVagA="></latexit><latexit sha1_base64="hla15Nu9e8Ps5scFXUpKmLOVagA="></latexit><latexit sha1_base64="hla15Nu9e8Ps5scFXUpKmLOVagA="></latexit><latexit sha1_base64="hla15Nu9e8Ps5scFXUpKmLOVagA="></latexit>

Y. Nishida & D. T. Son, PRD (2007); arXiv:1004.3597 

Y. Castin & F. Werner, PRA (2006); arXiv:1103.2851
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Arbitrary time-evolving state | ti = e�iH!t| 0i
<latexit sha1_base64="i0u9mF4hPddPWxfzdnHT7NP0b5k="></latexit><latexit sha1_base64="i0u9mF4hPddPWxfzdnHT7NP0b5k="></latexit><latexit sha1_base64="i0u9mF4hPddPWxfzdnHT7NP0b5k="></latexit><latexit sha1_base64="i0u9mF4hPddPWxfzdnHT7NP0b5k="></latexit>

✓
C ⌘

m

2

ZZZ
dd~x ~x2 † 

◆

<latexit sha1_base64="pqWWDhZ6CdPmG7TKqv7zd20KZFM="></latexit><latexit sha1_base64="pqWWDhZ6CdPmG7TKqv7zd20KZFM="></latexit><latexit sha1_base64="pqWWDhZ6CdPmG7TKqv7zd20KZFM="></latexit><latexit sha1_base64="pqWWDhZ6CdPmG7TKqv7zd20KZFM="></latexit> h~x2i = A+B cos (2!t+')
<latexit sha1_base64="GWbJDRIIu32ZUmiKJNDmXfSlluQ="></latexit><latexit sha1_base64="GWbJDRIIu32ZUmiKJNDmXfSlluQ="></latexit><latexit sha1_base64="GWbJDRIIu32ZUmiKJNDmXfSlluQ="></latexit><latexit sha1_base64="GWbJDRIIu32ZUmiKJNDmXfSlluQ="></latexit>

Undamped “breathing mode” 

with frequency right at 2𝞈

Mean square radius

hCi = h 0|eiH!t
2H! � L+ � L�

4!2
e
�iH!t| 0i

= h 0|
2H! � e

i2!t
L+ � e

�i2!t
L�

4!2
| 0i

=
h 0|H!| 0i � cos(2!t + ')|h 0|L+| 0i|

2!2
<latexit sha1_base64="AX7YdN/DeLxd9XBqKKR8j/jWu0E="></latexit><latexit sha1_base64="AX7YdN/DeLxd9XBqKKR8j/jWu0E="></latexit><latexit sha1_base64="AX7YdN/DeLxd9XBqKKR8j/jWu0E="></latexit><latexit sha1_base64="AX7YdN/DeLxd9XBqKKR8j/jWu0E="></latexit>

L. P. Pitaevskii & A. Rosch, PRA (1997)
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H is scale invariant for                              in 2D  ??

13Breathing mode

Tunable via Feshbach resonance 
with ultracold atoms

Quadrupole mode Breathing mode

M
. K

ö
h

l’s
 g

ro
u

p
, P

R
L

 (
2

0
1

2
)

~ 1/g ~ 1/g

2𝞈

undamped

V = �g �2(~r)
<latexit sha1_base64="l6aDMqSaVGSpnelM4/ghNb6Fm/Q="></latexit><latexit sha1_base64="l6aDMqSaVGSpnelM4/ghNb6Fm/Q="></latexit><latexit sha1_base64="l6aDMqSaVGSpnelM4/ghNb6Fm/Q="></latexit><latexit sha1_base64="l6aDMqSaVGSpnelM4/ghNb6Fm/Q="></latexit>

T ~ 0.4 TF
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Undamped “breathing mode” 

for any scale invariant systems 
confined by harmonic potential

Vanishing bulk viscosity !?

When coupled with external gauge field & metric

•  Gauge transformation 

•  General coordinate transformation 

•  Conformal transformation

~x ! ~x0(~x, t)
<latexit sha1_base64="ZFOgtZBIbFQDrDn+ktNXDiC42uA="></latexit><latexit sha1_base64="ZFOgtZBIbFQDrDn+ktNXDiC42uA="></latexit><latexit sha1_base64="ZFOgtZBIbFQDrDn+ktNXDiC42uA="></latexit><latexit sha1_base64="ZFOgtZBIbFQDrDn+ktNXDiC42uA="></latexit>

 ! ei�(~x,t) 
<latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit>

t ! t0(t)
<latexit sha1_base64="oOm34Cb32AXCtEJDf4cwi/xsqdQ="></latexit><latexit sha1_base64="oOm34Cb32AXCtEJDf4cwi/xsqdQ="></latexit><latexit sha1_base64="oOm34Cb32AXCtEJDf4cwi/xsqdQ="></latexit><latexit sha1_base64="oOm34Cb32AXCtEJDf4cwi/xsqdQ="></latexit>

is invariant under

S =

ZZZ
dtdd~x

p
g

 
i †$Dt �

gij

2m
~Di 

† ~Dj +Lint

!

<latexit sha1_base64="8WLAx/t9KsMqIUChIMSGDx4Povk="></latexit><latexit sha1_base64="8WLAx/t9KsMqIUChIMSGDx4Povk="></latexit><latexit sha1_base64="8WLAx/t9KsMqIUChIMSGDx4Povk="></latexit><latexit sha1_base64="8WLAx/t9KsMqIUChIMSGDx4Povk="></latexit>

D. T. Son & M. Wingate, Ann Phys (2006)

D. T. Son, PRL (2007)
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Microscopic symmetries must be 

inherited by hydrodynamics

Viscous stress tensor

fluid expansion

volume expansion

 coupled with metric

is invariant under general coordinate transformation

Vanishing bulk viscosity  @  a=infinite

but is NOT under conformal transformation

D. T. Son, PRL (2007)

⇡ij = ⇣ �ij @kv
k + shear

<latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="tIg2GIDekbJgIZUs1C+hFuMGt2E=">AAACcHicbZFNS8NAEIa38avWqu3Zi1gEwVISEbyICB70WMF+QLeUSTKmobubsLutliV/wKu/zl+j27QiaZ3Lvsw8Oy/D66csVtp1v0rO1vbO7l55v3JQrRweHdeqXZVMZYCdIGGJ7PugkMUCOzrWDPupROA+w54/eVjMezOUKk7Ei56nOOQQifg1DkDbVntUa7gtN6/TTeGtRIOsalQvjWmYBFOOQgcMlDISZxrfr7MKnSpMIZhAhAa44qDHTfuqOfebPi/MB1YK4Kia4SxOVS6HJj/GcgLfgoRzEKGhEsNs4A2NodZE54RZ9EzDy7I1NpKIYoN+zLv/8T6b4gaeN39piX88tT9SkDoGVthjbWGxjBsqwGdQdKGXhoYQRVg8jN4aykBEDNdd7uzNy4GNxlsPYlN0r1qe1c8uKZMTckYuiEduyD15Im3SIQEJyQf5LH07505zGaFTWmVZJ4VyWj9JsMgL</latexit><latexit sha1_base64="qynzyvEmsTf1ej0GCd29T52ad2Q="></latexit><latexit sha1_base64="qynzyvEmsTf1ej0GCd29T52ad2Q="></latexit><latexit sha1_base64="8Dl1XnKLRMS1MaiK6x5ULgEmfPg="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit><latexit sha1_base64="wA7vsLqKKJPCqeEFg/dccs9P86s="></latexit>

⇡ij = ⇣ gij
�
rkv

k + @t ln
p
g
�

+ shear
<latexit sha1_base64="uKm00mPnoVJLVwvDnPPR6rQksdg="></latexit>
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J. E. Thomas’s group, PRL (2014)

shear

bulk

1

N

ZZZ
d3~x (⌘, ⇣)

<latexit sha1_base64="Ig7SKu1VAshiO0QjD4Ssivp2jk0="></latexit><latexit sha1_base64="Ig7SKu1VAshiO0QjD4Ssivp2jk0="></latexit><latexit sha1_base64="Ig7SKu1VAshiO0QjD4Ssivp2jk0="></latexit><latexit sha1_base64="Ig7SKu1VAshiO0QjD4Ssivp2jk0="></latexit>

T/TF = 0.2 ⇠ 0.6
<latexit sha1_base64="H++J/w2TNLwh4WueoQlIoWaiQIw="></latexit><latexit sha1_base64="H++J/w2TNLwh4WueoQlIoWaiQIw="></latexit><latexit sha1_base64="H++J/w2TNLwh4WueoQlIoWaiQIw="></latexit><latexit sha1_base64="H++J/w2TNLwh4WueoQlIoWaiQIw="></latexit>
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Scattering length explicitly breaks scale invariance 

because

17Bulk viscosity  @  a=finite

S(a) ! S(esa)
<latexit sha1_base64="z31I5++3dAlw4Asgq9vDPqQYVCY="></latexit><latexit sha1_base64="z31I5++3dAlw4Asgq9vDPqQYVCY="></latexit><latexit sha1_base64="z31I5++3dAlw4Asgq9vDPqQYVCY="></latexit><latexit sha1_base64="z31I5++3dAlw4Asgq9vDPqQYVCY="></latexit>⇣
~x ! e�s~x, t ! e�2st,  ! e(d/2)s 
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Scale invariance is “formally” recovered if
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<latexit sha1_base64="aU9Jj8sEZB6qFvQx5GsPUurJ6/Y="></latexit><latexit sha1_base64="aU9Jj8sEZB6qFvQx5GsPUurJ6/Y="></latexit><latexit sha1_base64="aU9Jj8sEZB6qFvQx5GsPUurJ6/Y="></latexit><latexit sha1_base64="aU9Jj8sEZB6qFvQx5GsPUurJ6/Y="></latexit>

spurion field  (spacetime-dependent)

Microscopic symmetries must be 

inherited by hydrodynamics

is NOT invariant under conformal transformation

⇡bulk
ij = ⇣ gij

⇥�
rkv

k + @t ln
p
g
�⇤

<latexit sha1_base64="4UC062YvYisdxJdripkvU7tkVus=">AAAC5nicbZHNbhMxEMed5auUj6Zw5BLIpahRlUWVemlRBYdyLBJpK2XSlb072Zi1vYvtDRRrX4FbxZUH4gV4Da5wwLsJQpswB89fM7/x2DOsENzY4fBHJ7hx89btOxt3N+/df/Bwq7v96MzkpY5xFOci1xeMGhRc4chyK/Ci0EglE3jOstd1/nyO2vBcvbNXBU4kTRWf8phaH4q6U2DSQcEjx99XlyCpnWnpWCmyqnfUg89oKQ zSJgtPQeDUjptzBxRlgkbZ/DLbhSSyIJSrEfNBW5dWoHk6s88XblJF3f5wb9hYb12ES9EnSzuNtjszSPK4lKhsLKgxTuPc4qf9ahNKgwWNM5qio9LUTx54b64kGzDZyo+9VFSiGSRzXphGTlwzNc8p/BjnUlKVONCYVONw4hz4JrYhXB1z/bCqVthUI6o1+qSJ/o9nosQ1vAn+pTX+48FXFFRbTkXrHt+W1pf5dTWjb3eBXQcJTVNsfwwOHQiqUoGrXV76Py8Sfjfh6ibWxdmLvdDrt/v941fLLW2QJ+QZ2SEhOSDH5A05JSMSk+/kJ/lFfgez4EtwHXxdoEFnWfOYtCz49gfhcfT9</latexit><latexit sha1_base64="4UC062YvYisdxJdripkvU7tkVus=">AAAC5nicbZHNbhMxEMed5auUj6Zw5BLIpahRlUWVemlRBYdyLBJpK2XSlb072Zi1vYvtDRRrX4FbxZUH4gV4Da5wwLsJQpswB89fM7/x2DOsENzY4fBHJ7hx89btOxt3N+/df/Bwq7v96MzkpY5xFOci1xeMGhRc4chyK/Ci0EglE3jOstd1/nyO2vBcvbNXBU4kTRWf8phaH4q6U2DSQcEjx99XlyCpnWnpWCmyqnfUg89oKQ zSJgtPQeDUjptzBxRlgkbZ/DLbhSSyIJSrEfNBW5dWoHk6s88XblJF3f5wb9hYb12ES9EnSzuNtjszSPK4lKhsLKgxTuPc4qf9ahNKgwWNM5qio9LUTx54b64kGzDZyo+9VFSiGSRzXphGTlwzNc8p/BjnUlKVONCYVONw4hz4JrYhXB1z/bCqVthUI6o1+qSJ/o9nosQ1vAn+pTX+48FXFFRbTkXrHt+W1pf5dTWjb3eBXQcJTVNsfwwOHQiqUoGrXV76Py8Sfjfh6ibWxdmLvdDrt/v941fLLW2QJ+QZ2SEhOSDH5A05JSMSk+/kJ/lFfgez4EtwHXxdoEFnWfOYtCz49gfhcfT9</latexit><latexit sha1_base64="4UC062YvYisdxJdripkvU7tkVus=">AAAC5nicbZHNbhMxEMed5auUj6Zw5BLIpahRlUWVemlRBYdyLBJpK2XSlb072Zi1vYvtDRRrX4FbxZUH4gV4Da5wwLsJQpswB89fM7/x2DOsENzY4fBHJ7hx89btOxt3N+/df/Bwq7v96MzkpY5xFOci1xeMGhRc4chyK/Ci0EglE3jOstd1/nyO2vBcvbNXBU4kTRWf8phaH4q6U2DSQcEjx99XlyCpnWnpWCmyqnfUg89oKQ zSJgtPQeDUjptzBxRlgkbZ/DLbhSSyIJSrEfNBW5dWoHk6s88XblJF3f5wb9hYb12ES9EnSzuNtjszSPK4lKhsLKgxTuPc4qf9ahNKgwWNM5qio9LUTx54b64kGzDZyo+9VFSiGSRzXphGTlwzNc8p/BjnUlKVONCYVONw4hz4JrYhXB1z/bCqVthUI6o1+qSJ/o9nosQ1vAn+pTX+48FXFFRbTkXrHt+W1pf5dTWjb3eBXQcJTVNsfwwOHQiqUoGrXV76Py8Sfjfh6ibWxdmLvdDrt/v941fLLW2QJ+QZ2SEhOSDH5A05JSMSk+/kJ/lFfgez4EtwHXxdoEFnWfOYtCz49gfhcfT9</latexit><latexit sha1_base64="4UC062YvYisdxJdripkvU7tkVus=">AAAC5nicbZHNbhMxEMed5auUj6Zw5BLIpahRlUWVemlRBYdyLBJpK2XSlb072Zi1vYvtDRRrX4FbxZUH4gV4Da5wwLsJQpswB89fM7/x2DOsENzY4fBHJ7hx89btOxt3N+/df/Bwq7v96MzkpY5xFOci1xeMGhRc4chyK/Ci0EglE3jOstd1/nyO2vBcvbNXBU4kTRWf8phaH4q6U2DSQcEjx99XlyCpnWnpWCmyqnfUg89oKQ zSJgtPQeDUjptzBxRlgkbZ/DLbhSSyIJSrEfNBW5dWoHk6s88XblJF3f5wb9hYb12ES9EnSzuNtjszSPK4lKhsLKgxTuPc4qf9ahNKgwWNM5qio9LUTx54b64kGzDZyo+9VFSiGSRzXphGTlwzNc8p/BjnUlKVONCYVONw4hz4JrYhXB1z/bCqVthUI6o1+qSJ/o9nosQ1vAn+pTX+48FXFFRbTkXrHt+W1pf5dTWjb3eBXQcJTVNsfwwOHQiqUoGrXV76Py8Sfjfh6ibWxdmLvdDrt/v941fLLW2QJ+QZ2SEhOSDH5A05JSMSk+/kJ/lFfgez4EtwHXxdoEFnWfOYtCz49gfhcfT9</latexit>



/ 35

Scattering length explicitly breaks scale invariance 

because

18Bulk viscosity  @  a=finite
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is NOT invariant under conformal transformation

K. Fujii & Y. Nishida, PRA (2018)
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Ongoing experiment  (DAMOP 2019) 
toward extraction of  bulk viscosity
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3.  1D Bose gas

T. Tanaka & Y. Nishida, PRL 129, 200402 (2022) 

Y. Nishida, PRA 106, 063317 (2022)
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1D Bose gas is realized 
by confining 3D bosons into a tight 1D waveguide

n=0

n>0

n=0

effective 3-body interaction

I. E. Mazets & J. Schmiedmayer, NJP (2010)
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1D Bose gas is realized 
by confining 3D bosons into a tight 1D waveguide

with
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1D Bose gas is realized 
by confining 3D bosons into a tight 1D waveguide
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Dynamic bulk viscosity

Kubo’s canonical correlation

Stress operator from momentum continuity equation

J. M. Luttinger, Phys. Rev. (1964) 
H. Mori, PTP (1962)

contact density

thermodynamicscontact correlation

=>  computable at high temperature, weak coupling, 
& strong coupling due to Bose-Fermi duality 
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Lieb-Liniger (LL) model    E. H. Lieb & W. Liniger, Phys. Rev. (1963)
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Its energy eigenfunction satisfies contact condition

=>  Bose-Fermi mapping    M. Girardeau , J. Math. Phys. (1960)

Fermionic eigenfunction with contact interaction

Cheon-Shigehara (CS) model    T. Cheon & T. Shigehara, PRL (1999)
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•  3-body term  ~                                Y. Sekino & Y. Nishida, PRA (2021) 
is needed for complete correspondence

•  gB ~ 1/gF  =>  Weak-strong duality

27Bose-Fermi duality

Lieb-Liniger (LL) model    E. H. Lieb & W. Liniger, Phys. Rev. (1963)
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Cheon-Shigehara (CS) model    T. Cheon & T. Shigehara, PRL (1999)
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with exceptions of  density and contact correlations
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Dynamic bulk viscosity

Kubo’s canonical correlation

Stress operator from momentum continuity equation

J. M. Luttinger, Phys. Rev. (1964) 
H. Mori, PTP (1962)

contact density

thermodynamicscontact correlation
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Dynamic bulk viscosity

=>  Bose-Fermi duality holds for dynamic bulk viscosity !
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gB

Perturbations are possible at three limits

high temperature 
fugacity z<<1

weak coupling 
gB~-1/a<<1

strong coupling 
gF~a<<1

T
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Perturbations are possible at three limits
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Perturbations are possible at three limits
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regular part Drude peak

high temperature 

weak coupling 

strong coupling

@

Consistent with 
vanishing at any frequency for conformal systems 

D. T. Son, PRL (2007);  E. Taylor and M. Randeria, PRA (2010) 

divergence at zero frequency for integrable systems 
K. A. Matveev & M. Pustilnik, PRL (2017)
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Perturbations are possible at three limits
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Drude peak remains because of  integrability, 
i.e., 2-body interaction does not yield relaxation in 1D 

under energy & momentum conservations

If  integrability is broken by 3-body interaction, 
it does yield relaxation time of  
and higher-order terms have stronger singularities
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K. Fujii & T. Enss, Ann. Phys. (2023)

<latexit sha1_base64="H+G+apk62TW2A5Qxl4LxdwEVgOE="></latexit>

! ⇣ (! ! 0)



/ 3534Dynamic bulk viscosity

Non-integrable systems in 3D

understood microscopically (diagrammatically) 
with Kubo formula in some perturbative limits

Non-integrable systems in 1D

by hydrodynamic fluctuations
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•   How can it be understood microscopically ? 

•   What class of  diagrams need to be resumed ? 

•   How does coefficient vanish in conformal limits ?
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Static and dynamic bulk viscosity 
•   Measure of  conformality breaking 

•   Naturally couples with spacetime-dependent 
scattering length as it simulates fluid expansion 

•   Bose-Fermi duality in 1D to access strong coupling 

•   Some microscopic understanding 
for 1D integrable & 3D non-integrable systems 
but may not for 1D non-integrable systems (?)

35Summary of  this talk

Hydrodynamic fluctuation … 
•   How can it be understood microscopically ? 

•   What class of  diagrams need to be resumed ? 

•   How does coefficient vanish in conformal limits ?
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Dynamic bulk viscosity

contact correlation
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Dynamic bulk viscosity

contact correlation

Linear response theory under
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Contact correlation can be extracted 
by measuring contact, energy, or entropy densities
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