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1.  Nonrelativistic CFT
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Maximal spacetime symmetries of

•  Translations in time and space 

•  Galilean boosts

•  Scale transformation

•  Conformal transformation

~x→ e−s~x, t→ e−2st,  → e(d/2)s 
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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

~x→ e−s~x, t→ e−2st,  → e(d/2)s 
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•  Scale transformation  (infinitesimal)
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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

[D,H] = 2iH, [C,H] = iD, [D,C] = −2iC
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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.  Breathing mode 

&  bulk viscosity

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

K. Fujii & Y. Nishida, Phys. Rev. A 98, 063634 (2018)
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[D,H] = 2iH, [C,H] = iD, [D,C] = −2iC
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2ω
<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>

L
2
+|Oi

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

∆ω
<latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit><latexit sha1_base64="6Qoc8sXIbtORZgkuiDIo5LbotCQ="></latexit>

2ω
<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

HωL
n

+|Oi = (∆ω + 2nω)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>

Hω ≡ H + ω2C, L± ≡ H − ω2C ± iωD
<latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit><latexit sha1_base64="b3ls61m525mzSBSz9L4heHyA/B8="></latexit>

[Hω, L±] = ±2ωL±, [L+, L−] = −4ωHω
<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 |Ψti = e
−iHωt|Ψ0i

<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 2�

Mean square radius

hCi = hΨ0|e
iHωt

2Hω − L+ − L
−

4ω2
e−iHωt|Ψ0i

= hΨ0|
2Hω − ei2ωtL+ − e−i2ωtL

−

4ω2
|Ψ0i

=
hΨ0|Hω|Ψ0i − cos(2ωt + ϕ)|hΨ0|L+|Ψ0i|

2ω2
<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

2�

undamped

V = −g δ2(~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>

ψ → eiχ(~x,t)ψ
<latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit><latexit sha1_base64="RspbHOYrLZme3sdDAvpajmS1mgE="></latexit>

t → t
0(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
√
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)

πij = ζ δij ∂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>

πij = ζ 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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Scattering length explicitly breaks scale invariance 

because

18Bulk viscosity  @  a=finite

S(a) → S(esa)
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is NOT invariant under conformal transformation

K. Fujii & Y. Nishida, PRA (2018)
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a a

expansion 

of  fluid

contraction of  

scattering length

Entropy & energy production even in stationary systems

T Ṡ =
d2ζ

a2
ȧ2 +O(ȧ3)
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K. Fujii & Y. Nishida, PRA (2018)
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Ongoing experiment  (DAMOP 2019) 

toward extraction of  bulk viscosity
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3.  Contact correlation

K. Fujii & Y. Nishida, Phys. Rev. A 98, 063634 (2018); 

Phys. Rev. A 102, 023310 (2020);  Phys. Rev. A 103, 053320 (2021) 

Y. Nishida, Ann. Phys. 410 (2019) 167949 

T. Tanaka & Y. Nishida, arXiv:2206.07848
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Kubo formula for dynamic bulk viscosity

Trace of  stress tensor

conformality breaking

Contact

Contact-contact correlation function

Π̂ii = 2Ĥ +
Ĉ

Ωd−1mad−2
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•   Easy to evaluate systematically 

at weak coupling or high temperature limits 

comparison with kinetic theory results 

C. Chafin & T. Schafer, PRA (2013); K. Dusling & T. Schafer, PRL (2013) 

K. Fujii & T. Enss, arXiv:2208.03353 

23Contact correlation

ζ(ω) = Im
i
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dt
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h[Ĉ(t), Ĉ(0)]i

(dΩd−1mad−2)2
<latexit sha1_base64="vstji/TzV8pzsuDKA1PKM1hcYUU="></latexit>

•   Energy & entropy production by a(t) can be 

confirmed microscopically with linear response

•   Even strong coupling limit can be accessed in 1D 

thanks to the Bose-Fermi duality
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Nonrelativistic conformality 

•   Undamped breathing mode right at 2�  @  a=infinite 

•   Vanishing bulk viscosity in hydrodynamics 

•   Spacetime-dependent scattering length naturally 

couples with bulk viscosity 

•   Fluid expansion can be simulated by modulating “a”

24Summary of  this talk

New experimental probe for bulk viscosity

Bulk viscosity  =  contact correlation 

•   Systematically evaluation at weak coupling / high T 

replaces Boltzmann description 

•   Bose-Fermi duality in 1D  =>  strong coupling limit


