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Plan of this talk

1. Introduction
e Scale and conformal symmetries
in nonrelativistic systems

2. Physical consequences
* Breathing mode & bulk viscosity

3. Bulk viscosity
e Contact correlation from Kubo formula
e Quantum virial expansion
Y. Nishida & D. T. Son, PRD (2007); arXiv:1004.3597

K. Fujii & Y. Nishida, Phys. Rev. A 98, 063634 (2018)
Y. Nishida, Ann. Phys. 410 (2019) 167949



Nonrelativistic CFT

Maximal spacetime symmetries of U. Niederer, HPA (1972)
62 C. R. Hagen, PRD (1972)
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e Scale transformation (1)
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Nonrelativistic CFT

Generators (D, C, H) obey SO(2,1) Lie algebra
D H|=2:H, “|C.; H|l=21D, [D.C]—=~=-2:C

scaleinvariance #n=-V.j always true

H = Hy ¥ V(r) H' = Hy£e V(e °r)
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H=H’ for zero-range (ro=0)
& infinite scattering length (a=-) interaction

(relevant to cold atom experiments)



Breathing mode
Arbitrary time-evolving state |¥;) = e “H«?|W¥,)
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Undamped “breathing mode”
with frequency right at 2w

L. P. Pitaevskii & A. Rosch, PRA (1997)



Breathing mode

H is scale invariantfor V = —g6%(¥) in 2D ??

M. Kohl’s group, PRL (2012)

Tunable via Feshbach resonance
with ultracold atoms
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Bulk viscosity @ a=infinite o.1 son, rrL 2007)

Undamped “breathing mode”

for any scale invariant systems
confined by harmonic potential

Vanishing bulk viscosity !?

When coupled with external gauge field & metric

S = [dtd*E\/qg | i Dy > D" D + Ling
™m
IS invariant under D. T. Son & M. Wingate, Ann Phys (2006)

» Gauge transformation v — eX(F:t)q)
 General coordinate transformation z — &'(&,t)

e Conformal transformation ¢ — t'(t)



Bulk viscosity @ a=infinite o.1 son, rrL 2007)

Microscopic symmetries must be
inherited by hydrodynamics

Viscous stress tensor coupled with metric
T35 — Cézg 8kvk —|— shear

fluid expansion

M7 — K Gis (V;zﬁ’vlc + O ln\/g) + shear

volume expansion

Is invariant under general coordinate transformation
but is NOT under conformal transformation

Vanishing bulk viscosity @ a=infinite



Bulk viscosity @ a=infinite

Viscosity Coefficients
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T/Tr = 0.2 ~ 0.6

J. E. Thomas’s group, PRL (2014)



Bulk viscosity @ a=finite

Scattering length explicitly breaks scale invariance
because S(a) — S(e°a)

(i’ Sty el e(d/2)s¢)
Scale invariance is “formally” recovered if
a(Z,t) — a' (&', t") = e ®a(xz,t)
spurion field (spacetime-dependent)

Microscopic symmetries must be
inherited by hydrodynamics

71'%“”‘ = [(Vkvk + 04 ln\/g)}

iIs NOT invariant under conformal transformation



Bulk viscosity @ a=finite

Scattering length explicitly breaks scale invariance
because S(a) — S(e°a)

(i’ Sty el e(d/2)8¢)
Scale invariance is “formally” recovered if
a(Z,t) — a' (&', t") = e ®a(xz,t)
spurion field (spacetime-dependent)

Microscopic symmetries must be
inherited by hydrodynamics K. Fuijii & Y. Nishida, PRA (2018)

W%‘ﬂk — e [(Vk’vk + O ln\/g) —d (Bt Ina + v*8; In a)}

iIs NGT invariant under conformal transformation



Bulk viscosity @ a=finite

ﬂl?jmk — [(Vk’vk + O ln\/g) —d (Bt Ina 3 v*8, In a)}

expansion contraction of
of scattering length
b 4 e
a a

Entropy & energy production even in stationary systems
ZC K. Fujii & Y. Nishida, PRA (2018)
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Bulk viscosity @ a=finite
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Ongoing experiment
toward extraction of bulk viscosity
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3. Contact correlation

K. Fujii & Y. Nishida, Phys. Rev. A 98, 063634 (2018)
Y. Nishida, Ann. Phys. 410 (2019) 167949



Microscopic derivation

Kubo formula for dynamic bulk viscosity
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Quantum virial expansion
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Systematic expansion in powers of fugacity z = eP*
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grand canonical trace canonical trace
for particle number N

z ~n/(mT)¥? < 1 inthe high-temperature limit



Quantum virial expansion
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Systematic expansion in powers of fugacity z = eP*

static bulk viscosity ¢ = lin% ¢(w)
7 non-analytic
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C. Chafin and T. Schafer, PRA (2013); K. Dusling and T. Schafer, PRL (2013)
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Summary of this talk

e Conformal symmetry is useful to constrain
how hydrodynamic equations are modified by
spacetime-dependent scattering length

e Spacetime-dependent scattering length naturally
couples with bulk viscosity (~ fluid expansion)

New experimental probe for bulk viscosity

e The same result can be derived microscopically
from Kubo formula and linear response theory
by expressing it as contact correlation function

e Quantum virial expansion for bulk viscosity
disagrees with that from kinetic theory

Origin of discrepancy needs to be elucidated



