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Outline

• Thermodynamics of strongly-interacting Fermi gases:
– Global entropy and energy
– Temperature calibration
• Quantum viscosity in strongly-interacting Fermi gases:
– Shear forces and heating in collective modes and expanding gases
– Comparison to the minimum viscosity conjecture
– Vanishing Bulk viscosity

• Introduction: Optically trapped Fermi gases:
– Universal behavior

• Shock Waves in strongly-interacting Fermi gases
– Nonlinear hydrodynamics in quantum matter



Optically Trapped Fermi Gas

Fermionic



Magic of a Universal 
Strongly Interacting Fermi Gas

Compressed 
“Balloons”

Expanded “Balloons”
Density and temperature of the system 
set the length scale of the interactions



The Minimum Viscosity 
Conjecture—String Theory

Kovtun et al., 
PRL 2005
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Viscosity—Hydrodynamics

Entropy density—Thermodynamics

In a 6Li gas we can measure η
 

and s.

Minimum defines a Perfect normal fluid



Thermodynamics of Strongly 
Interacting Fermi gases

• Ground State Energy
• Finite temperature: Energy and Entropy
• Temperature calibration

“Universal” – independent of the microscopic interactions



Energy E measurement

Universal Gas obeys the Virial Theorem Thomas (2005)
Castin (2004)
Werner and Castin (2006)
Son (2007)

223E zm zω=Energy per particle

For a universal quantum gas,
the energy E is determined 
by the cloud size

UE 2=In a HO potential:



Measuring the Energy E versus Entropy S 
by Adiabatic Sweep of Magnetic Field B

Weakly interacting at 1200 G:
Entropy SW known from cloud size
— Weakly Interacting Fermi gas

Energy Measurement:

GzS zmE
834

223 ω=

Adiabatic:

WS SS =

Strongly interacting at 834 G:
Energy ES known from cloud size
— Universal Fermi gas
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Energy per particle 
versus Entropy per Particle

Red circles: Calculated
2nd Virial coefficient

Blue circles: Measured
Luo, Thomas JLTP 2009
S*(1200) including interactions

Green curve: 
power law fit



Temperature Calibration
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Energy versus Temperature



“Quantum” Viscosity 
Hydrodynamics



Quantum Viscosity

σ
η p
=Viscosity scale:

vF
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Aη=d v

Shear forces
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Quantum scale—requires Planck’s constant!



Quantum Viscosity at 
Low and High Temperature

nh≈η

Entropy density scale: Bkns ≈

B// ks h≈ηLow temperature:

3kh∝η

FTT ≤
Low Temperature

Lkk /1F ≈≈
FTT ≥

High Temperature

h/2 BThermal Tmkkk ≈≈

22/3 / hT∝η

String theory limit



Universal Shear Viscosity

Measuring Universal Shear Viscosity 
at Low and at High Temperature:

),()(),( tnt xx hθαη =

Breathing Mode and Elliptic Flow



Viscous Hydrodynamics

v(x) v(x+Dx)v(x-Dx)
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⎠

⎞
⎜⎜
⎝

⎛
∂

∂

∂
∂

xx
yv

η

• Friction heating at each surface
2

yv
2 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂

∂
=

x
q η
&

Heat

• Shear force at each surface x∂
∂ yv

η



Pressure Forces with Heating

The viscosity must vanish
at the cloud edges

x

Heating gradient: Outward pressure force that speeds the flow!

Friction Heating:
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Friction force: Inward—slows the flow
Scalar pressure gradient: Outward force—expands after release.
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Hydrodynamic Forces

• Net Force with Friction:
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Universal Pressure with Heating

• Universal Pressure: ε3
2P = Ho, PRL 2004

( ) qt &3
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( ) qt &=⋅∇+∇⋅+∂ εvv 3
5• Energy conservation:

• Friction Heating rate per unit volume
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Cao, Elliot,Wu, Joseph, Petricka, Schaefer, and Thomas
Science 331, 58 (2011)



Universal Viscous Hydrodynamics
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Extracting the Shear Viscosity
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Precision Measurement of 
Viscosity at Low Temperature: 

Breathing Mode



Damping of the Breathing Mode

For viscous damping: nhαη =

α• Measure trap-averaged viscosity coefficient

0

23
1

xm
α

τ
h

=Damping rate:



Viscosity Coefficient: Low Temperature

Viscosity in units of     nh

How do we measure
viscosity at high T?



High Temperature Quantum 
Viscosity in Elliptic Flow

zσ

xσ

• Measure
Aspect Ratio:
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Expansion Dynamics: Elliptic Flow

FE
E

0.6
2.3
3.3
4.6

Ballistic



High and Low Temperature Data

Friction with Heating:
Joins Smoothly!

Viscosity in units of     nh



Effect of the Heating Rate

Friction w/o Heating:
Discontinuous!



High and Low Temperature Data



Universal HighTemperature Scaling  

2/3
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Bruun-Smith (2007)
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Ratio of the Shear Viscosity 
to the Entropy Density

BS/k
αη

Bks
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Average entropy per particle

Trap averaged viscosity coefficient

JLTP 150, 567 (2008)
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Blue data: Measured
Luo, Thomas JLTP 2009
Shallow trap

Red data: Calculated
2nd Virial coefficient
Deep trap

Energy per particle 
versus Entropy per Particle



Ratio of the Viscosity to the Entropy

String Theory Limit



What about Bulk Viscosity?

FEE 3.3=

4.24 =SPureα

7.16 =BPureα



Vanishing Bulk Viscosity

• Two parameter fit, optimum shear viscosity for each bulk viscosity 

4.24 for  5.1 Minimum 2 == Spureαχ

7.16 for  6.8 Minimum 2 == Bpureαχ



Shock waves in Fermi gases

Colliding Fermi gas clouds—LHC!

Nonlinear hydrodynamics of strongly
interacting quantum matter.



Shock waves in Fermi gases

Colliding Fermi gas clouds

z

x Integrate along x



One Dimensional Model
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Nonlinear hydrodynamics
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• Nonlinear dynamics 
• Dissipation arising from viscosity
• Dispersion arising from quantum pressure

Strongly interacting quantum matter:



Summary

• Thermodynamics of strongly-interacting Fermi gases:
– Tests of non-perturbative many-body theory   
– Temperature calibration from E(S)

• Transport: Minimum viscosity hydrodynamics:
– Shear viscosity versus reduced temperature
– Minimum η/s 5 times the minimum viscosity conjecture 
– Bulk viscosity vanishes for high temperature expansion

• Future
– Dependence of shear viscosity on interaction strength
– Precision measurement of the bulk viscosity
– Nonlinear hydrodynamics and shock waves



MOVING TO NC STATE UNIVERSITY!
SUMMER, 2011



Universal Behavior at T = 0

idealgnd )1(E Eβ+=
Bertsch 1998, Baker 1999, Heiselberg 2001

RLa >>>>
Universal Fermi Gas
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Theory: Carlson (2008) )1(60.0−=β

Experiment: JLTP (2009) )2(62.0−=β

0=a
Ideal Fermi Gas

Interparticle spacing L  is the only 
length scale:  Set by the density n.
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