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Definition A fluid is perfect if L = ;
s 4drkp

Conjecture Kovtun/Son/Starinets '05
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All (relativistic, scale invariant) fluids have

w [ =
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Outline

Viscosity: ideal, viscous, super- and perfect fluids

The KSS-bound

Viscosity of the unitary Fermi gas




shear force per area

Ty =mn - Oyva

Reynolds number
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momentum balance O(pv;) +0;M;; =0

2
Mij = pdij + pviv; — 1 (51'1?;; + Ojv; — §5i,;; ' ak“k) — G045 - Oy,
positivity: n >0 and ¢ > 0 due to dS/dt = 0
fluids are (approx.) ideal g =0 if n|V v|<€<p — L >
shear viscosity: liquids versus gases

liquids: thermally activated — n(71') grows as 1" |

1
ases = —mni{vif ~ (mkpT /(T rows as |’
g n= 3 ()l >~ \/mkpT/o(T) g T



A lower bound on the viscosity 7

3 h 13

mean free path £ > n~1/3  average velocity (v) > — n
T

gives |1 > an - hn (an ~ 0.5 for *He at 2K)
superfluids have 7 =0 but at any finite T there is
a normal comp. pn(T) #= 0; relaxation of shear due to

phonon-phonon collisions 7~ T2 Landau/Khal. '49



shear diffusion transverse currents relax diffusively

A X/i(q7w)
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sum rule fo(q’ ) = v, (q) — pn normal fluid density
)

Einstein relation n=D, - p, Hohenberg/Martin '65

h
n=ay-hn implies D, =ay-— (exp. Zwierlein '10)
m



The KSS bound extend Yang-Mills Theory
1 4 pUla :

Ly = -5 FWF to a N'= 4 supersymmetric one

4g
G(g) =0 — no confinement or asymptotic freedom!
AdS/CFT N =4 SSYM-Theory in the t'"Hooft limit
A= gEN — 00 IS equiv. to a classical theory of gravity
entropy/viscosity gas of massless bosons with

interactions @(1) gives s(T) ~kp (J::BTjhc)S and

n(T) ~ h(kgT/he)® with n/s = O(k/kg) at all T



The unitary Fermi gas

two-component Fermigas with zero-range interactions
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o=T,l
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vz) v, 4 I )uﬂ vl w_ v,
2m
renormalized coupling g(A) — g= 411'?1211,"??1

Hubbard-5Stratonovich transformation

LIW] — L[V, @] = Lo+ (V1w S +hc) - écpc'p

¢ is massless at infinite coupling g = oc



Feshbach-resonances

& bound incident
E state energy
closed channel bound state ®
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Scale invariance at infinite scattering length

x — Ax gives H— H/A? — §,DV=0 — Tr T=0

pressure p = 2u/3 Ho '04 bulk viscosity { =0 Son '07
—¢.50) _
p(oo) =& - py Bertsch-parameter £ <1
determines cloud size in a trap Rpp = R%}-&lm

universal numbers £ = 0.36, Aqg=0.46¢p, T-= 0.16TF
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Bertsch parameter from

cloud size fexp=0.32x= 0.1 2004

£ =0.41 variational MC 2004
£ =0.36 Luttinger-Ward 2007

£ =0.36 =0.02 field theory 2009

fexp = 0.36 = 0.01 MIT 2011



Many-body theory pseudopotential V;(x) = gd(x)
|_uttinger/Ward '60 Q=-TIn Z = Q[G]

Q[C] = ﬁ_l(—%Tr{— NG+ [Gy1@ - 1]} — o[@))

[-1

Ol
Ladder-approximation O[G] =) 3
(=0

2
6Q[G)/6G = 0  variational principle for functions !



why does Luttinger-Ward work well 7

a) it is conserving — all th. dyn. relations are obeyed

b) it obeys the Tan relations

L = Llvol + £10] + (S pvrw, +hc.)

082
change of €2 with scattering lenath =
oG 1 K20
B,0 =2 T
= Tr |G ’ — Gr(X,X —0 - —
Bﬂ(—l;’ ) E, (X, X3 anh2 XX anm
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viscosity of the unitary gas from Luttinger-Ward

T ret,
Kubo formula  Ren(w) = — X% (w)

I

perturbation H' = hy(t)-N, (£=0,2 — bulk, shear)
euclidean time 7 —  x,(71) =/d3:.!: (T M,(x, T)ﬁg(ﬂjﬂ)>

522

f . = — —

Xy (iﬁ-'m)

reqguires contin. to real frequencies w (Pade, Ansatz)



Ward-identities due to scale and translation inv.

a) guarantee that ¢(w) =0

Il
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c) Boltzmann-limit #(T > Tr) = 4.2 ﬁ ~ T3/2

SSRERTSE

(MT) “{AL)

2 [0
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n(T 2 Tp) = 42h/73
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Liquid Helium
n=17-10"%Pa - s

QGP n=5-10"1Pa - s

Consider ratios

Trapped Atoms n/s
n=17-10"YPa-s

§ihoiee---

> 0.4; 0.5; 1 for QGP, °Li, *He



Conclusions

1) All known fluids obey the KSS bound on n/s. The
quark-gluon-plasma and the unitary Fermi gas come

closest to saturating it.

2) Ideas from string theory provide motivation for

theory and experiments in the area of ultracold atoms.



_ o\12 g\ 6
Lennard-Jones fluid V(r) = 4e (-) — (_)
T

"
dim. analysis gives 17 | = %n*{n*,T*)

a
reduced density n* = no3 and temp. T* = kT /e
critical point at nz=0.36 and TF=1.36

time scale for classical dynamics T = mﬂ'z/s —

nMiN = const Yo = aphn with a, = const/A = O(1)

because de Boer par. A = h/o+/me cannot be > 1|



Scale invariant many-body problems

pseudopotential g-d(x) in 2d Pitacvskii/Rosch '97
unitary gas (a =oc) in 3d  Son/Wingate '06

gases in mixed dimensions Nishida/ Tan ' 09

electrons with 1/r-interaction in Graphene Son '07



2

relativistic fluids: replace p by sT/c? — Diel. — %
5
D h
KSS-bound — 1 =T :_::- : . a[j[jliEE to QFTFE
c? 4kl

with no well defined quasi-particles (h/T < egp = kgT)

quantum critical regime TA
5 T L, h quantum
above a Q W = Lﬁ:HT critical

. regime
C is a universal number (Sachdev) ‘ >

9c
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AdS/CFT N =4 SSYM-Theory in the t"Hooft limit

A= gEN — oo IS equiv. to a classical theory of gravity
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ds? = i_? (—dt? + dx? + dz?)
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radial coord. z is effectively an RG-scale McGreevy '09



Unitary gas entropy in a trap

Chomas "074'09
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