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ultracold fermionic gas =

very dilute gas of atoms (half-integer total angular
momentum) confined in external potential
and cooled down to very low temperatures!

[System is metastable - life time ~ min.]

Among the control parameters we can list:

cooled

D tem pe ratu re, atom cloud
&l density,

e

vacuum

wl type of atoms (bosons, fermions), S

L mixture,

Ll polarization, later boam N

i shape of confining potential (cloud,es s nasenmce 730 o 035

optical lattices)
& dimensionality
il interaction between atoms can be tuned
over a wide range (via Feshbach resonances)
- the most unique ability!

T T T
1.6 0 -0.7

«—BEC Interaction parameter 1/k.a BCS —>
QUANTU M FIG. 36 Vortex lattice in a rotating gas of SLi precisely at the
SIMULATORS / EMULATORS Feshbach resonance and on the BEC and BCS side. Reprinted
with permission from Zwierlein et al. (2005).
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FIG. 4: Magnetic field dependence of the scattering length
in 5Li, showing a broad Feshbach resonance at By ~ 834 G
and a narrow Feshbach resonance at Bg =~ 543 G (can not be
From Bourdel et al. (2003).

resolved on this scale).
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Universality of UFG %, g

o /‘\’%@
Low energy scattering: / QQ @/Q \V
; < OO
1 l % G
fk) =~ y — LRI
[OUNAs)
o %

1,1 2 s
=+ o1 ok? — ik k

Effective parameters kFreff —> O System is dilute but...

defining interaction . _
(Coup[ing constants) kFa — im Strongly mteractlng!
@ Unitary limit: The only relevant scale is mean interparticle
no interaction length scale... distance n'” — as for free Fermi gas!

@ Universal physics...
+ Cold atomic gases
+ Neutron matter

All thermodynamic quantities should be
universal function of the Fermi energy e,

<+ High-Tc superconductors and of the ratio ki,;r/ef
+ Heavy ion collisions
7] Simp|e’ but hard to calculate! Universal dimensionless function

(Bertsch Many Body X-challenge)
E— - () = £(ksT/er)E ST




“© ['C. A R.Sa de Melo, M. Randeria, J. R. Engelbrecht,Phys. Rev Lett. 71, 3202 (1993) 'R-
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fermions ! ,‘ O
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Smooth crossover % g
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(
wn 4
© 4 The ultracold atoms provide an ideal laboratory
£ for very precise experimental and theoretical
E’ : studies of an enormous range of
v ¢ quantum mechanical phenomena.
O
ClomL
" ® verification of various hypothetical bounds
for transport coefficients (like viscosities)
@;{_ having their roots directly in qguantum mechanics
<.
2

scattering lengt

0.0 05 1.0 15 20

Unitary Fermi gas Magnetic field ]
H FIG. 4: Magnetic field dependence of the scattering length
[SuperfUId + pSEUdogap + norma/ Sta te] in ®Li, showing a hroad Feshbach resonance at Bo ~ 834 G
and a narrow Feshbach resonance at Bg =~ 543 G (can not be
resolved on this scale). From Bourdel et al. (2003).
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KSS ConJeCtu re [Kovtun, Son, Starinets, PRL (2005)]

\ Bound has been proposed on
- ]. h the basis of string theory.
Valid for large class of (string) theories.

- e 9 47T kB Saturated for the case of strongly

coupled theory.

M|n|mum defines ng
a “perfect” fluid e,. <2
% %
< /}e
() >
< “x
& S €,
. < < <
Other propositions: %R S
& Hydrodynamic bound for n/n (originating from <

quantum fluctuations)
[Chafin and Schafer PRA 2013; Romatschke and Young PRA 2013]

& Conductivity bound o/x
[Kovtun and Ritz PRD 2008]

& Existence of minimal value for spin diffusion coefficient
[Bruun, New J. Phys. 2011]
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Shear viscosity

The shear viscosity: determines “friction” force F

per unit area A created by a shear flow

v,

F=4u Dy

or if €=0: kinetic energy

For incompressible fluid % 0v
if €=0: kineti Eﬁ,,: _%ﬂj\(_ﬂ“'l‘_"k“) dv

dissipated per unit time

0x;, O0x

Kinetic theory (Boltzmann equation) prediction: 7] = n’f)lmfp

For ideal hydrodynamic
(n—0 and t-0)
- elliptic flow

Note: in genral n=0 and €-0 = |deaI hydrodynamlc

e EPHN a

Perfect fluid
Ingredients:

@ Strongly

interacting
system

"



Viscosity coefficients

dp
" 1+ ¥ - (pv) =0
e = =
V:97"=0
5 "
0 0
8_(pvz) | P H’U =0
: g \Stress
: tensor
ideal

H-’J —PtSU + PV V; +5H,'j

Shear viscosity

51_[;) — —@Vﬂ)j -+ V‘,,—v; —

jf — ’Uf(é + P) + ’thSHU -+

The hydrodynamics of a non-
relativistic one-component (non-
superfluid) fluid is governed by the
conservation laws.

6 hydrodynamic variables: v, p, €, P

In order to close equations:

P = P(e, p)

=» dissipation (1°* order)

Bulk viscosity

28;;V - v) <Z3;; (V - v)

K‘V,‘ 1
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Systems with low viscosity...

UFG - limit of infinite
coupling constant ak_

Trapped Atoms
n=17-10"%Pa-s

‘”5’111945‘1[1'5’ 1$9pJ0J7 puv 15931310},

QGP n=5-10''Pg - s (T=0.1 neV) |7/5<0.5
(T=180 MeV) |n/s< 0.
(TIIS)QGP‘ (vis:;hydm) 15 + + +
: _RHI %
S| a RHIC HC
(VISHND) €L 0]
4@ | ey (VISHNU) V (visc. hydro) 2 1o % %#
3/4m) | o V2 ) Vu&Va distri. %%
MC—KLN (ﬂsc. hydm} He near A—transition
2/(44;) i Mc-KLN V2,V IP-Glasma 0.5 (]
Mc-GL S5 | #i
11(4%) | B Me-GL Me-GL 1P-Glasma
arxiv:1210.5778 e msmmm e Stringtr?e?):;
0.0
2008 late2010 early2011 late2011 2012 _ 05 10 15 20 2% ;JUT

(Post-QM)

J. Low Temp. Phys. E3B567 (2008)


http://arxiv.org/abs/1210.5778

Natural units for shear viscosity

N 1
Pa-s=—-s=J-5-—

m? m3 |
Typically
77 this quantity
Natural dimensionless quantity is:| —— <« We use
nh for non-relativistic
systems

In the case of a relativistic fluid
the number of particles is not conserved.
As a consequence the quantity n is not well defined...

But WkB IS also dimensionless...

sh

This ratio is well defined in both the relativistic and non-
relativistic case, and typically § ~ ﬂ,kB

—l.l’l (I ] -u\.-;.wUT




‘ O'Hara et al. (2002)

Measurements

New Journal of Physics 13 (2011) 075007
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Observatibns of
elliptic flow

[less accurate for small viscosities]

Observation of the
radial breathing mode

excited by releasing = =

the cloud for a short
time and then

recapturing it

10 =

[more accurate for small
viscosities]
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Non-uniform system!

N
2 2 s N2 3
_ h (37T n) / Position dependent

ER\N) =
" 2m o n=mn(0)
9 _ k T Reduced
— temperature y . .
ER Experiments provides
averaged value
Extraction of the shear viscosity <7’]/7’L> — NLFL fﬁ('r) d3r

for uniform system

from non-uniform measurements
(model dependent)

1.5f ] 150 11
1.0} T 100 |
Il Pias ...;’ 1 wn : :
S 1 SF L B R
0.5 $’| I"' 0.5 .i. i
™ N .
0.0 s . ‘ - 0.0 B
00 01 02 03 04 05 01 0.2 03 04 05

Phys. Rev. Lett. 115, 020401 (2015) o

6
e TPHYSICS. WUT



Shear viscosity from ab-initio calculations (QMC)

Input:
@ Interaction - only requirement ¢ — o0 and r.g — 0 Theore’gcgl
(many possible forms - take the most convenient for you) |uncertainties
% 5 ~10%
T —T2) = — rL—T |
( 1 2) g ( 1 2) 12 I G. Wlazlowski, et al., 1
ik ).]
For these tune to get ; [ i
interaction QMC desireda |} I
free from sign problem! 0.8 _—: l
@ Analytical results, like £ 06 B
tail asymptotics, sum rules... | | 13T T
[ . N L QOMC average — |
0.4 L T | 7 % classical hydro.+therm.fluct. =======- __
[, '* /! phonons contribution ===~ |
QMC (2012) +—¥—
cgluon plasma 02| \  § 1% F N,-8, n-0.08 r—e—i]
2.0 [ i ! o N,=10, n=0.04 +—— |
n o I = <r N,=12, n=0.03 -
1.5} ? { 243x8 0 L . . . e e . ! ' . . . . L . . . !
01 T. 02T 0.3 0.4 0.5
LO | e Bariitbalive ;Sim.ilar projects:' Tlep
05| : R 'a:ct,t'hce CI’(])mll:‘)t\J/EECEIC())Sri]t “hydrodynamic bound”
Y RS ! W —— ¥ | ot Hhe Shed y violated!

-0.5

1 1.5 2

2

£}

for QGP
(note size of uncertainties)

(Calculations for quark-gluon plasma failed...) .S U.IUT

A. Nakamura, S. Sakai, Phys. Rev. Lett. 94, 072305 GG | M 1 T 21\

(2005).



Shear V|sc05|ty from QMC

T e
12 f- Enssetal. o _f Kinetic theory seems to be valid

kinetic theory

'\ RNt

for temperatures above 0.4e.(2.5T)

o 08 L
= r l
06 ¢ o : M $
04 '_ :E:.'_‘; __
02| J i | Trap averaged of
.0 : ne am®e the kinetic theory results

0 0.1 0.2 0.3 0.4 0.5 0.6 6
(o) St

Problem with averaging procedure of the
uniform results

\
1
C i
Hydrodynamic description breaks down at  *f “1
= 1
the edges. k Chafin and T. Schafer

@ : hys. Rev. A 87, 023629 (2013)
collisionless o Y A T
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week endin

PRL 113, 020406 (2014) PHYSICAL REVIEW LETTERS 11 JULY 2014

Anomalous Minimum in the Shear Viscosity of a Fermi Gas

E. Elliott,"* J. A. Joseph,' and J. E. Thomas'
lDeparrment of Physics, North Carolina State University, Raleigh, North Carolina 27695, USA
2Depan‘nv.-.qem‘ of Physics, Duke University, Durham, North Carolina 27708, USA
(Received 6 November 2013; revised manuscript received 21 April 2014; published 10 July 2014)

Minimum of

the shear viscosity
not for UFG
2t P (as suggested by KSS)
5
<
] +
L \—————
O [Kovtun, Son, Starin;ts, PRL (2005)]
-1 -0.5 0 0.5 ]
1/(]{” a) In general position of the minimum is

temperature dependent
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Shear viscosity from QMC near unitary

1.2 F
2r _
1 ; L Experimental finding
{ Si[® * e ° ¥ also obtained in QMC
0.8 f ; : ¢ ] A simulations
?J— 0.6 - ; l 0 0201 0 g}zak(i.)z 075(5 i
04 - .'f o i
—e— 0.26=T/e }‘ .
0.2 | —=— 0.40 1 . 5 5
0.50 KSS bouj 1 ~ LA
0 1 1 1 | | | | 471- I{:B ~ 0.08 kB
0.2 -0.1 0 01 02 03[ 04 0.5 ‘
1/(ake) ﬂ| ~ (0.9
s lmain " kp
Conclusion:
We have not found systems
that violates KSS bound... Recent theoretical prediction:

KSS bound can be voilated in “bad metals”
[Pakhira,McKenzie, Phys. Rev. B 92, 125103 (2015)]
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Bulk viscosity

R 7 Works against
radial expansion

Works against building

radients (anisotropy)...
w  But for UFG: J bY

No intrinsic length scale - Uniform expansion keeps the unitary gas in equilibrium

Consequence:
uniform expansion does not produce entropy = bulk viscosity is zerol

0.05
N &
=
;'U
i =
’ g
7
o 2 0025
" 2
e
o) =
)
New Journal of Physics 13 (2011) 075007 0-2 -|1 0 i 1 2
o (kp ay)

0 2 8 10

Bulk Viscosity Phys.Rev.A81:053610,2010

Figure 5. y? per degree of freedom versus bulk viscosity with shear viscosity as the _ l “ I H ' S I CS" w U '

only free parameter.



Conclusions

@ Ultracold atoms can be tuned to get a system
with lowest viscosity

@ Computation of transport coefficients from first
principles for fermionic system is feasible

@ No violation of KSS bound

@ Lowest value for n/s is about two times above
KSS bound (QMC result)

@ System with lowest viscosity realized for systems
shifted towards BEC side of resonance

I | by cics

WUt



Searching for perfect fluid...

50F From A. Adams, et al.,
S arXiv:1205.5180
n/s | s \ P iter
201 h. helium e®®
x\ °® ®
- \\ .. a® ..-.
[ﬁ'/lL ] 10_%5 i & o, .....-
051 RPN é ultracold Fermz' gas
' ®é B e R
[ QMC for UFG
quark gluon plasma ~. j - > & d’;
L D I S b 1/(4n)
holographic bounds )
-0.6 -04 -0.2 {].D 0.2 0.4 0.6 _
Lattice QCD
(T — TC)/TC H.B. Meyer,

PRD 76:101701, 2007
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| |
1.4 - o .
I : Model dependent ®
1 2 B J. A Joseph E. EII|ottJ \E. Thomas, arXiv:1410.4835 ® i
. : ®
| i ° i G. Wlazlowski, P. Magierski, A. ]
1 B ! ! Bulgac, and K.J. Roghe, Phys. Rev. A ]
| ; ® 88J013639 (2013). ¥
: | '@
c 08¢ | o ]
o | e
0.6 ; ; 1
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\ ! X |
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Shear V|sc05|ty from QMC

14F  PIMC,N,=8 —=—
[ PIMC, N =10 —e—
1.2 [ Enss et al. © -
I Kinetic theory Tr
1 _ o + f
= 08} % '+ l%wl.‘ It T
0.6 | + !
0.4 | .
: o
0.2 ‘ me .-l'li
0-....|....|....|....|....|..
1 L L B L R B R
0 0.1 0.2 0.3 0.4 0.5 PIMC, N 8 — m kinetic theory
Tlep PIMC, N =10 —e— phonons

0.8 + Enss et al. o KSS bound ------ i

0.4 ' {? §+ !

0.2 iy (n/s) . ~ 0.2-;

n/s




fluid P [Pa] | T [K] n [Pa-s| n/n k| | n/s [h/kg]
H,0 0.1-10° | 370 2.9-10~" 85 8.2
1He 0.1-10° 2.0 1.2-107° 0.5 1.9
H,0O 22.6-10° | 650 6.0-107° 32 2.0
‘He 0.22-10° 0.1 1.7-107° L.7 0.7
°Li (a=o00) | 121077 | 23-10°° | <1.7-107% | <1 < 0.5
QGP 88-10% | 2-10%2 <5-10H <04

Table 1. Viscosity 7, viscosity over density, and viscosity over entropy density ratio
for several fluids. Data for water and helium taken from |6}[7] and |8/, data for Li and
the quark gluon plasma (QGP) will be explained in Sect.[5] For water and helium we
show data at atmospheric pressure and temperatures just below the boiling point and
the M\ transition, respectively. These data points roughly correspond to the minimum
of n/n at atmospheric pressure. We also show and data near the tri-critical point which
roughly corresponds to the global minimum of 77/s. Note that the quark gluon plasma
does not have a well defined density.
From Rept.Prog.Phys.72:126001,2009
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Physical system:
unitary Fermi gas (unpolarized)

Ho= 5—a\(p)ar(p) - ¢ D iiy(ry) iy ()

m. k.m
Om2h2

UFG: System is dilute g drh?a
but strongly interacting!

0 kpry < 1 < kpa —

N TPHYSICS. WUT



Method: Path Integral Monte Carlo

) = 7T {0 expl-p(Hy — uV))}
Z = Tr {eXp[—ﬁ(ﬁo—ﬂN)]}

1. The system is placed on a cubic spatial lattice

2. Trotter-Suzuki decomposition to expand imaginary time

evolution operator exp[—3(Hy — pN)]

3. The interaction is represented by means of a
Hubbard-Stratonovich transformation

4. Evaluation of the emerging path-integral via
Metropolis importance sampling - NO SIGN PROBLEM

N YPHYSICS. WUT



Static spin susceptibility

Critical temperature - |
from finite size scaling | —— i g
analysis 0.4 F o0
i "
0.3 _ | | -
= .
w) B ] 4
< I 1
0.2 | l,L! i
: i Ny= 8, n=0.08 r—e— |
ki NX=10 n= 004 —— ]
- Fermi quuid — ]
- - [ . T Enss & Haussmann ---------- j
of- ol .4 ., | Expoanneretal = -
0 01 T, 0.2 0.3 0.4 0.5

Tleg
Xs = 8("’% — %)/8(% — lu)

G. Wlaztowski, P. Magierski, J.E. Drut, A. Bulgac, K.J. Roche,
Phys. Rev. Lett. 110, 090401 (2013)
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Spin drag rate
Fsd

n/os

Enhancement appears consistently
with the spin susceptibility suppression
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Expl. Sanner et Ial. —t—
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G. Wlaztowski, P. Magierski,
J.E. Drut, A. Bulgac, K.J. Roche,
PRL 110, 090401 (2013)
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Spin diffusion coefficient

| b s

wz | i,,[f{}ﬂi *}}H ﬂ ]H vV ~ Dp nl/?’

o e D, ~1

| N, =
_ N, =1
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FIG. 4: (Color online) The spin diffusion coefficient obtained
by the Einstein relation Ds = 0,/xs as function of tempera-
ture. The notation 1s i1dentical to Fig.
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EoS for UFG
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J.E. Drut, T.A. Lahde, G. Wlaztowski, P. Magierski, Phys. Rev. A 85, 051601(R) (2012)
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Holographic Duality

& duality relating quantum field theory (QFT) and gravity
&1t maps the quantum physics of strongly correlated many-
body systems to the classical dynamics of black hole horizons in one
higher dimension
~ thus translates problems in quantum many-body physics into
equivalent problems in classical gravity - sometimes easier to solve
~ the physics of black hole horizons in general relativity (GR) is
largely independent of the details of the black hole

Strongly coupled thermal Weakly coupled string theory
<~
field theory on R* on AdS5 black hole
Hawking t t f
CFT temperature & AWHKINS TEMPEratre ©
black hole

Hawking-Bekenstein entropy

CFT entropy & .
~ area of event horizon
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