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degenerate Fermi gases 

second 
sound 

dipolar 
Fermi gas 

atom-dimer 
attraction 



ultracold.atoms 

superfluidity on YouTube! 

#3: zero viscosity, or not zero? 

#2: enormous heat conductivity 

#4: fountain effect 

#5: Rollin film 

#6: second sound 

(another famous effect: quantized vortices) 

https://www.youtube.com/ 

watch?v=OIcFSHAz4E8 

Liquid helium II 

1963 film by Alfred Leitner 

bizarre phenomena 

explained in terms of  

two-fluid hydrodynamics 

 

Tisza (1938), 

Landau (1941) 
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two-fluid model 
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normal part (carries all entropy) 

superfluid part (no entropy) 

temperature  superfluid fraction s/(n+s) 

theoretical framework: 

two-fluid hydrodynamics 

Landau (1941) 
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ordinary sound: 

pressure wave 
(adiabatic) 
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second sound: 

entropy wave 
(at constant pressure) 

n 

s 
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second sound in He II: detection 

illustration from R. J. Donnelly, Phys. Today, Oct. 2009 
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resonantly interacting spin mixture of 6Li 

since the early experiments in 2003/04 

a well-established system to study 

BEC-BCS crossover, fermion superfluidity, and 

many many many related topics 
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6Li 

hybrid trap: 

optical conf. radially 

magnetic conf. axially 
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expt. (1997): sound propagation in BEC 
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expt. (2007): sound prop. in resonant FG 
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ordinary (‘first’) sound 
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change excitation scheme 
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propagation of first and second sound 

local heat pulse 

appears as a dip 
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pulse position vs. time 
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extracting the sound speeds 

what can we learn 

from that? 
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Innsbruck-Trento team: expt. and theory! 

Sandro 

Stringari 

Lev 

Pitaevskii 
Yan-Hua 

Hou 

Rudi 

Grimm 

Meng Khoon 

Tey 

Leonid 

Sidorenkov 

22.01.2013 
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Innsbruck-Trento team: expt. and theory! 

22.01.2013 

Nature 498, 78 (2013) 
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personal connection to Landau 

1956 
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two important theory papers from Trento 

effective 1D thermodynamic framework to solve  

Landau‘s hydrodynamic equations for our trap geometry 

describes behavior of 1D thermodyn. quantities 

based on EOS from MIT (Zwierlein group) 
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thermal expansion 

quite large! 

this is why a local heat pulse appears as a density dip ! 

Hou et al., PRA 88, 043630 (2013) 
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relevant Fermi temperature 

2D harmonic trap (uniform along z-axis) 

on-axis Fermi energy: natural energy scale 

Bertaina et al., 

PRL 105, 150402 (2010) 
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relevant Fermi temperature 

on-axis Fermi energy: natural energy scale 

3D harmonic trap (weak confinement along z-axis) 

Bertaina et al., 

PRL 105, 150402 (2010) 
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relevant Fermi temperature 

on-axis Fermi energy: natural energy scale 

3D harmonic trap (weak confinement along z-axis) 

z-dependent 

define 

corresponding 

Fermi temp. 

TF  (z) 
1D 
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T/TF   varies along trap axis 
1D 
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sound speeds in terms of reduced quantities 

first-sound speed: 

excellent agreement with calculation based on known EOS 

speed of the other signal: 

strong temperature dependence, goes to zero near Tc 
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Landau‘s result 

yes, this is exactly what we see !!! 
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sound speeds 

the great 

unknown 

according to effective 1D version of Landau‘s two-fluid theory 

by 

Trento 

group 
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superfluid fraction (1D) 
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superfluid fraction (uniform gas) 

reconstruction based on universal thermodynamics 

He II 

BEC 

Dash & Taylor, 

Phys. Rev. 105,  

7 (1957) 

resonant Fermi gas remarkably close to liquid helium II 
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comparing with theory? 

Tc 
Tc 

Taylor et al., 

PRA 77, 033608 (2008) 
Salasnich, 

PRA 83, 063619 (2010) 

quantum Monte Carlo gives right Tc, 

but no information on superfluid fraction! 
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outlook 

be inspired by He II 

two-fluid hydrodynamics and transport phenomena revisited 

e.g. transport through narrow channels (capillaries) 

do things you cannot do with He II 

controlled spin imbalance 

low-D and lattices 

second sound in the BEC-BCS crossover 

6Li 
6Li 

6Li 
40K 

40K 

16?Dy 

more exotic superfluids 

(e.g., mixed-species systems) 
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Staumauer 

http://www.tirol.tl/images/cms/1303130110D_020_Sp

eicherZillergruendl_Staumauer.jpg 

a barrier can 
        really change things! 
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centrifugal barrier: two regimes 

anything interesting here? 

example 167Er:  p-wave + vdW 

molec. 

inter- 

actions long-range interaction 
           needed 
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Innsbruck erbium team 

Albert 

Frisch 

Simon 

Baier 

 

PI: 

Francesca 

Ferlaino 

Kiyotaka Aikawa 

Alexander 

Rietzler 

Michael Mark 

Michael Springer 

Rudi 

Grimm 



ultracold.atoms 

centrifugal barrier: two regimes 

example 167Er:  p-wave + vdW 
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centrifugal barrier: two regimes 

everything interesting 

          shielded at low T? molec. 

inter- 

actions 

example 167Er:  p-wave + vdW example 167Er:  p-wave + vdW + DDI 

long-range 
dipole-dipole interaction 
                  (Er with 7 µB) 
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universal dipolar scattering 

1µK 

threshold value 

  = 6.702 D2 

Bohn et al., 

NJP 11, 055039 

(2013) 

167Er 
 

D = 99 a0 

ED = kB 210 µK 
 

  (260 a0)
2 

for identical 

fermions 
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Fermi degeneracy reached (T/TF  0.2) 

Aikawa et al., 

PRL 111, xxxxxx 

(2013) 
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highly efficient evaporative cooling 

Aikawa et al., 

PRL 111, xxxxxx 

(2013) 

evap. 

efficiency 

3.5 
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no other spin states 

Aikawa et al., 

PRL 111, xxxxxx 

(2013) 
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cross section confirmed 

Aikawa et al., 

PRL 111, xxxxxx 

(2013) 
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some interesting numbers 

peak number density 

n = 4  1014 cm-3 

three-body decay rate 

L3 < 3  10-30 cm6/s 

optical dipole trap (1570nm light):  /2 = 380 Hz   

number of atoms 

N  6  104 
Fermi temperature 

TF = kB  1.3 µK  

facilitates highly efficient 

evaporative cooling 

tight! 

physics 
behind that? 
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centrifugal barrier: two regimes 

everything interesting 

          shielded at low T? molec. 

inter- 

actions 

example 167Er:  p-wave + vdW example 167Er:  p-wave + vdW + DDI 

lossy 

region 

shielded region 
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optimum DDI strength 

weak strong 

cross section 

too small 

breakdown of 

centrifugal barrier 

DDI 

40K 167Er KRb 53Cr 161Dy 
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outlook 

extreme number densities: 

• what is the limit? 

• p-wave superfludity?? 

other systems: 

• stable fermionic Feshbach molecules 

F B 40K 

bosonic 

Er or Dy 

39K 
167Er 

B F 161Dy 
163Dy 

41K 

167Er F B 162Er 

• trimer or  

N-body states? 
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Efimov states 

three-body physics of two-fermion systems 

13.6 1 M/m 8.2 

Kartavtsev-Malykh 

trimer 

J. Phys. B: At. Mol. Opt.  

Phys. 40, 1429 (2007) 

6.7 

we are here ! 
40K - 6Li 
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atom-dimer scattering 

6Li 

40K 

40K 
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three-body process 

Levinsen, Tiecke, Walraven, Petrov, PRL 103, 153202 (2009) 

Levinsen, Petrov, EPJD 65, 67 (2011) 

see also Alzetta, Combescot, Leyronas, PRA 86, 062708 (2012) 
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Born-Oppenheimer 3-body potentials 

antisymm. wavefunction 
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symmetry of AD wavefunction 

antisymm. wavefunction 
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l = 0, 2, ... 

l = 1, 3, ... 
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effective potentials in partial-wave channels 

strong effect on p-wave barrier 

strong atom-dimer attraction! 

for 155G Li-K Feshbach resonance (880mG wide)  
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scattering amplitude 

sign reversal 
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scattering amplitude 

sign reversal 

sign reversal 

Ecoll > ~1/10 Eb 
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Fermi-Fermi team 6Li 

40K 

Rianne 
Lous 

Michael 
Jag Florian 

Schreck 

Matteo 
Zaccanti 
(LENS) 

Marko 
Cetina 

Rudi 
Grimm 

Dima 
Petrov 

Jesper 
Levinsen 

Univ. 
Aarhus, 

DK 

LPTMS, 
Orsay,  
France 
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mixture of heavy and light fermions: 40K-6Li 
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making weakly bound dimers (a>0) 
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flipping the spin state of the free atoms 

interacting spin state 

non-interacting spin state 
40K rf coupling 
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flipping the spin state of the free atoms 

interacting spin state 

non-interacting spin state 
40K rf coupling 
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flipping the spin state of the free atoms 

interacting spin state 

non-interacting spin state 
40K rf coupling 
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radio-frequency spectroscopy 

interacting 

spin state 

non-interacting 

spin state 

40K 
interaction with 

6Li40K dimers 

rf 
excellent tool to  
probe interaction 
shifts !!! 
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sample rf spectra 
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broadening and shift 
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sign reversal 

shift in terms of eff. sc. length 
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why we are so excited! 

mass imbalance: qualitatively 

new interaction properties 

no-loss few-body effect 

ultracold paradigm shift: 

physics beyond s-waves 

potentially 

strong impact on 

many-body physics !!! 
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strongly interacting, mass-imbalanced mixtures 

new project 

in Innsbruck 

Dy-K mixtures 
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thank you for your 
attention 


