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Strongly interacting quantum systems 

Superconductivity Neutron star 

high densities low temperatures 

www.esa.int 

Strongly interacting: interaction energy dominates over kinetic energy 
 
(It’s all about the scale.) 



Quantum degeneracy 

Bosons Fermions 
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Nuclear matter n 1038 cm-3 1012 K / 30 MeV 

Electron gas me 1023 cm-3 50000 K / 10 eV 

Superfluid Helium 4He 1022 cm-3 5 K / 1 meV 

Atomic quantum gas 40K 1013 cm-3 100 nK / 10 peV 



Why cold atoms? 

GREAT EXPERIMENTAL CONTROL... 

•  extremely pure systems: no dirt, impurities,...  

•  all parameters are tuneable:  
kinetic energy, interaction strength, spin composition, dimensionality, ... 

•  energy scales/time scales are so slow that parameters can be tuned in real 
time 

... and a precise microscopic understanding from first principles. 



BEC-BCS crossover 

A few highlights 

Fermionic atoms in optical lattices 

Bose-Einstein condensation 
of pairs of fermions 

Collective (shape) oscillations 

JILA 
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MIT 

Innsbruck 

Quantized vortices 

JILA 

MIT 



How to make a quantum gas 



Problems when reaching low temperatures 

•  Everything (except Helium) solidifies below 1K 
 → work at low densities (timescale for solidification ∝ n3) 
 

•  Cooling becomes increasingly difficult since the heat capacity of the coolant 
vanishes (∝ T3) 

 → try new cooling method! 
 



The road to Nanokelvin temperatures 

1.  Laser cooling 

2.  Magnetic or optical trapping 

3.  Evaporative cooling 

4.  Imaging and temperature measurement 



Cooling with lasers: the mechanism 

p=mv 

Proposed by Hänsch, Schawlow, Wineland, Demehlt in 1975 

p=mv-ħk 

p=mv-ħk+ħk’ but <ħk’>=0 ! 
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Can this work at all? 

Let’s calculate the deceleration: 
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It works: atoms can be stopped from 300 m/s to rest within 0.01 s ! 

What’s the limit? → “Doppler limit” 
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Laser cooling Nobel prize 



Cooling with lasers: atomic structure 
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element wavelength λatom 

H 121 nm (UV) 

Li 671 nm (red) 

Na 589 nm (yellow) 

K 767 nm (red) 

Rb 780 nm (infrared) 

Cs 850 nm (infrared) 

atomatom hE ν=

Fermionic  
Isotopes: 

6Li, 40K 



Level scheme of 40K 

Optical transitions  
electric dipole transition between principal states 
of quantum numbers n, L, J = L+S 
 
 
Microwave transitions 
Magnetic dipole transition between hyperfine states 
with different quantum numbers F = I+J 
 
 
 
Radiofrequency transitions  
magnetic dipole transition between Zeeman states  
of different quantum number  mF 
(will be discussed in detail later) 

(similar for all other alkali atoms) 

L = orbital angular momentum 
S = spin 

I= nuclear spin 



The laser setup 



Laser cooling in action 

Movie from University of Munich/MPQ 



Magnetic trapping 

BIgBJgJIASLHH NIBJgross


⋅−⋅+⋅+⋅+= µµβ

Hyperfine Hamiltonian 
|F,mF> are eigenstates 

Zeeman Hamiltonian 
|mI,mJ> are eigenstates 

Interaction of an atom with a magnetic field 

At low fields (gJµBB < A):  Magnetic field is perturbation  
 -> |F, mF> remain good quantum numbers 
 Linear Zeeman effect: E(B) ≈ const. + gFmFµBB 

 
At high fields (gJµBB > A):  Hyperfine interaction is perturbation 

 -> |mI,mJ> are good quantum numbers 
  E(B) ≈ const. + gJmJµBB 



Interaction of atoms with a magnetic field 

S1/2 ground state of 40K 
hyperfine 
splitting 
= A * (I+1/2) 

BIgBJgJIASLHH NIBJgross


⋅−⋅+⋅+⋅+= µµβ



How does this look like? 

(the wires carry 500 Amps) 
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three-dimensional harmonic oscillator 

Magnetic field 

Potential 



Optical dipole traps 

atomic two-level Hamiltonian 

electric-dipole interaction 

|0> 

|X> 
ħωx 

Rabi frequency:  

Detuning: 

Laser field:  

Eigenenergies of the coupled system: 

Δ

Ω
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2
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Optical dipole potential: attractive potential for “red detuning” (ω<ωx) 
repulsive potential for “blue detuning” (ω<ωx) 
 

x 

•  potential depth proportional to laser intensity 
•  simply realized by (crossed) laser beams 
•  usually independent of internal states (for large detuning) 

Laser beam 

Laser beam 

Two-level 
atom 

&

energy shift 

+ + c.c. 



Getting cold: Evaporative cooling 

Laser cooling: 0.1 mK 

Room temperature 

Liquid He: 4K 

Evaporative cooling: 

100 nK 

Collisions are required! 



What is the range of a power-law potential         (n>2)? 

 

Note: this has nothing to do with the scattering length or the 
collisional cross section! 

 

(Very) basic properties of ultracold collisions 

particle prepared at a distance r has a kinetic energy  
(Heisenberg limit due to the hard core) 
 
potential energy of the particle 
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typical values for alkali atoms: r0 = 100 aBohr	
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Collisions of ultracold atoms 

p 

KTrp µ1000 <→<⋅ 

mkTp ≈

r0	


Classically 

Only s-wave collisions! 



Quantum mechanical collisions 

Schrödinger equation in relative coordinates 

Asymptotic wave function 

Using partial wave decomposition  
for outgoing wave 

l=0	


single parameter! 

incoming plane wave outgoing spherical wave 

Legendre polynomials 

l=0 

s-wave scattering length a 
(measures phase shift in collision) 



Scattering length vs. cross section 

Scattering length can be positive or negative. 

 

Total scattering cross section follows from optical theorem: 

 

naively expected 

unitary cross-section 
independent of  
interaction potential 



Fermions at low temperatures 

 total wave function is antisymmetric for fermions: 

spinspatial ψψψ ⊗=

↓↑−↑↓

↓↑+↑↓

↓↓

↑↑
spin-polarized 

spin mixture 

anti-symmetric 

symmetric 

no s-wave collisions possible 
(pair correlation length: λdB) 

Cooling fermions is MUCH more difficult than bosons 
•  use mixture of different spin states 
•  use mixture with a different species, e.g. bosons 

anti-symmetric 

anti-symmetric 



Nobel prize 2001 



How to measure temperature 

CCD 

Atoms 

UHV glass cell 

lens 

width Δx 
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Absorption imaging 

|-9/2> |-7/2> 

Light attenuation: 

Absorption cross section:  
 
λ: Resonance wavelength; λ=2πc/ω0 

Γ: Scattering rate 
Δ= ω-ω0: Detuning:	

Isat: Saturation intensity 

Image of D(x,y) 

I0(x,y) 



Fermi degeneracy 

Jin group, JILA 

momentum distribution 



Basic properties of Fermions  
at low temperature 



Ultracold fermions in a trap 

Fermi-Dirac distribution determines population of energy level εi :  

Chemical potential µ results from  
normalization of particle number 

(fugacity) 

T>TF 

ε1 

ε2 

ε3 

At T=0 this simplifies to: 

Density of states of  
3D-harmonic oscillator:  	


T=0 

EF 

Fermi energy: EF=(6N)1/3 ħω	


Poly-logarithmic function of order n 



Density profile 
Density profile is calculated from phase-space distribution function 

with 

Gaussian for T>>TF 



Density profile – local density approximation 
At T=0 for many particles:  
Assume locally homogeneous system with slowly varying local Fermi energy 

Local density is then 

Requires: EF >> ħω, i.e. N>>1	


r 

V(r) 

µ	


εF(r) 



Bosons vs. Fermions 

Bosons shrink to  
ground state 

Pauli’s exclusion principle  
prevents fermions from shrinking 

Rice University 
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Converting between fermions and bosons 

Elementary massive particles are fermions  

=> bosons are composite particles 
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internuclear  
spearation 

a>0 

a<0 

existence of  
bound state 
i.e. dimer (boson) 

Scattering length and bound state near Feshbach resonance 



Converting fermions to bosons 

Bo B 

Ekin 2 2/BE ma= −h

a>0 a<0 

BEC of molecules 

Bose-Einstein condensation of pairs of fermions 

MIT: 6Li2 

JILA: 40K2 



Feshbach resonance 

Bres 

ΔB 

Ec+µB 

Molecules with repulsive interaction 
BEC of Molecules: Condensation of 

tightly bound fermion pairs 
(last lecture) 

BCS-limit: 
No stable molecules 

Condensation of Cooper pairs 



The “BCS” regime 

Bardeen, Cooper, Schrieffer, 1957: 

•  Superconductivity of metals at low temperature 

•  Weak attractive interactions 

•  Pairs in momentum space 

•  Quasi-particle excitation spectrum has a gap 



Search for bound state in the Schrödinger equation  
 
with binding energy EB=-ħ2k2/m 
 
 
=> solve 

Bound states and dimensionality 

in momentum space: 

short-range interaction 

for q<1/r0 

V(q) = 0	
 for q>1/r0 

Is there a weakly bound state (|E|<<ER0) for infinitesimal attraction?  => depends on density of states! 

3D: ρ(ε) ∼ ε1/2	
 2D: ρ(ε) = const. 

always a bound state, even for V0->0! minimum V0c required for pairing 

ER0=ħ2/mr0
2 

density of states [integrate both sides over q and divide by                              ] 



Cooper pairing 

Cooper’s idea: 
Pairing is only on the surface of a  
non-interacting Fermi sea. 
 
Binding energy below 2EF 

Many-body Hamiltonian: pairing between fermions of opposite k and spin only. 

ckσ: fermionic annihilation operator  
 for momentum k and spin σ	


nkσ: density operator	


Introduce fermionic pair operators:  



BCS superfluidity 

Bardeen, Cooper, Schrieffer: variational ansatz (use trial wave function to minimize energy) 

quasiparticle 
excitations 
(= add one particle to the system) 
 

quasihole 
excitations 
(= remove one particle  
from the system) 

BCS dispersion relation 

excitation gap 2Δ	

=> phase is protected from  
single-particle excitation 



Bose Einstein condensate 
 of molecules 

BCS superfluid 

W. Ketterle 



Molecular BEC BCS superfluid 

W. Ketterle 



Molecular BEC BCS superfluid 

Magnetic field 

W. Ketterle 



Molecular BEC BCS superfluid Crossover superfluid 

W. Ketterle 



Fermi condensates 

C. A. Regal, M. Greiner, and D. S. Jin, PRL 92, 040403 (2004) 



The BEC-BCS crossover 

Jin goup, JILA 



Superfluidity: Quantized circulation 

Quantization:  Integer number of matter waves on a circle 
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Magnetic field coils 

Spinning a strongly interacting Fermi gas 

laser beam for  
confining atoms 

laser beam for  
rotating atoms 

trapped atoms 

MIT 



Spinning a strongly interacting Fermi gas 

MIT 



Vortices in the BEC-BCS Crossover 

M.W. Zwierlein, J.R. Abo-Shaeer, A. Schirotzek, C.H. Schunck, W. Ketterle, 
Nature 435, 1047-1051 (2005) 

Vortex lattices in the crossover 



Sa de Melo, Physics Today (2008) 

BEC-BCS crossover 

 
 
 

What happens in reduced dimensions? 
 

 B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, M.K, PRL 106, 105301 (2011)  
 S. Baur, B. Fröhlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012) 
  

 
 



Two-dimensional Fermi gases 

Two-dimensional gases:  

“the grand challenge” of condensed matter physics 

 

 

 

 

 
 

 

Cold atomic gases provide tuneable model system 

•  fermionic atoms take the role of electrons 

•  lattice created by standing wave laser fields 

→ build quantum simulator (Feynman) 

High-Tc superconductors: 
•   After 25 years of research still no 

 breakthrough in understanding 
(nor to solve the energy crisis) 

 
•  Material is to complicated to understand 

even the basic mechanism 



Two-dimensional Fermi gases 

1.  Two-body scattering in 2D 

2.  Basic properties of 2D Fermi gases 

3.  Collective modes (sound) 

4.  Momentum-resolved rf spectroscopy 

5.  Fermi liquid 

6.  Pseudogap pairing 

7.  Fermi polaron in 2D 

today 

tomorrow 



Hz130π2 ×≈⊥ω
kHz80π2 ×≈zω

kHz8×≈ hEF

Quasi-2D geometry 
Conditions for 2D 

EF , kBT <<   ħωz 

Strong axial confinement required ħωz 

B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, MK, PRL 106, 105301 (2011) 
other 2D Fermi gases: Inguscio, Grimm, Esslinger, Turlapov, Vale, Zwierlein 

•   lattice depth 83 Erec 

•   hopping rate 0.002 Hz 

•   ~ 2000 Fermions per spin state 

•   ~ 30 "pancakes" / layers 

 l0  
≈ 60 nm 

λL/2  
= 532 nm 

y x 
z 

Optical lattice: array of 2D quantum gases 



Ultracold fermions in a 2D trap 

Fermi-Dirac distribution determines population of energy level εi :  

Chemical potential µ results from  
normalization of particle number 

T>TF 

ε1 

ε2 

ε3 

At T=0 this simplifies to: 

Density of states of  
2D-harmonic oscillator:  	


Fermi energy: EF,2D=(2N)1/2 ħω	


T=0 density distribution:  = 



Scattering in two dimensions 
(Formalism analogous to three dimensions) 

Schrödinger equation in relative coordinates 

Asymptotic wave function 

incoming plane wave 

outgoing cylindrical wave 

For s-wave collisions and short-range interactions: 

s-wave scattering amplitude in 2D: 

with 

•  one parameter Eb  - the 2D bound state 
•  define 2D scattering length: EB=ħ2/ma2D

2 

•  energy dependent 

(k: wave vector of relative motion) 



 
•  Kinematics of the gas is 2D, since EF<<ħωz 

•  Interaction potential is 3D: l0 > reff 

 => Three-dimensional scattering length a3D parameterizes the interaction 
 (good for Feshbach resonance) 

 
 
 
However, for an harmonic oscillator we can still separate COM and relative motion: 
 

l0  
≈ 60 nm 

λL/2  
= 532 nm 

y x 
z 

Quasi-two dimensional confinement 

Hz130π2 ×≈⊥ω
kHz80π20 ×≈ω

kHz8×≈ hEFQuasi-2D 

EF , kBT <<   ħω0 ħω0 

Schrödinger  
equation in 
relative coordinates 

=> in experiments we realize quasi-2D confinement! 



Scatt. amplitude and bound state in quasi-2D 

Solving the scattering problem in quasi-2D results in the scattering amplitude  
(Petrov, Shlyapnikov, PRA 2001) 

scattering only within  
the lowest state of the HO 

Solving for the bound state in quasi-2D  

(for -a<l0) 

the trap plays a crucial role! 

s-wave scattering amplitude in quasi-2D: 

•  one parameter Eb  
•  energy dependent 
•  qualitatively the same as in true 2D 



Radio-frequency spectroscopy 
no interactions interactions 

|F=9/2> mF= 



Radio-frequency spectroscopy 
no interactions interactions 

Transition rate by Fermi’s golden rule:  

Rabi frequency 

0 

0 

S. Baur, B. Fröhlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012) 

0 

|F=9/2> mF= 

axial mode index 



Confinement-induced bound state 

Bound state in quasi-2D: 
(Petrov, Shlyapnikov, PRA 2001) 

(for -a<l0) 

(green curve) 

Black curve: correction for large and positive a 
(Bloch, Dalibard, Zwerger, Rev. Mod. Phys. 2008) 

Red curve: correction for finite range of the potential 
(S. Baur, B. Fröhlich, M. Feld, E. Vogt, D. Pertot, M. Koschorreck, M.K, PRA 85, 061604 (2012)) 

ω=2π*75 kHz 

in quasi-2D this means: 

(see last lecture) 



Confinement-induced Feshbach resonance 

•  Scattering amplitude is tuneable via 3D scattering length 

•  resonance structure is modified: 
  
 Im[f(k)] has maximum at  

 
 Resonance position is defined by a, l0, and k  (or EB and k) 

=- =0) (or 



Mean-field coupling in a 2D Fermi gas 
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Many-body Hamiltonian 
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confinement-induced 
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shift of resonance 



2D Fermi gases & collective modes 

E. Vogt, M. Feld, B. Fröhlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012) 
 



Collective modes of a 2D Fermi gas 

Quadrupole mode 
 

•  insensitive to EoS 
•  measures shear viscosity 

Breathing mode 
 

•  measures compressibility 
•  measures bulk viscosity 

Collective modes: Excitations with momentum k << kF, e.g. sound propagation 



Scale invariance in a homogeneous system: H(λx)= H(x)/λ2 if  
 
This works for V=g/r2 and delta-interaction in two dimensions  

  
Scale invariant systems have unique properties 
•  simple equation of state (like ideal gas: P=2ε/D) 
•  vanishing bulk viscosity 
 

Scale invariance 

For bosons: Pitaevskii/Rosch, Perrin/Olshanii, Chin, Dalibard 

dilute the system: 

General Hamiltonian with interaction 

In cylindrically symmetric trap: scale invariance is replaced by SO(2,1) Lorentz symmetry  
(Pitaevskii/Rosch, 1997) 

 
Two remarkable predictions: 
1. Breathing mode: ωB=2ω⊥ (independent of interaction strength!) 
2. bulk viscosity is zero 



Quantum anomaly 

In two dimensions there are a few complications: 
 
•  delta-function interaction is not well-defined => regularization required 

•  Interaction strength depends on density: 

  

 => Quantum anomaly shifts mode by δω/ω ~ a/l0 

 (Olshanii et al., PRL 2010) 
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Collective excitations 

Quadrupole Mode 
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Damping & Viscosity 

2222 )()()()(
2
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2D-Energy dissipation rate: 

shear viscosity bulk viscosity 
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Quadrupole Mode Breathing Mode 

Damping rate: 



Collective modes 

collisionless  
Γcoll<ω⊥  
(zeroth sound) 

hydrodynamic 
Γcoll>ω⊥  
(first sound) 

Quadrupole mode 

E. Vogt, M. Feld, B. Fröhlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012) 



Collective modes 

collisionless  
Γcoll<ω⊥  
(zeroth sound) 

hydrodynamic 
Γcoll>ω⊥  
(first sound) 

Breathing mode Quadrupole mode 

E. Vogt, M. Feld, B. Fröhlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012) 



Temperature dependent damping 

Shear viscosity 

( )FTTn /αη =

( ) ( )βαα FF TTTT // 0 ×=

dimensionless  
function 

E. Vogt, M. Feld, B. Fröhlich, D. Pertot, M. Koschorreck, M.K., PRL 108, 070404 (2012) 
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confinement-induced 
bound state 

shift of resonance 
Mean-field coupling in 2D 
(Bloom 1975) 

B [G] 

Fermi  
liquid ? 

strongly interacting 
2D Fermi gas 

non-interacting  
2D Fermi gas 

Bose gas  
of dimers 

( )DFak 2ln
0 -1 1 - ∞ ∞ 

•  BKT transition at TBKT ≈ 0.1 TF in the strongly interacting regime 
•  TBKT decays exponentially towards weak attractive interactions (as in 3D) 

Theory: Bloom, P.W. Anderson, Randeria, Shlyapnikov, Petrov, 
Devreese, Julienne, Duan, Zwerger, Giorgini, Sa de Melo, ... 



Momentum-resolved rf spectroscopy & 
 
Fermi liquid in two dimensions 

B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, W. Zwerger, M.K, PRL 106, 105301 (2011) 
B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012) 



Fermi liquid regime 

\\\\\ 

\ 



Concept of the Fermi liquid 

Single particle excitations in a non-
interacting Fermi gas 
 
“Particle excitation”: k> kF 

“Hole excitation”: k< kF 
 
 
Excitation energy: 

kx 

Fermi sphere 

ky 

kz 

equilibrium  
occupation 



Concept of the Fermi liquid 

Particle and hole excitation get dressed by interactions with the Fermi sea 
→ “quasiparticle” excitations (Landau, 1957) 



Quasiparticle excitations 

•  Landau-Fermi liquid particles are fermionic 

•  finite lifetime 1/t ~ (k-kF)2 (long-lived near the Fermi surface) 

•  effective mass: m*/m > 1, depending on interaction strength 

•  Conceptual simplification of interacting Fermi systems: 
quasiparticles form non-interacting Fermi gas with renormalized 
properties 



Microscopic theory 

Hamiltonian 

free Fermi gas Interactions 

Spectral function:  probability to make a single particle/single hole excitation  
 with well-defined energy ω and momentum k 

Free Fermi gas:  



Microscopic theory 

With weak interactions 

(Lorentzian) 

width = decay rate shift = dispersion 



Fermi liquid parameters in 2D 

Bloom, PRB 1975 
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Feshbach resonances in 40K 

|1> & |2> |1> & |3> 

Preparing interacting 2D systems 

|1> = |mF=-9/2> 

|2> = |mF=-7/2> 

|3> = |mF=-5/2> 

0174aaBG =
|2> & |3> 



Radio-frequency spectroscopy 

no interactions interactions 

Does not tell us the dispersion! 



Momentum-resolved RF spectroscopy ("ARPES") 

|1>= |-9/2> 

|2>= |-7/2> 

|3>= |-5/2> 
 ħωRF 
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(E,k) 

momentum k 
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E
 

final state |3>  
(weak interactions) 

initial state, e.g. BCS-like 
dispersion 

ħωRF 
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ARPES in 3D Experiment: Jin           Theory: Georges, Strinati, Levin, Ohashi, Zwerger, Drummond, ... 
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Population of the spin states 
|-9/2> |-7/2> |-5/2> 

RF pulse 



Spectroscopy of a 2D Fermi liquid 

B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012) 

Fermi liquid: 
 
EF, kBT < ħω (two-dimensional) 
 
EB < kBT (no pairing) 
 
g=1/ln(kFa2D) < 1 (weak interactions) 



Comparison with theory 

B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012) 



Effective mass parameter 

T/TF=0.3 

g=0.35 

B. Fröhlich, M. Feld, E. Vogt, M. Koschorreck, M.K., C. Berthod, T. Giamarchi, arXiv:1206.5380 (2012) 



Pseudogap pairing 
M. Feld, B. Fröhlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011) 



Pairing regime 

\\\\\ \\\\\ 



ARPES spectra at strong interactions 

atoms 

pairs 

ln(kFa2D) = 0.19 

B
F

th E
E

kE =
Δ

==
2

)0(
2

“Condensation energy” of Cooper pairs  
(MF theory, T=0, Randeria 1989) 

Only the case in 2D 
(in 3D: EB=0 on the BCS side) 

“BCS” side 
 
   ln(kFa2D) > 0 ,  EB < EF  
 
no isolated dimers, attractive interactions, 
pairs are huge compared to inter-particle 
spacing 



BCS pairing in two dimensions at T=0 

Number equation 

Gap equation   

Randeria et al. 1989 



Mean-field theory at T>0 

Gap equation 

Number equation 

Numerical solution 

In 3D weak coupling BCS: Tc ≈ T* (pairs condense as they form) 



Pairing pseudogap phenomenon 

(condensed 
Cooper pairs) 

<|Δ|> =0 

(phase-fluctuating 
order parameter) 

<Δ> =0 

Temperature 

),(),(),( xTiexTxT ϑΔ=Δcomplex order parameter 

<Δ> ≠0 



Pairing pseudogap phenomenon 
),(),(),( xTiexTxT ϑΔ=Δcomplex order parameter 

<Δ> =0 

Δ1 

Δ2 

Δ3 

but <|Δ|>  > 0 spatial average 



Spectra at k=0: Determining the pseudogap  

Eth 

F
th E
kE

2
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2Δ
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M. Feld, B. Fröhlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011) 



Temperature dependence 

Finite temperature  
mean field theory, 
no free parameters 

M. Feld, B. Fröhlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011) 



Pairing pseudogap 

T/T* 

E
th
/E

B
 ln(kF a2D) 

0 

0.2 
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0.8 

In 3D:  Observation of Fermion condensates below T/TF ≈ 0.15  
 [by projection onto molecules] 

 
In 2D:  No condensation observed. 



Back-bending of dispersion relation 

M. Feld, B. Fröhlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011) 



Back-bending of dispersion relation 

T/TF = 0.65 

log(kFa2D) = -0.2 

T/TF = 0.45 

T/TF = 0.27 
BCS-like dispersion 

at low T 

M. Feld, B. Fröhlich, E. Vogt, M. Koschorreck, M.K., Nature 480, 75 (2011) 



Fermi polarons 

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Fröhlich, M.K., Nature 485, 619 (2012) 



Strongly imbalanced Fermi gases in 2D 

2D Theory: Bruun, Demler, Enss, Parish, Pethick, Recati, ...  

ln(kFa2D) 

Energy 

repulsive polaron 

molecule 

attractive polaron  

3D Theory: Bruun, Bulgac, Chevy, Giorgini, Lobo, Prokofiev, Stringari, Svistunov, ... 
3D Expmt: Zwierlein, Salomon, Grimm 

It’s disputed whether  
there is a transition in 2D 

Metastability? 

The “N+1” problem: one |↓> impurity in a large |↑> Fermi sea 

•  Mobile impurity 
interacting with a  
Fermi sea of atoms 

•  Tunable interactions 

•  Polaron properties 
determine phase 
diagram of imbalanced 
Fermi mixtures 



Characterizing the attractive polaron 

Theory from: R. Schmidt et al., 
arXiv:1110.1649 

ln(kFa2D) 

Energy 

repulsive polaron 

molecule 

attractive polaron  

0   Signal  1 

free-particle dispersion subtracted 

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Fröhlich, M.K., Nature 485, 619 (2012) 



Coherence of the polaron 

E [kHz] 

0 

-10 

-20 

-30 
0 4 8 k[μm-1] 

Rabi oscillations between polaron and free particle 

Incoherent transfer: rate ~ amplitude 

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Fröhlich, M.K., Nature 485, 619 (2012) 



Repulsive polaron 

Similar experiments in 3D:  
Ketterle & Grimm groups 

Theory:  
V. Ngampruetikorn et al., 
arXiv:1110.6415 

Energies comparable to 
R. Schmidt, T. Enss, V. Pietilä,  
E. Demler, arXiv:1110.1649  

ln(kFa2D) 

Energy 

repulsive polaron 

molecule 

attractive polaron  

M. Koschorreck, D. Pertot, E. Vogt, M. Feld, B. Fröhlich, M.K., Nature 485, 619 (2012) 
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