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Fermi Mixtures
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N=N with attractive interactions:
 BEC-BCS crossover



Imbalanced
Fermi mixtures
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N=N N>>N

SF-normal transition
Zwierlein et al., Nature 2005



Very imbalanced
Fermi mixtures
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N>>1

normal Fermi liquid

Schirotzek et al., PRL 2009



Many-body systems
(from Richard Mattuck’s book) 
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Quasi-Particles
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a QP is a “free particle” with:
@ renormalized mass
@ chemical potential 
@ shielded interactions
@ q. numbers (charge, spin, ...)
@ lifetime

Landau’s idea:
who cares about real particles?

Of importance are the excitations, 
which behave

 as quasi-particles!
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The polaron problem

molecule-hole continuum

repulsive
polaron

attractive
polaron

new quantum toy!
a gas with strong repulsive interactions

(intrinsically metastable, due to the existence
of weakly-bound lower-lying states) 



Itinerant 
FerroMagnetism
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mixed state phase-separation

repulsive interactions



Polaron: variational Ansatz

non-interacting   Fermi sea

the   impurity

Particle-Hole dressing
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universal attractive case considered by:
 Chevy, Combescot, Recati, Lobo, ...

|ψp� = φ0c
†
p↓
|FSN �+

k>kF�
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c†k↑

cq↑ |FSN �

This variational Ansatz has a diagrammatic equivalent:
the forward scattering, or ladder, approximation.

Very good agreement with QMC results for μ↓ and m*

Perform analytic continuation to complex energies
to look at the repulsive polaron

repulsive case considered by:
 Zhai, Pilati&Giorgini, PM & Bruun



Dressed Molecules
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universal case considered by:
 Punk&Dumitrescu&Zwerger, Mora&Chevy, Combescot&Giraud&Leyronas (2009)

Mathy,&Parish&Huse (2010)

non-interacting   Fermi sea

the   impurity

Particle-Hole dressing

the    molecule



Theorists like it easy
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but what’s “under the hood”?
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Narrow Feshbach Resonances

14

Scattering amplitude: f = −
�
a−1 + ik +R∗k2 + . . .

�−1

a FR is broad if

Most heteronuclear FR are narrow.

kFR
∗ � 1R∗ � RV dW

EM = − �2
2mr(a∗)2

with a∗ =
2R∗

�
1 + 4R∗/a− 1

a � R∗ : a∗ ∼ a

a � R∗ : a∗ ∼
√
aR∗

Molecule energy:

or



Many-body description of narrow FR

15

Bruun, Jackson & Kolomeitsev, PRA 2005
PM & Stoof, PRA 2008
PM, arXiv:1112.1029

open channel only
couples between

       open and closed channels

T = −2π�2
mr

f f = −
��

abg

�
1− ∆B

B −B0 − ECM/δµ

��−1

− 2π�2
mr

Π(p, ECM)

�−1

with

R∗(B) =
�2∆B

2mrabg(B −B0 −∆B)2δµ

a∗(B) = abg

�
1− ∆B

B −B0

�

low energy expansion:

f = −
�
a−1 + ik +R∗k2 + . . .

�−1

vac

T=Topen+Tclosed



WarmUp: Atom-Dimer scattering

16

agrees with real-space calculation (Petrov, PRA 2003;   Petrov&Levinsen, arXiv: 1101.5979)

Range of FR

equal masses

K impurities in Li gas

Li impurities in K gas
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“Narrow” pols & mols

17

(kFa)-1=0  [at resonance]
equal masses

repulsive pol.

attractive pol.

molecule

Energy

pol/mol crossing

ETh
M = −�F

�
1− m↑

mr

2− π(kFa)−1

2 + πkFR∗

�
.

PM, arXiv:1112.1029

analytic result
in the narrow limit:
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for impurity/gas mass ratios: 6/40, 1, 40/6

pols

mols

PM, arXiv:1112.1029

critical interaction
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Pol/Mol crossing at a narrow FR
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for impurity/gas mass ratios: 6/40, 1, 40/6

PM, arXiv:1112.1029

energy at
 the crossing



RF spectroscopy

20
C. Kohstall, M. Zaccanti, M. Jag, A. Trenkwalder, PM, G. Bruun, F. Schreck & R. Grimm, arXiv:1112.0020.

low power RF:

high power RF:

repulsive pol.

attractive pol.

molecule+hole
continuum

kFR*≃1
high power is needed to

couple to the MH continuum,
due to a small FC overlap

repulsive polarons exist
as well-defined quasiparticles

even in the strongly-interacting regime



21

exp. data
 vs. theory for

Pol+→Pol- and Pol+→MolΓ 
ε

k

Decay of repulsive polarons

narrow vs. broad:
substantial lifetime increase!



Rabi oscillations

22

Rabi frequency
as a measure of
polaron residues

|I� = â†0q=0|FS�

|F � =
√
Zâ†1q=0|FS�+

�

p<�κF<q

φq,pâ
†
1p−qb̂

†
q b̂p|FS�+ . . .

�F |R̂|I� =
√
ZΩ0

R̂ ∝ Ω0

�

q

(â†1qâ0q + h.c.)

regime of very high RF power,
well beyond linear response regime:

fast oscillations, and quasiparticle decay 
may be ignored

�
Z+

�
Z−

Ω0=2π*6kHz
Ω0=2π*12kHz

collision-induced decoherence
is the main damping mechanism



Tan’s contact density C

23

(kFa)2

(kFa)-1ε =
3

5
�Fn↑ + E↓n↓,

− C
8πmr

=
dε

dv
= 2an↓(E↓ +∆N�F )

C
24πmra

= P − 2

3
ε,

�n↑(R+ r1)n↓(R+ r2)� →
C n↓

16π|r1 − r2|2



in collaboration with:
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Georg Bruun

Rudi Grimm

Florian Schreck
M. Jag & A. Trenkwalder

Matteo Zaccanti

Christoph Kohstall



Conclusions
A new strongly interacting quantum state: the repulsive polaron

energy, residue, lifetime, m*, ΔN, contact

Many-body physics at narrow Feshbach resonances

perturbative expansion possible!

polaron/molecule crossing and quasiparticle properties vs. 
width of the resonance

A large effective range yields a substantial lifetime increase:
interesting perspectives for studying novel phenomena in
metastable systems with strong repulsive interactions

I) G. Bruun and PM, Phys. Rev. Lett. 105, 020403 (2010)
II) K. Sadeghzadeh, G. Bruun, C. Lobo, PM, and A. Recati, New J. of Phys. 13, 055011 (2011)
III) PM and G. Bruun, Eur. Phys. J. D 65, 83 (2011)
IV) C. Kohstall, M. Zaccanti, M. Jag, A. Trenkwalder, PM, G. Bruun, F. Schreck and R. Grimm, arXiv:1112.0020
V) PM, arXiv:1112.1029
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QuasiParticle energies
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Residue and eff. mass
(through the crossover)
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# of particles in the 
dressing cloud
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�kFa��1
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�N

ΔN

δµ↑ =
∂2ε

∂n↑∂n↓
+

∂2ε

(∂n↑)2
∆N = 0

∆N = −
�
∂µ↓
∂n↑

�

n↓

/

�
∂µ↑
∂n↑

�

n↓

≈ −
�
∂µ↓
∂�F

�

n↓

∆N = − 2

π
kFa− 4

π2
(kFa)

2 + . . .weak coupling:

Pol+

Pol-
Mol


