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MMEASUREMENTEASUREMENT OFOF THETHE EQUATIONEQUATION OFOF STATESTATE OFOF AA

FFERMIERMI GASGAS (T.L. Ho & Q. Zhou, Nature Physics 6, 131 (2009), 

suggested by E.A. Mueller)

MMEASUREMENTEASUREMENT OFOF THETHE EQUATIONEQUATION OFOF STATESTATE OFOF AA

FFERMIERMI GASGAS (T.L. Ho & Q. Zhou, Nature Physics 6, 131 (2009), 

suggested by E.A. Mueller)

« µ »

with

0 2 2 / 2iz i zm z   

 
2

( , , ) ( ) ( )
2

r

z z

m
P µ µ T n z n z



   
 

Each picture provides a realization of a 
piece
Each picture provides a realization of a 
piece of the equation of state.
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Fermi sea (6Li)

Bose-Einstein 
Condensate (7Li)

TTHEHE ENS LENS LITHIUMITHIUM EEXPERIMENTXPERIMENTTTHEHE ENS LENS LITHIUMITHIUM EEXPERIMENTXPERIMENT

6Li Feshbach resonance

•Atom number ~ 104-105

•Temperature ~100nK (T/TF0.05)
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Our goal : measure the EoS of the homogeneous Fermi gas

Pressure contains all the thermodynamic information

In this talk : Low temperature limit : T = 0 Spin-population balanced gas 

Fermi pressure of an ideal gas

Interaction parameter with

grand-canonical analog to 

TTHEHE GROUNDGROUND STATESTATE OFOF AA HOMOGENEOUSHOMOGENEOUS FFERMIERMI GASGAS

( , , , )

( , , )

T V E TS N

P T V

  

 
 

 

   

 

0( ) 2 ( ) ( )P P h  Normalized pressure : 

Universal function



N. Navon, S. Nascimbène , F. Chevy, C. Salomon, Science 328, 729 (2010)

BCS BEC

TTHEHE EEOOSS OFOF AA FERMIONICFERMIONIC SUPERFLUIDSUPERFLUID WITHWITH

TUNABLETUNABLE INTERACTIONSINTERACTIONS



mean-field

mean-field + LY

MF Lee-Yang

We find : 0.18(2)

LY calculation :

T.D. Lee, C.N. Yang, Phys. Rev. 105, 1119 (1957)

AASYMPTOTICSSYMPTOTICS I: BCS I: BCS REGIMEREGIME



MF Lee-Huang-Yang

We find : 4.4(5)

LHY calculation :

MF

LHY

No effect of composite nature of dimers 
(except add)

X. Leyronas et al, PRL (2007)

T.D. Lee, K. Huang, C.N. Yang, Phys. Rev. 106, 1135 (1957)

Binding Energy

AASYMPTOTICSSYMPTOTICS II: BEC II: BEC REGIMEREGIME



Superfluid T=0 compressibility

S. Tan’s contact constant

large-k momentum tail

short-range pair correlations

In agreement with Swinburne measurement
(Dynamic structure factor) Kunhle et al., PRL 105, 
070402 (2010) and JILA PRL 104, 235301 (2010)

AASYMPTOTICSSYMPTOTICS III: III: UUNITARITYNITARITY

0.41(1)(2)s 



Chang et al, PRA 70, 43602 (2004)

Astrakharchik et al, PRL 93, 200404 (2004)

Pilati et al, PRL 100, 030401 (2008)

Fixed-Node Monte-Carlo theories

Nozières-Schmitt-Rink approximation 
Hu et al, EPL 74, 574 (2006)

Diagrammatic theory
Haussmann et al, PRA 75, 23610 (2007)

Quantum Monte Carlo
Bulgac et al, PRA 78, 23625 (2008)

MIT

DDIRECTIRECT CCOMPARISONOMPARISON TOTO MMANYANY--BBODYODY TTHEORIESHEORIES



- Spin-susceptiblity of an imbalanced Fermi gas

S. Nascimbène et. al. arXiv:1012.4664 (2010)N. Navon et. al., Science (2010)

- Extension to T > 0  and spin imbalance

EEXTENSIONSXTENSIONS



BosonsBosons



Strong increase of three-body losses with increasing a

Notoriously difficult : 

 Dramatic decrease of BEC lifetime

Typ. a4 (Fedichev et. al., PRL 1996)

Inouye et. al., Nature (1998)

A well studied quantum many-body system yet few experimental results
(e.g. Equation of State, Critical Temperature,…)

Roberts et. al., PRL (2000) 

TTHEHE BBOSEOSE GASGAS WITHWITH SHORTSHORT RANGERANGE INTERACTIONSINTERACTIONS



- High precision measurement of collective mode frequencies

bMF effects sought in molecular BECs (mBEC)

- Bragg spectroscopy of a 85Rb BEC 

Complex sequence to reach strongly interacting regime 
difficult to model  no direct comparison to theory

Opposite philosophy :

starting from a (stable) strongly interacting Fermi gas

Forming molecules and weakening the interactions

Papp et. al., PRL (2009)

Altmeyer et. al., PRL (2007)

- First quantitative comparison with LHY 
using the EoS of a mBEC

NN et. al., Science (2010)

No quantitative measurements of bMF in atomic Bose gases yet !No quantitative measurements of bMF in atomic Bose gases yet !

BBEYONDEYOND MMEANEAN FFIELDIELD LHY LHY CORRECTIONSCORRECTIONS ININ

ATOMICATOMIC BBOSEOSE GASESGASES



Use of the |1, mF=0,1> state to probe Efimov physics

Gross et. al., PRL 2009 

Pollack et. al., Science 2010 

77LLII SSTATETATE OFOF THETHE ARTART



- Possibility to tune the scattering length for evaporative cooling

Trade-off : not too high (3-body losses), not too low (2-body collisions for rethermalization) 

Optimized value : around 200 a0 in our trap

N=7.1 104T/Tc=0.85 N=5 104T/Tc=0.6 T/Tc=0.5 N=4.3 104 T/Tc<0.4 N=3.5 104

BBOSEOSE--EEINSTEININSTEIN CCONDENSATIONONDENSATION OFOF 77LLII



- Increasing the magnetic field towards the resonance (t~100 ms, wzt~20)

190

500

1700

2950 a/a0

N ~ 4 104

AATOMICTOMIC BEC BEC WITHWITH TUNABLETUNABLE INTERACTIONSINTERACTIONS

- For the Bose gas at T=0 :

withgrand-canonical variable 

Pressure unit



Calibration of detectivity in the MF regime (700 a0)

Deviation of < 5 % to MF

Mean-Field

Averaging images between 1440 and 2150 a0

No evidence for non-universal effect at our level of precision

We find : 4.5(7)

Together with molecular Bose gas measurement : 
Demonstration of the universality of LHY correction

LHY

Navon et. al., arXiv:1103.4449 (2011)

EEQUATIONQUATION OFOF SSTATETATE OFOF AA HHOMOGENEOUSOMOGENEOUS BECBEC



Question : T=0 assumption ?

Finite-temperature corrections beyond mean-field ?  EoS at T > 0…

Path-Integral Monte-Carlo simulations (S. Piatecki and W. Krauth at ENS) 

39000 particles @ 2150 a0

We deduce that T/Tc ≤ 0.25

T/Tc= 0.75, 0.5, 0.25, 0.125

No sizeable finite-T effects

TTHERMOMETRYHERMOMETRY: M: MONTEONTE--CCARLOARLO SSIMULATIONSIMULATIONS



- Pushing to higher values of a  faster sweep rates

Static Mean-Field (a1/5)
TD Mean-Field (scaling solution)

TD Beyond-MF (scaling ansatz)

Radius normalized to N1/5

Feshbach resonance

- Very good agreement with simple approach to beyond-
MF dynamics (hydrodynamics+ scaling ansatz)

Atom number

DDYNAMICALYNAMICAL MMEASUREMENTEASUREMENT OFOF THETHE AAXIALXIAL

RRADIUSADIUS



Due to response time of the Bose gas to the changing a(t) :  Rexp(t) < Req

IF a universal state for the Bose gas at unitarity then : like a Fermi gas !

We deduce from dynamic measurement a lower bound :

« Variational » calculations : 2.92 (Cowell et al., PRL 2002), 0.80 (Song and Zhou, PRL 2009), and 
renormalization group method 0.66 (Lee and Lee PRA 2010)

A A UUNITARYNITARY BBOSEOSE GGASAS??




