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I. Introduction

Gaz ultrafroids : alcalins (mais aussi He ..)

Li, Na, Rb, K ...

Densité : n ~10 13 cm-3

Température : 1 µK-10 nK

Méca. Q. :  longueur d’ondes de de Broglie
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Bosons :

Condensation de Bose-Einstein  : T<Tc

“(presque) tous les atomes dans le même état”BEC_three_peaks.jpg (Image JPEG, 2200x1699 pixels) - Redimen...http://cua.mit.edu/ketterle_group/Popular_papers/BEC_three_peaks.jpg

1 sur 1 12/06/08 17:49

MIT

refrigerator, then trapped by a magnetic field and fur-
ther cooled by evaporation. This approach has come
very close to observing BEC, but is still limited by re-
combination of individual atoms to form molecules (Sil-
vera and Walraven, 1980 and 1986; Greytak and Klepp-
ner, 1984; Greytak, 1995; Silvera, 1995). At the time of
this review, first observations of BEC in spin-polarized
hydrogen have been reported (Fried et al., 1998). In the
1980s laser-based techniques, such as laser cooling and
magneto-optical trapping, were developed to cool and
trap neutral atoms [for recent reviews, see Chu (1998),
Cohen-Tannoudji (1998), and Phillips (1998)]. Alkali at-
oms are well suited to laser-based methods because their
optical transitions can be excited by available lasers and
because they have a favorable internal energy-level
structure for cooling to very low temperatures. Once
they are trapped, their temperature can be lowered fur-
ther by evaporative cooling [this technique has been re-
cently reviewed by Ketterle and van Druten (1996a) and
by Walraven (1996)]. By combining laser and evapora-
tive cooling for alkali atoms, experimentalists eventually
succeeded in reaching the temperatures and densities re-
quired to observe BEC. It is worth noticing that, in these
conditions, the equilibrium configuration of the system
would be the solid phase. Thus, in order to observe
BEC, one has to preserve the system in a metastable gas
phase for a sufficiently long time. This is possible be-
cause three-body collisions are rare events in dilute and
cold gases, whose lifetime is hence long enough to carry
out experiments. So far BEC has been realized in 87Rb
(Anderson et al., 1995; Han et al., 1998; Kasevich, 1997;
Ernst, Marte et al., 1998; Esslinger et al., 1998; Söding
et al., 1999), in 23Na (Davis et al., 1995; Hau, 1997 and
1998; Lutwak et al., 1998), and in 7Li (Bradley et al.,
1995 and 1997). The number of experiments on BEC in
vapors of rubidium and sodium is now growing fast. In
the meanwhile, intense experimental research is cur-
rently carried out also on vapors of caesium, potassium,
and metastable helium.

One of the most relevant features of these trapped
Bose gases is that they are inhomogeneous and finite-
sized systems, the number of atoms ranging typically
from a few thousands to several millions. In most cases,
the confining traps are well approximated by harmonic
potentials. The trapping frequency !ho also provides a
characteristic length scale for the system, aho
!"#/(m!ho)$1/2, of the order of a few microns in the
available samples. Density variations occur on this scale.
This is a major difference with respect to other systems,
like, for instance, superfluid helium, where the effects of
inhomogeneity take place on a microscopic scale fixed
by the interatomic distance. In the case of 87Rb and
23Na, the size of the system is enlarged as an effect of
repulsive two-body forces and the trapped gases can be-
come almost macroscopic objects, directly measurable
with optical methods. As an example, we show in Fig. 2
a sequence of in situ images of an oscillating condensate
of sodium atoms taken at the Massachusetts Institute of
Technology (MIT), where the mean axial extent is of the
order of 0.3 mm.

The fact that these gases are highly inhomogeneous
has several important consequences. First BEC shows
up not only in momentum space, as happens in super-
fluid helium, but also in coordinate space. This double
possibility of investigating the effects of condensation is
very interesting from both the theoretical and experi-
mental viewpoints and provides novel methods of inves-
tigation for relevant quantities, like the temperature de-
pendence of the condensate, energy and density
distributions, interference phenomena, frequencies of
collective excitations, and so on.

Another important consequence of the inhomogene-
ity of these systems is the role played by two-body inter-
actions. This aspect will be extensively discussed in the
present review. The main point is that, despite the very
dilute nature of these gases (typically the average dis-
tance between atoms is more than ten times the range of
interatomic forces), the combination of BEC and har-
monic trapping greatly enhances the effects of the atom-
atom interactions on important measurable quantities.
For instance, the central density of the interacting gas at
very low temperature can be easily one or two orders of
magnitude smaller than the density predicted for an
ideal gas in the same trap, as shown in Fig. 3. Despite
the inhomogeneity of these systems, which makes the
solution of the many-body problem nontrivial, the dilute
nature of the gas allows one to describe the effects of the
interaction in a rather fundamental way. In practice a
single physical parameter, the s-wave scattering length,
is sufficient to obtain an accurate description.

FIG. 3. Density distribution of 80 000 sodium atoms in the trap
of Hau et al. (1998) as a function of the axial coordinate. The
experimental points correspond to the measured optical den-
sity, which is proportional to the column density of the atom
cloud along the path of the light beam. The data agree well
with the prediction of mean-field theory for interacting atoms
(solid line) discussed in Sec. III. Conversely, a noninteracting
gas in the same trap would have a much sharper Gaussian
distribution (dashed line). The same normalization is used for
the three density profiles. The central peak of the Gaussian is
found at about 5500 %m"2. The figure points out the role of
atom-atom interaction in reducing the central density and en-
larging the size of the cloud.
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Fermions :

Principe d’exclusion de Pauli :  
            pas de condensation de Bose-Einstein (“Mer de Fermi”)

(40K, 6Li, ...)
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INTERACTIONS entre atomes :

1 2

(ou “dimère”)
•  pas d’interaction 1-1 ou 2-2 (fermions)

•     
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INTERACTIONS entre atomes :

1 2

2. Fermions ultrafroids et 
transition BEC-BCS
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a > 0 : un état lié (une molécule, ou ”dimère”) Eb = − !2

m a2



3

Λ ∼ n−1/3

kB T " !2

m n2/3

(a → ±∞)
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Longueur de diffusion
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V (r) = g δΛ(r), g < 0 Ṽ (k) = g si |k| < Λ, 0 sinon

Λ

m
4π!2 a = 1

g +
∑

|k|<Λ
m
k2

a % R0

a % Λ−1

ψrel(r1 − r2) ∼ eik·(r1−r2) + f ei k |r1−r2|

|r1−r2|

ψ(r) ∼ eik·r + f ei k r

r , r = r1 − r2
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Modèles d’interaction

i) “Puits carré” : 

ii) Potentiel delta “régularisé” :

attraction

coupure (“cut-off”)

s-wave wave function in the asymptotic region r!R0 can
be written as "0!r"# sin#kr+$0!k"$ /r, where r= %r1−r2% is
the relative coordinate of the two atoms, $0!k" is the
s-wave phase shift, and k=&2mr% /& is the wave vector of
the scattering wave with mr the reduced mass of the pair
of atoms !mr=m /2 for identical atoms". The s-wave scat-
tering amplitude f0!k"= #−k cot $0!k"+ ik$−1 does not de-
pend on the scattering angle, and when k→0 it tends to
a constant value: f0!k→0"=−a. The quantity a is the
s-wave scattering length, which plays a crucial role in the
scattering processes at low energy. By including terms to
order k2 in the expansion of the phase shift $0!k" at low
momenta, one obtains the result

f0!k" = −
1

a−1 − k2R*/2 + ik
, !13"

defining the effective range R* of interactions. This
length scale is usually on the same order of the range R0,
however in some cases, e.g., close to a narrow Feshbach
resonance !see Sec. III.B", it can become much larger
than R0 providing a new relevant scale. In the limit a
→', referred to as the “unitary limit,” the scattering
amplitude !13" at wave vectors k(1/ %R*% obeys the uni-
versal law f0!k"= i /k, independent of the interaction.

For positive scattering lengths close to the resonance
!a!R0", shallow s-wave dimers of size a exist whose
binding energy %b does not depend on the short-range
details of the potential and is given by

%b = −
&2

2mra2 . !14"

The binding energy of two fermionic 40K atoms formed
near a Feshbach resonance was first measured by Regal
et al. !2003" using radio-frequency spectroscopy.

In the many-body treatment of interactions, it is con-
venient to use an effective potential Veff instead of the
microscopic potential V. Different potential models can
be considered as the description of low-energy processes
is independent of the details of V!r". In many applica-
tions one introduces the regularized zero-range pseudo-
potential defined as !Huang and Yang, 1957"

Veff!r" = g$!r"
!

!r
r , !15"

where the coupling constant g is related to the scattering
length by g=2)&2a /mr. This potential has a range R0
=0 and results in the scattering amplitude f!k"
=−1/ !a−1+ ik". For a*0, a bound state exists having the
binding energy !14" and corresponding to the normal-
ized wave function

"b!r" = e−r/a/&2)ar . !16"

Note that the differential operator !! /!r"r in Eq. !15"
eliminates the singular 1/r short-range behavior of the
wave function. The use of the pseudopotential !15" in
the Schrödinger equation is equivalent to the following

contact boundary condition imposed on the wave func-
tion "!r" !Bethe and Peierls, 1935":

'd!r""/dr
r"

(
r=0

= −
1
a

. !17"

Another potential model that will be considered in
connection with quantum Monte Carlo simulations is
the attractive square-well potential defined by

Veff!r" = )− V0 !r + R0" ,
0 !r * R0" .

!18"

The s-wave scattering parameters can be readily calcu-
lated in terms of the range R0 and of the wave vector
K0=&2mrV0 /&2. The scattering length is given by a
=R0#1− tan!K0R0" / !K0R0"$ and the effective range by
R*=R0−R0

3 /3a2−1/K0
2a.

B. Fano-Feshbach resonance

Recent experimental achievements in the field of ul-
tracold Fermi gases are based mainly on the possibility
of tuning the scattering length a, in particular to values
much larger than the mean interatomic distance, by
changing an external magnetic field. This situation exists
near the so-called Fano-Feshbach resonances !Fano,
1961; Feshbach, 1962". These resonances occur when the
energy associated with the scattering process between
two particles !referred to as open channel" becomes
close to the bound state energy of the pair in a different
spin state !closed channel".

If the magnetic moments of the pairs of atoms in the
two channels are different, one can go from a situation
in which the bound state in the closed channel is just
below the threshold of the continuum spectrum in the
open channel to a situation in which the same bound
state is just above threshold.

The transition between the two situations takes place
at some value !denoted by B0" of the magnetic field. In
the absence of coupling, the existence of the bound state
in the closed channel has no effect on the scattering in
the open channel. However, in the presence of small
coupling induced, for example, by exchange interactions,
the scattering length will be large and positive if the
state is below threshold and large and negative in the
opposite case. As a function of the magnetic field B, the
scattering length can be parametrized in the following
form:

a = abg*1 −
,B

B − B0
+ , !19"

where ,B is the width of the resonance and abg is the
background scattering length away from the resonance.

An important distinction concerns broad and narrow
resonances, which in a Fermi gas involves the compari-
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Broad resonances correspond to kF %R* % (1. In this case,
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be written as "0!r"# sin#kr+$0!k"$ /r, where r= %r1−r2% is
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a constant value: f0!k→0"=−a. The quantity a is the
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scattering processes at low energy. By including terms to
order k2 in the expansion of the phase shift $0!k" at low
momenta, one obtains the result

f0!k" = −
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a−1 − k2R*/2 + ik
, !13"

defining the effective range R* of interactions. This
length scale is usually on the same order of the range R0,
however in some cases, e.g., close to a narrow Feshbach
resonance !see Sec. III.B", it can become much larger
than R0 providing a new relevant scale. In the limit a
→', referred to as the “unitary limit,” the scattering
amplitude !13" at wave vectors k(1/ %R*% obeys the uni-
versal law f0!k"= i /k, independent of the interaction.

For positive scattering lengths close to the resonance
!a!R0", shallow s-wave dimers of size a exist whose
binding energy %b does not depend on the short-range
details of the potential and is given by

%b = −
&2

2mra2 . !14"

The binding energy of two fermionic 40K atoms formed
near a Feshbach resonance was first measured by Regal
et al. !2003" using radio-frequency spectroscopy.

In the many-body treatment of interactions, it is con-
venient to use an effective potential Veff instead of the
microscopic potential V. Different potential models can
be considered as the description of low-energy processes
is independent of the details of V!r". In many applica-
tions one introduces the regularized zero-range pseudo-
potential defined as !Huang and Yang, 1957"

Veff!r" = g$!r"
!
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r , !15"

where the coupling constant g is related to the scattering
length by g=2)&2a /mr. This potential has a range R0
=0 and results in the scattering amplitude f!k"
=−1/ !a−1+ ik". For a*0, a bound state exists having the
binding energy !14" and corresponding to the normal-
ized wave function

"b!r" = e−r/a/&2)ar . !16"

Note that the differential operator !! /!r"r in Eq. !15"
eliminates the singular 1/r short-range behavior of the
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Recent experimental achievements in the field of ul-
tracold Fermi gases are based mainly on the possibility
of tuning the scattering length a, in particular to values
much larger than the mean interatomic distance, by
changing an external magnetic field. This situation exists
near the so-called Fano-Feshbach resonances !Fano,
1961; Feshbach, 1962". These resonances occur when the
energy associated with the scattering process between
two particles !referred to as open channel" becomes
close to the bound state energy of the pair in a different
spin state !closed channel".

If the magnetic moments of the pairs of atoms in the
two channels are different, one can go from a situation
in which the bound state in the closed channel is just
below the threshold of the continuum spectrum in the
open channel to a situation in which the same bound
state is just above threshold.

The transition between the two situations takes place
at some value !denoted by B0" of the magnetic field. In
the absence of coupling, the existence of the bound state
in the closed channel has no effect on the scattering in
the open channel. However, in the presence of small
coupling induced, for example, by exchange interactions,
the scattering length will be large and positive if the
state is below threshold and large and negative in the
opposite case. As a function of the magnetic field B, the
scattering length can be parametrized in the following
form:

a = abg*1 −
,B
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+ , !19"

where ,B is the width of the resonance and abg is the
background scattering length away from the resonance.

An important distinction concerns broad and narrow
resonances, which in a Fermi gas involves the compari-
son of kF and the effective range of interactions %R*%.
Broad resonances correspond to kF %R* % (1. In this case,
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V (r) = g δΛ(r), g < 0 Ṽ (k) = g si |k| < Λ, 0 sinon

Λ

m
4π!2 a = 1

g +
∑

|k|<Λ
m
k2

a % R0

a % Λ−1

3

Λ ∼ n−1/3

kB T " !2

m n2/3

(a → ±∞)
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Dessin illustrant le crossover BEC-BCS





3. Equation d’état : 
expérience/théorie

• Q. :                                                               

1

P (µ1, µ2, T ) ou µ1(n1, n2, T ) et µ2(n1, n2, T ) ?
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P (µ1, µ2, T ) ou µ1(n1, n2, T ) et µ2(n1, n2, T )

n1 = ∂P
∂µ1

n2 = ∂P
∂µ2

S
V = ∂P

∂T

Pb :  mesures  
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n1 = ∂P
∂µ1

n2 = ∂P
∂µ2

S
V = ∂P

∂T

n1(r) et n2(r)



The core radius Rc was determined as the peak position in
the column-density difference profile and the majority
(minority) radius R" (R#) was determined from the fit of
the outer region, r > R" (r > Rc) of the majority (minority)
column-density profile to a zero-temperature Thomas-
Fermi distribution. The local spin polarization is defined
as !!r" # !n" $ n#"=!n" % n#", where n" and n# are the
local majority and minority density, respectively.

Further on the BEC side, the sample has a more com-
pressed superfluid core, a narrower intermediate normal
region (gray region in Fig. 1) and a higher critical spin
polarization at the phase boundary !c & !!Rc". Even-
tually, when B< 780 G, there is no noticeable intermedi-
ate region, implying that every minority atom pairs up with
a majority atom in the superfluid core. In Fig. 2, we de-
termine the critical point for the disappearance of the par-
tially polarized normal phase in two different ways. Fig-
ure 2(a) shows the phase diagram for the Npp phase in the
plane of interaction strength 1=kF"a and spin polarization
!. An extrapolation of the critical line to !c & 1 yields
1=kF";ca & 0:74!4". Another implication of the absence of
an Npp phase is that the size of the minority cloud R# ap-
proaches the radius Rc of the superfluid core. This extrapo-
lation is conveniently done using the dimensionless pa-
rameter "&!R2

" $R2
# "=!R2

" $R2
c" [7], resulting in a value of

1=kF";ca&0:71!5". These values are in good agreement
with recent quantum Monte Carlo (QMC) calculations
[10].

The critical point marks the onset of the emergence of a
BF mixture from the two-component Fermi system. One
may suspect that near the critical point, the equation of
state of the BF mixture is complex, but we show now that a
very simple equation of state is sufficient to quantitatively

account for the observed profiles. Because of the external
trap potential, the local chemical potential varies form zero
at the edge of a cloud to a maximum value in the center.
Therefore, knowledge of the three-dimensional density
profiles of a single cloud is sufficient to obtain the equation
of state [2,3,8,9,11].

For a zero-temperature mixture of bosonic dimers with
density nb & n# and mass mb & 2m and unpaired fermions
with density nf & n" $ n# and mass mf & m, the energy
density E can be decomposed as E & Ebb % Ebf % Ef ,
where Ebb!nb" and Ebf!nb; nf" are the boson-boson and
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FIG. 2 (color online). Emergence of a Bose-Fermi mixture in
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FIG. 1 (color online). Density profiles
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black: difference]. The black dotted line
is a zero-temperature Thomas-Fermi dis-
tribution fit to the majority wing (r >
R#). The middle row (f)–(j) and the bot-
tom row (k)–(o) show the reconstructed
three-dimensional density distributions
and the spin polarizations obtained from
the profiles in the top row. The critical
polarizations !c at the phase boundary
r&Rc are indicated by the right arrows.
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• Potentiel de piégeage : 
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n1 = ∂P
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2m ω2
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2m ω2
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µi(n1(r), n2(r), T ) + V (r) = µ0
i i = 1, 2

Approximation de la densité 
locale (LDA)



In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:

h 1, fð Þ
2

~

P?
k~1 {1ð Þkz1k{5=2zbk

% &
f{k

P?
k~1 {1ð Þkz1k{5=2f{k

where bk is the kth virial coefficient. As we have b2~1
! ffiffiffi

2
p

in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:

P m, Tð Þ~2P1 m, 0ð Þ j{3=2
n z

5p2

8
j{1=2
n

m#

m

kBT

m

' (2
 !

ð4Þ

Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c

x

z
y

6Li imaging 7Li imaging

Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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Figure 3 | Equation of state of a spin-balanced unitary Fermi gas. a, Finite-
temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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 Equation d’état à partir de la
densité intégrée :

In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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Figure 3 | Equation of state of a spin-balanced unitary Fermi gas. a, Finite-
temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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 Equation d’état à partir de la
densité intégrée :
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P (µ1, µ2, T ) ou µ1(n1, n2, T ) et µ2(n1, n2, T )

n1 = ∂P
∂µ1

n2 = ∂P
∂µ2

S
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n1(r) et n2(r)

V (r) = 1
2m ω2
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µi(n1(r), n2(r), T ) + V (r) = µ0
i i = 1, 2

T constante (une composante)

mω2
⊥

2π
n̄(z) =

∫
mω2

⊥
2π

dxdy n

=

∫
mω2

⊥ r⊥dr⊥ n

or à z fixé dµ = −mω2
⊥r⊥dr⊥ (LDA) et n = ∂P/∂µ (dP = n dµ, Gibbs-Duhem).

D’où

mω2
⊥

2π
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∫
dµ

∂P

∂µ
= P (µ(z), T )

µ(z) = µ0 − 1
2mω2

z z2, potentiel chimique ”sur l’axe”.

Pour deux états 1 et 2 :

P (µ1(z), µ2(z), T ) =
mω2

r

2π
[n̄1(z) + n̄2(z)] n̄i(z) =

∫
dxdy ni

In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
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s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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mω2
⊥

2π
n̄(z) =

∫
dµ

∂P

∂µ
= P (µ(z), T )

µ(z) = µ0 − 1
2mω2

z z2, potentiel chimique ”sur l’axe”.

Pour deux états 1 et 2 :

P (µ1(z), µ2(z), T ) =
mω2

r

2π
[n̄1(z) + n̄2(z)] n̄i(z) =

∫
dxdy ni

In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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Figure 3 | Equation of state of a spin-balanced unitary Fermi gas. a, Finite-
temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1
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(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c

x

z
y

6Li imaging 7Li imaging

Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1
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(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.

a

b c

Ideal Fermi gas

Virial 4

Virial 2

Virial 3

1.000.50 5.000.100.05

0
0
1

2

4

6

NIFG

8

s
–3/2

0.2 0.4
(kBT/!)2

P
(!

,T
)/2

P
1(
!

,0
)

(kBT/!)2
0.05 0.1 0.150.6

1.0

3.5

4

1.5

2.0

2.5

h(
1,
!
)/2

!

s
–3/2!

n
–3/2!

!

Figure 3 | Equation of state of a spin-balanced unitary Fermi gas. a, Finite-
temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1
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(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
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2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:

h 1, fð Þ
2

~

P?
k~1 {1ð Þkz1k{5=2zbk

% &
f{k

P?
k~1 {1ð Þkz1k{5=2f{k

where bk is the kth virial coefficient. As we have b2~1
! ffiffiffi
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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Inthebalancedcase,model-independentthermometryisnotoriously
difficultbecauseofthestronginteractions.Inspiredbyref.24,weover-
comethisissuebymeasuringthetemperatureofa

7
Licloudinthermal

equilibriumwiththe
6
Limixture(seeMethods).

Thecentralchemicalpotentialm
0
isfittedonthehottestcloudsso

thattheEOSagreesintheclassicalregimef?1withthesecond-
ordervirialexpansionh1,f ðÞ<21zf
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(ref.25).Forcolder

cloudsweproceedrecursively.TheEOSofanimagerecordedat
temperatureThassomeoverlapwiththepreviouslydetermined
EOSfromallimageswithT9.T.Inthisoverlapregion,m

0
isfitted

tominimizethedistancebetweenthetwoEOSs.Thisprovidesanew
portionoftheEOSatlowertemperature.Using40imagesofclouds
preparedatdifferenttemperatures,wethusreconstructalow-noise
EOSfromtheclassicalpartdowntothedegenerateregime,asshown
inFig.3a.

WenowcommentonthemainfeaturesoftheEOS.Athightem-
perature,theEOScanbeexpandedinpowersoff
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inthe
measurementschemedescribedabove,ourdataprovideforthefirst
timetheexperimentalvaluesofb3andb4.b3520.35(2)isinexcellent
agreementwiththerecentcalculationb3520.29123

25/2
520.355

fromref.11,butnotwithb351.05fromref.12.b450.096(15)
involvesthefour-fermionproblematunitarityandcouldinterestingly
becomputedalongthelinesofref.11.

Letusnowfocusonthelow-temperatureregimeofthenormal
phasef=1.AsshowninFig.3b,weobserveaT

2
dependenceof

thepressurewithtemperature.Thisbehaviourisreminiscentofa
Fermiliquid,andindicatesthatpseudogapeffectsexpectedfor
stronglyinteractingFermisuperfluids
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componentFermigasatzerotemperature,m*isthequasi-particle

mass,andj
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nisthecompressibilityofthenormalgasextrapolatedto

zerotemperature,andnormalizedtothatofanidealgasofsame
density.Wededucetwonewparametersm*/m51.13(3)and
jn50.51(2).Despitethestronginteractions,m*isclosetom,unlike
theweaklyinteracting

3
Heliquidforwhich2.7,m*/m,5.8,depend-

ingonpressure.Ourjnvalueisinagreementwiththevariational
fixed-nodeMonteCarlocalculationsjn50.54inref.27and

jn50.56inref.10,andwiththequantumMonteCarlocalcula-
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Inthelowesttemperaturepoints(Fig.3c)weobserveasudden
deviationofthedatafromthefittedequation(4)at(kBT/m)c5
0.32(3)(seeSupplementaryInformation).Weinterpretthisbeha-
viourasthetransitionfromthenormalphasetothesuperfluidphase.
Thiscriticalratiohasbeenextensivelycalculatedinrecentyears.Our
valueisincloseagreementwiththediagrammaticMonteCarlocal-
culation(kBT/m)c50.32(2)ofref.6andwiththequantumMonte
Carlocalculation(kBT/m)c50.35(3)ofref.28;butitdiffersfromthe
self-consistentapproachinref.8thatgives(kBT/m)c50.41,fromthe
renormalizationgroupprediction0.24inref.29,andfromseveral
otherlessprecisetheories.Fromequation(4)wededucethetotal
densityn5n11n25hP(mi5m,T)/hmandtheFermienergy
EF5kBTF5"

2
/2m(3p
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2/3
atthetransitionpoint.Weobtain(m/

EF)c50.49(2)and(T/TF)c50.157(15),inverygoodagreementwith
ref.6.Ourmeasurementisthefirstdirectdeterminationof(m/EF)c
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Figure2|Schematicrepresentationofouratomicsample.The
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cloudisimagedinthedirectiony;thecolumndensityisthenintegrated
alongthedirectionxtogive!nnzðÞ.The
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Liatomsareimagedafteratimeof

flightalongthezdirection.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1
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(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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Figure 3 | Equation of state of a spin-balanced unitary Fermi gas. a, Finite-
temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
! ffiffiffi

2
p

in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
! ffiffiffi

2
p

in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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Masse effective quasiparticule :

In the balanced case,model-independent thermometry is notoriously
difficult because of the strong interactions. Inspired by ref. 24, we over-
come this issue by measuring the temperature of a 7Li cloud in thermal
equilibrium with the 6Li mixture (see Methods).

The central chemical potential m0 is fitted on the hottest clouds so
that the EOS agrees in the classical regime f? 1 with the second-
order virial expansion h 1, fð Þ<2 1zf{1

! ffiffiffi
2

p# $
(ref. 25). For colder

clouds we proceed recursively. The EOS of an image recorded at
temperature T has some overlap with the previously determined
EOS from all images with T9.T. In this overlap region, m0 is fitted
to minimize the distance between the two EOSs. This provides a new
portion of the EOS at lower temperature. Using 40 images of clouds
prepared at different temperatures, we thus reconstruct a low-noise
EOS from the classical part down to the degenerate regime, as shown
in Fig. 3a.

We now comment on the main features of the EOS. At high tem-
perature, the EOS can be expanded in powers of f21 as a virial
expansion11:
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where bk is the kth virial coefficient. As we have b2~1
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in the
measurement scheme described above, our data provide for the first
time the experimental values of b3 and b4. b3520.35(2) is in excellent
agreement with the recent calculation b3520.2912 325/2520.355
from ref. 11, but not with b35 1.05 from ref. 12. b45 0.096(15)
involves the four-fermionproblemat unitarity and could interestingly
be computed along the lines of ref. 11.

Let us now focus on the low-temperature regime of the normal
phase f= 1. As shown in Fig. 3b, we observe a T2 dependence of
the pressure with temperature. This behaviour is reminiscent of a
Fermi liquid, and indicates that pseudogap effects expected for
strongly interacting Fermi superfluids26 do not show up at the ther-
modynamic level within our experimental precision. In analogy with
3He or heavy-fermion metals, we fit our data with the EOS:
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Here P1(m, 0)5 1/15p2(2m/"2)3/2m5/2 is the pressure of a single-
component Fermi gas at zero temperature, m* is the quasi-particle

mass, and j{1
n is the compressibility of the normal gas extrapolated to

zero temperature, and normalized to that of an ideal gas of same
density. We deduce two new parameters m*/m5 1.13(3) and
jn5 0.51(2). Despite the strong interactions,m* is close tom, unlike
theweakly interacting 3He liquid forwhich2.7,m*/m, 5.8, depend-
ing on pressure. Our jn value is in agreement with the variational
fixed-node Monte Carlo calculations jn5 0.54 in ref. 27 and

jn5 0.56 in ref. 10, and with the quantum Monte Carlo calcula-
tion jn5 0.52 in ref. 28. This yields the Landau parameters
Fs
0~jnm

#=m{1~{0:42 and Fs
1~3 m#=m{1ð Þ~0:39.

In the lowest temperature points (Fig. 3c) we observe a sudden
deviation of the data from the fitted equation (4) at (kBT/m)c5
0.32(3) (see Supplementary Information). We interpret this beha-
viour as the transition from the normal phase to the superfluid phase.
This critical ratio has been extensively calculated in recent years. Our
value is in close agreement with the diagrammatic Monte Carlo cal-
culation (kBT/m)c5 0.32(2) of ref. 6 and with the quantum Monte
Carlo calculation (kBT/m)c5 0.35(3) of ref. 28; but it differs from the
self-consistent approach in ref. 8 that gives (kBT/m)c5 0.41, from the
renormalization group prediction 0.24 in ref. 29, and from several
other less precise theories. From equation (4) we deduce the total
density n5 n11 n25 hP(mi5m, T)/hm and the Fermi energy
EF5 kBTF5"2/2m(3p2n)2/3 at the transition point. We obtain (m/
EF)c5 0.49(2) and (T/TF)c5 0.157(15), in very good agreement with
ref. 6. Our measurement is the first direct determination of (m/EF)c
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Figure 2 | Schematic representation of our atomic sample. The 6Li atomic
cloud is imaged in the direction y; the column density is then integrated
along the direction x to give !nn zð Þ. The 7Li atoms are imaged after a time of
flight along the z direction.
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temperature equation of state (EOS) h(1, f) (black dots). The error bars
represented at f5 0.14 and f5 2.3 indicate the 6%accuracy in f and h of our
EOS. The red curves are the successive virial expansions up to fourth order.
The blue triangles are from ref. 6, the green stars from ref. 7, the purple
diamonds from ref. 8, and the blue solid line from ref. 9. The grey region
indicates the superfluid phase. b, EOS P(m, T)/2P1(m, 0) as a function of
(kBT/m)

2, fitted by the Fermi liquid EOS, equation (4). The red dashed line is
the non-interacting Fermi gas (NIFG). The horizontal dot-dashed and
dotted lines indicate respectively the zero-temperature pressure of the
superfluid phase!j{3=2

s and that of the normal phase!j{3=2
n . c, Expanded

view of b near Tc. The sudden deviation of the data from the fit occurs at
(kBT/m)c5 0.32(3) that we interpret as the superfluid transition. The black
dashed line indicates the mean value of the data points below Tc.
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“Paramètre de Landau” :

2

µ1(z), µ2(z) ?

µ1(z) = µ0
1 − 1

2mω2
z z2

µ0
1

P (µ1, µ2, T )
Plibre(µ1,T )

ζ = exp(− µ1

kB T )

Burovski, Prokofev, Svistunov, Troyer (DiagMC ’06)
Bulgac, Drut, Magieski (MC ’06)
Haussmann, Rantner, Cerrito, Zwerger (Diag. selfconsistent ’07)
Combescot, Alzetto, Leyronas (Diag. ’09)

E/V = 3
2 PScaling : (limite unitaire)



3.2 Limite BEC-équation d’état de LHY:

  >’03 BEC de molécules diatomiques (f   f  )  6Li2, 40K2

Dimères : bosons composites

Limite a     0

Q : vrai pour des bosons composites aussi ?

T=0,  BEC (Lee-Huang-Yang 1959)

  : longueur de diffusion atome-atome



La difficulté :                    

6
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ma2 +
4π!2 am
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T4 =
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G0 G0Φ

(
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a m2)2T4 =
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m
am problème à 4 corps

⇒du 4 (ou 3) corps dans le N corps

⇒diagrammes de Feynman : 4 (ou 3) corps et N corps



 Problèmes à 3 et 4 corps :

Collisions (ou états liés) molécule-atome : 3 corps

Collisions (ou états liés) molécule-molécule : 4 corps

Q. : comment est-ce possible ?



3 atomes : une variable 4 atomes : trois variables !

R. : le potentiel à 2-corps est à courte portée :
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Pb à 3 et 4 corps



Méthode (pas habituelle) : diagrammes de Feynman
Pb à 3 et 4 corps



Méthode (pas habituelle) : diagrammes de Feynman
Pb à 3 et 4 corps

1 atome :
(x’,t’)(x,t)

temps



Méthode (pas habituelle) : diagrammes de Feynman
Pb à 3 et 4 corps
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(x’,t’)(x,t)

temps
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Méthode (pas habituelle) : diagrammes de Feynman
Pb à 3 et 4 corps

1 atome :
(x’,t’)(x,t)

temps

3 atomes :
+ T3=+...

2 atomes : ++... =

=+



Méthode (pas habituelle) : diagrammes de Feynman
Pb à 3 et 4 corps

1 atome :
(x’,t’)(x,t)

temps

3 atomes :
+ T3=+...

T3=+T3

Equation (intégrale) pour T3 !

2 atomes : ++... =

=+





4 atomes : plus compliqué !



4 atomes : plus compliqué !

T4

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am : longueur de diffusion moléculaire



4 atomes : plus compliqué !

T4

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am : longueur de diffusion moléculaire

Nouvel ingrédient :

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am



4 atomes : plus compliqué !

T4

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am : longueur de diffusion moléculaire

Nouvel ingrédient :

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

6

am ! 0.60 a

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

Résultat : Petrov, Shlyapnikov and Salomon PRL ‘04 

Brodsky, Klaptsov, Kagan, Combescot, XL JETP Lett.  ’06, PRA ‘06



4 atomes : plus compliqué !

T4

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am : longueur de diffusion moléculaire

Nouvel ingrédient :

6

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

(Aussi : états liés à 2D)

6

am ! 0.60 a

2µ = − !2

ma2 +
4π!2 am

(2m)
n

T4 =
∑

G0 G0Φ

(
8π

a m2)2T4 =
4π

m
am

Résultat : Petrov, Shlyapnikov and Salomon PRL ‘04 

Brodsky, Klaptsov, Kagan, Combescot, XL JETP Lett.  ’06, PRA ‘06



Pb à N corps :

Superfluide : paramètre d’ordre Δ Δ∗
 -k

 k

limite diluée ? Δ    0

 k

Δ∗

 k

ΔT3
= +

O(1) O(Δ2)

Fon de Green « normale » :

k k

Δ
 k

 -k

Pb à 3 corps !



+ …

 k

 -k
Δ∗

Δ

Δ
Φ+

 k’ k

-k
 k
-k -k’

O(Δ) O(Δ3)
Pb à 4 corps !

Equation du « gap » (fon de Green « anormale ») :



Résultat (pas évident !):

Énergie de
liaison

« champ
Moyen » Modes  collectifs

T=0,  BEC (Lee-Huang-Yang 1959)
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n am
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3π2(2mµB)3/2

µB =
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(2 m)
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m
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k

Φ()G0(k)G0(−k) |∆|2 + · · ·

=
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m
T4() |∆|2 + · · ·

=
m2a2

8
am |∆|2 + · · ·

a−1 − (2 m|µ|)1/2 =
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8
am |∆|2 +

5

3π
a am(2mµB)3/2

Emol = − !2

ma2

XL, R. Combescot PRL 99 , 170402 (2007)                           
PRA 78 , 053621 (2008)



Résultat expérimental :

Navon et al.  

Correction de LHY directement mesurée !

(autres mesures moins directes : modes collectifs)

Figure 2: hS(δ̃) of the T = 0 balanced superfluid in the BEC-BCS crossover (black dots). The
blue solid line is the fit hBCS

S (δ̃) on the BCS side of the resonance, the red solid line is the fit
hBEC

S (δ̃) on the BEC side (see text). The dotted (dashed) red lines is the EoS including the
mean-field (Lee-Huang-Yang) correction (32). Inset: Zoom on the BCS side. The dotted (resp.

dashed) blue line is the EoS including the mean-field (resp. Lee-Yang) term. The systematic

uncertainties on the x and y-axis are about 5 %. The errors bars represent the standard deviation
of the statistical uncertainty.

14

and−2 < η < 0.7 (Fig.1). At fixed δ1 and η > A(δ1), the limiting value of the ratio of chemical

potentials µ1(z)/µ2(z) at the point z where the minority density vanishes, h(δ1, η) represents

the EoS of an ideal Fermi gas of majority atoms and is equal to 1. For η > A, it slowly rises

and corresponds to a mixed phase, where both spin components are present. At a critical value

η = ηc(δ1), the slope of h abruptly changes (4), the signature of a first-order phase transition

from the normal mixed phase (for A < η < ηc) to a superfluid phase with a lower chemical

potential imbalance (η > ηc). We notice that the discontinuity is present for all values of δ1 we

investigated, and this feature is more pronounced on the BEC side.

Let us first consider the EoS of the superfluid phase, η > ηc. Each of our in-situ images

has, along the z-axis, values of the chemical potential ratio η(z) = µ2(z)/µ1(z) both lower

and greater than ηc. In the region where η(z) > ηc the doubly-integrated density difference

n̄1(z) − n̄2(z) is constant within our signal-to-noise ratio (see Fig.S4). This is the signature

of equal densities of the two species in the superfluid core, i.e. the superfluid is fully paired.

Using Gibbs-Duhem relation ni = ∂P
∂µi
, equal densities imply that P (µ1, µ2, a) is a function of

µ and a only, where µ ≡ (µ1 + µ2)/2. For the balanced superfluid, we then write the EoS

symmetrically:

P (µ1, µ2, a) = 2P0(µ̃)hS

(

δ̃ ≡
h̄√

2mµ̃a

)

. (3)

In order to avoid using negative chemical potentials, we define here µ̃ = µ − Eb/2, where Eb

is the molecular binding energy Eb = −h̄2/ma2 for a > 0 (and 0 for a ≤ 0). hS(δ̃) is then

a single-variable function. It fully describes the ground state of the balanced superfluid in the

BEC-BCS crossover and is displayed in Fig.2 as black dots.

In order to extract relevant physical quantities, such as beyond mean-field corrections, it is

convenient to parametrize our data with analytic functions. In this pursuit, we use Padé-type

approximants (4), interpolating between the EoS measured around unitarity and the well-known

mean-field expansions on the BEC and BCS limits. The two analytic functions, hBCS
S and hBEC

S
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density of particles 1365

δn
(b)
1 = −N0

(
gAD

|"|2

Z

)
(k0aAD)(Cb − Ca,2), (44)

where the constant Cb is defined by366

Cb = 4π

∫
d3x

(2π )3

$(1 − |x|)(r + 1)
[r(1 − x2) + (u − x)2]

, (45)

where u is any unitary vector. Finally, the total density of367

fermions of species 1 is given in terms of " and k0 (≡
√

2m1µ1)368

by the expansion369

n1 = |"|2

Z
+ k3

0

6π2
− N0

(
gAD

|"|2

Z

)
[1 + k0aADC(mD/m1)]

+ · · · , (46)

where the constant C(mD/m1) = Ca,1 + Cb. After calculation370

of the required integrals, one finds that C is given in terms of371

the function f [(mD − m1)/(mD + m1)] given by Albus et al.372

[7]. Specifically, we find πC(mD/m1) = (4/3)f (δ), where we373

have defined the dimensionless parameter374

δ ≡ (mD − m1)
(mD + m1)

= m2

2m1 + m2
(47)

and we have375

f (δ) = 3
4

(δ − 1)
δ

+ 3(1 + δ)2(1 − δ)
8δ2

ln
(

1 + δ

1 − δ

)
. (48)

For the particles 2, we find naturally that there is no contri-376

bution of diagrams similar to the one shown in Fig. 2(b) (but377

with the roles of particles 1 and 2 exchanged) because there378

is no hole for particles 2 at lowest order. The first term on the379

right-hand side of Eq. (46) is n2 at the order we consider, due380

to Eq. (33). Moreover, we can rewrite Eq. (46) by considering381

it as a Taylor expansion, after replacing C by 4/(3π )f ,382

n1 − n2 =
(
2m1

{
µ1 − gADn2

[
1 + 4

3π
kF aADf (δ)

]})3/2

6π2
,

(49)

where we ignored terms of order (density)5/3. At the order we383

consider, we have replaced |"|2/Z with n2 in the right-hand384

side of the equation and k0 with Fermi wave vector kF in the385

term in factor of f . The Fermi wave vector is defined in terms386

of the density of fermions in excess in the usual way:387

kF ≡ [6π2(n1 − n2)]1/3. (50)

Equation (49) is easily inverted and we find388

µ1 = k2
F

2m1
+ gADn2

[
1 + 4kF aAD

3π
f (δ)

]
. (51)

We can now easily calculate µ2 using Eqs. (51) and (41).389

Indeed, we can follow [7] and use that µ1 = [∂(E/V )/∂n1]n2 ,390

where E is the ground-state energy in a volume V . We integrate391

Eq. (51) as a function of n1 for n1 ! n2, keeping n2 fixed. We392

get393

E

V
= EB(n2) +

∫ n1

n2

dn′
1µ1(n′

1, n2), (52)

where EB(n2) is a constant of integration. We see from this394

equation that it is the ground-state energy (per unit volume)395

of the system with an equal number of particles 1 and 2 396

(“unpolarized” situation). We know from [10] that it is given 397

by the Lee-Huang-Yang (LHY) [16] expression. Inserting 398

Eq. (51) into Eq. (52), we get, using the mean-field-like term of 399

the LHY expression for EB(n2) [the LHY beyond-mean-field 400

correction is of order (density)5/2, which we neglect at the 401

order we consider], 402

E

V
= −|Eb|n2 + 1

2
gDD(n2)2 + 3

10
k5
F

m1

+ gAD(n1 − n2)n2

[
1 + kF aAD

π
f (δ)

]
, (53)

which is an expansion up to terms of order (density)7/3. From 403

this we can take the derivative with respect to n2 and we find 404

for the chemical potential of particules 2 405

µ2 = −|Eb| − k2
F

2m1
+ gDDn2 + gAD(n1 − 2n2)

+ gAD

[
kF aADf (δ)

3π
(3n1 − 7n2)

]
, (54)

where we have included terms up to order (density)4/3. The 406

bosonic chemical potential µB ≡ µ1 + µ2 + |Eb| is then from 407

Eqs. (51) and (54) 408

µB = gDDn2 + gAD(n1 − n2)
[

1 + kF aADf (δ)
π

]
. (55)

Looking at Eqs. (51) and (55), we find that we recover precisely 409

at this order the result of Albus et al.’s [7] Eqs. (76) and (67), 410

respectively, if we consider that there are n2 dimers considered 411

as pointlike bosons (mass mD) and n1 − n2 fermions (mass 412

m1). The boson-boson interaction is described by the scattering 413

length aDD and the fermion-bosons interaction is characterized 414

by the scattering length aAD. 415

VI. IMPURITY PROBLEM AND ONE-PARTICLE GAP 416

For a system with N1 particles 1 and N2 particles 2, we 417

denote the ground-state energy E(N1, N2). A single particle 2 418

(an “impurity”) immersed in a Fermi sea of particles 1 has an 419

excitation energy 420

E(N1, 1) − E(N1, 0) = µ2(n1, n2 = 0). (56)

In the BEC limit, this problem has been the subject of many 421

studies recently, both experimentally [13] and theoretically 422

[14]. From Eq. (54) with n2 = 0, we find 423

µ
imp
2 = −|Eb| − k2

F

2m1
+ gADn1

[
1 + kF aADf (δ)

π

]
, (57)

where kF ≡ (6π2n1)1/3. This result, and also a next-order 424

correction, was found by Mora and Chevy in Ref. [14]. 425

The one-particle gap "gap is related to the ground-state 426

energy via [11,17]: 427

"gap = 1
2 [2E(N + 1, N ) − E(N + 1, N + 1) − E(N,N )]

= 1
2 (µ1 − µ2). (58)

From Eqs. (51) and (54), we find 428

"gap = 1
2 [|Eb| + (2gAD − gDD)n2], (59)
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µ2 = −|Eb| − k2
F

2m1
+ gDDn2 + gAD(n1 − 2n2)

+ gAD

[
kF aADf (δ)

3π
(3n1 − 7n2)

]
, (54)

where we have included terms up to order (density)4/3. The 406

bosonic chemical potential µB ≡ µ1 + µ2 + |Eb| is then from 407

Eqs. (51) and (54) 408

µB = gDDn2 + gAD(n1 − n2)
[

1 + kF aADf (δ)
π

]
. (55)

Looking at Eqs. (51) and (55), we find that we recover precisely 409

at this order the result of Albus et al.’s [7] Eqs. (76) and (67), 410

respectively, if we consider that there are n2 dimers considered 411

as pointlike bosons (mass mD) and n1 − n2 fermions (mass 412

m1). The boson-boson interaction is described by the scattering 413

length aDD and the fermion-bosons interaction is characterized 414

by the scattering length aAD. 415

VI. IMPURITY PROBLEM AND ONE-PARTICLE GAP 416

For a system with N1 particles 1 and N2 particles 2, we 417

denote the ground-state energy E(N1, N2). A single particle 2 418

(an “impurity”) immersed in a Fermi sea of particles 1 has an 419

excitation energy 420

E(N1, 1) − E(N1, 0) = µ2(n1, n2 = 0). (56)

In the BEC limit, this problem has been the subject of many 421

studies recently, both experimentally [13] and theoretically 422

[14]. From Eq. (54) with n2 = 0, we find 423

µ
imp
2 = −|Eb| − k2

F

2m1
+ gADn1

[
1 + kF aADf (δ)

π

]
, (57)

where kF ≡ (6π2n1)1/3. This result, and also a next-order 424

correction, was found by Mora and Chevy in Ref. [14]. 425

The one-particle gap "gap is related to the ground-state 426

energy via [11,17]: 427

"gap = 1
2 [2E(N + 1, N ) − E(N + 1, N + 1) − E(N,N )]

= 1
2 (µ1 − µ2). (58)

From Eqs. (51) and (54), we find 428

"gap = 1
2 [|Eb| + (2gAD − gDD)n2], (59)
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δn
(b)
1 = −N0

(
gAD

|"|2

Z

)
(k0aAD)(Cb − Ca,2), (44)

where the constant Cb is defined by366

Cb = 4π

∫
d3x

(2π )3

$(1 − |x|)(r + 1)
[r(1 − x2) + (u − x)2]

, (45)

where u is any unitary vector. Finally, the total density of367

fermions of species 1 is given in terms of " and k0 (≡
√

2m1µ1)368

by the expansion369

n1 = |"|2

Z
+ k3

0

6π2
− N0

(
gAD

|"|2

Z

)
[1 + k0aADC(mD/m1)]

+ · · · , (46)

where the constant C(mD/m1) = Ca,1 + Cb. After calculation370

of the required integrals, one finds that C is given in terms of371

the function f [(mD − m1)/(mD + m1)] given by Albus et al.372

[7]. Specifically, we find πC(mD/m1) = (4/3)f (δ), where we373

have defined the dimensionless parameter374

δ ≡ (mD − m1)
(mD + m1)

= m2

2m1 + m2
(47)

and we have375

f (δ) = 3
4

(δ − 1)
δ

+ 3(1 + δ)2(1 − δ)
8δ2

ln
(

1 + δ

1 − δ

)
. (48)

For the particles 2, we find naturally that there is no contri-376

bution of diagrams similar to the one shown in Fig. 2(b) (but377

with the roles of particles 1 and 2 exchanged) because there378

is no hole for particles 2 at lowest order. The first term on the379

right-hand side of Eq. (46) is n2 at the order we consider, due380

to Eq. (33). Moreover, we can rewrite Eq. (46) by considering381

it as a Taylor expansion, after replacing C by 4/(3π )f ,382

n1 − n2 =
(
2m1

{
µ1 − gADn2

[
1 + 4

3π
kF aADf (δ)

]})3/2

6π2
,

(49)

where we ignored terms of order (density)5/3. At the order we383

consider, we have replaced |"|2/Z with n2 in the right-hand384

side of the equation and k0 with Fermi wave vector kF in the385

term in factor of f . The Fermi wave vector is defined in terms386

of the density of fermions in excess in the usual way:387

kF ≡ [6π2(n1 − n2)]1/3. (50)

Equation (49) is easily inverted and we find388

µ1 = k2
F

2m1
+ gADn2

[
1 + 4kF aAD

3π
f (δ)

]
. (51)

We can now easily calculate µ2 using Eqs. (51) and (41).389

Indeed, we can follow [7] and use that µ1 = [∂(E/V )/∂n1]n2 ,390

where E is the ground-state energy in a volume V . We integrate391

Eq. (51) as a function of n1 for n1 ! n2, keeping n2 fixed. We392

get393

E

V
= EB(n2) +

∫ n1

n2

dn′
1µ1(n′

1, n2), (52)

where EB(n2) is a constant of integration. We see from this394

equation that it is the ground-state energy (per unit volume)395

of the system with an equal number of particles 1 and 2 396

(“unpolarized” situation). We know from [10] that it is given 397

by the Lee-Huang-Yang (LHY) [16] expression. Inserting 398

Eq. (51) into Eq. (52), we get, using the mean-field-like term of 399

the LHY expression for EB(n2) [the LHY beyond-mean-field 400

correction is of order (density)5/2, which we neglect at the 401

order we consider], 402

E

V
= −|Eb|n2 + 1

2
gDD(n2)2 + 3

10
k5
F

m1

+ gAD(n1 − n2)n2

[
1 + kF aAD

π
f (δ)

]
, (53)

which is an expansion up to terms of order (density)7/3. From 403

this we can take the derivative with respect to n2 and we find 404

for the chemical potential of particules 2 405

µ2 = −|Eb| − k2
F

2m1
+ gDDn2 + gAD(n1 − 2n2)

+ gAD

[
kF aADf (δ)

3π
(3n1 − 7n2)

]
, (54)

where we have included terms up to order (density)4/3. The 406

bosonic chemical potential µB ≡ µ1 + µ2 + |Eb| is then from 407

Eqs. (51) and (54) 408

µB = gDDn2 + gAD(n1 − n2)
[

1 + kF aADf (δ)
π

]
. (55)

Looking at Eqs. (51) and (55), we find that we recover precisely 409

at this order the result of Albus et al.’s [7] Eqs. (76) and (67), 410

respectively, if we consider that there are n2 dimers considered 411

as pointlike bosons (mass mD) and n1 − n2 fermions (mass 412

m1). The boson-boson interaction is described by the scattering 413

length aDD and the fermion-bosons interaction is characterized 414

by the scattering length aAD. 415

VI. IMPURITY PROBLEM AND ONE-PARTICLE GAP 416

For a system with N1 particles 1 and N2 particles 2, we 417

denote the ground-state energy E(N1, N2). A single particle 2 418

(an “impurity”) immersed in a Fermi sea of particles 1 has an 419

excitation energy 420

E(N1, 1) − E(N1, 0) = µ2(n1, n2 = 0). (56)

In the BEC limit, this problem has been the subject of many 421

studies recently, both experimentally [13] and theoretically 422

[14]. From Eq. (54) with n2 = 0, we find 423

µ
imp
2 = −|Eb| − k2

F

2m1
+ gADn1

[
1 + kF aADf (δ)

π

]
, (57)

where kF ≡ (6π2n1)1/3. This result, and also a next-order 424

correction, was found by Mora and Chevy in Ref. [14]. 425

The one-particle gap "gap is related to the ground-state 426

energy via [11,17]: 427

"gap = 1
2 [2E(N + 1, N ) − E(N + 1, N + 1) − E(N,N )]

= 1
2 (µ1 − µ2). (58)

From Eqs. (51) and (54), we find 428

"gap = 1
2 [|Eb| + (2gAD − gDD)n2], (59)
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(b)
1 = −N0

(
gAD

|"|2

Z

)
(k0aAD)(Cb − Ca,2), (44)

where the constant Cb is defined by366

Cb = 4π

∫
d3x

(2π )3

$(1 − |x|)(r + 1)
[r(1 − x2) + (u − x)2]

, (45)

where u is any unitary vector. Finally, the total density of367

fermions of species 1 is given in terms of " and k0 (≡
√

2m1µ1)368

by the expansion369

n1 = |"|2

Z
+ k3

0

6π2
− N0

(
gAD

|"|2

Z

)
[1 + k0aADC(mD/m1)]

+ · · · , (46)

where the constant C(mD/m1) = Ca,1 + Cb. After calculation370

of the required integrals, one finds that C is given in terms of371

the function f [(mD − m1)/(mD + m1)] given by Albus et al.372

[7]. Specifically, we find πC(mD/m1) = (4/3)f (δ), where we373

have defined the dimensionless parameter374

δ ≡ (mD − m1)
(mD + m1)

= m2

2m1 + m2
(47)

and we have375

f (δ) = 3
4

(δ − 1)
δ

+ 3(1 + δ)2(1 − δ)
8δ2

ln
(

1 + δ
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)
. (48)

For the particles 2, we find naturally that there is no contri-376

bution of diagrams similar to the one shown in Fig. 2(b) (but377

with the roles of particles 1 and 2 exchanged) because there378

is no hole for particles 2 at lowest order. The first term on the379

right-hand side of Eq. (46) is n2 at the order we consider, due380

to Eq. (33). Moreover, we can rewrite Eq. (46) by considering381

it as a Taylor expansion, after replacing C by 4/(3π )f ,382

n1 − n2 =
(
2m1

{
µ1 − gADn2

[
1 + 4

3π
kF aADf (δ)

]})3/2

6π2
,

(49)

where we ignored terms of order (density)5/3. At the order we383

consider, we have replaced |"|2/Z with n2 in the right-hand384

side of the equation and k0 with Fermi wave vector kF in the385

term in factor of f . The Fermi wave vector is defined in terms386

of the density of fermions in excess in the usual way:387

kF ≡ [6π2(n1 − n2)]1/3. (50)

Equation (49) is easily inverted and we find388

µ1 = k2
F

2m1
+ gADn2

[
1 + 4kF aAD

3π
f (δ)

]
. (51)

We can now easily calculate µ2 using Eqs. (51) and (41).389

Indeed, we can follow [7] and use that µ1 = [∂(E/V )/∂n1]n2 ,390

where E is the ground-state energy in a volume V . We integrate391

Eq. (51) as a function of n1 for n1 ! n2, keeping n2 fixed. We392

get393

E

V
= EB(n2) +

∫ n1

n2

dn′
1µ1(n′

1, n2), (52)

where EB(n2) is a constant of integration. We see from this394

equation that it is the ground-state energy (per unit volume)395

of the system with an equal number of particles 1 and 2 396

(“unpolarized” situation). We know from [10] that it is given 397

by the Lee-Huang-Yang (LHY) [16] expression. Inserting 398

Eq. (51) into Eq. (52), we get, using the mean-field-like term of 399

the LHY expression for EB(n2) [the LHY beyond-mean-field 400

correction is of order (density)5/2, which we neglect at the 401

order we consider], 402

E

V
= −|Eb|n2 + 1

2
gDD(n2)2 + 3

10
k5
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+ gAD(n1 − n2)n2

[
1 + kF aAD

π
f (δ)

]
, (53)

which is an expansion up to terms of order (density)7/3. From 403

this we can take the derivative with respect to n2 and we find 404

for the chemical potential of particules 2 405
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F

2m1
+ gDDn2 + gAD(n1 − 2n2)
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[
kF aADf (δ)

3π
(3n1 − 7n2)

]
, (54)

where we have included terms up to order (density)4/3. The 406

bosonic chemical potential µB ≡ µ1 + µ2 + |Eb| is then from 407

Eqs. (51) and (54) 408

µB = gDDn2 + gAD(n1 − n2)
[

1 + kF aADf (δ)
π

]
. (55)

Looking at Eqs. (51) and (55), we find that we recover precisely 409

at this order the result of Albus et al.’s [7] Eqs. (76) and (67), 410

respectively, if we consider that there are n2 dimers considered 411

as pointlike bosons (mass mD) and n1 − n2 fermions (mass 412

m1). The boson-boson interaction is described by the scattering 413

length aDD and the fermion-bosons interaction is characterized 414

by the scattering length aAD. 415

VI. IMPURITY PROBLEM AND ONE-PARTICLE GAP 416

For a system with N1 particles 1 and N2 particles 2, we 417

denote the ground-state energy E(N1, N2). A single particle 2 418

(an “impurity”) immersed in a Fermi sea of particles 1 has an 419

excitation energy 420

E(N1, 1) − E(N1, 0) = µ2(n1, n2 = 0). (56)

In the BEC limit, this problem has been the subject of many 421

studies recently, both experimentally [13] and theoretically 422

[14]. From Eq. (54) with n2 = 0, we find 423

µ
imp
2 = −|Eb| − k2
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2m1
+ gADn1

[
1 + kF aADf (δ)

π

]
, (57)

where kF ≡ (6π2n1)1/3. This result, and also a next-order 424

correction, was found by Mora and Chevy in Ref. [14]. 425

The one-particle gap "gap is related to the ground-state 426

energy via [11,17]: 427

"gap = 1
2 [2E(N + 1, N ) − E(N + 1, N + 1) − E(N,N )]

= 1
2 (µ1 − µ2). (58)

From Eqs. (51) and (54), we find 428

"gap = 1
2 [|Eb| + (2gAD − gDD)n2], (59)
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We have observed Fermi polarons, dressed spin-down impurities in a spin-up Fermi sea of ultracold

atoms. The polaron manifests itself as a narrow peak in the impurities’ rf spectrum that emerges from a

broad incoherent background. We determine the polaron energy and the quasiparticle residue for various

interaction strengths around a Feshbach resonance. At a critical interaction, we observe the transition from

polaronic to molecular binding. Here, the imbalanced Fermi liquid undergoes a phase transition into a

Bose liquid, coexisting with a Fermi sea.
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The fate of a single impurity interacting with its environ-
ment determines the low-temperature behavior of many
condensed matter systems. Awell-known example is given
by an electron moving in a crystal lattice, displacing
nearby ions and thus creating a localized polarization.
The electron, together with its surrounding cloud of lattice
distortions, phonons, forms the lattice polaron [1]. It is a
quasiparticle with an energy and mass that differ from that
of the bare electron. Polarons are central to the under-
standing of colossal magnetoresistance materials [2], and
they affect the spectral function of cuprates, the parent
material of high-TC superconductors [3]. Another famous
impurity problem is the Kondo effect, where immobile spin
impurities give rise to an enhanced resistance in metals
below the Kondo temperature [4]. In contrast to the elec-
tron moving in a phonon bath, a bosonic environment, in
the latter case the impurity interacts with a fermionic
environment, the Fermi sea of electrons.

Here we study a small concentration of spin-down im-
purities immersed in a spin-up Fermi sea of ultracold
atoms. This system represents the limiting case of spin-
imbalanced Fermi gases and has been recognized to hold
the key to the quantitative understanding of the phase
diagram of imbalanced Fermi mixtures [5–16]. Unlike in
liquid 3He, the s-wave interaction potential between the
impurities and the spin-up atoms in this novel spin-
imbalanced Fermi liquid is attractive. The vicinity of a
Feshbach resonance allows tuning of the interaction
strength at will, characterized by the ratio of the interpar-
ticle distance!1=kF to the scattering length a, where kF is
the spin-up Fermi wave vector [17]. Figure 1 depicts the
scenario for a single impurity: For weak attraction
(1=kFa " #1) the impurity propagates freely in the
spin-up medium of density n" ¼ k3F=6!

2 [Fig. 1(a)]. It
merely experiences the familiar attractive mean field en-
ergy shiftE# ¼ 4!@2an"=m < 0. However, as the attractive
interaction grows, the impurity can undergo momentum
changing collisions with environment atoms, and thus
starts to attract its surroundings. The impurity ‘‘dressed’’
with the localized cloud of scattered fermions constitutes

the Fermi polaron [Fig. 1(b)]. Dressing becomes important
once the mean free path !1=n"a

2 of the bare impurity in
the medium becomes comparable to the distance !1=kF
between environment particles or when ðkFaÞ2 ! 1.
Collisions then reduce the bare impurity’s probability of
free propagation, the quasiparticle residue Z, from unity.
The dressed impurity can instead move freely through the
environment, with an energy E# shifted away from the
simple mean field result. This polaronic state is stable until,
for strong attraction (1=kFa! 1), equivalent to a deep
effective potential well, the spin-down impurity will bind
exactly one spin-up atom, thus forming a tightly bound
molecule [Fig. 1(c)]. This molecule is itself a dressed
impurity, albeit a bosonic one [13].
To prepare and observe Fermi polarons, we start with a

spin-polarized cloud of 6Li atoms in the lowest hyperfine
state j1i (spin-up), confined in a cylindrically symmetric
optical trap (125 "m waist, 145 Hz=22:3 Hz radial/axial
trapping frequency) at a magnetic field of 690 G [17]. A
two-photon Landau-Zener sweep transfers a small fraction
into state j3i (spin-down), and further cooling results in a
cloud containing 2% j3i impurities immersed in a degen-
erate Fermi gas of 5' 106 j1i atoms at a temperature T ¼
0:14ð3ÞTF, where TF is the Fermi temperature. A 100 G
wide Feshbach resonance for scattering between these
states is centered at 690 G. For various fields around the

FIG. 1 (color online). From polarons to molecules. (a) For
weak attraction, an impurity (blue) experiences the mean field
of the medium (red). (b) For stronger attraction, the impurity
surrounds itself with a localized cloud of environment atoms,
forming a polaron. (c) For strong attraction, molecules of size a
form despite Pauli blocking of momenta @k < @kF " @=a by the
environment.
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where the constant Cb is defined by366

Cb = 4π

∫
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(2π )3

$(1 − |x|)(r + 1)
[r(1 − x2) + (u − x)2]

, (45)

where u is any unitary vector. Finally, the total density of367

fermions of species 1 is given in terms of " and k0 (≡
√

2m1µ1)368

by the expansion369

n1 = |"|2
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+ k3
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− N0
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)
[1 + k0aADC(mD/m1)]
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where the constant C(mD/m1) = Ca,1 + Cb. After calculation370

of the required integrals, one finds that C is given in terms of371

the function f [(mD − m1)/(mD + m1)] given by Albus et al.372

[7]. Specifically, we find πC(mD/m1) = (4/3)f (δ), where we373

have defined the dimensionless parameter374

δ ≡ (mD − m1)
(mD + m1)

= m2

2m1 + m2
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and we have375
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For the particles 2, we find naturally that there is no contri-376

bution of diagrams similar to the one shown in Fig. 2(b) (but377

with the roles of particles 1 and 2 exchanged) because there378

is no hole for particles 2 at lowest order. The first term on the379

right-hand side of Eq. (46) is n2 at the order we consider, due380

to Eq. (33). Moreover, we can rewrite Eq. (46) by considering381

it as a Taylor expansion, after replacing C by 4/(3π )f ,382

n1 − n2 =
(
2m1

{
µ1 − gADn2

[
1 + 4

3π
kF aADf (δ)

]})3/2

6π2
,

(49)

where we ignored terms of order (density)5/3. At the order we383

consider, we have replaced |"|2/Z with n2 in the right-hand384

side of the equation and k0 with Fermi wave vector kF in the385

term in factor of f . The Fermi wave vector is defined in terms386

of the density of fermions in excess in the usual way:387

kF ≡ [6π2(n1 − n2)]1/3. (50)

Equation (49) is easily inverted and we find388

µ1 = k2
F

2m1
+ gADn2

[
1 + 4kF aAD

3π
f (δ)

]
. (51)

We can now easily calculate µ2 using Eqs. (51) and (41).389

Indeed, we can follow [7] and use that µ1 = [∂(E/V )/∂n1]n2 ,390

where E is the ground-state energy in a volume V . We integrate391

Eq. (51) as a function of n1 for n1 ! n2, keeping n2 fixed. We392

get393

E

V
= EB(n2) +

∫ n1

n2

dn′
1µ1(n′

1, n2), (52)

where EB(n2) is a constant of integration. We see from this394

equation that it is the ground-state energy (per unit volume)395

of the system with an equal number of particles 1 and 2 396

(“unpolarized” situation). We know from [10] that it is given 397

by the Lee-Huang-Yang (LHY) [16] expression. Inserting 398

Eq. (51) into Eq. (52), we get, using the mean-field-like term of 399

the LHY expression for EB(n2) [the LHY beyond-mean-field 400

correction is of order (density)5/2, which we neglect at the 401

order we consider], 402

E

V
= −|Eb|n2 + 1

2
gDD(n2)2 + 3

10
k5
F

m1

+ gAD(n1 − n2)n2

[
1 + kF aAD

π
f (δ)

]
, (53)

which is an expansion up to terms of order (density)7/3. From 403

this we can take the derivative with respect to n2 and we find 404

for the chemical potential of particules 2 405

µ2 = −|Eb| − k2
F

2m1
+ gDDn2 + gAD(n1 − 2n2)

+ gAD

[
kF aADf (δ)

3π
(3n1 − 7n2)

]
, (54)

where we have included terms up to order (density)4/3. The 406

bosonic chemical potential µB ≡ µ1 + µ2 + |Eb| is then from 407

Eqs. (51) and (54) 408

µB = gDDn2 + gAD(n1 − n2)
[

1 + kF aADf (δ)
π

]
. (55)

Looking at Eqs. (51) and (55), we find that we recover precisely 409

at this order the result of Albus et al.’s [7] Eqs. (76) and (67), 410

respectively, if we consider that there are n2 dimers considered 411

as pointlike bosons (mass mD) and n1 − n2 fermions (mass 412

m1). The boson-boson interaction is described by the scattering 413

length aDD and the fermion-bosons interaction is characterized 414

by the scattering length aAD. 415

VI. IMPURITY PROBLEM AND ONE-PARTICLE GAP 416

For a system with N1 particles 1 and N2 particles 2, we 417

denote the ground-state energy E(N1, N2). A single particle 2 418

(an “impurity”) immersed in a Fermi sea of particles 1 has an 419

excitation energy 420

E(N1, 1) − E(N1, 0) = µ2(n1, n2 = 0). (56)

In the BEC limit, this problem has been the subject of many 421

studies recently, both experimentally [13] and theoretically 422

[14]. From Eq. (54) with n2 = 0, we find 423

µ
imp
2 = −|Eb| − k2

F

2m1
+ gADn1

[
1 + kF aADf (δ)

π

]
, (57)

where kF ≡ (6π2n1)1/3. This result, and also a next-order 424

correction, was found by Mora and Chevy in Ref. [14]. 425

The one-particle gap "gap is related to the ground-state 426

energy via [11,17]: 427

"gap = 1
2 [2E(N + 1, N ) − E(N + 1, N + 1) − E(N,N )]

= 1
2 (µ1 − µ2). (58)

From Eqs. (51) and (54), we find 428

"gap = 1
2 [|Eb| + (2gAD − gDD)n2], (59)
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We have observed Fermi polarons, dressed spin-down impurities in a spin-up Fermi sea of ultracold

atoms. The polaron manifests itself as a narrow peak in the impurities’ rf spectrum that emerges from a

broad incoherent background. We determine the polaron energy and the quasiparticle residue for various

interaction strengths around a Feshbach resonance. At a critical interaction, we observe the transition from

polaronic to molecular binding. Here, the imbalanced Fermi liquid undergoes a phase transition into a

Bose liquid, coexisting with a Fermi sea.
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The fate of a single impurity interacting with its environ-
ment determines the low-temperature behavior of many
condensed matter systems. Awell-known example is given
by an electron moving in a crystal lattice, displacing
nearby ions and thus creating a localized polarization.
The electron, together with its surrounding cloud of lattice
distortions, phonons, forms the lattice polaron [1]. It is a
quasiparticle with an energy and mass that differ from that
of the bare electron. Polarons are central to the under-
standing of colossal magnetoresistance materials [2], and
they affect the spectral function of cuprates, the parent
material of high-TC superconductors [3]. Another famous
impurity problem is the Kondo effect, where immobile spin
impurities give rise to an enhanced resistance in metals
below the Kondo temperature [4]. In contrast to the elec-
tron moving in a phonon bath, a bosonic environment, in
the latter case the impurity interacts with a fermionic
environment, the Fermi sea of electrons.

Here we study a small concentration of spin-down im-
purities immersed in a spin-up Fermi sea of ultracold
atoms. This system represents the limiting case of spin-
imbalanced Fermi gases and has been recognized to hold
the key to the quantitative understanding of the phase
diagram of imbalanced Fermi mixtures [5–16]. Unlike in
liquid 3He, the s-wave interaction potential between the
impurities and the spin-up atoms in this novel spin-
imbalanced Fermi liquid is attractive. The vicinity of a
Feshbach resonance allows tuning of the interaction
strength at will, characterized by the ratio of the interpar-
ticle distance!1=kF to the scattering length a, where kF is
the spin-up Fermi wave vector [17]. Figure 1 depicts the
scenario for a single impurity: For weak attraction
(1=kFa " #1) the impurity propagates freely in the
spin-up medium of density n" ¼ k3F=6!

2 [Fig. 1(a)]. It
merely experiences the familiar attractive mean field en-
ergy shiftE# ¼ 4!@2an"=m < 0. However, as the attractive
interaction grows, the impurity can undergo momentum
changing collisions with environment atoms, and thus
starts to attract its surroundings. The impurity ‘‘dressed’’
with the localized cloud of scattered fermions constitutes

the Fermi polaron [Fig. 1(b)]. Dressing becomes important
once the mean free path !1=n"a

2 of the bare impurity in
the medium becomes comparable to the distance !1=kF
between environment particles or when ðkFaÞ2 ! 1.
Collisions then reduce the bare impurity’s probability of
free propagation, the quasiparticle residue Z, from unity.
The dressed impurity can instead move freely through the
environment, with an energy E# shifted away from the
simple mean field result. This polaronic state is stable until,
for strong attraction (1=kFa! 1), equivalent to a deep
effective potential well, the spin-down impurity will bind
exactly one spin-up atom, thus forming a tightly bound
molecule [Fig. 1(c)]. This molecule is itself a dressed
impurity, albeit a bosonic one [13].
To prepare and observe Fermi polarons, we start with a

spin-polarized cloud of 6Li atoms in the lowest hyperfine
state j1i (spin-up), confined in a cylindrically symmetric
optical trap (125 "m waist, 145 Hz=22:3 Hz radial/axial
trapping frequency) at a magnetic field of 690 G [17]. A
two-photon Landau-Zener sweep transfers a small fraction
into state j3i (spin-down), and further cooling results in a
cloud containing 2% j3i impurities immersed in a degen-
erate Fermi gas of 5' 106 j1i atoms at a temperature T ¼
0:14ð3ÞTF, where TF is the Fermi temperature. A 100 G
wide Feshbach resonance for scattering between these
states is centered at 690 G. For various fields around the

FIG. 1 (color online). From polarons to molecules. (a) For
weak attraction, an impurity (blue) experiences the mean field
of the medium (red). (b) For stronger attraction, the impurity
surrounds itself with a localized cloud of environment atoms,
forming a polaron. (c) For strong attraction, molecules of size a
form despite Pauli blocking of momenta @k < @kF " @=a by the
environment.
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Problème à 3 corps

2

µ1(z), µ2(z) ?

µ1(z) = µ0
1 − 1

2mω2
z z2

µ0
1

P (µ1, µ2, T )
Plibre(µ1,T )

ζ = exp(− µ1

kB T )

Burovski, Prokofev, Svistunov, Troyer (DiagMC ’06)
Bulgac, Drut, Magieski (MC ’06)
Haussmann, Rantner, Cerrito, Zwerger (Diag. selfconsistent ’07)
Combescot, Alzetto, Leyronas (Diag. ’09)

E/V = 3
2 P

n1 "= n2

n1 ≥ n2

n1 − n2 ≡ k3
F

6π2

gDD = 4π
(m1+m2)

aDD gAD = 2π
mAD

aAD mAD = (m1+m2)(m1)
(2 m1+m2)

Lobo, Recati, Giorgini, Stringari ’06
F. Chevy ’06
Combescot, Recati, Lobo, Chevy ’07
Pilati, Giorgini ’08
Prokof’ev, Svistunov ’08
Combescot, Giraud ’08
Mora, Chevy ’09
Punk, Dumitrescu, Zwerger ’09
Combescot, Giraud, Leyronas ’09

Λ = h
m v

1
2m v2 ∼ kB T



• Equation d’état mesurée dans la transition 
BEC-BCS permet une confrontation 
quantitative aux théories 

• Limite BEC : longueurs de diffusion dimère-
dimère (pb à 4 corps), et atome-dimère (pb 
à 3 corps), correction LHY

• Limite unitaire                : comportement de 
Liquide de Fermi

Conclusion

3

Λ ∼ n−1/3

kB T " !2

m n2/3

(a → ±∞)

V (r) = g δΛ(r), g < 0 Ṽ (k) = g si |k| < Λ, 0 sinon

Λ

m
4π!2 a = 1

g +
∑

|k|<Λ
m
k2

a % R0

a % Λ−1

ψ(r) ∼ eikṙ + f ei k r

r , r = r1 − r2

Basse énergie ⇒ onde s : f(k), σ = |f |2

Longueur de diffusion a : f = − 1
a−1+i k |a|% R0

a < 0 : pas de molécule

a > 0 : un état lié (une molécule, ou ”dimère”) Eb = − !2

m a2


