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Qualita?ve	  phase	  
diagram	  of	  the	  	  
BEC-‐BCS	  Crossover	  Theore?cally	  

predicted,	  
realized	  
experimentally	  
in	  2002	  
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Dilute	  Limit:	  	  

The	  BEC-‐BCS	  
Crossover	  



Ultracold	  atom	  interac?ons	  can	  be	  tuned	  
with	  the	  external	  magne?c	  field	  

Feshbach	  resonance:	  

Long	  range	  
cooper	  pairs	  

Overlapping	  
cooper	  pairs	  

Tightly	  bound	  
dimers	  

BCS	   BEC	  Unitary	  



The	  Unitary	  Fermi	  Gas:	  
	  
Length	  scales	  drop	  out	  to	  obtain	  a	  theory	  with	  a	  
dimensional	  scale	  set	  by	  par?cle	  density	  
	  
Measurable	  quan??es	  take	  a	  universal	  form	  	  
and	  dimensional	  analysis	  can	  be	  used	  	  
(e.g.	  energy	  density)	  
	  
	  
Agreement	  between	  theory	  and	  experiment	  



The	  Many-‐Body	  Problem	  	  
Wavefunc?ons	  become	  exponen&ally	  hard	  
	   	  One	  par?cle:	  Ψ(x,t)	  =	  Nx

3	  Nt	  
	   	  N	  par?cles:	  	  Ψ(x,t)	  =	  (Nx

3)N	  Nt	  
	  
Numerical	  methods,	  models,	  effec?ve	  theories	  are	  
needed	  (QMC,	  DFT,	  MFT,	  ...)	  
	  
BEC-‐BCS	  crossover	  provide	  new	  avenues	  to	  check	  	  
	  the	  many-‐body	  theory	  
	  
Further	  implica?ons	  (Nuclei,	  Neutron	  maFer,	  …)	  



Density	  Func?onal	  Theory	  

Hohenberg-‐Kohn	  theorem:	  
There	  exists	  a	  func?onal	  when	  minimized	  that	  exactly	  
describes	  the	  ground	  state	  of	  a	  system	  	  
	  
	  
	  
Time-‐Dependent	  Superfluid	  Local	  Density	  
Approxima?on	  (TDSLDA),	  very	  effec?ve	  but	  requires	  
world’s	  largest	  supercomputers	  



The	  extended	  Thomas-‐Fermi	  model	  well	  describes	  
the	  Unitary	  Fermi	  Gas	  in	  superfluid	  regime	  
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Less	  expensive	  
computa?onally	  to	  
describe	  system	  with	  
the	  Gross	  Pitaevskii	  
Model	  
	  



Feshbach resonance, in the unitarity limit where the scattering length
diverges, a substantial part of this filling is due to so-called Andreev
bound states, localized fermionic states bound to the soliton, also
known to reside inside vortex cores2. Here, the gas density in the vici-
nity of the soliton is predicted to be suppressed by 80% of the bulk
density, as opposed to 100% for solitons in BECs.
In the BCS limit of weak attractive interactions, the BdG equations

reduce to the Andreev equation, a Dirac equation where the pairing
gap D(z) plays the role of a spatially varying mass coupling particles
and holes3 (see Supplementary Information). The same equation des-
cribes solitons in conducting polymers5. The solution for the pairing
gap is known5 to be D(z)5D0 tanh(z/jBCS), as in the BEC limit, that
is, it is again represented by Fig. 1a but with j5 jBCS, the BCS cohe-
rence length. The density profile of the localized state in Fig. 1a here
represents the fermionic Andreev bound state, as opposed to the den-
sity of uncondensed bosons in the BEC regime. Solitons in the BCS
regime are expected to be essentially completely filled in. Indeed, in this
limit of long-range overlapping Cooper pairs, only a minute fraction
of particles near the Fermi surface takes part in pairing, and the reduc-
tion of the pairing gap at the soliton affects the density only veryweakly.

Creating solitons in a fermionic superfluid
The creation of solitons in a strongly interacting fermionic superfluid
poses several challenges. First, a superfluid with a soliton is not in its

ground state, so the temperature of the gas has to be low enough for
the soliton not to decay rapidly into thermal excitations. Such dissipa-
tion can proceed through collisions of the soliton with sound waves,
leading to its acceleration.When the soliton reaches a critical velocity,
it is expected to decay into phonons or, in the case of fermionic super-
fluids, pair excitations27,28,30. Second, solitons can generally decay into
vortices via the so-called snake instability13,15,31,32. In the case of weakly
interacting BECs in elongated traps, stability requires the chemical
potential m of the condensate to be notmuch larger than the transverse
confinement energy31. For a Fermi gas, this would require a quasi-one-
dimensional geometry where the transverse cloud width is one inter-
particle spacing.Aswe showbelow, this is notnecessary. Last, for strongly
interacting superfluids, it is a priori not obvious that solitons are stable
against quantum fluctuations10,21–25,33.
Here we create and observe long-lived solitons in a strongly inter-

acting fermionic superfluid of 6Li atoms near a Feshbach resonance.
Solitons are created via phase imprinting (see Fig. 1b), a technique
successfully employed for weakly interacting Bose condensates11,12,14.
The superfluid containing typically ,23 105 atom pairs is prepared
in an elongated trap with cylindrical symmetry (axial and radial trap-
ping period respectively Tz5 45–210ms and TH5 14ms) and tun-
able aspect ratio l5Tz/TH (ref. 7). A green laser beam far detuned
from the atomic resonance is masked to shine on one half of the
superfluid. In a time t, the applied potential U, as experienced by a
single fermion, advances the phase of the superfluid order parameter
in the exposed region byDw5 2Ut/B relative to the unexposed region.
The time t< 35 ms is experimentally adjusted in order to create one
high-contrast soliton.
In the strongly interacting regime, the soliton does not cause a den-

sity depletionwithin our resolution. However, it is tied to a phase twist
in the pair wavefunction. As in the case of vortices34, the pair wave-
function can be directly observed via a rapid ramp to the BEC side of
the Feshbach resonance. The ramp converts large fermion pairs into
tightly bound molecules, empties out the soliton cores and increases
the soliton width to the final healing length !1

! ffiffiffiffiffiffiffiffiffiffi
nMaf

p
, where af is

the scattering length at the final magnetic field and nM the density of
molecules. The rapid ramp followed by time-of-flight expansion thus
enhances the soliton contrast and acts as amagnifying glass (for details,
see Supplementary Information).
Figure 1c and d report the observation of solitons in a fermionic

superfluid prepared at 815G (close to the 832G Feshbach resonance)
for various hold times following the phase imprint. Here, the inter-
action parameter at the cloud centre is 1/kFa5 0.30(2), where a is the
scattering length and kF5 (3p2n)1/3 is the Fermi wavevector, related
to the total central fermion density n and the Fermi energy EF~
h!2k2F

!
2m. Figure 1c shows the optical density in absorption images

taken after time of flight and the rapid ramp to,580G, while Fig. 1d
displays residuals obtained by subtracting a smoothed copy of the
same absorption image. The optical density contrast of solitons is
about 10% (see Supplementary Information). A sequence of radially
integrated residuals as a function of time is displayed in Fig. 1e, dem-
onstrating the soliton to be stable for more than 4 s or 100,000 times
the microscopic timescale B/EF, the Fermi time. This establishes that
solitons in fermionic superfluids can exist as stable and long-lived
excitations that do not decay despite strong quantum fluctuations.

Soliton oscillations
The solitons are observed to undergo oscillations in the harmonically
trapped superfluid, demonstrating their emergent particle nature. The
motion is toa highdegree deterministic, as solitonpositions for different
realizations of the experiment at varying wait times lie on the same
classical sinusoidal trajectory. The force on the soliton is provided by
the trapping force experienced by the atoms missing in the soliton,
Nsmv2

zz:Mv2
zz, where vz5 2p/Tz, jNsj is the number of missing

atoms, and M5Nsm, 0 the bare mass of the soliton. M is negative
as the soliton is a density depletion. Introducing the effective, or
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Figure 1 | Creation and observation of solitons in a fermionic superfluid.
a, Superfluid pairing gap D(z) for a stationary soliton, normalized by the bulk
pairing gap D0, and density n(z) of the localized bosonic (fermionic) state versus
position z, in the BEC (BCS) regime of the crossover, in units of the BEC healing
length (BCS coherence length) j. b, Diagram of the experiment. A phase-
imprinting laser beam twists the phase of one-half of the trapped superfluid by
approximately p. The soliton generally moves at non-zero velocity vsoliton.
c, Optical density and d, residuals (optical density minus a smoothed copy of the
same image) of atom clouds at 815G, imaged via the rapid ramp method34,
showing solitons at various hold times after creation. One period of soliton
oscillation is shown. The in-trap aspect ratio was l5 6.5(1). e, Radially integrated
residuals as a function of time revealing long-lived soliton oscillations. The soliton
period isTs5 12(2)Tz, much longer than the trapping period ofTz593.76(5)ms,
revealing an extreme enhancement of the soliton’s relative effective mass,M*/M.
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Oscilla?ons	  observed	  
longer	  than	  predicted	  
	  

Heavy	  soliton?	  

inertial mass of the soliton M*, this force causes an acceleration

€z~{
M
M! v

2
zz. Because we observe oscillations,M*must be negative

as well, implying that the soliton is an effective particle that decreases
its kinetic energy as it speeds up. One obtains a direct relation26

between the relative effective massM*/M and the normalized soliton
period Ts/Tz:

M!

M
~

Ts

Tz

! "2

ð2Þ

The observed soliton period of oscillation Ts is about one order of
magnitude longer than the trapping period Tz for single atoms. This
directly indicates an extreme enhancement of the relative effective
mass. In general, the difference between the effective mass M* and
the bare massM of the soliton arises from the phase slipDw across the
soliton, which implies a superfluid counterflow26. For the soliton to
move, an entire sheet of atoms thus has to flow past it. The difference
M2M* is themass of that sheet, given by themass densitymultiplied
by the entire soliton volume. In contrast, the soliton’s bare massM is
only due to the mass deficit of jNsj atoms and can become much
smaller in magnitude than M* when the soliton is filled. For weakly
interacting BECs, where solitons are devoid of particles, the effective
mass is still of the same order of the bare mass, (M*/M)BEC5 2. This
leads to an oscillation period that is only

ffiffiffi
2

p
times longer than Tz

(refs 20, 35), as has been observed in experiments14,17. In the BCS limit,
where only a minute fraction D0/EF of the gas contributes to Cooper
pairing, jNsj / D0/EF / exp[2p/(2kFjaj)] and thus the soliton’s rela-
tive effective mass can be expected to become exponentially large.
Indeed, as shown in Fig. 2, we find that the soliton period, and hence

the relative effective mass, increases dramatically as the interactions
are tuned from the limit of Bose–Einstein condensation (Fig. 2a)
towards theBCS limit.At 700G,where1/kFa5 2.6(2), the systemrepre-
sents a strongly interacting Bose gas of molecules7. The soliton period
isTs5 4.4(5)Tz, already three times longer than in the case of a weakly
interacting BEC. At the Feshbach resonance (Fig. 2d), we measure a
soliton period of Ts5 14(2)Tz, corresponding to a relative effective
mass ofM*/M5 200(50). This is more than 50 times larger than the

result of mean-field BdG theory in three dimensions26,36 that predicts
M*/M5 3. Note that the superfluid is fully three-dimensional: on
resonance, the chemical potential m< 35BvH, wherevH is the radial
trapping frequency. Still, for very elongated traps, one expects to reach a
universal quasi-one-dimensional regimewhere the tight radial confine-
ment is irrelevant for propagation along the long axis37. This prompted
us to study the dependence of the soliton period on the aspect ratio of
our trap.
Figure 3 summarizes our measurements for the soliton period and

the relative effective mass as a function of the interaction parameter
1/kFa throughout the BEC–BCS crossover, for aspect ratios l5 3.3,
6.2 and 15. The strong increase of M*/M towards the BCS regime is
observed for all trap geometries. The normalized soliton period Ts/Tz
appears to converge to a limiting value for themost elongated trap: the
normalized period changes by only 15% as the aspect ratio is increased
by more than a factor of two from 6.2 to 15. This indicates that the
soliton dynamics approach a universal quasi-one-dimensional limit.
Even in a much less elongated trap with l5 3.3(1), the soliton period
is only slightly increased by about 30% compared to l5 6.2, accom-
panied by an increased susceptibility of the soliton towards bending or
‘snaking’10,13,15 (for examples, see Supplementary Information).
We attribute the large relative effective massM*/M in the strongly

interacting regime to the filling of the soliton with uncondensed fer-
mion pairs resulting from strong quantum fluctuations. Similar filling
with uncondensed particles has been predicted for solitons in strongly
interacting Bose condensates10,22–25,33. A substantial filling of the soli-
ton will reduce the number jNsj of atoms missing inside the soliton,
therefore considerably weaken the restoring harmonic force from the
trap and strongly increase M*/M. At the Feshbach resonance, our in
situ density profiles provide a lower bound on the soliton filling of
90%, compared to the expected 20% from mean-field theory (see
Supplementary Information). Mean-field theory for the BEC–BCS
crossover heavily underestimates the role of quantum fluctuations
already on the BEC side, where it predicts a fraction of uncondensed
bosons that scales as na3 instead of the correct

ffiffiffiffiffiffiffi
na3

p
scaling7. Our

experiment thus directly reveals the importance of beyondmean-field
effects for the dynamics of strongly interacting fermionic superfluids.
Significant soliton filling was found theoretically in a strongly inter-
acting relativistic superfluid using methods from string theory38–40.
For the resonantly interacting Fermi gas, a theoretical study based on a
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Figure 2 | Soliton oscillations in the BEC–BCS crossover. Shown are soliton
oscillations in a trapped fermionic superfluid for various magnetic fields B
around the Feshbach resonance. a–d, The soliton period is observed to
markedly increase as the system is tuned from the BEC regime (a) to the
Feshbach resonance (d). The measured period (Ts/Tz), magnetic field (B in G)
and interaction parameter at the cloud centre 1/kFawere respectively: a, 4.4(5),
700, 2.6(2); b, 7.5(9), 760, 1.4(1); c, 12(2), 815, 0.30(2); d, 14(2), 832, 0. The
initial atom number per spin state (N0), its decay rate (t in s) and Thomas-
Fermi radius after time of flight (RTF in mm) range respectively from: 1.13 105,
1.2(2), 135 at B5 700G to 2.33 105, 12(1) and 200 on resonance. The aspect
ratio is l5 6.2(7). Note that at B5 700G, the superfluid is short lived due to
enhanced three-body loss. At 760G (b), the soliton survived for more than 6 s,
comparable to the lifetime of the superfluid at that field.
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Figure 3 | Soliton period and effective mass versus interaction strength in
the BEC–BCS crossover. The normalized soliton period Ts/Tz is shown as a
function of the interaction parameter 1/kFa in the cloud centre, for three
different trap aspect ratios: l5 15(1) (black circles), 6.2(7) (red diamonds) and
3.3(1) (orange squares). The error bars correspond to the typical spread over
five measurements, and the solid lines are guides to the eye. The soliton period
strongly increases from the BEC regime towards the Feshbach resonance
(vertical dotted line), where Ts/Tz5 12(2) for l5 15(1), and to the BCS side.
This directly reflects an extreme enhancement of the relative effective mass
M!=M~T2

s

$
T2
z , whichwe attribute to strong quantum fluctuations and filling

of Andreev bound states. The result for a weakly interacting BEC, Ts=Tz~
ffiffiffi
2

p
,

is shown as the dashed line. The star marks the mean-field prediction26 at
unitarity M!=M~T2

s

$
T2
z~3.
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Vortex	  Rings	  naturally	  describe	  the	  	  	  	  	  
long	  oscilla?ons	  

Vortex	  rings	  
product	  of	  Snake	  
Instability	  
	  

Period	  as	  expected	  
in	  domain	  wall	  limit	  

Bulgac	  et	  al.	  arXiv:1306:4266	  
	  



z	  (um)	  

First	  Task:	  One	  vortex	  ring	  in	  a	  small	  trap	  

Fewer	  par?cles,	  small	  trap	  size	  
for	  quicker	  simula?ons	  
	  
Created	  a	  vortex	  tracking	  
func?on	  
	  

Vortex	  Trajectory	  in	  trap	   Axial	  Posi?on	  vs.	  ?me	  

z	  (um)	   t	  (Tz)	  

Density	  and	  Phase	  of	  vortex	  



Second	  Task:	  Two	  orbi?ng	  vortex	  rings	  
in	  a	  small	  trap	  

Shorter	  period	  than	  one	  
vortex	  at	  similar	  radius	  
	  
Next:	  Vortex	  tangle?	  

Axial	  Posi?on	  vs.	  ?me	  for	  both	  vor?ces	  

t	  (Tz)	  

Source:	  hFp://i.minus.com/iUQsj2aoNRlQI.gif	  



One	  vortex	  ring	  in	  a	  realis?c	  trap	  

Tables of results

How period changes with aspect ratio, vortex ring imprinted atR0 = 0.30Rz andB = 832.0 G
in each scenario.

Aspect Ratio Period Particle number Energy (units?)

λ = 3.3 (Tz = 47.6ms) T = 9.9 Tz N = 461 512 E = 64 884.4
λ = 6.2 (Tz = 89.4ms) T = 8.4 Tz N = 460 796 E = 64 752.4
λ = 15.0 (Tz = 216.4ms) T = 6.3 Tz N = 461 529 E = 64 904.0

Imprinting the vortex at different radii, all with λ = 3.3 and B = 832.0 G.

Imprint Location Period Amplitude Particle number Energy (units?)

R0 = 0.20 R⊥ T = 8.6 Tz ∼ 0.45 Rz N = 460 344 E = 64 657.9
R0 = 0.30 R⊥ T = 9.9 Tz ∼ 0.35 Rz N = 461 512 E = 64 884.4
R0 = 0.40 R⊥ T = 10.7 Tz ∼ 0.15 Rz N = 460 350 E = 64 670.9
R0 = 0.50 R⊥ T = 11 Tz ∼ 0.05 Rz N = 460 334 E = 64 669.1

Benchmark to Aurel’s simulations from “Quantized Superfluid Vortex Rings in the Unitary

Fermi Gas,” for sizes 96× 24× 24 and 128× 32× 32

Size Period Amplitude

96× 24× 24 T = 1.4 Tz ∼ 0.2 Rz

128× 32× 32 T = 1.6 Tz ∼ 0.2 Rz

1

Vortex	  Trajectory	  in	  trap,	  R0=0.4	  

Vortex	  Trajectory	  in	  trap,	  R0=0.2	   Axial	  Posi?on	  vs.	  ?me	  

Axial	  Posi?on	  vs.	  ?me	  

z	  (um)	  

r	  (
um

)	  

0	  

50	  



An?-‐damping	  in	  oscilla?ons	  result	  from	  
systems	  cooled	  insufficiently	  

density functional approach found solitons with clear filling in the wake
of shockwaves41. The strong increase of the soliton period is reminiscent
of the situation for dark-bright solitons in weakly interacting BECs,
where a distinguishable atomic species or another spin state resides
inside the soliton notch14,42,43. For fermions, mean-field theory in the
strongly interacting regime attributes a substantial part of the soliton
filling to Andreev bound states19,26–28. These are also predicted to carry
the dominant fraction of the superfluid flow across the soliton, which
can be regarded, in its rest frame, as a Josephson junction of vanishing
barrier height29. It will be an interesting topic for future experiments to
determine the contribution of Andreev states to the soliton filling.

Temperature dependence
To demonstrate that the slow soliton oscillations are a truly quantum
effect and not due to the finite temperature of our gas, we investigated
the soliton motion as a function of temperature for the unitary Fermi
gas at the Feshbach resonance (Figs 4 and 5). A measure of tempera-
ture is provided by the thermal fraction, the number of uncondensed
molecules observed after the rapid ramp. The soliton period is found
to be insensitive to changes in temperature within the measurement
uncertainty (Fig. 5a).
The stability of solitons is, however, strongly affected by thermal

effects. At low temperatures, the soliton oscillation occurs essentially
without energy loss, demonstrating dissipationless flow (Fig. 4a). For
increasing temperature, we observe anti-damping of soliton oscilla-
tions (Fig. 4b). This is characteristic of a particle with negative mass
that can lower its energy by accelerating. To our knowledge, such anti-
damping of solitons has not been directly observed previously in a
quantum gas experiment. The energy loss is likely to be due to colli-
sions with thermally induced phonons10, and we indeed observe a
strong decrease in the anti-damping time constant as the temperature
is raised (Fig. 5b). At even higher temperatures, the soliton’s position
becomes less reproducible (Fig. 4c) and its lifetime is strongly reduced
(Fig. 5c). Concurrently, we observe increased axial fluctuations in the
superfluid (see Fig. 4d–f), some of which appear to have comparable
contrast to the imprinted soliton. These additional solitons might be

‘thermal solitons’, predicted to occur even in equilibrium in weakly
interacting Bose condensates44. Similar to vortex–anti-vortex pairs in
two dimensions, soliton–anti-soliton pairs can be expected to spon-
taneously break in one dimension and proliferate.
We note that on resonance, the fastest solitons we observe move

at the exceedingly slow speed of 0.50mm s21 or 5% of the (indepen-
dently measured) speed of sound on resonance. Their sudden dis-
appearance, observed for example in Fig. 4c, can thus not be related to
motion close to the Landau critical speed. Instead, their decay might
be tied to inelastic collisions with thermal solitons, as soliton collisions
have been found to become increasingly inelastic towards the BCS
side in theoretical simulations28. Another possibility for their decay at
such low speeds is that the soliton’s energy dispersion has a minimum
at an unexpectedly small fraction of the critical velocity28. One might
expect fermion pairs to break at finite temperatures and fill in the soli-
ton, in addition to quantum fluctuations.However, even for the highest
thermal fraction where solitons have been observed, the actual tem-
perature is determined to be belowT5 0.10EF/kB (kB is the Boltzmann
constant), while the bulk pairing gap is aboutD05 0.4EF (ref. 45). Pair
breaking should thus still be exponentially suppressed, explaining the
insensitivity of the soliton period to the thermal fraction.

Conclusion and outlook
We have created and observed long-lived solitons in a strongly inter-
acting fermionic superfluid. Their period of oscillation and thus their
relative effectivemass increasesmarkedly as the interactions are tuned
from the BEC limit of tightly bound molecules towards the BCS limit
of long-range Cooper pairs. This signals strong, beyond mean-field,
effects, which are likely to be due to uncondensed fermion pairs filling
the soliton, in addition to purely fermionic Andreev bound states. Our
study provides an important quantitative benchmark for theories
of non-equilibrium dynamics of strongly interacting Fermi gases.
An exciting prospect is to directly detect the Andreev bound states
spectroscopically19,46. Although they are not topologically protected,
their lifetime should equal thatof the soliton—many seconds or100,000
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Figure 4 | Soliton motion in the unitary Fermi gas at various temperatures.
a–c, Soliton trajectories for increasing temperature, with thermal fractions
a, 7(2)%,b, 9(2)%and c, 15(3)%. The error bars indicate the standard deviation of
typically five repetitions and the solid lines are fits to the data to the anti-damped
sinusoidal function f(t) / exp(t/ts) sin(2pt/Ts1w).Whereas the period is found
to be independent of temperature within our uncertainty, the anti-damping time
decreases from ts/Ts5 5(2) for the coldest clouds (a) to ts/Ts5 1.3(5) for the
hottest ones (c).d–f, Representative optical densities (left) and residuals (right) of
the superfluid after the rapid ramp. Whereas at low temperatures, the soliton is
the only significant density variation, at higher temperatures transverse stripes
appear that we tentatively interpret as thermal solitons.
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Figure 5 | Effect of finite temperature on soliton motion. a, The soliton
period is found to be insensitive to temperature. b, The 1/e anti-damping time
and c, the soliton lifetime, are found to be strongly dependent on the thermal
fraction. The soliton lifetime is defined as the time when the probability of
observing a soliton decreased to 50%. The dashed lines are guides to the eye.
The horizontal error bars indicate the standard deviation of the thermal
fraction within a data set. The vertical error bars in a represent the typical
spread over five measurements, those in b result from the contribution of the
fitting error on ts and the error on Ts, and those in c reflect the time difference
between having 90% and 10% survival probability.
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Experiment:	  

t	  (Tz)	  



Tasks	  s?ll	  in	  process…	  

Extrac?ng	  period	  
dependence	  on:	  
•  Different	  aspect	  
ra?os	  

•  Magne?c	  fields	  
in	  BEC	  regime	  

inertial mass of the soliton M*, this force causes an acceleration

€z~{
M
M! v

2
zz. Because we observe oscillations,M*must be negative

as well, implying that the soliton is an effective particle that decreases
its kinetic energy as it speeds up. One obtains a direct relation26

between the relative effective massM*/M and the normalized soliton
period Ts/Tz:

M!

M
~

Ts

Tz

! "2

ð2Þ

The observed soliton period of oscillation Ts is about one order of
magnitude longer than the trapping period Tz for single atoms. This
directly indicates an extreme enhancement of the relative effective
mass. In general, the difference between the effective mass M* and
the bare massM of the soliton arises from the phase slipDw across the
soliton, which implies a superfluid counterflow26. For the soliton to
move, an entire sheet of atoms thus has to flow past it. The difference
M2M* is themass of that sheet, given by themass densitymultiplied
by the entire soliton volume. In contrast, the soliton’s bare massM is
only due to the mass deficit of jNsj atoms and can become much
smaller in magnitude than M* when the soliton is filled. For weakly
interacting BECs, where solitons are devoid of particles, the effective
mass is still of the same order of the bare mass, (M*/M)BEC5 2. This
leads to an oscillation period that is only

ffiffiffi
2

p
times longer than Tz

(refs 20, 35), as has been observed in experiments14,17. In the BCS limit,
where only a minute fraction D0/EF of the gas contributes to Cooper
pairing, jNsj / D0/EF / exp[2p/(2kFjaj)] and thus the soliton’s rela-
tive effective mass can be expected to become exponentially large.
Indeed, as shown in Fig. 2, we find that the soliton period, and hence

the relative effective mass, increases dramatically as the interactions
are tuned from the limit of Bose–Einstein condensation (Fig. 2a)
towards theBCS limit.At 700G,where1/kFa5 2.6(2), the systemrepre-
sents a strongly interacting Bose gas of molecules7. The soliton period
isTs5 4.4(5)Tz, already three times longer than in the case of a weakly
interacting BEC. At the Feshbach resonance (Fig. 2d), we measure a
soliton period of Ts5 14(2)Tz, corresponding to a relative effective
mass ofM*/M5 200(50). This is more than 50 times larger than the

result of mean-field BdG theory in three dimensions26,36 that predicts
M*/M5 3. Note that the superfluid is fully three-dimensional: on
resonance, the chemical potential m< 35BvH, wherevH is the radial
trapping frequency. Still, for very elongated traps, one expects to reach a
universal quasi-one-dimensional regimewhere the tight radial confine-
ment is irrelevant for propagation along the long axis37. This prompted
us to study the dependence of the soliton period on the aspect ratio of
our trap.
Figure 3 summarizes our measurements for the soliton period and

the relative effective mass as a function of the interaction parameter
1/kFa throughout the BEC–BCS crossover, for aspect ratios l5 3.3,
6.2 and 15. The strong increase of M*/M towards the BCS regime is
observed for all trap geometries. The normalized soliton period Ts/Tz
appears to converge to a limiting value for themost elongated trap: the
normalized period changes by only 15% as the aspect ratio is increased
by more than a factor of two from 6.2 to 15. This indicates that the
soliton dynamics approach a universal quasi-one-dimensional limit.
Even in a much less elongated trap with l5 3.3(1), the soliton period
is only slightly increased by about 30% compared to l5 6.2, accom-
panied by an increased susceptibility of the soliton towards bending or
‘snaking’10,13,15 (for examples, see Supplementary Information).
We attribute the large relative effective massM*/M in the strongly

interacting regime to the filling of the soliton with uncondensed fer-
mion pairs resulting from strong quantum fluctuations. Similar filling
with uncondensed particles has been predicted for solitons in strongly
interacting Bose condensates10,22–25,33. A substantial filling of the soli-
ton will reduce the number jNsj of atoms missing inside the soliton,
therefore considerably weaken the restoring harmonic force from the
trap and strongly increase M*/M. At the Feshbach resonance, our in
situ density profiles provide a lower bound on the soliton filling of
90%, compared to the expected 20% from mean-field theory (see
Supplementary Information). Mean-field theory for the BEC–BCS
crossover heavily underestimates the role of quantum fluctuations
already on the BEC side, where it predicts a fraction of uncondensed
bosons that scales as na3 instead of the correct

ffiffiffiffiffiffiffi
na3

p
scaling7. Our

experiment thus directly reveals the importance of beyondmean-field
effects for the dynamics of strongly interacting fermionic superfluids.
Significant soliton filling was found theoretically in a strongly inter-
acting relativistic superfluid using methods from string theory38–40.
For the resonantly interacting Fermi gas, a theoretical study based on a
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Figure 2 | Soliton oscillations in the BEC–BCS crossover. Shown are soliton
oscillations in a trapped fermionic superfluid for various magnetic fields B
around the Feshbach resonance. a–d, The soliton period is observed to
markedly increase as the system is tuned from the BEC regime (a) to the
Feshbach resonance (d). The measured period (Ts/Tz), magnetic field (B in G)
and interaction parameter at the cloud centre 1/kFawere respectively: a, 4.4(5),
700, 2.6(2); b, 7.5(9), 760, 1.4(1); c, 12(2), 815, 0.30(2); d, 14(2), 832, 0. The
initial atom number per spin state (N0), its decay rate (t in s) and Thomas-
Fermi radius after time of flight (RTF in mm) range respectively from: 1.13 105,
1.2(2), 135 at B5 700G to 2.33 105, 12(1) and 200 on resonance. The aspect
ratio is l5 6.2(7). Note that at B5 700G, the superfluid is short lived due to
enhanced three-body loss. At 760G (b), the soliton survived for more than 6 s,
comparable to the lifetime of the superfluid at that field.
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Figure 3 | Soliton period and effective mass versus interaction strength in
the BEC–BCS crossover. The normalized soliton period Ts/Tz is shown as a
function of the interaction parameter 1/kFa in the cloud centre, for three
different trap aspect ratios: l5 15(1) (black circles), 6.2(7) (red diamonds) and
3.3(1) (orange squares). The error bars correspond to the typical spread over
five measurements, and the solid lines are guides to the eye. The soliton period
strongly increases from the BEC regime towards the Feshbach resonance
(vertical dotted line), where Ts/Tz5 12(2) for l5 15(1), and to the BCS side.
This directly reflects an extreme enhancement of the relative effective mass
M!=M~T2

s

$
T2
z , whichwe attribute to strong quantum fluctuations and filling

of Andreev bound states. The result for a weakly interacting BEC, Ts=Tz~
ffiffiffi
2

p
,

is shown as the dashed line. The star marks the mean-field prediction26 at
unitarity M!=M~T2

s

$
T2
z~3.
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Systems	  evolved	  with	  Split	  Operator	  
method	  
	  
	  
	  
	  
Splipng	  the	  Kine?c	  energy	  makes	  error	  scale	  to	  
3rd	  order,	  as	  opposed	  to	  2nd	  order.	  



Superfluid	  Local	  Density	  
Approxima?on	  (SLDA)	  

Energy	  density	  func?onal	  takes	  the	  form	  
	  

	  
Par?cle	  density:	  

Kine?c	  density:	  

Anomalous	  density:	  	  
	  
Parameters	  α,	  β,	  and	  γ	  fiFed	  with	  QMC	  


