DILUTE QUANTUM DROPLETS
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Quantum Fluids at T =0

Liquid “He and 3He
El ectrons (but only enbedded i n an ion
backgr ound)

BEC in al kali atons and hydrogen and the
Ferm -Dirac counterparts — gas (but only

I n traps)
Nucl el (but Z < 115 and N < 186 so far)
Neutron stars (gravitationally bound)

In the core of neutron stars col or
superconductivity (quarks) is likely
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An Ultra Low-Density Liquid

An ultra low-density liquid, some 1017 times thinner than water,
might form inside Bose-Einstein condensates under the action of
the "Efimoy effect,” a gquanturm phenomenon in which the atams
in the cloud attract each other when considered two at a time
but repel each other when considered three at a time. In such an
Efimoy cloud the atoms would be some 20 times farther apart
that in a BEC, which is itself pretty sparse---a million times
thinner than air. &nd yet this new type of condensate would not
be a gas but a liguid!

According to Aurel Bulgac of the University of Washington
(bulgac@mphys.washington.edu, 206-685-2988), the exguisite
coordination of atoms in an Efimoy condensation would allow 1t to
be self-bound (the constraining magnetic fields used to keep a
BEC from drifting apart would be unnecessary ) moreover, it
wiolld be neither compressible nor dilutable, This extraordinary
guantum liguid---the smallest density condensed matter system
vet proposed---could probably only be formed at much colder
temperatures than are now available in BEC experiments, Bulgac
proposes that Efimov droplets made from boson atoms be called
"boselets." The fermion version would be "fermilets."” (Aurel
Bulgac, fhysica! Rewew Letders, 29 July 2002.)




Energy density of a dilute bose gas

2 In(pa’) + C}pu

Bogoliubov 1947
Lee and Yang 1957
Wu 1959
Hugengoltz and Pines 1959
Sawada 1959

Braaten and Nieto 1999



BEC In alkali atoms

- Anderson, Ensher, WMatthews, Wenan, Cornel
Sci ence, 269, 198 (1995)
87Rb
- Bradl ey, Sackett, Tollett, Hul et
PRL, 75, 1687 (1995)
Li,
- Davis, Mewes, Andrews, van Druten, Kurn, Ketterle
PRL, 75, 3969 (1995)
23N,



, effective repul sion, need traps

rad << 1

the state Is stable wth respect to
| ong wave density fluctuations

| f there are bound two-particle states
t hen BEC decays

A+A+A —> A + A




the systemis unstable wth respect to
density fluctuations and col | apses

Gerton, Strekal ov, Prodan, Hulet, Nature 408, 692 (2000)
Direct Cbservation of Gowh and Col | apse of a
Bose- Ei nstei n Condensate with Attractive Interactions
Roberts, O aussen, Cornish, Donley, Cornell, Weman,
Phys. Rev. Lett. 86, 4211 (2001),

Controll ed Coll apse of a Bose-Einstein Condensate

Condensate with Attractive Interactions
see also Nature, 412, 295 (2001).



Case a > 0

o (radius of Interaction)

- only s-wave interaction IS
rel evant, sl nce

- However, the Feshbach resonance
changes t he physics



Feshbach resonance

=2
H = ZL +a (V" VZ) +V (NP, + V,(F)R +V*

=1

V" :h—s S, V2= (0.8 - 9,5])B

Ti esi nga, Verhaar, Stoof
Phys. Rev. Ad7, 4114 (1993)




Ti esi nga, Verhaar, Stoof
Phys. Rev. A47, 4114 (1993)

-
e
L
=]
L
—t—
=
=
L
A=
e
=T &
=
-
=T}
=
=
- B
—_
[==1
[
[= 7]

0.05

B (T)

FIG. 2. Scattering length for elastic [3,—3)+[3,—3)
scattering as a function of magnetic field. Labels denote quan-
tum numbers ([, F, A ).




Vogel s, Tsal, Freel and, Kokkel nans,
Ver haar, Hel nzen

Phys. Rev. A56, R1067 (1997)
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Flds, 3. Predicted held-dependent scattering length for collisions

of FTRb atoms in | 1.— 13 state. Three broad Feshbach resonances
accour for nezgative helds at 383, @43, and 115 O

AL narroshy res—
arce COesCurs alt 8550 O




Vogel s, Tsal, Freel and, Kokkel mans,
Ver haar, Hel nzen
Phys. Rev. A56, R1067 (1997)
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Fliy. 4. MPredicted held-dependent scattering lengoth fior collisions
of * " Rh atoms in the |;.— 2% state. Twao broad Feshbach resonances
occour in the weak-held sccking range at 142 and 524 Gl and a
narraowy orne at 195 O




Courteille, Freeland, Hei nzen, van Abeel en, Ver haar,
s. Rev. Lett. 81, 69 (1998
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Flas. 1. Photoassociation  method for detecting a Feshbach
resonance  in collisions of ultracold = B @ — 2. my — —2)
aAbors. The entrance channel wave function awig i (&) couples
o @ guasibound state with wave funciion e, (A ). A laser
feld induces photoassociation of this state to an excited. bound
{].H (zr, J ) molecular state at a rate . which then decavs back
Lo free atoms at a rabte . Aos a magnetic held is wvaried.
the guasibound state tunes througsh =ero enercsy . prodoacing
a Feshbach resonance for ualtracold collisions. The resaltimg
cnhancement ol we . (&) produces an enhancement ol 9, that
wie detect with a trap loss maethodd.




Inouye, Andrews, Stenger, Miesner, Stamper-Kurn, Ketterle,

Nature, 392, 151 (1998)
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Figure 2 Observation of the Feshbach resonance at Q07 G using time-of-flight
absorpticonimaging. a, NMumberofatoms inthe condensateversus magnatic field.
Field wvalues abowve the resonance were reached by quickly crossing the
resonance from below and then slowly approaching from abowve. b, The
normalized scattering length &8/48 =« v calculated from the released enaergy,
together with the predicted shape (equation (1), solid line). The values of the
mMmagnetic Aeld in the upper scan relative o the lovwer one have an uncernainty of
= 0.5 {5.




Cor ni sh, C ausen, Roberts, Cornel, Wi nnan,

Phys. Rev. Lett. 85, 1795 (2000)
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FIG. 1. Scattering length in units of the Bohr radius (ag) as a
function of the magnetc lield. The data are derived [rom the
condensate widths. The solid line illustrates the expected shape
ol the Feshbach resonance using a peak position and resonance
width consistent with our previous measurements [4,18]. For
reference. the shape of the full resenance has been included in
the inset.
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Efimov effect - 1970

Ri=2/3 (f5, + 3 * 13)

y (R)u sin(s, Ink, R+d)
N » iln@, S, =1.00624... fp << R<<a|
P Iy
e 0
E.=E expg— aoni:_
S o

exp 0= 22694, expe® 2=515.028..
Es. b £s b

- Scal i ng
-All states have the sane JP=0+




Case a <0

- Now there are two di nensi onl ess paraneters
and
- g3 - the zero energy three-particle anplitude
d,, d,<O0 are universal constants and a, is a
genui ne system dependent three-body paraneter,
Efi nov 1979, nunerical val ues conputed by

Br aat en, Hanmmer and Mehen, 2002

|E|¢ign(E)

E; — the contribution to the energy density of the
t hree-body col | isions



Quant um f | uct uati ons

« Even though boselets are forned when
a<0 the next order corrections to the
gs energy are still suppressed by the
factor (r|al3) 2 as in the case of a
di l ute Bose gas wth a>0.

e H gher-order |oops, including both g,
and g5, are controlled by the sane
paraneter (r|al3¥2 - prelimnary

Paul o Bedaque, private comuni cati on



The ground state energy of an ensenble of N bosons




G oss- Pitaevski equati on

th

ngr(r)+ gsr(r)ef(r) ny ()

(jllfly(lf)lzcjj rr(F)=N

One can rescale the density, the energy
and the unit of |ength

- —y (r)+§ If(lf)+—r (r)zef (r)=ny (r)




| nfinite honbgeneous natter energy per particle

«——— Sound vel ocity

Sem-infinite mater
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Slab of finite wdth

If(z):roi =

i 1+ 1- m cosh(2kz)
m,




Spherical droplets — bosel ets
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Density profiles of boselets with N =
1000, 3000, 10000, 50000, 250000 and
500000 particles




Ferm | ets

Efi nov effect occurs only Iif three ferm ons
are simultaneously in a relative s-state, thus:

e Need fermons wth spin s> 1/2 or
e« At least two different species wth s=1/2
Bul gac and Efinov - 1975

Energy of a fermlet:
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FIG. 1. A typical contour plot of the energy density for an
homogeneous Fermi system consisting of two fermion species 7
and » |[see Eq. (16)] for the casefi =m = g, = 1 and g, = —35.
Only the negative part of the energy density surface is plotted.
The local minimum and the two saddle points are labeled by
M and S, respectively. For other sets of parameters there 1s either
only one saddle point or none at all.
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Tri mer phase

Trinmers can formand either a pure trimer BEC can
formor a atomtriner coherence can occur. Since
the trinmer size << |a|] the density drops by a

factor of 3.

In Fermlets triners (fermons) can formas well
and conpete wth Cooper pairs (bosons).

NB The size of Cooper pairs Is expected to be >>
|a] while triners’ size is << |a.

Since Efinov effect occurs only in a three-body
system these trinmer phases are perhaps unique in

a sense If they take pl ace.



Concl usi ons

- A whol e new cl ass of sel f-bound quantum | i qui ds,
superfl ui ds.

- At T=0 the boselets are al nbost 100% BEC and | i quid
(not gaseous) and extrenely dilute

- Wdely tunabl e properties, one can nanufacture
“designer nuclei” with given density, arbitrary
nunber of particles and “isotopic” conposition

- M xtures of bosons and fermons — ferbolets
- Unusual new phases, in particular the trinmer phase

- Particularly sinple properties, since essentially
only s-wave interactions are rel evant



