Clusters and matter made from unitary Bosons
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The Hamiltonian

= ——ZV2+ZVU+ > Vik

i<j i<j<k

@ Non-relativistic kinetic energy

h?
Vi = Vo' iz exp[—(uary)?/2), rj=ri =1

@ In the attractive Vj; the strength V2 is tuned to unitarity

h 2
Vi = VB~ ()" expl—(uaRie/2%/2), Ry = (1 + e+ )2

e V2 tuned to reproduce a weakly-bound three-particle (Efimov)

state with energy E3 in the repulsive 3-body interaction \\"’,
@ o and 3 are the two- and three-body ranges 4‘\’
o Ry = (—h?/2mE3)'/? is a radius of the trimer UNICAMP



Universality

@ Universal parameters are directly related to the properties of the

three-body system ( )
@ The range of the two- and three-body interactions are kept much
smaller than the size of the weakly bound trimer

@ Details of the interactions are not relevant
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The trial-state wave functions

For clusters  Wr = J[f®(ry) ] f®(Riw) [] exp(—ar?)
i<j i<j<k i
For bulk matter Wy = Hf(2)(r,-j) H FO(Rii)

i<j i<j<k

f@(r) = K tanh(uyr) cosh(yr)/r

f(3)(R) = exp[uo eXp(*Rz/(zrg))]

@ The parameters K and +y are chosen to have
f@)(d)=1and fF'(d)=0

at the “healing distance” d o
,

@ «, iy, d, ug and ry are variational parameters o
Y

@ Ground-state properties can be “exactly"solved with DMC
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Small clusters N < 15

@ Cluster binding energy per particle

En

N = &8(N)

?7
@ ¢g(N) is a universal function of N for sufficiently small range

@ Nonuniversal effects appear when the range of two- or three-particle
interactions becomes significant compared to the average interparticle
distance

@ Our results also start to show nonuniversalality for large two-body
interaction range for N ~ 15
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Clusters J
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Cluster Binding Energy

———
o o X, = p13/p2 is the
a0l ratio between two

'ﬁm3o; f’and thrcje—body

=7 ] interaction ranges

S Eg‘u b ] o Filled symbols

r s o X,=100 1 =
o o o0 p2R3 = 65
0(; .. S — éo loosely bound trimers

N
The binding energy per particle Ey/N normalized by ® Open symbols

the trimer binding energy per particle E3/3 as a M2P3 = 46
function of the number N of Bosons have large 2-body
@ Liquid-drop extrapolation interaction range
En/N = Eg(N — o0)(1 + nN*1/3 +...) tightly bound trimers
Th f led by th | P
° _e s_ur ace energy scaled by the vol energy é"’é
n=-17+03 "%,
=Y

o |&3(N — 00) = 90 + 10| fit for N > 30
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Root mean square radii of N-boson cluster

o6l # i o @ The colors show
< osf . . g F . '] different ratios
Vo4 “sigmeec®’ 1 between two and
O hH® three-body
N interaction ranges
XH = /1,3/}1,2 = 05, , X# =1 X = M3/M2

R is the radius associate to the three-body state

@ Open symbols have a larger two-body interaction range 2R3 = 46
than filled symbols when the particles are more loosely bound,
Ry = 65 J
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Cluster radial one-body density function

P 4@33/ 3

@ 1»R3 = 65 and X, =1
@ The single-particle density near the center of the drops is consistent

with the equilibrium density of matter (po4rR3 /3 ~ 275) .
,
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Properties of the bulk Bose liquid at unitarity )
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Equation of state for bulk matter

40T ‘ \ ‘ \ ; \
® X,=050 o

X, =075
50 | @ X,=100 |
—  Saturation: -85.66 + 0.00053 (p-271.3)°
—  Saturation: -86.54 + 0.00052 (p-260.6)°

Lle
2
g

BT R R R

p 4nﬁ33/3
3En(p) p—po\>
=¢a(N—o00) |14k | —
N‘E3| N—oco ( ) Po
@ Very small size effects é"’é

@ {g(N — o0) =87 +5, compressibility kK = 0.42 + 0.05 a¥Y
@ Results for the liquid are consistent with those for clusters UNICAMP



Two-body radial distribution function

15
1o .
N ]
o ~ 321807 g, (1)/10 ]
% 0.05 01 o015 02
r/l_?3
@ Normalized to 1 at large separation \"}
@ Contact obtained by extrapolation to r =0 § 4.
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Three-body radial distribution function

* w * w * w *
= E
~08E—————mm = E
o 06F 3
= 04 3
02} P
0 | L
0 0.1 02 0.3 0.4
rl R,
X, = p3/p2 = 0.5, s Xy =1
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@ The contact is a universal parameter
@ Central quantity for the many-body physics

C
G = Na2p4/3, C = V—s/ ox ||m r gg( )

@ ¢, can be thought was a measurement of the local pair density

OE
Cs = NBsp*?, C3°‘< R )

OR3
DMC ap =17+3 B3=0.9+0.1
Exp ap=22+1 B3 =2.140.1
Rapid quench experiments \‘"”
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Condensate fraction

@ High condensate fraction n(k = 0) = 0.93 £ 0.01

o *He has about 7%
e Similar cluster binding energy as a function of the number of atoms

|

= Suggests the possibility of investigating the Bose universal properties
with the rapid quenching of a weakly interacting Bose condensate
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Thank youl
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