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A guantum Newton's cradle

Toshiya Kinoshita', Trevor Wenger' & David S. Weiss'

Position (um)
500 0 500 Here we report the preparation of out-of-equili-
brium arrays of trapped one-dimensional (1D) Bose gases, each
containing from 40 to 250 57Rb atoms, which do not noticeably
equilibrate even after thousands of collisions. Our results are
probably explainable by the well-known fact that a homogeneous
1D Bose gas with point-like collisional interactions is integrable.

In summary, we have watched the time evolution of non-equi-
librium trapped 1D Bose gases, which are almost integrable systems.
We find no evidence of redistribution of momentum, from the Tonks—
Girardeau gas limit to the intermediate coupling regime. That is, we
observe thousands of parallel 1D Bose gases, each with hundreds of
atoms colliding thousands of times without approaching equilibrium.

| "...changes in the distribution with time are |
; attrlbutable to known Ioss and heatlng ’
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BEC transition at a finite temperature

Elementary excitations: Bogolubov’s quasiparticles

Rate of relaxation by 2-body collisions
'y ox max{si, €kT4} for £k < ms

independent of either k or 1" for kK > ms

Beliaev (1958) : .y n
Andreev and Khalatnikov (1963) (thus insensitive to BEC)

Hohenberg and Martin (1965)




No BEC, except for free bosons at zero temperature

Quasicondensate,
with a finite spread in a momentum space
(for a repulsive interaction) V. Popov (1972)

Elementary excitations:
Bogolubov’s quasiparticles

exact eigenstates: Lieb and Liniger (1963)

Relaxation is due to 3-body collisions

[', at £ > ms depends strongly on 7" and &

S.Tan, M.P, and L. Glazman, PRL 105,090404 (2010)



Energy scales

n (concentration) Wy = Ms>/2
s (sound velocity) Ty = 2n%/m
m (mass) (kp = h=1)

For a weak repulsive interaction

W < Ts <K T()

— ]S

interaction energy quantum degeneracy
per particle temperature

interaction temperature: 1, = Vws1yg = ns

(at T' < T, interaction is important)



Energy scales and momentum distribution in 1D

noninteracting bosons, & < T < Ty = 2n*/m

1 T
ot \ -
Je = <¢k¢k> T e@m/T 17 g+ 1o f
J k To/T > 1
po(T) = —p =TT ‘s
ok ~mT /n
Applicable to interacting system as long as
Lo > Ws = m32/2 S 1>
EkA
| At T > T,
oAl | the majority of the occupied states have k& > ms
& = ’ 2m



Momentum distribution in 1D

interacting bosons, T' < T,, k < ms

density fluctuations are
suppressed by the interactions

N
=y

quasicodensate

Tool: hydrodynamic description of long-wavelength excitations

Popov (1972) 9 1
Haldane (1981) U(z) =~ v/ne®® | plx) =n+ 110,

p(x), d(y)] =i(r/2) sgn(x — y)

Effective Hamiltonian

n _ T ™



Momentum distribution in 1D

interacting bosons, T' < T,, k < ms

~ 1-1/2k
fk \ms/k\ 7 F<sh < Vs quasicodensate
21

A&+ o

i (To/T) Y%, sk < min{T,w,}

e w, ST« Ty : fiis a Lorentzian, cf. free bosons

e Atk~msand T ~ T, we have f ~ Ty /ws, = 2k/7
(both for hydrodynamics and free bosons)

e There is no room for power-low dependence at T > w,



Far tail of the momentum distribution

interacting bosons, & > max{w,, 1"}

fro = dEy/d&, ~ (ne/&k)? ~ (ws/&)° < 1

second-order correction to the ground state energy



Momentum distribution in I1D

A

use hydrodynamics
(‘bosonization’)



“Real” ID bosons

transverse confinement

High-momentum cutotft:

k| < ko~1/a,

Vap(r) =4n(as/m)o(r), as << a,
2-particle interaction:

Vin(o = o) = [, a6 r Wan(r = )8(7) ~ (as/ma? )3(x — o)

ko — oo: Lieb-Liniger model

H, :/@:M(:::)( 27172;;) (x) + g/da::pQ(x):

v =mec/n ~ as/naT < 1 (weak interaction)




LL model is integrable:

A . . . S(g:w)
@ singularities in dynamic correlation functions
M. Khodas et al., PRL 99, | 10405 (2007)
A. Shashi et al., PRB 85, 155136 (2012)
- >
Eq W

Bogolubov’s (Lieb’s particle-like) mode

@ no redistribution of momenta in scattering

A

L
McGuire (1964)




Integrability-breaking perturbation
Finite cutoff ky ~ 1/a; <= finite interaction range ~ a

e keep ky infinite, add a perturbation instead

V:g/dajng(x): : :
m textra particle |

o - dimensionless coefficient, "-.“ \
2nd order in the interaction strength : O

a~ (mec/ky)? ~ (a,/a)?
(me/ko)” ~ (as/ar)” < 1 -

< ->

A. Muryshev et al., PRL 89, 1 10401 (2002) max{ms, m1'/n}
|. Masets et al., PRL 100, 210403 (2008) cod
S.Tan et al., PRL 105,090404 (2010) quasicodensate




Relaxation rate
® &
: energy transfer:
w =& —&p = qp/m

’ f qg—p momentum transter:

p~mw/q— 0 for ¢ — oo

w/out interactions:

4
4
4
4
. 4
'S 4
[N L4
- L4
- "
¢ 4

I, o 2 / o / Hdk fi o (frat D)t 1

X 0 (k1 +k2 — kg — K1) 0(Eky + ko — ks — Eku + W)



Relaxation by small energy transfer

r, o & / i / Hdk FiaFra(frat D (Fet 1)

X 0(ky +/€2 — kg — ka) 0(Epy + Ery — Ey — Epy + W)

Main contribution comes from

(initial and final states are within the quasicondensate)

To/T > 1

ok ~mT /n

T\Y? T
Ly~ —(To/T)"* (6k)"~ *T (_O> TO

S
diverges at I' — (

corresponds to a small energy transfer w < (8k)*/m ~ g



Relaxation by small energy transfer

T\ T,
I~ 2T, (—) -0 > OO
q gq T T —=0

unphysical order of limits: v — 0 first, T" — 0 after

interacting bosons:

[', o< 1/T is applicable as long as T' > T,
At w, < T < T bosonization yields

' ~ OzQTQ (E)lm E (Z>2
’ &) T \T,

max{Fq} 1s reached at 1" ~ T
To\"> T,
Fmax ~ 042T0 ( O> °

&) T



Relaxation by large energy transfer

D, o / L / Hdk i Fra(frat D(frat 1)

X 0 (k1 +7f2 — k3 — k4) 0(&ky + Epo — Eky — Sha + W)

Subleading contribution: final states well outside the quasicondensate

a’n? )
' ~ dw | dksdky 5(/63 —+ k4) 5(51@, + 5]@4 — w) ~ a1y

e independent of ¢ (hence the notation I'y.)

e corresponds to a large energy transfer pg < w S &,

e (almost) independent of the interaction strength

|. Mazets, T. Schumm, and J. Schmiedmayer, PRL 100,210403 (2008)



Relaxation rate




Cold atoms in a cylindrical trap
Interaction in 3D: V5p(7r) = 4w (a,/m)d(r)

Projection onto the lowest subband 7 = 2a,/nal, o= 181n(4/3)(as/a.)’

of transverse quantization yields
Y a; = (mw ) 2> a,

Main mechanism of losses: 2, 4
At 'r = n®/a
3-body recombination processes R — 1

/TR~ 10 x ai/(mB) =~ 20
N——

—=92.1 for 3"Rb

For w, /2 = 15kHz and n = 7 um ™" we have v = 0.2, T, = 120 nK.
With &,/Ts = w,. /&, = 2.4, this gives I'pax/I'r ~ 100

(these are realistic numbers)
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Recombination takes place all the time,
while scattering between the clouds
- only during about 1/10 of the period

T/Tr~1




Summary

Strong nonmonotonic 1'— dependence
(unlike in 3D), with a max at T' ~ T = ns

Fq > FR —
inelastic collisions due to deviations from the integrability
should be observable in ultracold atomic gases

S.Tan, M.P, and L. Glazman, PRL 105, 090404 (2010)



