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1. Introduction



1.1. Experiments on transport of 1D lattice bosons

— D —=

A 2D array of 1D Bose gases
H. Moritz et al., PRL (2003)

#Strong
thermal &
guantum
fluctuations

Dipole oscillations: Moving optical lattices:
N _6_ Bose §as % ’R
‘ \ ."ﬂ“-‘ [ .n'. ﬁ D AdE fo =Y =9\ "h‘. "‘A‘" "‘n"‘ “'ﬂ"\l I
>0 - AT o 1 = VY
Displacement x,
ETH: T. Stoferle et al., PRL (2004)
NIST: C. D. Fertig et al., PRL (2005) MIT:J. Mun et al., PRL (2007)

Innsbruck: E. Haller et al., Nature (2010)
Stony Brook: B. Gadway et al., PRL (2011)



1.2. Damped dipole-oscillation Lattice depth:

DAV VAR 0 = 0E,
M\/\/W » V,=0.25E,

M= o ) =05 E,

NIST: C. D. Fertig et al., PRL (2005)
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|
|

=G}, =20 E,

Displacement x;,

T T T T T
0 20 40 60 80 100

Center of mass velocity (mm/s)

Time (ms)
* They observed a dissipative flow (significant damping) even though

the flow velocity is much smaller than the critical value predicted
by the Gutzwiller mean-field theory.

Maximum velocity MF critical velocity for J, =2.0 E,

~ 0.1 Erd/h < 0.3 Erd/h ~

- The damping rate rapidly increases when deepening the lattice.

Interpretation by Polkovnikov et al. PRA (2005):

This breakdown of superfluidity is due to phase slips via
thermal activation or quantum tunneling.




1.3. Superflow decay via phase slips N. Giordano, PRL (1988)
A supercurrent is flowing Free energy: F(p)

The flow momentum
is quantized as 1\

D, = 27Thn n: winding number 0
n — - . . .
Ld L: # of attice sites, P Critical momentum: p_
d: lattice spacing.

A state with finite flow velocity can be metastable. :> Persistent current

The momentum at which &F reaches zero. :> Superfluid critical momentum

[Strong thermal or quantum fluctuations :> Superflow decay via phase slips ]

Phase-slip nucleation rate: [ = FAT -+ FQT

Thermal Quantum




1.4. Other 1D superfluids (superconductors)

\_

4 Liquid “He in nanopores gt Eiijiiii'.ii\
c _ g ©0.89 MPa |
R. Toda et al., PRL (2007) % O
J. Taniguchi et al., PRB (2010) 22 | sy
T. Eggel et al., PRL (2011) '3
etc. 0
0
' i oGaAs oTi/Aul
/Superconductmg nanowires  |2GaAseTi »
and nanotubes @ 2102} (c)
A. Bezryadin et al., Nature (2000) o = 7
F. Altomare et al., PRL (2006) - = ,,Ik
K. Yu. Arutyunov et al., Phys. Rep. (2008) S | 8102
M. Kociak et al., PRL (2001) ——— O [,
Z Wang et al .Iilanoscience (2012) L g 04 08 12 16
\' " etc. o T (K) /

QPS in ultracold atoms :>

The concept of phase slip is central also to the understanding of 1D
superfluids (superconductors) in these condensed matter systems.

= Unified view of 1D superfluids
= Study of QPS in a highly controllable manner



1.5. What we do in this work

Supercurrent
is flowing

Displacement x;

Damping rate: G "_",> . Phase-slip nucleation rate: I

* We find the relation between G and I": G(U) X F(U) /U

Using the relation, we elucidate the mechanism of the damping at T=0.

N
- Universal damping behavior: S |
TR |
52 i
= i G ~ k2
£ S R p——
S 4 o
S G~ T .~ .Crossover
A | velocity
. | v kT
where v_ is the MF v TE,

critical velocity Flow velocity  In(v/v)



2. Hand-waving picture

Relatlon between the nucleation rate I' and the damping rate G

(a) The lost potential energy

1

Eloss — §Mw2

(A% — A1)

@_AXO > AXO — Axl

~ Mw?A?,(1

—

<1
Ay [Ax) G <

Axl/AxO — —Gh 2‘(1

— Gty

The definition of the damping rate:

G _ 1Og(A>£1/AXQ)
1

The maximum velocity:

A1~ wAyo

Potential energy:

At t=0 1 249
N\ —M ngxO
x0
>
W:l

Potential energy: le2A21
2 €T

x1
>



2. Hand-waving picture

Relatlon between the nucleation rate I' and the damping rate G

The definition of the damping rate:

1Og(AX1/AXQ)
(G =
1
The maximum velocity:
A1 ~ wAxo
(a) The lost potential energy (b) The Joule heat
1 9, 9 5 Eloss = P X 11
Ehoss = §MW (AXO - Axl) = RIZ X 11
@_AXO > AXO — Axl I ~mnipAy
~ Mw?A%(1 - A [Ay) Gl < R =2rh
<_AX1/AXO = O 2‘(1 — th
v MAzthl ~ QWhnlDAﬂF X tl
~ v .
(a) & (b) nip I Nucleation rate

lead to

Damping rate: (G ~ 27h

X
M A Flow velocity



3. Numerical corroboration of the relation



3.1. 1D hardcore Bose-Hubbard model with a single barrier potential
H=-J) (eleji1+he) + VY aigriger+ ) [Q0 — Xe(t)/d)? + Mdj0] iy,
- . .

J J
.J : Hopping energy, V/ : Nearest neighbor interaction, )\ : Strength of the barrier potential

() : Curvature of the trapping potential, _X .: Displacement of the trap center,
Advantages:

* Nucleation rate of a quantum phase slip at T=0: 1—‘ X UQK_l whenvy < v, & K > 1
(A<<J) Yu. Kagan et al., PRA (2000)

- The Tomonaga-Luttinger (TL) parameter K (A>>J) H. P. Buichler et al., PRL (2001)
at v=0.5 is related to V/J as T ipaaaanas s imanananas:
r |
—1 i 1
2 V4 300 i ;
K = |2 — —arccos | — X E
s 2J s oas) : ]
p— — .'_J L I
e.g. M. Cazalilla et al., RMP (2011) € 20 E ;
g 15E E
o lor I -
- R
]
|

» This model is numerically solvable with TEBD 0!
[G. Vidal, PRL (2004)], which can precisely )
Capture quantum phase SI|pS_ . ;ié . ;ib N ;0“5 N ‘0.0‘ N ‘0‘.5‘ N ‘1‘.0‘ N ‘1‘.5‘ N ‘2‘.0
|. Danshita & A. Polkovnikov, PRB (2010); PRA (2012) V/J

Superfluid




3.2. Dipole oscillation and damping rate

Time evolution of the COM position:

0.6 [ 03 e
S po:centi al 2 o
[ ‘\\ i - CHD r
045 \ ! 02 B,
T S8
2 03F K J =
i t=0 - £
© 02l s 0.1 &
0.1 7 ﬂ
Y N density -
oop—" os=die 0
—60  —40  -20 0 20 40 60
position: j
Q=32x10"%J, X, =8d
V=-14J, A=1.0J, N = 31 R

© 000 000CWO O© O 0
© © 00000 © 00 © 00
©00 O0OO0ODO 000 0O ©
©0 00 © 00000 000

¢ The trap curvature is set such that N4 =~ 0.9

Assuming the under-damped oscillation,
we define the damping rate as

' K
V(x) =2 Vhd(x)
G = 10g(AX1/AXO) Single impurity potential
t Florence: J. Catani et al., PRA (2012)

We expect ‘G X 1"/,0 X UQI?_QI T oo vQK—l




3.3. The damping rate vs the velocity (hardcore BHM)

* In the fitting region,
the damping rate obeys
G oc v
12/7=0 * The power n
_ 0.2 hardly changes
0:4 . for different A .
064 I~ 2K — 222?22
0.8 v
1.00
1.2 o
1.4 ¢

Four conditions for |1) Gt1 < 1/4 (thin solid), ii) (G > 10(Gy (thick solid)
the fitting region: | i) To > d (dashed), V) Urnax < Uc/5 (dotted)




3.4. The exponent vs V/J (hardcore BHM)

c) f\ A
Using the fitting function, 0.6 #
f(z)=az" I, oL
we extract the exponent n. %
g - 1.2 v -
=t 1.49
A 5 :
ok . o
-1.5 -1.0 -0.5 0.0

ViJ

The damping rate obeys 2K —9
the following scaling formula: G X U 0.6 F/’U

.. The relation has been corroborated.



4. Mechanism of the damping in a 1D Bose gas
in an optical lattice



4.1. The softcore Bose-Hubbard model with no barrier potential

which corresponds to actual experiments.

A TN U o . )
H=-J) (blbj11+hc)+ ) > wi(hy— 1)+ Q> — Xe(t)/d)*ny
J J

density: n;

J
"""" -ttt
a [ : e ]
I ] o ( )-2' | : .0'/'/'
15} -075% : — —_
: N N = 99 «| Fitting },‘/
1 o I 5
o] 055 S -3[N =37+ region
H - g E | | » ]
B - | .
05 io.zsé S?/_4_. A
P = 2
0.0k 0 %D - |
e — -5,__/ 7 | m
position: j [ | -
The density profile is smooth. ; L e -
The trap curvature Q is set such that -6 1.4 l' 1.0 :-OI.6
L <nmax <2 log o (Vnax /(Jd))

= The damping rate G obeys the power-law
with respect to the momentum p.

2 Previous works have studied dipole oscillations of the same model with different parameters:
|. Danshita and C. W. Clark, PRL (2009); S. Montangero et al., PRA (2009)



4.2. The exponent vs U/J (softcore BHM)

b . . ] The TL parameter is extracted from
( ) N= 67’ Q/J=1/400¢ the one-body density matrix
4.0

. N=99, Q/J=1/900 I} numerically calculated with TEBD.

8}“\““\““\

— K =n/2vJ/U

. .
T T T T T T T T

Exponent: 7
o
S

D
W

n=2K—3

(periodic potential) 2K 19 2 o
L . . : *e
2 0 (Smgl bar“er) o5 10 15 20 25 30 ‘3?5‘ N

.............................. u/J

2.0 2.4 2.8 3.2

U/ J Yu. Kagan et al., PRA (2000)

The damping rate obeys the scaling formula H. P. Bichler et al., PRL (2001)
for the quantum-phase slips in the presence of VK —9

a single impurity : XU

rather than that for a periodic potential 2K _3
at a commensurate filling: G x v x

|. Danshita & A. Polkovnikov, PRA (2012)



4.3. Effective impurities

1.4] ]

density; n;

Unit filling points
-60 -40 -20 0 20 40 60

position: j

Transport in the regions near the unit filling points is much more suppressed
than in the other regions.

‘ The unit-filling regions act as barrier potentials for the other parts
of the gas.

‘ The damping rate obeys the scaling formula for a single impurity.



5. Finite temperature effects



. . QPS rate | ' is taken from
5.1. QPS at finite temperatures Kagan et al. PRA (2000)

A i — i B. i - i C.
' P O I o |
Quantum 1 3! Thermally- 1 31 Thermal
tunneling | 3! assisted | 21 activation
1 O quantum P S
9K —9 L tunneling | N | G ocexp | — OF
G xv P o | kT
. GoxT i i where §F ~ F;
2 ! .U : : M ) kBT
EJ X — OF
Uc
Regime A F(’U)

Tunneling from
the lowest state



. . QPS rate | ' is taken from
5.1. QPS at finite temperatures Kagan et al. PRA (2000)

A i — i B. i - i C.
' P O I o |
Quantum 1 3! Thermally- 1 31 Thermal
tunneling | 3! assisted | 21 activation
1O quantum | S -
G o sz_2 i i tunneling i i G o exp (_—kBT>
P 2K—2 | i
. GOCT . where §F ~ [
— X Ile’ > kT
EJ X —
Uc
Regime B F(’U)
Ei ~ kT

Tunneling from
many states are
averaged.



. . QPS rate | ' is taken from
5.1. QPS at finite temperatures Kagan et al. PRA (2000)

A i - i B. i Li C.
' P 9 P Ui

Quantum 1 3! Thermally- 1 31 Thermal

tunneling | ! assisted | 21 activation
1O quantum | S -

G o UZK_2 i i tunneling i i G o exp (_—kBT>

- G T2K_2 P where
E i X i i OF ~ Ej

L > kpT
EJX— OF
Uc\

The crossover can be achieved
Regime B F(v) by changing the velocity.

In the experiment of Fertig et al., PRL (2005),

v 1
[~ ksT Ej/kg ~ 30nK and — ~ =
Tunneling from Ve 3

many states are while " ~ 10nK in typical experiments.
averaged.



5.2. Universal damping behavior

Damping rate

This allows for the determination of K.

A.
Purely

N
- quantum
b : tunneli
~— B.
b Thermally
N assisted
E quantum G — V2K-2
tunneling B
G ~ T2 - . Crossover
I velocity
e Vv kg T
) ' VC E_]

Flow velocity

In(v/v.)

:> Mott transition point (K=2)

The same behavior may be seen universally in systems whose low-energy
physics can be described as the single-component TL liquid.

Note: v, is the mean-field critical velocity and E| is the Josephson plasma energy.



5.3. Implication to a disorder potential

lim (V(z)V(0)) = 0

Disorder potential g
Stony Brook: B. Gadway et al., PRL (2011)

In the case of a weak disorder,

2K—1 :
F . U Regime A The same universal damping behavior

UTQK—Z Regime B —> Localization transition of the
Giamarchi-Schultz type (K=3/2)

S. Khlebnikov & L. P. Pryadko, PRL (2005)

In the case of a strong disorder, The TEBD-based analyses may answer this question.

F ~ D) :> —> may also address the localization transition

in a strong disorder.



6. Conclusions

We have studied the transport of 1D Bose gases in strong connection
with guantum nucleation of phase slips.

- We have found the relation between the damping rate G and
the phase-slip nucleation rate I |G(U) ~ F(U)/?}

* This relation allows to analyze QPS in cold atom experiments
(and in the exact TEBD or tDMRG simulations).

- We corroborate that the damping of the dipole oscillation of
1D lattice bosons is due to the nucleation of QPS.

= We suggest that the damping rate vs the flow velocity exhibits
the universal behavior, which can be tested in future experiments.

= Such experiments could be interpreted as a quantum simulation
of 1D superfluids (or superconductors).

|. Danshita, Phys. Rev. Lett. 111, 025303 (2013)



3.2. Isn’t it due to trivial finite temperature effects ??

Well-known fact:

In 1D, the superfluid fraction p, - 0 in the thermodynamic limit at any T > 0.

I:> Naive guess:

Large fraction
is condensed !!

The system is not in the SF phase. , Which is wrong.

Momentume.p

MIT: J. Mun et al,,
PRL (2007)

c —
o & 05
2 2
= S . .
S e %Y ¥ Dissipationless (superfluid) flow
=] . . . . .
Q € ogf dissipative if the velocity is sufficiently small.
a £ flow
8 (23 0.2 .
S = superfluid The system
c O o1 flow ..
o = is in the SF state.
O O
0 0.2 0.4 06 0.8
Interaction Strength u/u.
1D Bose gases at finite temperatures exhibit superfluidity as long as Yu. Kagan et al.

the “lifetime” of superflow is longer than the time scale in experiment. ~ PRA (2000)

Also in the context of liquid “He: T. Eggel et al., PRL (2011)



