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1D bose system

Repulsively interacting bosons

Tight confinement by cylindrical trap potential

|

Effective 1D shaped systems

Effective 1D Hamiltonian

H= [ [—axw D0.0() + 5 pla)p(e)

Effective 1D interaction for confined systems

—1
U = (1 — Ci> )
™A @l M. Olshanii (1998)

Lieb-Liniger model (integrable)
E. H. Lieb, W. Liniger (1963), E. H. Leib (1963)
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Low-energy effective theory and Tomonaga-

Luttinger liquid for Bose systems

TL liquid is universal description in low-energy physics of 1D quantum

systems.

Extract collective excitation 1
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K: Luttinger parameter
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v: velocity of collective mode

Free fermions

Free bosons

Repulsive fermions \l/ Attractive fermions \l/

0

Hard-core bosons

1D quantum systems corresponding to TL parameter.

Luttinger parameters

F. D. M. Haldane (1981)
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M. A. Cazalilla (2004)

4



Y-JUNCTION PROBLEM FOR BOSE LIQuUID 2008/6/10

I E——
Y-junction system and experiment

BEC beam splitter for guided trapping atoms.
D. Cassettari et al. (2000)

@ Atom chip technology realizes Y-shape trap potential.
@ Trapped BEC can be guided as well.
@ Application as BEC splitter.

w | [® 0 ot | [© z
lli )
U Plan
3D imaging and contour map Circuit of Atom chip, and imaging of

for trap potential. guiding Y-shaped trapped BEC. 5
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Set up the system

-
branch 1

Simplify the Y-shaped Bose liquid system.
@ Branches are completely 1D.

@ Bosons filled in entire system. — TL liquid description is applicable.
@ Repulsive interacting bosons. — Luttinger parameter K>1.

Hj:/da:

2 2
_h7 107
2m I Ox2

U
@Dj + 5,0?

branch 2

branch 3
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Low-energy physics of Y-junction

)
H = Hpulk + Hboundary

4 Bulk Hamiltonian: TL liquid 5 5
hv 00 1 [(Op;
Hpulk = oy / de |k (Z2) + = (22
bulk j:;2327r a:[ (83:) +K<5’:c)

4 Boundary Hamiltonian
It is @ non-trivial problem to express the concrete form of boundary Hamiltonian.

How to discuss the junction problem.
Transport through a potential barrier. Nayak et al. (1999)

Boundary physics : boundary condition + perturbation

' Boundary Condition
Primary boundary condition: current conservation

J1(0,t) + Jo(0,t) + J3(0,t) =0

| What boundary conditions are suitable in low-energy limit? 9
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Boundary condition

Simplest boundary condition: decoupled branches
Jl(oat) — JQ(Oat) — JS(Oat) =0

Perturbation: Tunneling between branches
Scaling dimension = 1/K< 1 Relevant !I!

lower energy scale

Arrival point: strongly coupled branches

(03} (07 t) = 2 (07 t) — ¢3(07 t)

Perturbation: Backscattering
Scaling dimension = 4K/3 >1  Irrelevant!!

o
<
- J

S\

Renormalization group flow goes to the fixed point

corresponding to “'Strongly coupled limit”.
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Calculation of dynamics

Time evolution

For expectation values of fields — classical linear wave.

(pj(,1)) = p + pj (x + vt) + pj*(z — vt).

3
Initial condition —>
Branch 1 Branch2, 3 DO%
p¥ (2,0) = Do(x) pLs(2,0) =0 «
pf(z,0) =0 pia(,0) =0 1
Boundary condition 9

Current conservation

J1(0,t) + J2(0,t) + J3(0,t) =0

Strongly coupled junction

p1(0,t) = p2(0,t) = p3(0,1)

Reduced to classical linear wave problem with boundary
conditions. 9
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Results .
p1(z,t) = p® + Do (vt + x) — §D0(vt — 2)Ogtep (vt — )
9 Reflection
po.3(x,t) = p’ + §Do(vt — 2)Ogtep (vt — T)

Transmission

—)
o

Before scattering After scattering

@ Total transmission : 4/3 Enhanced!
@ Negative reflection : =1/3 Hole-like reflection!
e

Andreev-like reflection can be also observed in boson systems.
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Extension to double Y-junction problem

Symmetrically connect two of branches of each Y-junction.

¥

Quantum ring with leads (Ring-type interferometer) system

@ T“Effective” magnetic flux inside ring.
— Bosons couple with gauge field.
@ Sufficiently large size 2L of the ring.

@ Bosons are filled in entire system.

11
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Example: single particle problem

)]

<D0|2

OO
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P Interference

® = dg x (Z+1/2)

Then, transmission is zero.

. P .
UIC — —17T
[Ypoe  Po 4 ge
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= 2|92 [1 -+ cos 277%]

m@ <_m3> Probability
&

| Transmission for free fermion
J.-B. Xia (1992)

Flux vs Transmission

No transmission at ®= @ x(Z+1/2).
Independent of momentum.

Aharonov-Bohm effect

12
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Set up system

Ring. U

Lead. L Lead. R

Junction L Junction R
Ring. D

Hamiltonian
— U D L R
H = 7_['ring + Hring + Hlead + Hlead

Yy p(z) = Yy p(x) exp (ii;§0x>

1 92 U
Hieny = /dx [—%%,R(w)@wﬁ(w) + EPL,R(x)PL,R(CL‘)

L 1 - 0% - U
H,%TLDQ = /O dx [—%w&p(@?iﬂap(w) + Epm'ng(x)pm'ng(x)]

Boundary condition: Current conservation + strongly coupled limit
é Left side boundary condition N[ Right side boundary condition )

JL(O’t) — JU(O7t) + JD(Oat) JR(Oat) — JU(Lat) + JD(Lvt)
. Y1, =Yy = dp ) L ¥r= Dy e TP/ Po = e imP/Po ) 13
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Low-energy effective theory

Bosonization formula

) ~ €i97 p=p+ 77_13:890
Branch Hamiltonian

=gy e | () 4 (")

2
LR _ 901, r 1 (OvL.R
Hlead _/dx{ ( ) +E< Ox )

Bosonized boundary conditions

Left side boundary condition Right side boundary condition

YL =¢Uu+¢D ‘PR:SDU+:SOD_

Flux appears only in boundary condition.

— absence in boundary conditions for density.

14
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I cccmmmm—
Low-energy effective theory

Symmetric & anti-symmetric fields

YU £ Yp
Osa=0ux0p, psa = 5
Ring. U
Lead. L Lead. R
Junction L Junction R
0L, oL (U,K) Os, ©g (U,QK) Or, YR (U,K)
| 9A7 YA (”U,QK) '

>

Symmetric & anti-symmetric combination
separate the system into two parts. 15
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Physics of symmetric part

Analogous to inhomogeneous TL liquid
D. L. Maslov and M. Stone (1995), I. Safi and H. J. Schultz (1995)

Symmetric field: center of mass of packets in the ring.

— Transport between the leads.
1
v 00 1 op ﬁ
= — K -
7 27 /d:z: { (@) (833) + K(x) (8x) |
S o 7&(

¢(0,t) = ¢(0,1)

In symmetric field + lead sector,
effect of magnetic flux does not appear. 8/2T 47

— Transport between both side leads is AN b~ ]&Y
independent of magnetic flux. | | | "
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Physics of anti-symmetric part

TL liquid with twisted boundary condition.

Quantum ring problem and persistent current.

n= gy w2 (5 + o ()

ox | ox

Magnetic flux works as twisting anti-symmetric field.
— drive persistent current.

2k (

17
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Summary of dynamics

1 8/9

2/9
2/3
n 2/27
-1/3 8/27
& @
2/

No interference — Absence of Aharonov-Bohm effect.
| Magnetic flux inside ring — Just driving persistent current

18
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Y-junction for Bose liquid
m Bosons filled in Y-shaped potential.

B Dynamics of density packet in steady boson sea.

Negative reflection &
Enhancement of total transmission

Ring-type interferometer for Bose liquid

B Dynamics of density packet in ring-type interferometer.
m Effective magnetic flux inside ring. eI
M Strongly coupled boundary condition at junctions.

Absence of AB effect.
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