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How to construct 1D topological insulating model
- 1D generalized Wilson-Dirac model

Experimental proposal

Generalize matrix: : : :
|. Two parallel tilted optical lattice
Implement four p p - Energy offset term

Peierls phases

|l. Laser assisted hopping scheme ‘ Dirac gamma matrices

Symmetry aspect

Only requirement for Piers phase

This condition preserves
Chiral symmetry.

— Qb - TT. 1D Wilson-Dirac type simulator
a o in topological BDI class.

Application
- Simulator of 1D topological insulator
- (1+1)-D lattice Gross-Neveu model
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1D generalized Wilson-Dirac model

. General construction scheme

Symmetry aspects and non-trivial topological

er related topics




Ultracold atomic gas in an optical lattice & quantum simulator

- Parameter controllability
- Synthetic dimension, artificial gauge field
- High-resolution measurement scheme

= |deal platform of quantum simulator
for various theoretical models
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' Ultracold atomic gas in an optical lattice & quantum simulator

Quantum Simulation:
1D topological insulating models.
Simulate relativistic physics

Question :
How to realize 1D lattice Dirac fermion
In cold-atomic gas in an optical lattice ?
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1D generalized Wilson-Dirac model

. General construction scheme

Symmetry aspects and non-trivial topological
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. spinor

H GQWDM = Z ‘I’}Fz(A)‘I’j (Gamma matrix in 1D system

- Y0 — Oz
SIS I e

J+1

Wl T (07,67)0; + 04 T5(07, 9—)\11}] ,

Generalized gamma matrix Parameters

A 0
r@a)=|y y|=a0. Jal, |96], 195, [J| Hopping amplitudes

10, —
I2(0,,0,) = |J“|Oe |Jb|oei9b] : Qa, 95, 9+, 6 Peierls phases

T (0F,07) = 0 |J&)|€i9_] ’ A Energy-offset

|JH |e=i" 0



https://texclip.marutank.net/s=%20%24%5CPsi_%7Bj%7D%3D%7B%7D%5E%7Bt%7D(a_%7Bj%7D%2Cb_%7Bj%7D)%24
https://texclip.marutank.net/s=%5Cbegin%7Beqnarray%7D%0D%0AH%5E%7B(g)%7D_%7B%5Crm%20GWDM%7D%26%3D%26%5Csum_%7Bj%7D%5CPsi%5E%7B%5Cdagger%7D_%7Bj%7D%5CGamma_%7Bz%7D(%5CDelta)%5CPsi_%7Bj%7D%5Cnonumber%5C%5C%0D%0A%26-%26%5Csum_%7Bj%7D%5Cbiggr%5B%5CPsi%5E%7B%5Cdagger%7D_%7Bj%2B1%7D%5CGamma%5E%7Bh%7D_%7Bz%7D(%5Ctheta_%7Ba%7D%2C%5Ctheta_%7Bb%7D)%5CPsi_%7Bj%7D%2B%5Cmbox%7Bh.c.%7D%5Cbiggr%5D%20%5Cnonumber%5C%5C%0D%0A%26%2B%26%5Csum_%7Bj%7D%5Cbiggl%5B%5CPsi%5E%7B%5Cdagger%7D_%7Bj%2B1%7D%5CGamma_%7Bx%7D(%5Ctheta%5E%7B%2B%7D%2C%5Ctheta%5E%7B-%7D)%5CPsi_%7Bj%7D%2B%0D%0A%5CPsi_%7Bj%2B1%7D%5CGamma%5E%7B*%7D_%7Bx%7D(%5Ctheta%5E%7B%2B%7D%2C%5Ctheta%5E%7B-%7D)%5CPsi%5E%7B%5Cdagger%7D_%7Bj%7D%5Cbiggr%5D%2C%20%20%5Cnonumber%0D%0A%5Clabel%7BgeneralModel%7D%0D%0A%5Cend%7Beqnarray%7D
https://texclip.marutank.net/s=%5Cbegin%7Beqnarray%7D%0D%0A%5CGamma_%7Bz%7D(%5CDelta)%26%3D%26%0D%0A%5Cbegin%7Bbmatrix%7D%0D%0A%20%20%5CDelta%20%26%200%20%5C%5C%0D%0A%20%200%20%26%20-%5CDelta%0D%0A%5Cend%7Bbmatrix%7D%0D%0A%3D%5CDelta%5Csigma_%7Bz%7D%2C%5Clabel%7BGammaz%7D%5Cnonumber%0D%0A%5Cend%7Beqnarray%7D
https://texclip.marutank.net/s=%5Cbegin%7Beqnarray%7D%0D%0A%5CGamma%5E%7Bh%7D_%7Bz%7D(%5Ctheta_%7Ba%7D%2C%5Ctheta_%7Bb%7D)%26%3D%26%0D%0A%5Cbegin%7Bbmatrix%7D%0D%0A%20%20%7CJ_%7Ba%7D%7Ce%5E%7Bi%5Ctheta_%7Ba%7D%7D%20%260%20%5C%5C%0D%0A%20%200%20%26%20%7CJ_%7Bb%7D%7Ce%5E%7Bi%5Ctheta_%7Bb%7D%7D%0D%0A%5Cend%7Bbmatrix%7D%2C%5Clabel%7BGammahz%7D%5Cnonumber%0D%0A%5Cend%7Beqnarray%7D
https://texclip.marutank.net/s=%0D%0A%5Cbegin%7Beqnarray%7D%0D%0A%5CGamma_%7Bx%7D(%5Ctheta%5E%7B%2B%7D%2C%5Ctheta%5E%7B-%7D)%26%3D%26%0D%0A%5Cbegin%7Bbmatrix%7D%0D%0A%20%200%20%26%20%7CJ%5E%7B-%7D_%7Bab%7D%7Ce%5E%7Bi%5Ctheta%5E%7B-%7D%7D%20%5C%5C%0D%0A%20%20%7CJ%5E%7B%2B%7D_%7Bab%7D%7Ce%5E%7B-i%5Ctheta%5E%7B%2B%7D%7D%20%26%200%0D%0A%5Cend%7Bbmatrix%7D%2C%5Clabel%7BGammax%7D%5Cnonumber%0D%0A%5Cend%7Beqnarray%7D
https://texclip.marutank.net/#s=%24%5Ctheta_%7Ba%7D%24%2C%20%24%5Ctheta_%7Bb%7D%24%2C%20%24%5Ctheta%5E%7B%2B%7D%24%2C%20%24%5Ctheta%5E%7B-%7D%24
https://texclip.marutank.net/#s=%20%24%5CDelta%24
https://texclip.marutank.net/#s=%20%20%24%7CJ_%7Ba%7D%7C%24%2C%20%24%7CJ_%7Bb%7D%7C%24%2C%20%24%7CJ%5E%7B%2B%7D_%7Bab%7D%7C%24%2C%20%24%7CJ%5E%7B-%7D_%7Bab%7D%7C%24

The model is reduced to (1+1)-D ordinary Wilson-Dirac model
= Standard model of 1D topological insulator

Set parameter
al = 13l = ¢, LI = Vgl =t =
J
0,=0,0,=m, 0" =—-0" = —m/2

Howpm = —A Z (i)j(I’j —1 Z |:‘i’j+1 ‘I)j + (i)j(I)j_H
| J J

+t Z [(i)j+1')’1(1)j - ‘i’j’h‘l’jﬂ] a
J

t=t, -2<A/t <2 mmm) Non-trivial topological phase W = 1
t=t, AJt < -2, A/t > 2 ‘ Trivial insulating phase Wx =0
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Hwon = HspinoL + Hanop + Huhop + Hy + H

ab?

Hspinor = Z A(a}aj — b}bj) ‘ Energy-offset term

a,hop Z | J

_ (O T

J
H;E) = — Z |J;}|€;bj_|_1 + h.c.
J

exchange

exchange

Hopping terms
__ with Peierls phase
Origin: Dirac-gamma matrix

How to implement
Dirac-gamma matrices

in optical lattice system ?
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Combine two experimental techniques *0.Mandel, et.al, F
010407 (2003).

|. Two parallel tilted optical lattice |mmmEp| Energy offset term

A

- Spin dependent lattice (vector light shift)
+ Zeeman splitting
- Lattice tilt: Gravity, Electric field gradient

HspinOL — Z A(a’;aj o b;bj)

7=1
1

Il. Laser assisted hopping scheme P Dirac gamma matrices

___|E)

oL Particle hops with Peierls phase

@ Apply four kinds of
laser-assisted hopping
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Lattice tilt Create exchange hopping

- Choice suitable Energy levels i Ao offset ener _
Use both polarized lasers 7™ Or o % gy .
A, tilt energy

.
------

J1 —|Jb|6i9b J j+1
b-lattice

a-lattice

Hohop = — Z |Ja|ei9“a,j-aj+1 + h.c.

thop = — Z |Jb|6i9bb}bj+1 + h.c.
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* Making use of polalization
of lasers in the laser-assisted hopping scheme
mor o
* Large energy splitting
in3 p, excited state manifold.

- Select suitable polalizability for’ P; excited states.

Experimental candidate \
171Yb

Two hyperfine state in! /S
® Upspin [a) G mep 1Sy, F, =1/2)

.Downspin|b> bj mm) |15y, F, = —1/2)

Pseudo-spin picture
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TABLE 1. Four kind of laser-assisted hopping by using the hyperfine structure of '™ Yhb

Ay?

Ti+1

by

bita

oy
bita

]
bi_1

A)

1So, F: =1/2

18, F. = —1/2

1Sy, F. =1/2

1So, Fo =1/2

B)

'S0, F- =1/2

180, F: = —1/2

18, F: = —1/2

' So, Fz =—1/2

E)

P, F.=1/2

P F.=—1/2

Py, F. = —1/2(1/2)

‘P, F = —1/2(1/2)

)

(a(m) 7(a))

(o(m),m(7))

aj

bit1
F,=-1/2
)

3P1

Ab,
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1D generalized Wilson-Dirac model

General construction scheme

Symmetry aspects and non-trivial topological

er related topics




Symmetry *S. Ryu, et.al.,
aroo = BRI 51 8 8 T % NewdJ. Phys.12, 065010 (2C
A 0 0 0 oz 0 zZ 0 Z 0 Z
AIIT| 0 0 1 ZyV0 Z 0 Z 0 Z 0
Al 1 o0 ololo o z o z 7z =z Forthe 1D model
BDI| 1 1 1 [\zYo o0 o0 7z 0 7Z ZJ Quantum simulator of topological model:
DIIDH 01 1 (1) - ZZ ; 8 8 % ; ZOQ = Target: BDI class:
- 2 2 . —_—
ALl =1 0 o0z z z 0o 0o 0 Z Chiral S=T-C
el -1 -1 1f§lzlo 2z, Zo 2z 0o 0 0 - Time reversal |
Cl 0 -1 0f0|Z 0 Z Z2 Z 0 0 - Charge conjugation (particle-hole)C
ClI 1 —1 1 010 Z 0 Zy Zo Z 0

Four Piers phase parameters

Change physical properties
- symmetries of the Hamiltonian,

* energy spectrum,
- ground state

Lyl e Tl

Hou = > VIT.(A)Y;

J
= | T (0a,00)T; + h.c.]
J

#3000 ), + arset 0 )] |
J

“How to design 1D GWDM to be BDI class”
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ol = o] = [ = | ] = 1

A —2cos(k +0,) e thHi0T 4 giktio”

Hyu (k) = | "~ G6 | i |

Chiral S

9{1:95::71'.

This condition preserves
Chiral symmetry.

Symmetric about E=0 ‘

TR and CC

 Pauli matrices rotated
Hy (k)= [A — 2 cos(k + 0,)]o around the z-spin axis are given as

O+ — 6~ _ 9+—|-9_ 0 el?
+2008<k_T)]%( 2 ) Um(¢):[6—i¢ 0

——

= exp [i(9+ + 9_)Jz] We need not to implement
ot B the ordinary 1D Wilson-Dirac fermion
0, €XP [%(9 + 0 )Jz] to simulate topological properties.

We find
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Phase structure of non-trivial topological phase

*F. D. M. Haldane, 3/3
nge phase structure PRL 61, 2015 (1988)
with the ones of
the “topological Haldane model”. BN\

-3V3 =
- 0 m P

O =0y £m. a=—-0,—(0"—07)/2
=V 7. @ ( )/ Ordinary Wilson-Dirac model

d(k) = (ds(k),d.(k)) 4
= (2cosk, A —2cos(k — «))

- Bulk-Topological properties A o
can be characterized by
N — / dk d(k d ( d(k) -2 :
v 2T |d " dk d(k)| ) | Trivial
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1D generalized Wilson-Dirac model

. General construction scheme

Symmetry aspects and non-trivial topological

er related topics




Possibility of atomic quantum simulator for high-energy physics

v "Yh
Vint = Z Va j459; bTb 9 (leT'YOlIJ ) »  Finite s-wave scattering

J

(1+1)-D Gross-Neveu model (Wilson fermion) "D. J. Gross and A. Neveu,
PRD 10, 3235 (1974).

Howbpm + Vine

= —A Z (i)j(I)j — tz |:‘i)j+1(1)j + (i)j(I)j—|-1:|
J J
_ _ Vo - )
+ ¢ Z |:(I)j_|_1’}/1(1’j — (I)j'Yl(I)j+1:| + Z 5((1)55(1)3‘)
J

J
There exists non-trivial phase transition
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How to construct 1D topological insulating model
- 1D generalized Wilson-Dirac model

Experimental proposal

Generalize matrix: : : :
|. Two parallel tilted optical lattice
Implement four p p - Energy offset term

Peierls phases

|l. Laser assisted hopping scheme ‘ Dirac gamma matrices

Symmetry aspect

Only requirement for Piers phase

— Qb - TT. 1D Wilson-Dirac type simulator
a o in topological BDI class.

This condition preserves

Chiral symmetry. Application
- Simulator of 1D topological insulator

- (1+1)-D lattice Gross-Neveu model
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