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Full Gross-Pitaevskii equations (GPE)
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Equation of motion: Gauge-Higgs equation (GHE)

The time-dependent equations can be derived from the real-time path integral formulation
under saddle-point approximation.
The operators of the original Hamiltonian are replaced by the c-number fields.
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We can simulate the real-time dynamics!




First, we will show a numerical result in confinement regime
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Flux string is conserved with oscillating, and the frequency and amplitude depend on
the strength of Gauss’s law, on-Site interaction and hopping strength.



Next, we will show a numerical result in Higgs regime
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We found a intermittent density-wave emission.

Since our GHE corresponds to the London limit, in which the amplitude fluctuation of the
Higgs field is absent, the phase boundary becomes less clear because the two phases connect
with each other through crossover.



1. We create triple layer system.

a2
ags Upper Cr =B boson

Middle Rb = A-boson
Lower Er = C-boson

LGT plane

In the middle layer, the U(1)GHM system

The unit cell of the projective mapping of the can be realized.

all layers. 2. Each species of bosons is assumed to have a
dipole, perpendicular to the plane of the layer.
Uit cel | By treating the DDI between A-boson and B-

e boson as a perturbation, the second-order

& \#/ perturbation theory generates an effective inter-
¥l ,fg;\ site interaction between the A-bosons.

3. Also, the DDI between A- and C-bosons

generates another inter-site interactions
between the A-bosons.

Cross section 3




We show the two types inter-site interaction
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In Cross section 2, the inter-site DDI becomes

Hap = Ugp E PAk+5TB.k
k.5
In Cross section 3, the inter-site DDI becomes

HAC’ — Uac Z )OA’.&—FSRC,J
1.6



Gauss law tuning

By using the inter-site interactions, we want to change only A-boson long-range interaction(DDI).
See the below table.

group range (a,b) - Vas
(1) NN (1,2), (23), ~~* : :
(3,4), (1 4) } 1.NN and NNN interactions
(ii)  1st half of NNN (1,3), (2,4) :T—' are same amplitude.

(ili) 2nd half of NNN (1,5), (4,6)

A-boson lona-ranae interaction \ 2.\We want to vanish
(1,5), (4,6) link interactions

5
.
4
% - %
N From now,
R EELy. ‘TEEELE #ﬂ_— - we will derive effective interactions
v ‘ r;\_\ i 6 from path integral formulation.
3 .7 Z : L
& 0 ey - The B- and C-bosons are trapped
) r RN in deep optical lattices
f‘ v : with negligible hopping.
-..‘.-.':: | .
2 -second-order perturbation theory.



Calculation in Path-integral formulation(A-boson and C-boson)

We start to define the Inter-layer dipole-dipole interaction,
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Next, C-boson system can be defined as follows,
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Integrate out C-boson system (Second perturbation theory)

B
Zc ~ 1 + Ua?c/ d’FZ,@O(H/c, UCafB)na’H-g(T)na,ﬂ—S(T)

0 1,6

A-boson density-density interaction!

o= Jo dTHave

This effective interaction depends on the following factor,
B Zm; e"aEWle
X

This factor is controllable in an optical lattice system!
Also, we can same calculation for B-boson sector.

C(p,c, Ucaﬁ) - Pg — <(ﬁ’c - (nc>)2>

In this situation, when only bare long-range interaction of A-boson is

Viarb v )2V (ra,rb) = NN
Z 2 p?";ap?";b ?”G,,Tb - QVN (ra’ T_b) — NNN
r,a7b

The above A-boson interactions can be modified by effective interactions from B- and C-bosons.

In such a mechanism, we obtain tuning relations for realizing Gauss’s law.

Fine tuning relation

2V — Ugbﬂc(/iba Uba /6) - U(fcﬂc(luca Uca /6) : 2VN3 " o
2V — U2,8C (1w, Uy, B) = 0. &
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