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Hysteresis

Phase Diagram
Landig et al ’16

Hysteresis curves
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Different fillings: ρ 6= 1

several meta-stable minima appear

qualitative explanation for plateaus in experiments

core message

energy landscape explains many experimentally relevant findings
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Energy barriers and landscapes

Goal

describe idea of an energy barrier between the mi & cdw

how to overcome barrier ?

Arrhenius theory, Ginzburg-Landau theory: thermally assisted

T = 0 ? quantum fluctuations ?
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Variational Ansatz: J 6= 0

Requests

cdw & mi: J/Us � 1

focus on ρ = 1

|mi〉 = |1...1; 1...1〉
|cdw〉 = |2...2; 0...0〉

choose intermediate states:

• restrict to ni = 0, 1, 2 ∀i
• Θ|Q, ν〉 = Q|Q, ν〉 with

Θ =
(∑

i∈e ni −
∑

i∈o ni
)2

|1, 2, 1, 2; 0, 1, 0, 1〉; |1, 2, 1, 2; 0, 0, 0, 2〉

• additional Us without U` gain

• distribute atoms in sublattices

Choice of variational states

T = −
√

2J(Te + To), with

(i) To = T †e

(ii) [Θ, Te ] = 2Te

(iii) [Θ, To ] = −2To

Te/o : creation/annihilation
operator of imbalance

tight-binding:
〈ψ|H|ψ〉 =

∑
Q
εQψ

∗
QψQ + γ+

Qψ
∗
Q+2ψQ +

γ−Q ψ
∗
Q−2ψQ

nucleation of cdw 0− 2 pairs

|Q〉 = 1√
A(Q)

(T̃e)Q/2|MI 〉
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Variational Ansatz - Mean Field

Normalisation constants

γ+
Q := 〈Q + 2|T |Q〉 ∝

√
A(Q+2)
A(Q)

• normalisation constants?

• maps to matching problem

• no analytical solution

• # P-hard ↔ Z3D−Ising

Lattice deformation

deform cdw generator

• eliminate lattice structure

• ∞-range hopping e ↔ o

• emergence of non-local cdw

for Q-states only !

A(Q) =
(K/2
Q/2

)2

γ+
Q = −

α

4K

(K − Q)(Q + 2) Q ≥ 0

(K − |Q|+ 2)|Q| Q < 0

no predictions for lattice

dependent properties (e.g. cdw-sf)
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Numerical Analysis

Numerical details

analyse gs properties

K = 2000 lattice sites

different hopping: α = 8
√

2J

Physical quantities

a)
〈
Θ
〉
/K = ±1: cdw or mi ?

b) ∆Ek→0: compressible phase ?

c) SvN = − tr ρe ln ρe

d) χ = −∂2
δ ln |

〈
ψ(U`)|ψ(U` + δ)

〉
|
∣∣
δ=0

pinpoints all transitions for K = 10 !

∃ compressible phase

• no distinction: ss & sf

• mi - sf: off by factor 2

mi - cdw: accurate

similar to Gutzwiller and qmc
Batrouni et al ’17
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Discrete wkb method

Procedure

effective Hamiltonian

〈ψ|H|ψ〉 =
∑
Q

εQψ
∗
QψQ

+ γ+
Qψ
∗
Q+2ψQ + γ−Q ψ

∗
Q−2ψQ

define momenta:

cos p(Q) =
E − εQ

2γQ

with γQ :=
γ+
Q+γ−Q

2

effective tight-binding model

classically allowed regions:

p(Q) ∈ R
⇒ εQ + 2γQ ≤ E ≤ εQ − 2γQ

hopping: simplifies transition

∆E =
K/8

2U` − α

{
(Us − α)2, cdw

(α+ Us − 4Ul )
2, mi
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Conclusion

role of quantum fluctuations in phase reconfig. of 1st order transition

long-range Bose-Hubbard model: mi - cdw transition

• ultra-cold Ru atoms in optical lattice + cavity

• full control on many-body properties

exact Landau theory at zero hopping: hysteresis experiments

• mi phase: meta stable + protected by barrier

• explain: asymmetric hysteresis + plateaus

variational description: render problem tractable

• truncated Hilbert space

• neglect lattice structure (mean-field like)

• generate states
∣∣Q〉 by ∞ range hopping

• numerical study: Θ, ∆E , SvN, χ ⇒ phase diagram

discrete wkb

• construct phase diagram analytically

• augment phase diagram by energy barrier

• observe: tunneling lowers energy barrier



Outlook

study dynamics in reduced Hilbert space: L = 〈ψ|(i∂t − H)|ψ〉
• different quench protocols

• hysteresis loops

construct a mean-field Hamiltonian

• exact descriptions possible ?

• ∞ range interaction ⇒ mean-fiel reliable guide ? cdw - mi

extend or modify variational |Q
〉

states

• ∃ extension that covers more details of the phase diagram ?

• distinguish between ss and sf

describe model as open quantum system: Lindblad, Q-Langevin ?

• cavity loss

• incoherent scattering for long-range interaction
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