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Higher order nonlinear Schrödinger equation

iqt +
1

2
qxx + |q|2 q

+ iε
[
αqxxx + β |q|2 qx + γq |q|2x

]

= 0

PT -symmetry: PT : x → −x , t → −t, i → −i , q → q

Integrable cases:
ε = 0 ≡nonlinear Schrödinger equation (NLSE)
α : β : γ = 0 : 1 : 1 ≡ derivative NLSE of type I
α : β : γ = 0 : 1 : 0 ≡ derivative NLSE of type II
α : β : γ = 1 : 6 : 3 ≡ Sasa-Satsuma equation
α : β : γ = 1 : 6 : 0 ≡ Hirota equation

iqt +
1

2
qxx + |q|2 q + iε

[
qxxx + 6 |q|2 qx

]
= 0

A. Fring Nonlocal gauge equivalent integrable systems 3/22

3/22



Higher order nonlinear Schrödinger equation

iqt +
1

2
qxx + |q|2 q + iε

[
αqxxx + β |q|2 qx + γq |q|2x

]
= 0

PT -symmetry: PT : x → −x , t → −t, i → −i , q → q

Integrable cases:
ε = 0 ≡nonlinear Schrödinger equation (NLSE)
α : β : γ = 0 : 1 : 1 ≡ derivative NLSE of type I
α : β : γ = 0 : 1 : 0 ≡ derivative NLSE of type II
α : β : γ = 1 : 6 : 3 ≡ Sasa-Satsuma equation
α : β : γ = 1 : 6 : 0 ≡ Hirota equation

iqt +
1

2
qxx + |q|2 q + iε

[
qxxx + 6 |q|2 qx

]
= 0

A. Fring Nonlocal gauge equivalent integrable systems 3/22

3/22



Higher order nonlinear Schrödinger equation

iqt +
1

2
qxx + |q|2 q + iε

[
αqxxx + β |q|2 qx + γq |q|2x

]
= 0

PT -symmetry: PT : x → −x , t → −t, i → −i , q → q

Integrable cases:
ε = 0 ≡nonlinear Schrödinger equation (NLSE)
α : β : γ = 0 : 1 : 1 ≡ derivative NLSE of type I
α : β : γ = 0 : 1 : 0 ≡ derivative NLSE of type II
α : β : γ = 1 : 6 : 3 ≡ Sasa-Satsuma equation

α : β : γ = 1 : 6 : 0 ≡ Hirota equation

iqt +
1

2
qxx + |q|2 q + iε

[
qxxx + 6 |q|2 qx

]
= 0

A. Fring Nonlocal gauge equivalent integrable systems 3/22

3/22



Higher order nonlinear Schrödinger equation

iqt +
1

2
qxx + |q|2 q + iε

[
αqxxx + β |q|2 qx + γq |q|2x

]
= 0

PT -symmetry: PT : x → −x , t → −t, i → −i , q → q

Integrable cases:
ε = 0 ≡nonlinear Schrödinger equation (NLSE)
α : β : γ = 0 : 1 : 1 ≡ derivative NLSE of type I
α : β : γ = 0 : 1 : 0 ≡ derivative NLSE of type II
α : β : γ = 1 : 6 : 3 ≡ Sasa-Satsuma equation
α : β : γ = 1 : 6 : 0 ≡ Hirota equation

iqt +
1

2
qxx + |q|2 q + iε

[
qxxx + 6 |q|2 qx

]
= 0

A. Fring Nonlocal gauge equivalent integrable systems 3/22

3/22



Zero curvature condition

∂tU − ∂xV + [U ,V ] = 0

U =

(
−iλ q(x , t)
r(x , t) iλ

)
, V =

(
A(x , t) B(x , t)
C (x , t) −A(x , t)

)
Ax(x , t) = q(x , t)C (x , t)− r(x , t)B(x , t)

Bx(x , t) = qt(x , t)− 2q(x , t)A(x , t)− 2iλB(x , t)

Cx(x , t) = rt(x , t) + 2r(x , t)A(x , t) + 2iλC (x , t)

A(x , t) = −iαqr − 2iαλ2 + β
(
rqx − qrx − 4iλ3 − 2iλqr

)
B(x , t) = iαqx + 2αλq + β

(
2q2r − qxx + 2iλqx + 4λ2q

)
C (x , t) = −iαrx + 2αλr + β

(
2qr 2 − rxx − 2iλrx + 4λ2r

)
qt − iαqxx + 2iαq2r + β [qxxx − 6qrqx ] = 0

rt + iαrxx − 2iαqr 2 + β (rxxx − 6qrrx) = 0
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Nonlocality (Zero curvature condition)
Complex conjugate pair: r(x , t) = κq∗(x , t) (Hirota equation)

iqt = −α
(
qxx − 2κ |q|2 q

)
− iβ

(
qxxx − 6κ |q|2 qx

)
−iq∗t = −α

(
q∗xx − 2κ |q|2 q∗

)
+ iβ

(
q∗xxx − 6κ |q|2 q∗x

)

P conjugate pair: r(x , t) = κq∗(−x , t) (Nonlocal Hirota equn)

iqt = −α
[
qxx − 2κq̃∗q2

]
+ δ[qxxx − 6κqq̃∗qx ]

−i q̃∗t = −α
[
q̃∗xx − 2κq(q̃∗)2

]
− δ(q̃∗xxx − 6κq̃∗qq̃∗x)

β = iδ, α, δ ∈ R, q := q(x , t); q̃ := q(−x , t)
T conjugate pair: r(x , t) = κq∗(x ,−t)

iqt = −i δ̂
[
qxx − 2κq̂∗q2

]
+ δ[qxxx − 6κqq̂∗qx ]

i q̂∗t = i δ̂
[
q̂∗xx − 2κq(q̂∗)2

]
+ δ(q̂∗xxx − 6κq̂∗qq̂∗x)

α = i δ̂, β = iδ, δ̂, δ ∈ R; q̂ := q(x ,−t)
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PT -conjugate pair: r(x , t) = κq∗(−x ,−t)

qt = −δ̌
[
qxx − 2κq̌∗q2

]
− β[qxxx − 6κqq̌∗qx ]

−q̌∗t = −̌δ
[
q̌∗xx − 2κq(q̌∗)2

]
+ β(q̌∗xxx − 6κq̌∗qq̌∗x)

α = i δ̌; δ̌, β ∈ R ; q̌ := q(−x ,−t)

P transformed pair: r(x , t) = κq(−x , t):

iqt = −α
[
qxx − 2κq̃q2

]
+ δ[qxxx − 6κqq̃qx ]

−i q̃t = −α
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β = iδ; α, δ ∈ R
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Nonlocality (Alice and Bob systems)
Korteweg-de Vries equation:

ut + 6uux + uxxx = 0

Take
u(x , t) = 1

2
[a(x , t) + b(x , t)] ,PT a(x , t) = a(−x ,−t) = b(x , t)

PT pair: (Alice and Bob KdV equation)

at + 3/4(a + b)(3ax + bx) + axxx = 0

bt + 3/4(a + b)(ax + 3bx) + bxxx = 0

One -soliton solution

aµ,ν;α(x , t) = uµ,α(x , t) + ν tanh

[
1

2
(αx − α3t + µ)

]
bµ,ν;α(x , t) = uµ,α(x , t)− ν tanh

[
1

2
(αx − α3t + µ)

]
uµ,α(x , t) =

α2

2
sech2

[
1

2
(αx − α3t + µ)

]
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Nonlocality in Hirota’s direct method
Bilinearisation of the local Hirota equation

f 3
[
iqt + αqxx − 2κα |q|2 q + iβ

(
qxxx − 6κ |q|2 qx

)]
=

f
[
iDtg · f + αD2

xg · f + iβD3
xg · f

]
+
[

3iβ
(g
f
fx − gx

)
− αg

]
×
[
D2

x f · f + 2κ |g |2
]

Dn
x f · g =

∑n

k=0

(
n
k

)
(−1)k

∂n−k

∂xn−k
f (x)

∂k

∂xk
g(x)

iDtg · f + αD2
xg · f + iβD3

xg · f = 0, D2
x f · f = −2κ |g |2

Solve by formal power series that becomes exact

f (x , t) =
∞∑
k=0

ε2k f2k(x , t), and g(x , t) =
∞∑
k=1

ε2k−1g2k−1(x , t)
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Bilinearisation of the nonlocal Hirota equation

f 3f̃ ∗
[
iqt + αqxx + 2αq̃∗q2 − δ(qxxx + 6qq̃∗qx)

]
=

f f̃ ∗
[
iDtg · f + αD2

xg · f − δD3
xg · f

]
+

(
3δ

f
Dxg · f − αg

)
×
(
f̃ ∗D2

x f · f − 2fg g̃ ∗
)

not bilinear yet

iDtg · f + αD2
xg · f − δD3

xg · f = 0, f̃ ∗D2
x f · f = 2fg g̃ ∗

introduce auxiliary function

D2
x f · f = hg , and 2f g̃ ∗ = hf̃ ∗

Solve again formal power series that becomes exact

h(x , t) =
∑

k
εkhk(x , t).
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Two-types of nonlocal solutions (one-soliton)
Truncated expansions: f = 1 + ε2f2, g = εg1, h = εh1

0 = ε[i (g1)t + α (g1)xx − δ(g1)xxx ]

+ε3[2 (f2)x (g1)x − g1 [(f2)xx + i (f2)t ] + if2 [(g1)t + i (g1)xx ]]

0 = ε2[2(f2)xx − g1h1] + ε4
[
2f2(f2)xx − 2(f2)2

x

]
0 = ε[2g̃ ∗1 − h1] + ε3

[
2f2g̃

∗
1 − f̃ ∗2 h1

]
Standard solution, solve six equations independently, then ε→ 1

q
(1)
st =

λ(µ− µ∗)2τµ,γ

(µ− µ∗)2 + |λ|2 τµ,γ τ̃∗µ,γ

τµ,γ(x , t) := eµx+µ2(iα−βµ)t+γ
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Two-types of nonlocal solutions (one-soliton)
Truncated expansions: f = 1 + ε2f2, g = εg1, h = εh1

0 = ε[i (g1)t + α (g1)xx − δ(g1)xxx ]

+ε3[2 (f2)x (g1)x − g1 [(f2)xx + i (f2)t ] + if2 [(g1)t + i (g1)xx ]]

0 = ε2[2(f2)xx − g1h1] + ε4
[
2f2(f2)xx − 2(f2)2

x

]
0 = [2g̃ ∗1 − h1] +

[
2f2g̃

∗
1 − f̃ ∗2 h1

]
Nonstandard solution, solve five equations, last one for ε = 1

q
(1)
nonst =

(µ+ ν)τµ,iγ
1 + τµ,iγ τ̃

∗
−ν,−iθ

.

τµ,γ(x , t) := eµx+µ2(iα−βµ)t+γ
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Two-soliton solution
Truncated expansions:
f = 1 + ε2f2 + ε4f4, g = εg1 + ε3g3, h = εh1 + ε3h3

q
(2)
nl (x , t) =

g1(x , t) + g3(x , t)

1 + f2(x , t) + f4(x , t)

g1 = τµ,γ + τν,δ

g3 =
(µ− ν)2

(µ− µ∗)2 (ν − µ∗)2
τµ,γτν,δ τ̃

∗
µ,γ +

(µ− ν)2

(µ− ν∗)2 (ν − ν∗)2
τµ,γτν,δ τ̃

∗
ν,δ

f2 =
τµ,γ τ̃

∗
µ,γ

(µ− µ∗)2
+

τν,δ τ̃
∗
µ,γ

(ν − µ∗)2
+

τµ,γ τ̃
∗
ν,δ

(µ− ν∗)2
+

τν,δ τ̃
∗
ν,δ

(ν − ν∗)2

f4 =
(µ− ν)2 (µ∗ − ν∗)2

(µ− µ∗)2 (ν − µ∗)2 (µ− ν∗)2 (ν − ν∗)2
τµ,γ τ̃

∗
µ,γτν,δ τ̃

∗
ν,δ

h1 = 2τ̃∗µ,γ + 2τ̃∗ν,δ

h3 =
2 (µ∗ − ν∗)2

(µ− µ∗)2 (ν∗ − µ)2
τ̃∗µ,γ τ̃

∗
ν,δτµ,γ +

2 (µ∗ − ν∗)2

(µ∗ − ν)2 (ν − ν∗)2
τ̃∗µ,γ τ̃

∗
ν,δτν,δ
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Two-soliton solution
Truncated expansions:
f = 1 + ε2f2 + ε4f4, g = εg1 + ε3g3, h = εh1 + ε3h3

q
(2)
nl (x , t) =

g1(x , t) + g3(x , t)

1 + f2(x , t) + f4(x , t)

Nonlocal regular two-soliton solution
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Two-soliton solution
Truncated expansions:
f = 1 + ε2f2 + ε4f4, g = εg1 + ε3g3, h = εh1 + ε3h3

q
(2)
nl (x , t) =

g1(x , t) + g3(x , t)

1 + f2(x , t) + f4(x , t)

Nonlocal regular two one-soliton solution vs two-soliton solution
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Nonlocality in Darboux-Crum transformations

Quantum mechanical analogue to supersymmetry, intertwining

LnHn−1 = HnLn

iteration LnH0 = HnLn, Ln := LnLn−1 . . . L1, Ψn(λ) = LnΨ(λ)

In Hirota case, Hamiltonian of Dirac type :

Ψ=

(
ϕ
φ

)
Ψx = UΨ ⇔ −iϕx + iqφ = −λϕ

iφx − irϕ = −λφ ⇔ HΨ(λ) = −λΨ(λ)

with
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(
ϕ
φ

)
Ψx = UΨ ⇔ −iϕx + iqφ = −λϕ

iφx − irϕ = −λφ ⇔ HΨ(λ) = −λΨ(λ)

with

H =

(
−i∂x iq
−ir i∂x

)
= −iσ3∂x + V ,
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Quantum mechanical analogue to supersymmetry, intertwining
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In Hirota case, Hamiltonian of Dirac type :

Ψ=

(
ϕ
φ

)
Ψx = UΨ ⇔ −iϕx + iqφ = −λϕ

iφx − irϕ = −λφ ⇔ HΨ(λ) = −λΨ(λ)

with

Hn =

(
−i∂x iqn
−irn i∂x

)
= −iσ3∂x + Vn,
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Solve the ”seed” equations for q = r = 0:

Ψ̃1(x , t;λ) =

(
ϕ1(x , t;λ)
φ1(x , t;λ)

)
=

(
eλx+2iλ2(α−2δλ)t+γ1

e−λx−2iλ2(α−2δλ)t+γ2

)
Implement nonlocality in the construction Ψ2:
Two choices to achieve r(x , t) = ±q∗(−x , t)

1: ϕ2 = ±φ̃∗1, φ2 = ϕ̃∗1 2: φ1 = ϕ̃∗1, φ2 = ±ϕ̃∗2
The second choice is not available in the local case.

Choice 1:

Ψ̃2(x , t;λ) =

(
ϕ2(x , t;λ)
φ2(x , t;λ)

)
=

(
∓eλ∗x+2i(λ∗)2(α−2δλ)t+γ∗2

e−λ
∗x−2i(λ∗)2(α−2δλ∗)t+γ∗1

)
with λ,γ1, γ2 ∈ C

q
(1)
st (x , t) =

2(λ∗ − λ)e2λ∗x+2i(λ∗)2(α−2δλ∗)t−γ∗1 +γ∗2

1 + e2(λ∗−λ)x+4i[α(λ∗)2−αλ2+2δλ3−2δ(λ∗)3]t−γ1+γ2−γ∗1 +γ∗2
.
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Ψ̃1(x , t;λ) =

(
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φ1(x , t;λ)

)
=

(
eλx+2iλ2(α−2δλ)t+γ1

e−λx−2iλ2(α−2δλ)t+γ2

)
Implement nonlocality in the construction Ψ2:
Two choices to achieve r(x , t) = ±q∗(−x , t)

1: ϕ2 = ±φ̃∗1, φ2 = ϕ̃∗1 2: φ1 = ϕ̃∗1, φ2 = ±ϕ̃∗2

The second choice is not available in the local case.
Choice 2:

Ψ̃2(x , t; ν) =

(
ϕ2(x , t; ν)
φ2(x , t; ν)

)
=

(
eνx+2iν2(α−2δν)t+γ3

−e−νx−2iν2(α−2δν)t+γ∗3

)

q
(1)
nonst(x , t) =

2(ν − µ)eγ1−γ∗1 +2µx+4iµ2(α−2δµ)t

1 + e2(µ−ν)x+4i(αµ2−αν2−2δµ3+2δν3)t+γ1−γ∗1−γ3+γ∗3
.

A. Fring Nonlocal gauge equivalent integrable systems 13/22

13/22



Nonlocal n-soliton solutions: qn = q + 2 detDq
n

detWn
, rn = r − 2 detDr

n

detWn

Wn =


ϕ

(n−1)
1 ϕ

(n−2)
1 . . . ϕ1 φ

(n−1)
1 . . . φ ′1 φ1

ϕ
(n−1)
2 ϕ

(n−2)
2 . . . ϕ2 φ

(n−1)
2 . . . φ ′2 φ2

...
...

. . .
...

...
. . .

...
...

ϕ
(n−1)
2n ϕ

(n−2)
2n . . . ϕ2n φ

(n−1)
2n . . . φ ′2n φ2n



Dq
n =


φ

(n−2)
1 φ

(n−3)
1 . . . φ1 ϕ

(n)
1 . . . ϕ ′1 ϕ1

φ
(n−2)
2 φ

(n−3)
2 . . . φ2 ϕ

(n)
2 . . . ϕ ′2 ϕ2

...
...

. . .
...

...
. . .

...
...

φ
(n−2)
2n φ

(n−3)
2n . . . φ2n ϕ

(n)
2n . . . ϕ ′2n ϕ2n



Dr
n =


φ

(n)
1 φ

(n−1)
1 . . . φ1 ϕ

(n−2)
1 . . . ϕ ′1 ϕ1

φ
(n)
2 φ

(n−1)
2 . . . φ2 ϕ

(n−2)
2 . . . ϕ ′2 ϕ2

...
...

. . .
...

...
. . .

...
...

φ
(n)
2n φ

(n−1)
2n . . . φ2n ϕ

(n−2)
2n . . . ϕ ′2n ϕ2n


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Dq
n =
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φ

(n−2)
1 φ

(n−3)
1 . . . φ1 ϕ

(n)
1 . . . ϕ ′1 ϕ1

φ
(n−2)
2 φ

(n−3)
2 . . . φ2 ϕ

(n)
2 . . . ϕ ′2 ϕ2

...
...

. . .
...

...
. . .

...
...

φ
(n−2)
2n φ

(n−3)
2n . . . φ2n ϕ

(n)
2n . . . ϕ ′2n ϕ2n


In the nonlocal case use

S̃ st
2n =

{
Ψ̃1(x , t;λ1), Ψ̃2(x , t;λ1), Ψ̃1(x , t;λ2), Ψ̃2(x , t;λ2), ...

}
or

S̃nonst
2n =

{
Ψ̃1(x , t;µ1), Ψ̃2(x , t; ν1), Ψ̃1(x , t;µ2), Ψ̃2(x , t; ν2), ...

}
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Time-crystals: [r(x , t) = ±q̂∗(x ,−t)]

q
(1)
st (x , t) =

±2(λ− λ∗)eγ1+γ∗2 +2(λ+λ∗)x

eγ1+γ∗1 +4(λ∗)2(2βλ∗+δ̌)t+2µx ± eγ2+γ∗2 +4λµ2(2βλ+δ̌)t+2λ∗x

q
(1)
nonst(x , t) =

2(ν − µ)eγ1−γ∗1 +2(µ+ν)x

e4µ2(2βµ+δ̌)t+2νx + e4ν2(2βν+δ̌)t+2µx
.
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Nonlocal gauge equivalence
Two zero curvature conditions are related as

∂tUi−∂xVi+[Ui ,Vi ] = 0 ⇔ Ψi ,t = ViΨi , Ψi ,x = UiΨi i = 1, 2

U1 = GU2G
−1 + GxG

−1 V1 = GV2G
−1 + GtG

−1

when the auxiliary fields are related by a gauge field Ψ1 = GΨ2

System 1 ≡ (nonlocal) Hirota equation ⇒ system 2:

U2 =−iλG−1σ3G , V2 =λG−1B1G + λ2G−1B2G + λ3G−1B3G

Extended continuous limit of the Heisenberg spin chain

For S := G−1σ3G ⇒ St = iα
(
S2
x + SSxx

)
− β

[
3

2

(
SS2

x

)
x

+ Sxxx

]
Extended version of the Landau-Lifschitz equation

For S = s · σ ⇒ st = −αs× sxx −
3

2
β (sx · sx) sx + βs× (s× sxxx)
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Parameterise

S =

(
−ω u
v ω

)
ω2 + uv = 1

components of the matrix equation give

ut = iα(uωx − ωux)x − β
[
uxx + 3/2u(uxvx + ω2

x)
]
x

vt = −iα(vωx − ωvx)x − β
[
vxx + 3/2v(vxux + ω2

x)
]
x

Nonlocality via u(x , t) = κv ∗(−x , t), ω(x , t) = ω∗(−x , t)

Solutions from auto-gauge transformation ≡ DC transformation

u1 =
2ϕ1ϕ2(λ2ϕ1φ2 − λ1ϕ2φ1)(λ1 − λ2)

λ1λ2(ϕ2φ1 − ϕ1φ2)2

v1 =
2φ1φ2(λ1ϕ1φ2 − λ2ϕ2φ1)(λ1 − λ2)

λ1λ2(ϕ2φ1 − ϕ1φ2)2

ω1 = 1− 2ϕ1ϕ2φ1φ2(λ1 − λ2)2

λ1λ2(ϕ2φ1 − ϕ1φ2)2
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Solutions from auto-gauge transformation ≡ DC transformation

u1 =
2ϕ1ϕ2(λ2ϕ1φ2 − λ1ϕ2φ1)(λ1 − λ2)

λ1λ2(ϕ2φ1 − ϕ1φ2)2

v1 =
2φ1φ2(λ1ϕ1φ2 − λ2ϕ2φ1)(λ1 − λ2)

λ1λ2(ϕ2φ1 − ϕ1φ2)2

ω1 = 1− 2ϕ1ϕ2φ1φ2(λ1 − λ2)2

λ1λ2(ϕ2φ1 − ϕ1φ2)2
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Back to Hirota equation:
solve S = G−1σ3G for G and use Gx = A0G , Gt = B0G

A0 =

(
0 q(x , t)

r(x , t) 0

)
B0 = iα

[
σ3 (A0)x − σ3A

2
0

]
+ β

[
2A3

0 + (A0)x A0 − A0 (A0)x − (A0)xx
]

q(x , t) =
µ(t)

2

(
vx
v

+
ωvx − ωxv

v

)
exp

∫ x ω(s, t)vs(s, t)− ωs(s, t)v(s, t)

v(s, t)
ds

r(x , t) =
1

2µ(t)

(
vx
v
− ωvx − ωxv

v

)
exp

∫ xωs(s, t)v(s, t)− ω(s, t)vs(s, t)

v(s, t)
ds

qn(x , t) =
µn∏2n
k=1 λk

(
(detVn)x

det Υn
−

(detWn)x detVn
detWn det Υn

)
rn(x , t) =

∏2n
k=1 λk
µn

(
(det Υn)x

detVn
−

(detWn)x det Υn

detWn detVn

)
Nonlocality: rn(x , t) = κ

∏n

i=1
|λ2i−1|4 /µ2

nq
∗
n(−x , t)
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Trajectories of local extended version of the LL equation
Gauge equivalent version of nonlinear Schrödinger equation β = 0

|s|2 = 1, s is real, real shift parameter
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Trajectories of nonlocal extended version of the LL equation
Gauge equivalent version of nonlocal Hirota equation β 6= 0

|s|2 = 1, s = m + i l is complex
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Conclusions and Outlook
• Using PT conjugations we find new integrable versions of the

Hirota equation, with different types of qualitative behaviour.

• The nonlocality can be systematically implemented into
solution procedures, such as Hirota’s method and Darboux
transformations.

• Nonlocality is inherited in gauge equivalent systems.

• Investigate more nonlinear systems.

• Study more physical applications.
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Thank you for your attention
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