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Abstract

We consider the algebraic setting of classical defects in discrete and continuous integrable theories. We
derive the “equations of motion” on the defect point via the space-like and time-like description. We then ex-
ploit the structural similarity of these equations with the discrete and continuous Bicklund transformations.
And although these equations are similar they are not exactly the same to the Bicklund transformations.
We also consider specific examples of integrable models to demonstrate our construction, i.e. the Toda
chain and the sine-Gordon model. The equations of the time (space) evolution of the defect (discontinuity)
degrees of freedom for these models are explicitly derived.
© 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The issue of quantum and classical integrable defects has been the subject of consistently in-
creasing research interest in recent years [1—16]. Many results from various perspectives were
produced for both quantum and classical integrable models and many interesting interconnec-
tions were pointed out. For instance the elucidation of the local defect as a “frozen” Bicklund
transformation [3,5] was a significant observation providing a novel way of understanding local
defects for integrable classical field theories. And although the interpretation of the defect matrix
as a“frozen” Bicklund transformation is a notable piece of information, a systematic Hamilto-
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nian/algebraic description of this notion has been hitherto missing, and this is precisely the main
objective in this paper.

More specifically, we shall introduce here the notion of quasi Béicklund transformations for
both discrete and continuous classical integrable models in the presence of local defects. This
concept is essentially associated to the local equations of motion around the defect point. Note
that in the usual Bicklund transformation formulation one deals with a space and a time differen-
tial (difference) equation, and these two equations are simultaneously satisfied. In the presence
of local defects however this is not the case, as the space and time differential (difference) equa-
tions that are obtained are not satisfied simultaneously. It is worth noting that these two equations
in the frame of defects arise as local equations of motion around the defect point (more details
on this will be presented later in the text, see also [14]). In the discrete case in particular one
explicitly derives the time components of the Lax pair around the defects point, and these turn
out to be slightly “deformed” compared to the bulk quantities. In the continuous case on the
other hand due to imposed analyticity conditions around the defect point the time components
of the Lax pair coincide with the left/right bulk theory quantities (for more details we refer the
interested reader to [14]). These connections are of course remarkable and a detailed analysis is
given in this article, however a deeper understanding of the particular solutions of these equations
for various physically relevant models should be further pursued (see some relevant discussion
in [12]).

Let us briefly outline the content on this paper: in the next section we briefly review the
auxiliary linear problem for both discrete and continuous classical integrable models. We also
recall the Darboux—Bicklund transformations as suitable gauge transformations that leave the
auxiliary linear problem invariant. The underlying classical algebras associated to the Lax pair
are briefly described, and the notion of the “dual” formulation introduced in [17] is also pre-
sented. A note on the algebraic content of the Bicklund transformations is also given based
mainly on the fact that the auxiliary functions are versions of classical vertex operators [18].
In section 3 we focus on the problem under consideration i.e. the description of the local clas-
sical defects as quasi Bicklund transformations. More precisely, we discuss the equations of
motion associated to the defect degrees of freedom, and ascertain their resemblance to the ¢
part of the Bicklund transformation. We also consider defects along the ¢ axis (“dual” de-
scription) and thus we are able to derive the x part of the Bicklund transformation. Jump
conditions on the fields and their time derivatives are also obtained similar to the ones along
the x direction, and are part of the x Bicklund transformation conditions. The underlying
algebra for the Lax matrices as well as the time and space defect matrices are also dis-
cussed.

2. The general setting

We shall review in this section the main setting in describing continuous and discrete
integrable classical models. The formulation we pursue here is based on two main build-
ing blocks, i.e. the auxiliary linear algebra on the one hand and the existence of an un-
derlying classical algebra. We shall describe below both semi and fully discrete integrable
models as well as continuous integrable theories. Moreover, we shall review the Darboux—
Bicklund transformations as suitable gauge transformation associated to the auxiliary linear
problem.
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2.1. Auxiliary linear problem & Darboux—Bdcklund transformations

2.1.1. The discrete case

We begin our brief review on Bécklund transformations in the context of the auxiliary lin-
ear problem considering semi-discrete integrable models, i.e. models with discrete space and
continuous time parameters. We shall then briefly review fully discrete models, and in the next
subsection we shall discuss the continuous space time case (see also e.g. [19-21] and references
therein).

The auxiliary linear problem in the semi-discrete case is expressed via the Lax pair

(Ln (t; A), Viu(t; k)) satisfying the following set of equations:

W1 (5 0) = Ly (85 1) Wy (25 1)
oW, (t; A)

ot
L, V are in general N’ x N matrices depending on fields (algebraic objects) and maybe on
the spectral parameter A; W is the auxiliary vector function, which may be also thought of as a
classical vertex operator (see [18]). Compatibility of the equations (2.1) leads to the equations of

the motion of the system expressed as:

aL,(t; 1)

ot

Let us now recall the Béacklund transformation in this context seen as gauge transformation
that leaves the auxiliary linear problem invariant. Indeed, let M be in general an N x N matrix
(Darboux matrix) [22], such that

W, (15 0) = My (13 1, ©) W, (25 1) (23)

= Vau(t; ) Wy (r; 1) 2.1

=Vag1 (15 2) Lu(t52) — Ly (3 4) V(23 4). 2.2

where © is an arbitrary constant.
Then the auxiliary problem reads as
g1 (85 4) = L (85 2) By (15 1)
W, (15 1)
ot

where L, V are the gauge transformed matrices. Compatibility of (2.1), (2.4) together with (2.3)
lead then to the semi-discrete Béacklund transformations:

= Vo (t; 1) W, (3 1) (2.4

Myyi1(55 4, ©) Ly (1 1) = La(t3 2) Mu(t; 2, ©)
oM, (t; 1, ®)
ot
Notice the similarity of the second Bicklund equations (2.5) with the equations of motion (2.2).
This will be a key point, especially when discussing the issue of defects.

Let us also briefly discuss the fully discrete case, where both space and time are discrete
parameters, hence two discrete indices n, m are entailed, corresponding to the discrete space and
time. This is the most intricate case, nevertheless we also provide a brief outline here too. The
auxiliary linear problem for the discrete Lax pair Ly, A, reads as:

q"n+lm()\) = Lum ()\) Wm ()\)
\pnm—i-l ()‘«) = Anm ()\) \Ilnm ()V) (26)

= V(15 1) My (5 %, ©) — My (t5 1, ©) Vi (25 2). 2.5
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Compatibility of the equations above leads to the discrete equations of motion:
an—H A) Apm (M) = An+1m (A) Lpm (). (27)
The discrete Bicklund transformation: consider the discrete Darboux matrix M,,,, such that
Wy (1) = Mo (1, ©) Wy (1) 2.8)
provided that the linear auxiliary problem remain invariant under the gauge transformation the
fully discrete equations for the Béicklund transformation arise, expressed as
Myt (%, ©) Ly () = L (A) My (3, ©)
Mym+1 (5, ©) Apn(3) = A (1) My (1, ©). 2.9)

Again the similarity of the latter equations with the discrete equations of motion (2.7) is evident.
We shall discuss the completely discrete case in full detail elsewhere, especially in the context of
time—space “duality” along the lines described in [17].

It is clear that taking the continuum limit in “time” we recover the semi-discrete case described
previously, i.e. consider

Jam (R) = fu(t; 1)
Sum+1 (W) = fu(t +8;4) (2.10)
and
Apm(A) = 148V, (13 2) (2.11)
where § is the discrete “time” spacing parameter taken § — 0 at the continuum limit.
2.1.2. The continuous case
Let us finally discuss the continuous case, which may be also seen as a suitable continuum

limit of the case above via “linearization”: (L, — 1 +8U (x, 1), Apm — 1438V (x, 1)). The Lax
pair in this case U, V satisfies (see e.g. [23])

oW (x, ;A

% = U, t:0) W(x, 1: ) (2.12)
X

oW (x,t; A

% = V(x, 1) Wi, 13 1), (2.13)

and the corresponding equations of motion are given by the familiar zero curvature condition

Urx 152 = Vel 150 + [U G, 150, Vi, ] =0, (2.14)
where we use the notation: F; = %—f, F, = %—f The Darboux matrix with continuous (x, t)
parameters transforms the auxiliary function as (see also [19] and [20] and references therein)

U(x,t;0) =M(x,t; 1, ©) U(x, ;1) (2.15)

® as in the discrete case is an extra arbitrary parameter; M may be thought of as a local gauge
transformation.

Then due to the invariance of the auxiliary linear problem under the transformation one obtains
the equations for the Béacklund transformation:
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oM (x,t; A, ®) ~
—ax =Ux, LA Mx,t;1,0) —M(x,t;1,0) U(x,t; 1)
X
oM (x,t; A, ) ~
T =V, ) M(x,t;A,0) — M(x,t; A, 0) V(x,t; A). (2.16)

Solving the above set of equations provides the explicit form of the Bicklund transformation for
the system under consideration.

2.2. Underlying Poisson structure & space-time dualities

Having reviewed the auxiliary linear problem and the Bécklund transformations as gauge
transformations of the problem we can now recall the existence of the underlying classical al-
gebras associated to the problem. Let us note that we are going to focus here on ultra-local and
non-dynamical classical algebras. And although such generalizations can be in principle consid-
ered they will be left for future investigation given that they are outside the scope of the present
investigation.

Let us first consider the semi-discrete case. It is well known that in the discrete case one may
start from the L-matrix of the Lax pair and assuming that L satisfies the quadratic algebra, at
equal “spaces” (ultra-local algebra):

{Lu), Lav@s ] =[raG—w. L ) Loy (510 [0 @.17)

the indices 1, 2 are associated to the “auxiliary” space, and the r-matrix satisfies the classical
Yang-Baxter equation. One then can build discrete space monodromies

Ts(A)=Ln(A)...L1 (), (2.18)

Ts yields the charges in involution guaranteeing the integrability of the system under study.
The subscript S denotes space-like description (the interested reader is referred to [17] for more
details on the “dual” description of classical integrable systems).

In the semi-discrete case the V-operator provides essentially the time evolution of the system.
Indeed, one may consider time-like monodromies

3]
TT(n,tl,tz;A)=Pexp{/Vn(I;A) dt}, fh>h, (2.19)
5]

clearly the subscript T denotes time-like description. Assuming that V satisfies equal times Pois-
son structure [17]:

[Vin: 20, a0} = [ri20-= ), Vaaes )+ Vaa s ]t =1 (2.20)

r is the same classical r-matrix appearing in (2.17). To conclude in the semi-discrete case the
two main assumptions for the Lax pair are given in (2.17), (2.20).

Similarly, in the fully discrete case monodromies along the discrete time direction can be built
assuming that the Lax associated Lax pair satisfies the following set of algebraic relations along
the discrete space and time directions:

[L1n @), Lawm ] =126t =100, Liam ) Lawn (10|80

{1 02, Az (0] =[r126-= 10, Avam 3 Az 42) B @21)
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The corresponding monodromies are then defined as

Ts(A) = Lym(A) AN—1tm(A) ... Ay ()

Tr(A) = Apm (X)) App—1(A) ... A1 (). (2.22)
We conclude then that T, 7T provide the “space” and “time” evolution of the system so that a
2D N x M classical lattice can be then obtained.

Let us finally review the results in the continuum case based on the analysis in [17]. The space
and time Poisson structure for the Lax pairs are given by the linear algebraic relations below:

(i, L ) = [reG—w. Vi) + U x'n se—x) @23)

(i, ve i) =[re—w, iean + agx ). Jse -1, @24
Then space and time monodromies may be constructed as solutions of the equations (2.12), (2.13)
respectively:
X]
Ts(x1,x2,t; 1) =Pexp { / Ux,t; 1) dx}, X1 > X2

X2
n

TT(x,rl,zz;)\)=7>exp{/V(x,z;)\) dt}, > . (2.25)
5]

Given that space and time monodromies in both discrete and continuous integrable models
satisfy quadratic algebras we also have:

{0, T2(u>}” = |20t = . Ti) Too) | (2.26)

we conclude that the time and space like Poisson involution is guaranteed, i.e.

[errsro, mTscn) =0,
xe[-L, L], te[-T, TIL, T—> o0 (2.27)

tr(Tt,s) provide the charges in involution, i.e. Liouville integrability is ensured.

Moreover, as is well known starting from the L or U matrix and assuming that they satisfy
the algebraic constraints described above one may obtain the generating function of the hier-
archy V-operators associated to each one of the integrals of motion [24], indeed the relevant
expressions of the time components of the Lax pair in the semi-discrete case are given by [24]

Vau(t: 2o ) = 157 60 o[ Tas (N, s 2) o= ) Tisn = 1,130,
ts(A) =tr(Ts(1)) (2.28)
where the following notation is introduced
Tn,m;A)=L,(A)...L,,(A), n>m. (2.29)

In the continuum case the generating function of the V-operators are derived from [24,23]

Ve, 130 1) = 15 ) 1| Tis(Lox, 153 riaGh = o) Tis(x, =L 120 - (2.30)
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considering x € [-L, L]. Expansion of the V-operator in powers of A provides the time compo-
nents Lax pairs associated to each integral of motion.

Similarly, one can also start from V and assuming that satisfies the “time-like” algebraic
constraints discussed earlier in the text obtain the relevant U operators as was shown in [17], this
is the so-called “dual” description. The relevant U expressions in this case then are provided by
[17]

Ua(x, 13 0 ) = 17 ) | Tire, T30 P2k = ) Trn w1, =T33,
tr(A) = tr(T1(A)), (2.31)

t € [-T, T]. In [17] only the continuous case was considered, however in principle a similar
construction should be possible in the context of (semi)-discrete integrable models. We shall not
comment further on the point here due to certain subtleties, which will be hopefully addressed in
a separate publication.

2.2.1. A note on the algebraic content of Bdcklund transformations

The algebraic content of the Béacklund transformations will be presented in this section given
also the similarity with defect matrices, which will be discussed in the subsequent section in more
detail. The defect matrices satisfy certain algebraic constraints consistent with the integrability
of the physical system under consideration. Let us now focus on the algebraic content of the
Darboux matrices M in both continuous and discrete cases. One can show in a straightforward
manner exploiting the fact that the auxiliary function satisfies a classical version of the vertex
algebra [18], that the Darboux matrix M also satisfies certain classical quadratic algebras. In
[18] the discussion was restricted in the continuous case yielding for the auxiliary function the
following:

fiee 00, Wae 50} =0 — 0 it Wa 0, ¥R =) — (),
(2.32)

where r is a solution of the classical Yang—Baxter equation, and f is a function depending on
the choice of the r-matrix.
Using similar arguments as in [18] one can show for the semi discrete auxiliary function:

[win20, Wau (e 10} = w1200 = 1) Wia 132 W03 ), (2.33)

Assume that the same Poisson structure should be satisfied by the gauge transformed auxiliary
function ¥ = M W in both the continuous and the discrete case, and also

[Ml (x; 1), Walx; M)} =0, continuous
{Mln(x), xpz,l(u)} =0, discrete. (2.34)

Then due to consistency requirements it is straightforward to show that the Darboux matrix M
satisfies the following quadratic Poisson algebras:

{Ml (x; 1), Ma(x, ,u)} = [mz(k — ), Mi(x,)) Ma(x, ,u)] continuous

{M1000). M2} = [ 1260 = ). M1uG) M2 ()| diserete. 2.35)
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From the duality picture described in [17] the time-like monodromies provide for the auxiliary
function the time like Poisson structure as well.

As will be clear in what follows similarly to the case of defects classification of representa-
tions of the quadratic classical algebras will be the first step into identifying the suitable Darboux
matrices, then solution of the Bicklund relations will lead to the full identification of the Béck-
lund transformation. The auxiliary linear problem remains to be understood at the quantum level
as well. In this context it would be very interesting to explain how local Darboux matrices may
lead to the quantum analogue of the generating function of the Bicklund transformation i.e. the
Q operator along the lines described in [22]. This issue is mostly relevant especially in the fully
discrete case where the Q operator may be thought of as the discrete time evolution operator. '

3. Implementing defects

We come now to our main objective which is the interpretation of local defects as quasi
Bicklund transformations using as fundamental building blocks the associated auxiliary linear
problem as well as the underlying classical algebra. The similarities between the equations of
motion associated to the defect degrees of freedom and the space and time parts of the Bécklund
transformation as discussed in the previous section will be manifest in what follows. Let us first
recall the formulation of integrable defects in both discrete and continuous theories.

3.1. The discrete case

We focus on the semi discrete case (discrete space, continuous time) and assume that we insert
a defect at the nth cite of the classical system. Then the associated linear auxiliary problem is
modified as follows (see also [14]):

Wit A) =Lt A) Vi 4)
oW (t; 1)
ot
and on the defect point in particular the problem is formulated as:

=Vi@: M) Wt A), j#n (3.1)

lIjn—&-l(t; A) = Z‘n(t; A) Wt A)
v,
ot

where L, is the defect matrix. Compatibility conditions of equations (3.2), provide the time
evolution of the degrees of freedom associated to the defect:

= Va(t; M)Wy (t; 1) (3.2)

ILy(t; 1)
ot
The latter resembles structurally the time component of the Bécklund transformation (2.5). One
may see the defect as a quasi Béacklund transformation dividing the one dimensional space into
two distinct areas with different solutions of the same or different integrable differential equations
provided that all the Lax-pairs involved satisfy classical algebras that entail the same r-matrix.
The suitable set of algebraic relations associated to this setting will be explicitly formulated.

= Vo1 (t3 1) Ly (t; 1) — L (t3 1) V(23 1). (3.3)

1 Tam grateful to C. Korff for useful discussions and insightful comments on this subject.
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The other part of the Bécklund transformation, i.e. the “space” component can be then ob-
tained via the “dual” picture as descritled in [17], in which one considers the existence of a
defect along the time axis at r = #9. Let A (#p) be the defect matrix along the time direction, then
the auxiliary linear problem is formulated as follows:

W (0 = LT 0) W (5 2)
IwEr; )
jait = vji(z; 1) \ij(t; 1), 1. (3.4)

In general, we introduce the notation for any function of time F: F +, for t >ty and F—, for
t < tg. On the defect point we have:

W (0; 1) = Aj(10; ) W7 (103 ) (3.5)
Compatibility of the latter equation with the first of the equations (3.4) leads to

L7 (103 3) A (03 ) = Aj11(t0) L7 (103 3), (3.6)

which is similar to the discrete space part of the Bécklund transformation equations in the semi
discrete case (2.5). The similarity is striking one has to just make the following identifications:
A j — M. It is however important to note that unlike the usual Bicklund transformation rela-
tions, where the time and space parts are simultaneously satisfied, in the case of defects the time
and space relations (local equations of motion) derived above are separately satisfied except on
the particular point in 2D space-time i.e. (fy, Xo).

Let us also briefly consider the fully discrete case. We introduce the defect along the discrete
space direction via the defect matrix inom. Then on the defect point the auxiliary problem reads
as

\I"no+]m ()\) = Lnom ()\) \Ilnom ()L)
q"ngm-ﬁ—l ) = Anom (A) q"nom (A, 3.7

and the equations of motion on the defect point are then:

Lugn1(A) Apgn(A) = Angs1m (M) Lgm (A). (3.8)

Similarly if we choose to introduce a defect along the discrete time direction via the defect matrix

Apm, then the auxiliary problem becomes:

q"n+lm0 ()\) = ano ()\) \I'nmo ()L)

anmg—&-l ()\) = Anm() ()V) “I}nmo ()‘) (39)

and the corresponding equations of motion are then given as:

an0+] ()\) Anmo ()‘) = An+lm0 ()L) ano ()L) (3~10)

Again this part of the equations of motion is very similar to the one of the parts of the fully
discrete Béacklund transformation. The defect in any case may be thought of as already mentioned
as an object that divides the one dimensional discrete space (or time) into two regions with
distinct solutions of the same or even different difference equations.
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3.2. The continuous case

Let us complete the discussion about our setting with the continuous case in the presence of
point-like defects. We start with the space like description of the problem and we implement a
defect along the x axis at the point xo. The auxiliary problem away from the defect point (see
also e.g. [10,14])

AWE(x, t; A
T BN e 30 WEGr 12 0)
0x
AWE(x, t; A
#:Vi(x,t;k)\yi(%ﬁk), X # X0 61D

we introduce the notation: for any function of x, t we have F*+ for x > xg and F~ for x < xo.
On the defect point the problem is formulated as:

W (xg, 13 1) = L(x0, 13 A, ©) W™ (x0, 1; 1) (3.12)

® an arbitrary constant. Compatibility condition between the latter equations on the defect point
provides:

dL(xo,1; 1, ©)

P = V¥ (x0,1; 1) L(xo,2; &, ®) — L(x0,1; 2, ©) V™ (x0, 15 1) (3.13)

where V* are the Lax pair time components computed around the defect point (see more details
on this matter in [14]). Note that around the defect point necessary analyticity conditions were
imposed (see [14] for more details)

VE@) — VEGE) (3.14)

leading to certain “jump” like conditions between the fields and their derivatives. Also, (3.13)
resembles the time part of the Bicklund transformation in (2.16).

To obtain the x-part of the Béicklund transformation we shall consider the “dual” time-like
description. Indeed, from the time-like perspective we impose a defect along the ¢ axis at t = t,
then on the defect point we have

lﬁi(x,to;k)zﬁ(x,to;)»ﬁ)) U™ (x,t0; 1) (3.15)

Via the compatibility of the latter equations with the bulk auxiliary linear problem around the
defect point provide the x part of the Bicklund transformation (2.16):

JA(x, to; 1, ©)

3 = U™ (x,10; 1) A(x, to; A, ©) — A(x, 105 A, ©) U™ (x, 10; 1). (3.16)
X

Algebraic conditions on the Lax pairs and on the defect matrix L, A along the x and ¢ line
guaranteeing a la Liouville integrability will be discussed in the next subsection for both discrete
and continuous models. Let us note that one may choose to consider the matrices Z, A to coincide
given that these are structurally similar objects. This is particularly relevant if one considers the x
and ¢ evolution equations on the (x, o) point, where both equations are satisfied simultaneously
exactly as in the familiar Backlund transformation setting. However if the defect is considered to
be “fixed” then no time or space evolution occurs for the defect degrees of freedom. This happens
only if we allow the defect to “move” in space and time.
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3.3. Underlying Poisson structure

Let us demonstrate the algebraic content of the defect matrices in both space and time direc-
tions. The main conditions in addition to the “bulk” algebraic relations (2 17) in the semi-discrete
in the space-like and time-like description respectively are given as (L, A are also © dependent,
but the dependence is omitted below for brevity)

{Lin: 2, Lo 0} =[r26 = ), L 2 Lot )]

{41020, Agjo: ) = [r2 = w0, A0 0 As 03 0 - (3.17)
The modified space and time monodromies for the semi-discrete case, in the presence of defects

Ts()=Ly(A)...Ly(M)...Li(%)

fy

Tr()) = Pexp { / Vi A)dt} ACx, 10: 1) Pexp { [ V© A)dt} (3.18)

1 -T
Similarly, in the fully discrete case the algebraic constraints for L and A are given as

{Z1n0n1 (A), Z2n0m (M)}S = |:I"12()\ -, z‘lngm (}")LZnom (/L):|

{R1no @0, Azamg )| =[r120-= 0. Ay Az 10| (3.19)
with discrete space and time modified monodromies defined as

Ts(W) =Ly ...La(A)...Li(})
Tr(W) =Ap(A) ... Ap(N) ... AL (V). (3.20)

Finally, in the continuum case the algebraic relations that hold for the L and A matrices on a
specific space and time point respectively:

{Zl(xo,t; ), iz(Xo,nt;?»)} = [m(?» — . il(xo,z;x)iz(xo,t,m]

{41100, Aaraos ) =[r2Go= 0, A1Ge10; A (03 0], (3.21)

and the corresponding modified monodromies are defined as

L Xo
Ts(k)zpexp{/UJr(x,t;k)dx} Z(xo,t;A)Pexp{/Uf(x,t;)»)dx}
X -L
Iy
TT(A)—’Pepo/V+(x,t,A)dt} Alx, to,k)Pexp{[V (x, 1; A)dt} (3.22)
1 -T

Given the above algebraic conditions one may show that the trace of the modified monodromies
provide charges in involution in the both time or space direction,
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{r(Tsx0), irTsGen ) =o. (3.23)

As discussed in the bulk case in the previous section starting from the L or U matrix and
assuming that they satisfy certain algebraic constraints one may obtain the various V operators
associated to each one of the integrals of motion [24]. Similarly in the presence of point like
defects one can construct the time component of the Lax pair given the L or U and L matrices
and the associated algebraic constraints. The relevant expressions of the time components of the
Lax pair in the semi-discrete case in the presence of defects are given by [14]

Van(t; 2 ) = 151G 0 Tis(Nom 4132 i) riah = ) Tis(n = 1,13

Vanen (5 2 ) =157 ) 0 TisN 132 ri2G— o) L) Tis(n = 1,13
(3.24)

In the continuum case the generating function of the V-operators computed on the defect
point from the left and from the right are given as [14]

Vy (xo.t: 1) =t"'(0) tr[Tls(L, x0, 15 4) L1(x0, t; &) ria(h — p) Trs(xo, —L, 13 ?»)]

Vi (0,130 =171 ) 0 Tis(Lxo, 152 r12h = ) Lo, 152) Tis(o, =L 150
(3.25)

considering xo € [—L, L]. V* as we have already commented before are the matrices computed
on the defect point from the left and from the right. The bulk quantities are given by the usual
expressions (2.30).

Similarly, one can consider the time-like approach start from V, A and assuming that they sat-
isfy time-like algebraic constraints obtain the relevant U operators. The relevant U expressions
are then given as around the defect point

05 (o103 2) =17 ' G 1| Trn T3 2) A1 e, 10, 2) ria = ) T (e, 10, =T3 )

O3 (e, 103.2) = 17" Q) 1r{ Ty e, T t0: 2) rizGh = ) A4 (3,10, 2) TirGe, 0, =T )|
(3.26)

to € [T, TI. Similarly to the space-like description analyticity conditions around the defect
point:

U* (1) — U (1) (3.27)

lead to “time jump” conditions on the fields and their time derivatives. The bulk quantities coin-
cide with the ones given in (2.31).

Here as in [17] we focus only on expressions regarding the continuous case. Similar expres-
sions may be in principle identified in the discrete case, but this is left as a separate investigation
given that it involves certain intricate issues.

4. Two examples

In order to demonstrate the formulation of the local defects as quasi Béicklund transforma-
tions we provide below two specific examples of discrete and continuous cases, where defects
are treated as (quasi) Béacklund transformations. In particular, we shall focus on two prototype
integrable models, the Toda chain and the sine-Gordon model.
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4.1. The Toda chain

Consider the Toda chain in the presence of a space like defect. We insert the local defect
represented by the defect matrix L at the nth cite of the one dimensional system. The bulk Lax
pair of the model is given by:

—p: qj
s e B @1

The space Poisson commutator for the dynamical quantities g;, p; emanate from the algebraic
relations (2.17) with the r-matrix being the Yangian [25],

P

r(A) = T P the permutation operator. 4.2)
then

[Cli, pj}s=5ij- (4.3)
We may implement two types of defects, i.e. type I given by the matrix

~ A—O+N, x

(1) _ n n

and type II with the L matrix given as

Sy (A~ O+ Bn

LY\ = < Vi - O—a, ) 4.5)

Given that LD satisfy the quadratic algebra (3.17) with the Yangian r-matrix then the Poisson
relations for the dynamical degrees of freedom are then given via (3.17) as:

{x,,, Xn} —1, (4.6)
and for the type I defect:

o, Bu} =8

{Oln Vn] =—Vn

{8y} =200 7

Expanding the logsr(Ts(A)) in the presence of defect in powers of A~! we obtain the local
integrals of motion. Note that type I defects provide rather trivial results, especially in the context
of the quasi Béicklund transformations, therefore we shall focus henceforth on type II results. In
particular, the momentum and Hamiltonian for type II defects are given below (we consider
henceforth ® = 0 for simplicity, but without really losing generality)

P=— ij + oy
i#n

H = _l sz _ Z it ) — pnt1=n=1 _ B o~ n—1 _ 1 ontl _ a”Z_ (4.8)
2 J#i ! j#n.n—1 2
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From the expansion of the expression providing the time component of the Lax pair (4.1) we
identify around the defect point:

~ dn+1
Vn=< rooe +5">

—e In—1 0

~ A edn+1
vn+1—(y”_e_qnl 5 ) (4.9)

It is clear that the latter expressions are slightly “deformed” compared to the bulk expressions
away from the defect (see relevant discussion in [14] in the context of the discrete NLS model).
The bulk V-matrix is given in as

s 9 .
Vi) = <_€_qu 60 ) j#n, n+l. (4.10)

Let us now consider the equations of motion related to the defect degrees of freedom i.e. the
time component of the semi-discrete quasi Backlund transformation:

dL,
ot

Solving the latter equation provides the following set of relations for the time evolution of the
degrees of freedom of the defect:

= Vi1 Ln(W) — Ly () Vu(R). .11

d[” = eIn+1 Vn + e qn-1 ,Bn
Bn = 2, —a, B,
Yo = —20pe” "1 oy, 4.12)

the “dot” denotes differentiation with respect to time. It is also relevant to consider the equations
of motion around the defect point at n &= 1 given that these are slightly modified compared to the
bulk ones due to the presence of the “deformed” V,,, V, 11, indeed

dLnt1(2 V

8;;() = Vit2(A) Lut1(A) = L1 (A) V1 (1)

aLn—l()\) (7

L = Va3) Lact ) = oot () Vamt (1), @19

which lead respectively to the following extra conditions among the relevant fields and the defect
degrees of freedom

Gnt1 = Pn+1

IjnJrl = eIn+27qn+1 _ pln+l (J/n — e—qn—l) (4.14)
and

q'n—l = Pn-1

Pt = —eD17M=2 4 o=l (B, 4 o+l (4.15)

These equations may be thought “deformed equations” of motion around the defect point. Indeed,
compare the latter equations with the familiar bulk equations for j #n,n £ 1

qj=pj

pj= elit1—4j _ pdi—4j-1 (4.16)
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Naturally, the main objective is to solve the equations around the defect point and understand
the time evolution and thus the behavior of the defect degrees of freedom. More precisely, we
can consider situations with zero, one or two discrete solitons and see how their presence affects
the time evolution of the defect degrees of freedom. The detailed analysis of the latter equations
will be discussed in detail elsewhere. It is worth noting that as opposed to the continuous case
no analyticity conditions around the defect point are considered, thus one requires a “cluster” of
equations of motion around the defect point in order to examine the time evolution of the defect.

Note also that the space part of the discrete Bicklund transformation can be obtained via the
dual description, however this requires the identification of L, L starting from V. This however
is a subtle issue, which will be separately addressed in a forthcoming publication.

4.2. The sine-Gordon model

The sine-Gordon model in the presence of local defects has been extensively studied (see e.g.
[3,4,14,10]) during the last decade or so. Time evolution equations were derived for the degrees
of freedom of the defect for type II defects. The connection of these equations with the sewing
conditions derived in [14] as analyticity conditions was apparent, and quite surprising. This will
be particularly evident in the explicit computations below when dealing with the time part of the
Bicklund transformation (see e.g. [19,20]).

Let us first introduce the Lax pair for the sine-Gordon model:

oL W sinh(i+ W)
Ui =5 (sinh(,\—W) W, ’

—W, cosh(: + W)> @.17)

Vinh) =3 (cosh(k — W) W,

where W = ﬂqﬁ, ¢ is the sine-Gordon field. As in the case of the Toda chain, one may consider
two types of defects, type I associated to the deformations of the harmonic oscillator algebra
and type II associated to a suitable deformations of the sl, algebra. The corresponding defect
matrices are given below for the two types of defects:

~ X ez

Lgl)()x) = (eAZ x-1 ) ) (4.18)
and the type II defect matrix

- Y —e ! a

L0 = < 4 Sl _ e)‘V> : (4.19)

We shall basically focus hereafter on type II defects (see also [7,14]) given that type I defect
gives rise to the familiar Backlund transformation for the sine-Gordon model, and the degrees of
freedom of the defect somehow “disappear”, given that they are eventually exclusively expressed
in terms of the left/right bulk fields. It is worth pointing out that the type II defect matrix in
this particular context may be expressed as the product of two type I matrices (see e.g. [7] and
references therein). This of course will have certain implications when solving the space and/or
time part of the Bicklund transformation, especially given the fact that products of fundamental
Bécklund transformations provide multi-solitonic solutions. This is a significant issue that merits
further investigation.

Both types I and II defect matrices satisfy the quadratic algebra (3.21), with the trigonometric
r-matrix (see [23] and references therein):
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p? o+l cosh(n) o~
N=—-—| 2 z . 4.20
") = SsinhGy ot =22+ cosh(n) (4.20)
One may then deduce the algebraic relations for the degrees of freedom of the defect:
2
{a, V}= 'B—Va
8
2
{a, V}= —ﬁ—Wl
8
132
{a, a) = —Z(]ﬂ -V 4.21)

the latter may be thought of as a deformation of the classical sl algebra.

We shall solve now both Bécklund transformation relations for the type II defect. Let us first
consider the time component of the relations (3.13) based on the space-like description of the
model. Solving (3.13) we obtain the following set of relations describing the time evolution of
the defect degrees of freedom (see also [14] for a similar set of relations)

Wt +Ww-
2a, = —a(WS +W,)— 2cosh(L —©) sinh(WT —=w")
W4+ w-
2a; = a(W;r + W)+ 2cosh(+ +©) sinh(WT —W™). (4.22)
Also, from the diagonal entries of (3.13)

_ e @ wtiwe  _ _wtowe
2(In V), = W; —W;+T(ae T —ae” 7 )

+ _ e® —wt-_w— _ owhewo
2nV), =W, -W_ + T(ae 2 —ae 2 ). 4.23)

Compatibility conditions of the latter equations lead to the following equation

W+ w- i Wrewo
YW e+ %sinh(+ + o). (4.24)

W — W= %sinh(
The relations above agree with the respective relations derived in [ 14]. It is worth noting that part
of these relations arise as analyticity conditions on the time components of the Lax pair, a fact
that provides a very strong consistency check of the methodology introduced in [14]. Moreover,
in [14] the time part of the Bicklund transformation in both discrete and continuous models is
basically derived and thought of as providing the local equations of motion on the defect point.
As in the discrete case it would be informative to solve the equations using zero, one or two
soliton solutions and obtain the respective time evolution of the dynamical degrees of freedom
of the defect.
Here, we also provide the dual picture along the lines described in [17], giving rise to the x
component of the Bicklund transformation (3.16)

WH+w-

2a, = —a(W," + W,7) — 2sinh( — ©®) sinh(WH —Ww™)

t+wo

W
2a, =a(W;" + W) — 2sinh( +©) sinh(W+ —W"). (4.25)

Also, from the diagonal entries of the matrices in (3.16)
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-0 - —wt_w—
V) =W, =W+ S(ae” P —ae” 1)
+ _ e® —wt_w— _ owhew—
2nV)y =W, =W, + 7(—ae 2 +aez ). (4.26)

Compatibility conditions of the latter equations lead to the following equation

+ - 7 + -
Wt —w =L eosh(X—W @)~ Leosn W L ). 4.27)
2 2 2 2

It is worth emphasizing once more that the equations derived above as f and x evolutions of the
defect degrees of freedom are not satisfied simultaneously as it happens in the usual Bicklund
transformation frame. To conclude in the continuum case the x and ¢ relations separately are
precisely the same with x and ¢ part of the Biacklund transformation relations, but still they are
not simultaneously satisfied, hence the appellation quasi Bécklund transformations still holds.
Nevertheless one can suitably define the derivatives at x — x(;—L for the left and right theories,
but still the defect is frozen at x = x, this is a subtle process which will be discussed in more
detail elsewhere, together with the solution of the derived quasi Béacklund transformations and

the corresponding behavior of the defect degrees of freedom.

5. Comments

Several general comments are in order here. As realized the integrable discontinuity may be
seen as a Backlund transformation fixed at x( (space-like) or at #y (time-like). On the other hand
Bécklund transformations as is well known produce (multi)solitonic solutions in non-linear inte-
grable PDEs and also relate different solutions of the integrable PDEs [19,20]. Here the picture
is somehow modified given that the bulk left and right theories posses solitonic solutions and the
defect acts as a transmitting “wall” allowing it to interact with left/right solitonic solutions. Basi-
cally in the picture emerging here we are mostly interested in the time (or space) evolution of the
degrees of freedom given certain left and right solutions. This is turn can provide information on
how the defect interacts with the solitons of the bulk theories. This depiction is arguably more
in tune with the quantum description, where the soliton type quantum excitations are transmitted
through the defect. The transmission amplitudes may be then explicitly derived either via the
Faddeev—Zamolodchikov algebra [1,2,4,6] especially in the frame of integrable quantum field
theories or the Bethe ansatz formulation [15] in discrete integrable systems.

It is worth noting however that the complete physical and mathematical picture is not yet fully
understood. Significant insight has been gained from the study of discrete integrable models in
the presence of local defects, albeit in some sense they are more complicated than the continuous
models given that analyticity conditions are missing, thus as has been clear in the text the time
evolution equations become non-local and more complicated to deal with. An important issue
to consider is the composition of several single soliton Darboux matrices to provide a kind of
an extended defect. In fact, the composition of a large number (thermodynamic limit N — oo)
of such fundamental Darboux matrices (see e.g. [20]) would be especially interesting to study
given that these can be now expressed as integral representations that satisfy a certain version of
the Gelfand-Levitan—-Marchenko equation. An example of type II defects as a product of type I
defects in the particular context of the sine-Gordon here provides such a case, however this
needs to be further explored at the level of solutions of the associated differential equation and
their asymptotic behavior. At the quantum level composition of multiple Darboux type matrices
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provide the non-local charges of the underlying quantum algebra. The connection of these objects
with the classical analogues is a really interesting question.

Related to the aforementioned questions the key issue one may address is the classical scat-
tering of solitonic excitations. This can be studied by acting on the auxiliary function with
various Bicklund transformations, and then consider the asymptotic behavior of the auxiliary
function. Effectively this can be better interpreted by the derivation of the related Gelfand—
Levitan—Marchenko equation (see e.g. [23]) in the presence of local discontinuities via the
Zakharov—Shabat dressing (see e.g. [20]). Again let us stress that particular emphasis should
be given when considering the infinite product of fundamental Darboux matrices acting on the
defect point. As already mentioned in the text one could also understand how local Darboux
matrices may lead to the quantum analogue of the generating function of the Bécklund transfor-
mation i.e. the Q operator along the lines described in [22]. These are all very interesting as well
as intricate issues, which will be addressed in forthcoming investigations.
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