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Abstract

Integrability of the one-dimensional Hubbard model and of the fac-
torised scattering problem encountered on the worldsheet of AdS strings
can be expressed in terms of a peculiar quantum algebra. In this arti-
cle, we derive the classical limit of these algebraic integrable structures
based on established results for the exceptional simple Lie superalgebra
0(2, 1;¢) along with standard s[(2) which form supersymmetric isome-
tries on 3D AdS space. The two major steps in this construction consist
in the contraction to a 3D Poincaré superalgebra and a certain reduc-
tion to a deformation of the 1(2|2) superalgebra. We apply these steps
to the integrable structure and obtain the desired Lie bialgebras with
suitable classical r-matrices of rational and trigonometric kind. We il-
lustrate our findings in terms of representations for on-shell fields on
AdS and flat space.
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1 Introduction

Integrable systems play an important role in theoretical physics, especially for models of
condensed matter physics as well as of high energy physics. Integrability of such models
is often attributed to the existence of particular extended types of symmetry algebra. In
the case of many integrable quantum models, the relevant algebras are known as quantum
groups and quantum algebras [1,2]. These describe not only the extended symmetries of
a quantum model, but also allow one to formulate the integrable structure purely in the
algebraic language. Quantum algebras thus give us a useful tool to describe, evaluate and
study integrable systems.

Two important, yet elaborate examples of integrable models are given by the one-
dimensional Hubbard model, and by the planar limit of N' = 4 supersymmetric gauge
theory, which is AdS/CFT dual to strings on AdS*! x S°. In fact, these two particular
examples are not unrelated. The algebraic structures underlying integrability in the 1D
Hubbard model and factorised worldsheet scattering in the AdS/CFT models are given
by one and the same algebra. Many features of this quantum algebra have already been
worked out, importantly, that it is based on certain extensions of the Lie superalgebra
u(2]2) and that it is of some exceptional kind. The latter means that established stan-
dard constructions in quantum algebra based on simple or semi-simple Lie algebras and
superalgebras are not sufficient to describe it. Let us elaborate on these achievements and
on open questions.

The quantum R-matrix for the integrable structure of the 1D Hubbard model [3],
see [4], has been proposed by Shastry [5]. It is the result of an elaborate combination of
two six-vertex models at the free fermion point using elliptic functions and it was shown
to satisfy the quantum Yang—Baxter equation. A significant feature of this R-matrix is
that it is not of a so-called difference form, a feature that most of the known solutions to
the Yang—Baxter share. Much later, the R-matrix was reproduced [6] by a construction
of the AdS/CFT worldsheet scattering matrix [7], see [8], which was based on a central
extension of the Lie superalgebra psu(2]2) in combination with dynamics of excitations
on the worldsheet. Quantum algebra structures were established for this system in [9],
and the algebra was extended to an infinite-dimensional Yangian algebra in [10].

Equipped with these algebraic tools, scattering matrices for some higher representa-
tions [11,6,12] have been constructed [13]. Importantly, also the overall phase for the
scattering matrix could be pinned down by consistency considerations of the quantum
algebra together with considerations of the underlying physical system [14]. All of this
calls for the formulation of a universal R-matrix which (in principle) could be evaluated in
arbitrary representations in order to yield the corresponding scattering matrix along with
a suitable overall phase. Yet, our understanding of the quantum algebra is not complete,
nor is the original Drinfel’d presentation well suited towards the construction of a uni-
versal R-matrix. Alternative presentations of the Yangian algebra have been formulated
in [15] with the aim of providing a complete formulation of this quantum algebra from
which all relevant properties of the algebra can be derived using established methods.

Progress towards a complete formulation of the quantum algebra is compromised by
an elevated complexity of the structures for this case. In general, quantum algebras are
highly non-linear objects, but certain functions and structures have been established to
formulate their objects in more convenient terms. Among others, these are so-called g-
deformations of group actions, exponential functions, logarithms, dilogarithms, factorials,
Gamma functions and Pochhammer symbols. Unfortunately, in the present case, it is



not yet known precisely how to compose these to formulate, e.g., the universal R-matrix.
Here, the classical limit comes along very handy, where expressions are reduced to their
leading order terms. Consequently, the quantum algebra reduces to a Lie bialgebra where
most relations are linearised. The classical limit for the R-matrix has been introduced
in [16-18], and a formulation as a Lie bialgebra was completed in [19]. The underlying
algebra turned out to be a novel deformation of the u(2|2) loop superalgebra. A corollary
of this result was the discovery of an additional u(1) derivation to extend the psu(2|2)
symmetry algebra [20].

The article [19] made an auxiliary proposition for the derivation of the deformed u(2[2)
loop superalgebra as a curious reduction of a maximally extended s[(2) x psu(2[2) x R*!
loop superalgebra. The latter is a non-simple Lie superalgebra, yet its bialgebra structures
take a standard form in the rational case.

A further clue in this direction was provided in the article [21], where the above
maximally extended s[(2) x psu(2|2) x R*»! superalgebra was shown to be an algebraic
contraction of the semi-simple algebra 9(2, 1;¢€) x s[(2) involving the exceptional Lie su-
peralgebra 0(2, 1;¢)." This contraction follows along the lines of the contraction of the 3D
AdS algebra s0(2,2) = s5l(2) x 5[(2) to the 3D Poincaré algebra iso(2,1) = s[(2) x R*!.
The latter contraction can be supersymmetrised by the replacement of one (or two) factors
of s[(2) by 9(2,1;¢), and by the introduction of one (or two) factors of the superalgebra
psu(2[2) into the Poincaré algebra s[(2) x R

The combination of the latter two insights opens up a path towards a complete al-
gebraic formulation of the classical integrable structures purely in terms of established
elements of simple loop superalgebras and their Lie bialgebra structures. In the present
article, we carry out the full procedure in order to obtain the complete Lie bialgebra
with its classical r-matrix. In particular, we will explore two concepts, contraction and
reduction, that are essential in avoiding the complications mentioned above. Moreover, we
will resort to the well-established representation theory of s[(2) together with analogous
representations of 9(2, 1;€) to express a relevant class of representations for the resulting
algebra. This will allow us to express the classical r-matrix as the classical limit of a
particle scattering matrix, and it will generally illustrate some of the abstract results in
more applied terms.

In this article we fill some of the missing steps of the above construction in the classical
limit. In Sec. 2 we start with the reduced case of the contraction of the algebra so(2,2)
of isometries of AdS*' to the 3D Poincaré algebra iso(2,1). In particular, we describe
on-shell field representations on AdS*!' and on flat R*>!, and we show how to perform the
contraction between the two. Then we promote the discussion to loop algebras in Sec. 3
and establish the contraction of the r-matrix of rational type. In Sec. 4 we discuss a par-
ticular reduction of the algebras, their r-matrices and representations. We then extend
the receding construction from the rational to the trigonometric case in Sec. 5. Finally,
the supersymmetric extension of the above constructions involving the exceptional super-
algebra 0(2, 1;¢€) is discussed in Sec. 6. Eventually, our construction yields the classical
r-matrix which describes the classical limit of the 1D Hubbard model and of the AdS/CFT
worldsheet S-matrix.

!The idea to involve the exceptional Lie superalgebra 0(2,1;¢) in the limit ¢ — 0 appeared earlier
in [22].



algebra | gencrators indices | sl(2) for | a€{0,£}
50(3) JE 1,2,3  |sl(2) (generlc) Je
50(2,2) | M*# z,y;u,v | s1(2) x sl(2) | M%, M3
is0(2,1) | L™, P*  a,y;t | sl(2) x R2D | Lo, Pe

Table 1: Generators of spacetime symmetries

2 Contraction

Our aim is to understand integrable structures of a physical model with (an extension
as well as a reduction of) Poincaré symmetry on flat Minkowski space R*»!. A difficulty
is that the Lie algebra iso(2,1) = sl(2) x R*! incorporating Poincaré symmetry is non-
simple, whereas structures of integrability are best developed for simple and semi-simple
algebras, see [23]. Moreover, unitary representation of this non-compact algebra are
necessarily infinite-dimensional, which complicates constructions in terms of physically
relevant representations. Our resolution to these problems is to resort to the fact that
the Poincaré algebra is a contraction of the Lie algebra so(2,2) = sl(2) x sl(2) which
incorporates the isometries of anti-de Sitter space AdS*'. The algebra factors sl(2) are
simple, and their representation theory is well-understood and easy to handle. We will
then move, step by step, towards the originally intended situation in the subsequent
sections.

In order to set the stage for some more elaborate constructions in this work, we will
review the algebra contraction,

50(2,2) =sl(2) xsl(2) — is0(2,1) = sl(2) x R*!, (2.1)

first at the level of the algebra, then in terms of geometry and finally at the level of
infinite-dimensional representations. This will also introduce the notation and relate the
abstract mathematical considerations to physical fields on the symmetric space AdS**
and on flat Minkowski space R*!.

2.1 Algebra
We start by introducing the above Lie algebras in terms of their generators, see the

summary in Tab. 1, and by describing the contraction that relates the two.

Spacetime Algebras. Here we present the generators of the relevant spacetime Lie
algebras s0(2,2) and is0(2, 1) along with their Lie brackets and invariant quadratic forms.

The AdS algebra s0(2,2) is spanned by a set of generators which we shall denote by
M*# = —MP with the indices «, 8 € {u, v, z,y}. Their Lie brackets are given by?

M M°] = —inP M + in®M? + in® M — in* M, (2.2)

where 7 denotes a metric tensor of signature (—, —, 4, +) corresponding to the directions
(u,v,x,y). The algebra has two independent invariant quadratic forms

M2 i= —2n4,m5s M @ M, M2 = te 5, M*P @ M°, (2.3)

2Here and below, we follow the physics convention that the generators for the real form of a Lie algebra
are typically assumed to be purely imaginary.



where ¢ denotes totally anti-symmetric tensors (we choose the normalisation €., = +1).

The Lorentz algebra so(2, 1) is spanned by the generators L* = —L"* with the indices
p, v € {t,x,y} and the signature (—, 4+, +). Their Lie brackets take the same form as (2.2)
but with indices pu,v € {t,z,y}

(LA LP7] = P LM + i L7 + i "L — i LY. (2.4)

It has an invariant quadratic form L? := —1n,n,,L* ® L*° which is analogous to M% of
50(2,2).

The Poincaré algebra iso(2, 1) supplements the Lorentz generators L*” with the mo-
mentum generators P*, u € {t,x,y}, which obey the additional algebra relations

[L* PP] = —inp”PP* + in*P”, [P*,P¥] = 0. (2.5)

The Poincaré algebra has two invariant quadratic forms
P? =9, Pr@P",  LP:=-le, (L ®@P+PeLm"). (2.6)
Note that the above invariant quadratic form L? of the Lorentz algebra is not an invariant

for the Poincaré algebra.

s[(2) Forms. All of the above algebras are related to s[(2) in some way. To make the
relations between the various algebras more evident, we will use a common notation. This
will also streamline the contraction procedure.

We will typically denote the generators of an abstract complexified algebra sl(2) by
J* with index a € {0,%}. The generators obey the algebra relations

[J9)J%] = +£J%, [J7,07] = —21° = [J, J°) = ifebJe. (2.7)

The structure constants £, of the latter universal form are defined by the former explicit
relations. Finally, the quadratic invariant form of s[(2) reads

Pr==ltel 4 51 el + 37 0T = (" e 1), (2.8)

with ¢, denoting the coefficients in the basis J*. Concretely, the above two sets of
coefficients are given by

fPre=Fi fFo=%£2i,  co=-1, cxz=3. (2.9)

As an aside, note that the set of generators {J%*} maps almost trivially to the standard
Cartan-Weyl basis {H,E,F} of sl(2) by (J°,iJ",iJ7) = (3H,E,F).® It can also be cast
as an imaginary basis J¥, k = 1,2, 3 for the compact real form so0(3) as*

(J°,1J%) = (I3, It £ 1J?), [J9, 0% = qglhmym )2 = —JF e JP (2.10)

It is well-known that the AdS algebra so(2,2) is isomorphic to sl(2) x s[(2). We use
the following map for the generators M¢, M§ of two copies of the algebra sl(2)

MO = —LNw AN, ME =
M) = +3M™ + IM™, My =

(_Mum + ny) == %<+Muy + Mm),
(+M™ 4 M) F (=M™ £ M™). (211)

1
2
1
2

3For the real form sl(2,R), the generators J°, J* or H,E, F can be taken to be real.
4For the real form so0(3), the generators JO is imaginary and J* obey (J*)* = J¥.

6



Each set of generators M{ and M$ obeys the algebra relations of one copy of sl(2) while
the mixed Lie brackets are zero

[Mllla Mb] fab Mia [Mclla Mg] =0, [Mgv Mg] = ifabcMg' (2'12)

The two quadratic invariant forms are related to the quadratic invariant form (2.8) for
the two copies of s[(2)

M? =2M; +2M3, M2 =2Mj — 2M3. (2.13)

The Lorentz algebra so(2,1) = s[(2,R) can also be cast in the above s[(2) form.
The generators L*” are identified with L and it makes sense to express the Poincaré
generators P/ in the s[(2) basis P* as follows®

L0=L"  L*¥=LWFil"  LlL*+iL" =L", LT —iL =1".
P’ =P’ P+ = P* £ P, Pt 4+ 1P =P,  —iPT—L1P” =PY (2.14)
Altogether, the algebra relations of is0(2,1) = sl(2) x R*! then take the form
[L* LY = if*.Le, [L*, P’ = if*.P", [P, P = 0. (2.15)
The invariant quadratic forms match with their s[(2) counterparts as follows

P? = ¢, (P* ® PY), LP=1c,(L*®P"+P*®L"). (2.16)

Algebra Contraction. The contraction s0(2,2) — is0(2,1) is achieved by taking the
limit € — 0 for the following identification of generators®

L% =M%+ M, P*=emMd (2.17)

Here, we have introduced a supplementary reference mass constant m in order to make
appropriate mass dimensions manifest when the limiting parameter € is assumed to be
dimensionless. For finite e this identification describes a bijective map between M, M$
and L P® which becomes singular at ¢ = (0. The algebraic relations of these generators
at finite € read

(L LA = if Le, [L*, P = if.Pe, [P, P?] = jem fo .PC. (2.18)

In the limit € — 0, the Lie bracket of generators P becomes trivial due to [P, P] = O(e),
and the algebra relations (2.15) of is0(2, 1) are recovered.

2.2 Geometry

Our aim is to construct a representation of the AdS algebra so0(2,2) which reduces to a
field representation of the Poincaré algebra iso(2,1) under the contraction. Therefore it
makes sense to analyse the situation from a geometric point of view.

SFor the real form so0(2,1), the generators L° is imaginary and L* obey (L*)* = —L¥.
6 Alternative choices of combinations for P are conceivable, e.g. P* = %em(M‘f —M$%) or P® = —emM§
or P* = cemMY. These lead to inessential modifications of the algebraic relations.



Figure 1: Mapping between a function on a small neighbourhood of a point on
AdS?*! and a function on the tangent space.

Anti-de Sitter Space. The algebra s0(2,2) acts canonically on the vector space R??
for which we shall use linear coordinates X = (u,v,z,y) with signature (—,—,+,+).
The corresponding canonical action on a scalar field” F'(u, v, x,y) by means of differential
operators D(M) takes the form

0

o
DM*?) = —iX* —— +iX" :
(M™) ==X 5%, V4 ax,

(2.19)

This action is reducible thanks to the invariance of the square form X2 := 1,3 X* X"
under s0(2, 2) which can be used to restrict to submanifolds at constant X?2. Correspond-
ingly, s0(2,2) has an action on the symmetric space AdS*' which can be embedded into
R22 as the submanifold at X? = —1. We shall use the embedding angular coordinates
(7,1, ¢) which are given by the relationship®

u sec(v)) cos(T)
N v| | sec(y)sin(T)
Xt = z | | tan(¢) cos(@) (2.20)
y tan(y) sin(¢)
The metric of AdS?! in these coordinates reads
ds® = sec®(¢) (—=dr* + dy® + sin®(¢) d¢?). (2.21)

The restriction of the above so(2,2) differential action to the submanifold AdS*! is given
by

1 .0 .0
D(MY) = 2 (—ZE _Za_¢)’
DMF) = 5 50+ (:Fsinw) 2 fcos() - F esclt) 3)’

or o
0 0
0 _ S
D(M;) = 5 (+z 57 1 3¢>’

eti(=7+0) <q: sin(v)) % —2cos(v) % + csc(v)) %) (2.22)

=N

D(My) =

N | —

Contraction. The contraction can be thought of as the set of partially infinitesimal
50(2,2) transformations acting on a tangent space of AdS*' as follows (see also Fig. 1 for
an illustration): Without loss of generality, we consider the tangent space at the marked

"We initially restrict to scalar fields for simplicity. Later on, we will generalise our presentation to
spinning fields.

8The non-periodicity of time 7 implies that AdS®' covers the submanifold of R22 infinitely often.
Conversely, the angle coordinate ¢ is 2m-periodic, and the domain of the radial coordinate 1 is 0 < ¢ < %71’.
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point 7 = 1 = 0 with arbitrary angle ¢. We want to blow up a small neighbourhood of
this point, where the curvature of AdS*!' becomes irrelevant, to a finite neighbourhood of
the origin in the tangent space. The tangent space is R*»! and it has coordinates (¢, z,y)
of signature (—, 4+, +). In the neighbourhood of the marked point, we can map a function
F on the tangent space R?! to a function G on the manifold AdS*' according to the map

F(t,z,y) < G(1,9,9), t:iT, x:i¢COS¢, y:iwsinqﬁ, (2.23)
em em em
where the time and radial coordinates 7 and v need to be small in the limit ¢ — 0 while
the angle coordinate ¢ should remain finite. Note that the field G fluctuates rapidly with
the position as far as F' is a smooth function. Suitable transformations of G then map
to transformations of F' under the contraction. Using the appropriate transformation of
partial derivatives,

g 2 9 g 2 0

or  em N emn/22 + 92 0l0)
we find the following contraction limit for the differential operators using the prescriptions
detailed in Sec. 2.1

D(L°) = —i(zd, —y0,),  D(L¥) = F(z £iy)d; F (9, £ i0,),
D(PY) = —id,, D(P*) = i(9, £ i0,). (2.25)

(20 +y0,), = 20y — YOy, (2.24)

The resulting expressions have no divergent terms, and infinitesimal terms are discarded
in the limit. In the following, we demonstrate that these form a representation of the
limiting Poincaré algebra.

Minkowski Space. These differential operators clearly agree with the canonical action
of the Poincaré algebra is0(2, 1) for scalar fields on R?*!

D(L*) = —iah0” + 1x" 0", D(PH) = 0", (2.26)
Here |x) is a position eigenstate on R*»! on which the Poincaré algebra acts as’
L*[z) = —D(L™)[z),  P|z) = —D(PH)[a). (2.27)

Alternatively, fields on R?! can be expressed in momentum space by means of the
Fourier transformation

o= [ epinane, = [ {5 et @29

where |p) is a state of with definite momentum. We will also use the representation in
momentum space,

B B
LA |p) = iph — it = p),  PHp) = pH|p), 92.29
Ip) = ip o, lp) —ip o ) Ip) = p"[p) (2.29)

which is obtained by Fourier transformation of the representation in position space.
Altogether, we have thus shown how to obtain the iso(2,1) momentum space repre-
sentation on R?! as a contraction limit of the s0(2,2) representation acting on AdS>'.

9Note that a consistent representation of some generator J on a position eigenstate |z) requires the
somewhat unintuitive identification J|z) = —D(J)|z) with the negative differential operator D(J). For
a functional eigenstate |F) = [dz F(x)|z) this leads to the desired positive sign upon acting on F by
integration by parts, namely J|F) = |D(J)F). For this reason we shall explicitly distinguish between a
generator J and its associated differential operator D(J).



2.3 Irreducible Representations

The above field representations are off-shell, i.e. the fields are unconstrained by differen-
tial equations. Such representations are reducible, and it makes sense to identify their
irreducible components and subsequently describe their contraction limit.

Minkowski Space. Reducibility becomes most apparent for the above Poincaré repre-
sentation in momentum space: The orbit of the momentum |p*) under Lorentz transfor-
mations is a shell of common mass rather than all of R*»!. The mass m and spin s are
identified as eigenvalues of the two quadratic invariants (2.6) of iso(2,1)

P? ~ p? = —m?, L-P ~ —sm. (2.30)
For the above momentum space representation, one finds that L-P ~ 0 which is in line
with the fact that it describes a scalar field with s = 0.

The reduction of the above representation for a scalar field to a mass shell can be
performed by setting

B = /dee<e) 5(— + 7 + mP)|e, ) =
with the relativistic energy relation

em(P) = /D% +m?. (2.32)

This identification fixes the energy component p' to e,,(p) and effectively makes all deriva-
tives 0/0p" drop out.!'! Altogether the irreducible representation on an on-shell field of
mass m and spin s reads

LE1D) s =

1 y
27 lem (D), D) (2.31)

.0 0 06
Zp:ca_ Zpya +S+px% py ap |ﬁ>m37
Y Yy

ty e o SPx
L1710 = (i) o + e+ 0l o )

0 sp
Ltw I - Y
|ﬁ>m,8 (Zem(m (9]% em(@ +m

Pt |ﬁ>m7s = 6771(]5) |ﬁ>m7s7
Px’ﬁ)m,s = pz|ﬁ>m,s’
pY ’@m,s = pylp}m,s' (233)

Here, we have generalised the above representation by a non-trivial spin s.'? Furthermore,
the arbitrary function @ = @(p) incorporates the on-shell gauge freedom

9) — exp(i0(p)) D). (2.34)

In position space, the mass shell and spin conditions turn into differential equations for
the field. One can formally solve these equations by means of a Fourier transformation
which maps the representation to its momentum space counterpart.

Mmﬁﬁmm,

10Non-scalar fields require additional spin components for each momentum eigenstate on which some
extra contributions to L act. For the sake of simplicity we do not discuss this more complicated case.
Instead we shall merely introduce a non-zero spin for irreps further below.

HMore accurately, it leads to a derivative of the delta-function enforcing the mass shell condition. It
cancels in all combinations of derivatives that leave the mass shell condition invariant.

12The stabiliser of a massive momentum vector is s0(2) whose irreducible representations are one-
dimensional and labelled by a spin s € Z (or s € %Z for fields with bosonic and fermionic statistics).
Consequently, there are no additional spin degrees of freedom in this case.
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Anti-de Sitter Space. We would now like to formulate an irreducible representation
of 50(2,2) on AdS*! that limits to the above iso0(2,1) representation upon contraction.
Unfortunately, the Fourier transformation does not apply to a curved manifold such as
AdS*!. Hence it is not evident how to construct a momentum space representation,
but we can still impose a suitable differential equation. The solutions of the differential
equation then serve as the basis states for an irreducible representation of s0(2,2). This
representation will be infinite-dimensional.
The Laplacian for the AdS*' manifold reads
92 2 2

A = —cos?(¢)) 52 + cos?(v) R + cot(1)) % + cot?(v) e

The eigenvalue equation A7 = AT can be understood as an equation of motion for the

free scalar field " where A = p? — 1 describes its AdS mass p.'* The eigenfunctions for
eigenvalue A\ = p? — 1 are given by the following hypergeometric functions'*

V(7,1 @) ~ €710 sin () cos' (1)
oFI (314 k—w+p), 11+ k4w p), 1+ p;cos*(¥)). (2.36)

(2.35)

The particular exponential dependencies of the eigenfunction 7" on 7 and ¢ identify w and
k as the energy and angular momentum, respectively.
Let us understand how the eigenfunctions transform under the isometries s0(2,2). We

find
DMM)Y o = 5(5 + W) o,

)
D(M?)Tu,w,m = i%(/{ +w + 2 + 1)Tu,w:|:1,rc:|:1a
DM o = 2(k — ) Voo

sWy 2

DM3)Y o = Fa(k —wE p£ 1) wrt i (2.37)

Here it makes sense to consider the action of invariant elements. The two quadratic
invariants for s0(2,2) act as eigenvalues

—D(M?) = A~p?—1, D(M?) ~ 0. (2.38)
Moreover, we can compute the invariant group elements
exp (2miD(M™)) ~ *™", exp (2miD(M")) ~ e*™, (2.39)

which generate shifts of ¢ and 7 by 2, respectively. On AdS*' a shift ¢ — ¢ + 27 must

be trivial, hence k € Z, while the time 7 is non-periodic, and consequently w € R.
Finally, the eigenfunctions may or may not be normalisable where the canonical square

norm is given by

2 2

| V|| = / do dp tan(v) |7,k (7,0, 9)| " (2.40)

Normalisability is relevant for unitarity of the representation which is a useful classification

criterion in (quantum) physics. Let us therefore discuss it: A finite norm requires that

the asymptotic behaviour at v» — 0 and at ¥ — %71’ must be benign, i.e.

. —|x . _
lim Y 0,0) <00, im T(r, 6) = 0. (241)

13The dimensionless AdS mass p is measured in units of the inverse AdS radius.
Note that the two functions Y0, With opposite sign of 11 serve as a basis for the two-dimensional
space of solutions of the second order differential equation with otherwise equal dependency on 7 and ¢.
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The function 7}, . is a linear combination of two basis functions with the leading be-
haviours ~ ¢ at ¢ — 0. Clearly, one of these two is divergent and therefore undesirable.
Within 7}, , . it must have a vanishing coefficient which happens to be achieved under the
conditions kK = ny —ng and |w| = 14+ p+ ng + ny with ny,ny € Za’ non-negative integers.
At — %71‘ one finds the asymptotic behaviour 7}, . ~ (%7? — 1)) which implies a lower
bound on p. Altogether, an eigenfunction 7, . is normalisable provided that

Nlol = 6l —=1—p) €28, p>-1 (2.42)

Principal Series Representations. The above representations (2.37) of M; and M,
on the scalar eigenfunctions can be identified as infinite-dimensional principal series rep-
resentations of the two copies of s[(2) in s0(2,2) = s[(2) x sl(2). A principal series
representation of J € s[(2) on the tower of states |k), k € Z, takes the form

k), = (E+x)lk),
IR, = Ok +x +y+)E+1)
Tk, =02 (k+x —y—YIE—1), .. (2.43)

The parameter v describes the eigenvalue of the quadratic invariants (2.8) whereas the
non-integer part of the parameter y describes the eigenvalue of the invariant group element
exp(2miJ?)

JP el 2 exp(27iJ0) ~ e*™X, (2.44)

Furthermore, the parameters 6, incorporate a gauge transformation |k) — exp(16y)|k)
acting on the states |k) as the map 6, — exp(10y — 10)_1)0; which can be used to fix the
0, to arbitrary values. The states and parameters of the principal series representations
are matched with the scalar representation (2.37) by the identifications k = ki + ks + Ko
and w = k1 — k2 +wp as well as v = %u and 12 = %(mo + wp). Note that this agrees
with the relationship (2.13) between the quadratic invariants of s0(2,2) and sl(2) x s[(2).

We want to generalise the above considerations to unitary irreps of s0(2,2) with pos-
itive energy w and non-zero spin s: This constrains the parameters 7, y of the s[(2) prin-
cipal series representations somewhat: the representation of M; needs be of lowest-weight

type with
k+1
>0, = Y1 — 3, O =1 , 2.45
X1 Y= X135 1;k k+ 2x, ( )

while the representation of My needs to be of highest-weight type with

—k—2y,—1
x2 <0, T2 = —X2 3 Oz, = \/—_22 : (2.46)
A non-zero spin s is achieved by choosing distinct values for y; and —y, *°
M2 =5(pEs), X12 = 3(s + (n+1)). (2.47)

Unitarity then implies the bound p > —1 + |s|.

15Tn the above discussion, this would correspond to certain tensor and/or spinor fields which are
eigenfunctions of both 2M% and 2M3.
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Altogether the representation for a field on AdS*! with spin s is given by

MY |1, k?2>%5 = (k1 + %,u + lS + l)|]€1, k2>u75a

M k1, ko), = V(B + 1)(ky + 4 s+ 1) [k + 1, k2,

My |k ko), = VEa(kr + 4 8) [k — 1 k),

Mok, ka), o = —(ka + Spu — 55+ §) k1, ka)

My k1, ko), o = =/ kalke + = 8) [ka ke = 1), o,

Mj |k, ko), o = =/ (k2 + 1) (ke + p— s + 1) [ky, ko + 1), (2.48)

Here, the labels ks for states of the representation of My have been flipped to make both
numbers k; and ks non-negative integers. The eigenvalues of the quadratic invariant forms
and the full spatial rotation are given by

M, =41 — p® F 2sp — 5%, exp(2miM™) ~ exp(2mis). (2.49)
The quadratic form eigenvalues identify u and s as mass and spin, respectively
M? ~1—p?— s M2 ~ —2sp. (2.50)

The above representation for normalisable fields on AdS*' will serve as a principal
starting point for many investigations of this article.

2.4 Irrep Contraction

Next we would like to derive a Poincaré representation from a unitary irrep of the AdS
algebra. We have already constructed irreps for both algebras in (2.48) and (2.33), and
they describe fields with certain properties such as an AdS or Minkowski mass p or m
and an intrinsic spin s. It is therefore conceivable that the AdS representation contracts
to the Poincaré representation. However, there is also a major difference between the
states of the representation: the AdS states are labelled by discrete numbers whereas the
Minkowski states are described by continuous momenta. The contraction limit can indeed
induce such a transmutation, but this is a singular process which requires some care. Let
us therefore describe the limiting relationship of the representation in detail.

Parameters. The contraction limit is performed via an identification of generators
(L,P) = (M; + My, meM;) <= (M,M,) = (¢ 'm P, 'm 'P+L). (2.51)

We need to find a family of representations for My, My so that the limiting representation

for L, P is finite. As the two representations superficially look rather unrelated, a useful

first step is to consider the eigenvalues of the algebra invariants. These expressions are

independent of the states, so the contraction limit will directly fix their relationship.
Altogether, we have the eigenvalue relations

(P%L-P) ~ (—m?, —sm), (M3, M?) >~ (1 — p® — s*, —2sp). (2.52)

The spin s is a discrete quantity and it has to be identified directly between the two
representations. For the masses m and p, we use the relationship of invariants

4 4
M = 27,2 P? +O(e™), M2 = —L-P+O() (2.53)

€e“m €Em
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Figure 2: Discrete states |ki,ka2) of AdS irrep vs. continuous states |p, ¢) of

Poincaré irrep. Note that the lattice of permissible k is alternating between inte-
gers and half-integers for consecutive energy levels.

from which one obtains 5
h="" 4 O(). (2.54)

em
We thus identify the parameters v; o of the sl(2) representations by

m s m
"=—=+=, Yo = — —
em 2 em

(2.55)

NNV

States. We can now approach the contraction limit for the representation. The discrete
states of the AdS representation have to turn into continuous momentum states of the
Poincaré representation by some continuum limit involving states with large indices k1, ks.
For how to identify the indices precisely, we can take inspiration from their roles in the
AdS representation. We know that w = 1 + pu + k1 + ko represents the energy on AdS
space and in the contraction limit it must diverge. Conversely, k = k; — ko is an angular
momentum which should remain finite in the limit. These two considerations are taken
into account by the following prescription for a suitable state in the contraction limit

. em(p) —m
P, ¢>m,s = Z eil(krmd)’kl, k2>2m/m/e,s7 k12 = L + k. (2.56)
k

Some remarks are in order: The indices kj o are not necessarily integers for any given
parameters p, m, €, but for sufficiently small € one can always find a nearby momentum
p’ such that k; 2 become integers while approximating the desired state well. The bounds
for the sum over k are determined by non-negativity of k; and ks, and for small € these
diverge to +00. Finally, note that the prescription assumes k; —ky = 2k, and for k; and ko
to be arbitrary non-negative integers, we allow k to be either an integer or a half-integer.
However, the sum over k assumes a step size of 1, so it is defined to be either over the
integers or over the half-integers, depending on where one starts. The situation is perhaps
best illustrated by a figure, see Fig. 2.

Momentum Generators. Carrying out the contraction is most straight-forward for
the energy generators P°

POlp,¢) = em Y e TR0 M|y k)
k

_ Ze—i’(kl—k2)¢ em(kl + %,u + %S + %)|k1a k2>
k
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= e hi—k2)o (o + Lem(2k + s+ 1)) |k, k
Z m(p 2 1, 2
k

= em(p)p, ¢) + Ofe). (2.57)

The result is the same state multiplied by the energy e,,(p). For the momentum generators
P*, some more work is needed, e.g.

Plp, ¢) = Zeﬂo(klfb)d’ emy/ (k1 + 1) (ky + g+ s+ 1) [k + 1, ko)
k

=p Y e FTR9k 41 ko) + Oe). (2.58)
k

Next we have to express the sum as a limiting state. For that we shift the summation
index by !/, to bring the sum closer to the original form. The resulting overall shift of
k1o by /5 corresponds to a shift of energy by an elementary level and thus to a shift of
momentum

+0O(€?).  (2.59)

ki@ = k}LQ + %7 Gm(p/) = 6m(p) + %Em, p, =D —I— %Em

According to Fig. 2 the shift of energy fits nicely to the alternating lattices for the index
k. We thus find

Ze’i(kl’l”)d’]kl +1,ko) = Z e ihi—k=l)o| L %, ko + %> = ew‘p + %eﬁ@em(p)/p, ¢>.
k k—1/2

(2.60)
The shift of k; leads to a shift of energy and a phase ¢’®. Similar identities hold for shifts
of k19 by £1. This concludes the evaluation of the contraction limit for the momentum
generator

Pt|p,¢) = pe™™|p+ Lemen(p)/p, ¢) + O(e) = e plp, ¢) + O(e). (2.61)

In the limit, we end up with the same state we started with, therefore P* also acts by
multiplication with the momentum ep. The limit for the other momentum generator P~
is analogous and yields the eigenvalue e ~p.

Lorentz Generators. We can now turn to the Lorentz generators L. The rotation
generator LY is easiest to handle, we find

Lolp,¢) = Y e 17RO (MO 4 M) |y, k) = Y e 170 (g — iy + 5) [y, ko)
k

k
= Z(z a% + 5> emikhk)P b ko) = (z 8% + s) D, B). (2.62)
k

Here the appearance of a factor of k; o in the Fourier sum translates to a derivative term
in the conjugate variable as usual. Finally, we compute the contraction limit for the
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remaining Lorentz generator LT where recycle most of the previously used relations

L¥|p,¢) = Ze_i(kl_b)(b\/(k’l T (ki +p+s+1) |k + 1 k)
K

_ Ze—i(kl—kzw\/]@(]@ +p—s) |k, ke — 1)

k
— —i(k1—k2)o i ka1l em<p) 1 Sp O I 1k

_ —i(k1—k2)é ﬁ_kem(p) 1 °P O ki, ko — 1
zk:e (Em p2enlp)rm Ok

_ it % (Ip + Semen(p)/p,d) — |p — Semen(p)/p, 6))

i oem(p)ﬁ Sp )
e <Z p 8¢+em(p)+m P ¢) +O(e)

— ' <em(p) a% +i e’";p) a% + %) P, @) + Oe). (2.63)

In the final step, we have encountered the additional phenomenon that a small shift of
energy levels times a divergent factor of 1/e gives rise to a derivative with respect to
momentum.

Comparison. In summary, we have obtained the contraction limit of the irrep

)
LD, @) s = (l =+ S) D, ) s

o

; 0 m 0
L:|:|p7 ¢>m78 — oTi¢ (:l:em(p> a_p +1 € ]Ep) a_¢ + %) ]p, ¢>m78,
POIp, @), s = €m(D)Ds ) s

PEp, @) s = €7D0, 0),, - (2.64)

One can convince oneself that these satisfy the relations of the Poincaré algebra. In fact,
the representation matches precisely with the Poincaré irrep (2.33) with trivial gauge
function O(p) = 0 provided we express the two-dimensional momenta (p,,p,) in polar
momentum coordinates (p, ¢) as

[, 8),, = [PCOS(0), psin(9)), . (2.65)

3 Loop Algebras and r-Matrices

The integrable structure of many classical physics models in 1 + 1 dimensions are related
to loop algebras based on some finite-dimensional Lie algebra with a classical r-matrix of
rational or trigonometric kind. The framework for models with underlying Lie algebras
of simple or semi-simple kind is developed very well. The situation is not as fortunate
for non-simple algebras. Here we use the contraction limit of the AdS algebra so(2,2)

to derive an algebraic integrability framework based on the non-simple Poincaré algebra
is0(2,1).
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We start by reviewing some relevant elements of quasi-triangular loop algebras of
rational type for simple Lie algebras g. We then apply the contraction of Sec. 2 to derive
the algebraic integrability structures for the Poincaré loop algebra. We also introduce the
notion of integrable twists that will be needed later on.

The results concerning quasi-triangular loop algebras based on non-simple Lie algebras
(with invertible quadratic forms) will turn out to be straight-forward and unsurprising
generalisations of the case of simple Lie algebras. Nevertheless we will also use this
section as an opportunity to introduce the relevant algebraic framework and to derive
their application to the quasi-triangular Poincaré loop algebra.

3.1 Simple Rational Case

In the following, we review rational r-matrices and loop algebras for simple Lie algebras
g.

Classical r-Matrix. A Lie algebra g can be supplemented by a classical r-matrix r in
order to turn it into a so-called quasi-triangular Lie bi-algebra. Such an algebra provides
relevant structures for integrability and it is a suitable starting point for quantisation [2].

A classical r-matrix is an element r € g ® g with two key properties. First, the
symmetrisation r + P(r) must be a quadratic invariant element of g, that is for any
elements X € g

!

[r + P(r),X} = [7’12 + 791, Xy + Xg} =0. (3.1)
Second, r must satisfy the classical Yang—Baxter equation
[[r, 7] := [ri2, 18] + [F12, 23] + [F13, 73] = 0. (3.2)
These two properties ensure that the Lie cobracket § : g — g A g, defined by
6(X) = —[r, X] == —[r12, X1 + Xo, (3.3)

extends the Lie algebra to a proper Lie bi-algebra.

Parametric r-Matrices and Loop Algebras. A classical r-matrix may also depend
on a pair of so-called spectral parameters u;,us € C. The two spectral parameters are
associated to the two tensor sites of the r-matrix r : C x C — g ® g such that in its
relations the latter typically extends according to the rule

12 = (U1, u2)12. (3.4)
In the parametric case, r(uy, uz) is usually anti-symmetric as follows
P(T’(Uz, ul)) = —T(Ul, UQ) <~ T(ul, u2)12 = —7’<U2, U1>21, (35)

so that its symmetric part is zero and thus trivially invariant. The classical Yang-Baxter
equation also extends canonically to

[T(Ul,U2)127T(U1,U3)13} + [T(U1,U2)12,7’(U2,U3)23] + [T(U17U3)13,T(U27U3)23} =0. (3.6)
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The dependency on spectral parameters u; can be encoded at the algebraic level by
lifting a given Lie algebra g to the infinite-dimensional loop extension g[u,u™!] of g. This
is achieved by adjoining g with Laurent polynomials in a formal parameter u:

glu,u™'] == Clu,u™ | ® g. (3.7)

For a Lie algebra spanned by the generators J* € g with a = 1,...,dim g, the correspond-
ing loop algebra is spanned by v" ® J* =: J% with n € Z. The Lie brackets are defined
as

[Je 08 ] = if.J¢ (3.8)

n»vm n+m:-

For any representation p of the original algebra g there is a corresponding one-parameter
family of evaluation representations of the loop algebra p,, u € C, defined by:

pulI2) = u"p(J%). (3.9)

With these relations and identifications (as well as an implicit reference to the evaluation
representation) the parametric r-matrix r(uy, us) € g ® g becomes a plain r-matrix in the
loop algebra r € glu,u ] ® glu,u!]. The cobracket in a quasi-triangular loop algebra
thus becomes

6(J2) = —[r, 2] = = [r(ur, ug)12, uff ® I + uff @ Jg). (3.10)

Rational r-Matrices. Many of the known parametric r-matrices obey the difference
form 7(uy,us) = r(u; — ug). Such r-matrices for simple Lie algebras are classified by
their poles which form regular lattices in the complex plane of dimension 0, 1 or 2 [24].
These classes are respectively called rational, trigonometric and elliptic. In this article we
discuss rational and trigonometric r-matrices for which standard expressions exist and are
well-known. In this and the following section we will deal only with rational r-matrices,
the generalisation to the trigonometric case is described in Sec. 5.

For a Lie algebra g with a quadratic invariant J? = ¢,,J*®J°, in particular for g = sl(2),
the standard parametric r-matrix of rational types takes the form

—vJ?

Ul_u2.

r(uy, ug) = (3.11)
This r-matrix is anti-symmetric and it satisfies the classical Yang-Baxter equation.

We can recast this r-matrix to the loop algebra form by identifying the spectral pa-
rameters u; and uy with the loop parameters of two copies of the loop algebra glu,u™'].
We may expand the r-matrix around the point u;/us = 0 using a geometric series and
obtain

(0.9}
r= l/cabZJZ@Jb_k_l. (3.12)
k=0
This r-matrix satisfies the classical Yang—Baxter equation, but notably it is not anti-

symmetric in contradistinction to the corresponding parametric r-matrix r(uy, uz).'® The
cobrackets based on the rational r-matrix read

n—1
0(35) = v fw Y IR ATL (3.13)

k=0

16 An alternative but equivalent form for r is based on the expansion about the point us/u; = 0. Here
we fix the choice on one of the two alternative forms.
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with the dual structure constants defined by f¢. = o f%.
For g = sl(2) we have concretely the rational r-matrix

ra =v Y (@1 + 3 @I + 3 @ T ) (3.14)
k=0

and the resulting cobrackets

n—1 n—1
S0 = WS I AT SN =w Y RATE . (315)
k=0 k=0

3.2 Contraction

Now we apply the contraction to the s0(2,2) loop algebra with rational r-matrix, and we
investigate several relevant aspects of it.

Limit. As discussed above, the AdS algebra s0(2,2) has two quadratic invariants M?
and M3. Therefore, there is a family of rational r-matrices for this algebra

2 2
T's0(2,2) (U1,1,U2,1; U1,2, U2,2) = - - ) (3~16)
U1 — U2 U2;1 — U2

with two constants v, and two pairs of spectral parameters u,; which can all be chosen
independently.'”

Now let us see how the contraction limit of the s0(2,2) r-matrix leads to an r-matrix
for is0(2,1). We change variables from M, 5 to L, P according to (2.17) to obtain

R + —vom 2 ?P2 + 2uom e IL-P — 1,12

U1 — U2 U2;1 — U2;2

(3.17)

Ts0(2,2) = —
We observe that this expression is divergent in the contraction limit ¢ — 0. In order for
it to have a finite limit, we need to transform the coefficients v o and spectral parameters
uy 2.; accordingly such that vy + vy = O(€?) and vy = O(e) as well as uyj — ug; = O(e).
This is easily achieved by the combinations

Vo = tvem + 1/em’ + O(€%), U5 = u; + temov; + O(€?). (3.18)

Then we find in the contraction limit e — 0
2vL-P V' P? v(vy — vg)P?

Tso(2,2) = Tiso(2,1) (U1, V1; Uz, V2) = — o m—m (m—m)e (3.19)

The resulting expression up to the last term is of the generic rational form (3.11) for an
algebra with two independent quadratic invariants L-P and P2. Indeed, the construction
of the rational r-matrix merely relies on a quadratic invariant form, whose existence is
guaranteed for semi-simple Lie algebras, but it may also exist in suitable non-simple Lie
algebras.

Merely the last term proportional to the difference of the second spectral parameters
v; is unusual. In fact, it is curious that the r-matrix admits a second spectral parameter

17Since the overall pre-factor of an r-matrix is usually of minor importance, the r-matrix for this
semi-simple algebra still depends on the ratio of v; and v5 as one essential constant.
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v;: This spectral parameter appears in a very regular way thanks to its origin in the
semi-simple loop algebra. For instance, the dependency on it can be reproduced easily by
a suitable evaluation representation of the loop algebra with two spectral parameters

Pun(LE) = u"p(L*) + nou™ ' p(P*), Pun(PE) = u"p(P?). (3.20)
The parametric r-matrix then follows as the evaluation representation of the loop algebra
r-matrix
Tiﬁﬂ(2,1) - (VcabLZ ® Pb_k_l + I/Cang ® Lb_k_l + l//cabPZ ® Pb_k_l). (321)
k=0

This expression agrees with the canonical form for rational r-matrices with two indepen-
dent quadratic invariants L-P and P2. In fact, for many purposes, it would do to drop the
second spectral parameter by setting it to zero, v; = 0. However, for reasons of generality,
we shall keep it explicitly.

Twists. Later on, we will need to apply a twist to the coalgebra structure. Let us
introduce the twist deformation already here. A twist of some original r-matrix r is
obtained by adding some anti-symmetric combination of generators [25]

F=r+EXAY (3.22)

while ensuring that the classical Yang-Baxter equation remains valid. Towards under-
standing the latter, we express the relevant combination of the classical Yang—Baxter
equation in terms of the original cobracket 9 as

(17, 7)) = [[r,7]] — €6(X) AY + €5(Y) AX + (X AY) A X, Y] £ 0. (3.23)

In particular, if §(X) AY, 6(Y) A X and [X, Y] are all linear combinations of X and Y, the
twist applies to arbitrary continuous values of the deformation parameter £. The twist
then correspondingly deforms the cobracket as follows

5(2) = 5(2) — XA Y. Z) + €Y A[X, 2. (3.24)
For example, we will later need to twist the rational s0(2,2) r-matrix as follows:
Fso(2,2) = Tso(2,2) + E(M] + M) A M. (3.25)

Defining the pair of level-0 generators X := M{ + M9 and Y := MJ we see that the twist
is applicable for arbitrary & because

S(X)=48(Y)=0, [X,Y]=Y. (3.26)

In the contraction limit with the scaling of parameter { = em&’, the twist yields the
following r-matrix
Tiso(2,1) = Tiso(2,1) T flLO AP (3.27)

This is in fact also a proper twist of 7i5(2,1) because the generators X := L% and Y := Pt
obey the relations as described above.
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Momentum Representation. Now, we can evaluate the twisted rational r-matrix
(3.27) on the momentum representations which are the unitary irreps of the Poincaré
algebra. Upon subsequent reduction to be discussed in the following Sec. 4, this repre-
sentation of the r-matrix forms the diagonal part of the tree level AdS/CFT S-matrix, as
we will see in Sec. 6.

The r-matrix acts on the tensor product of two states of the momentum representation
(2.65):

|p17 ¢1>m1,sl ® |p27 ¢2>m2752 (328)
as the differential operator
- . g . a . a . 0
Fiso(2,1) (U1, V1; U2, V) =~ 1 A1o 9. 1Az B + 1B R 189y El + Ci12 — Ca1,  (3.29)
¢2 o1 P2 P1
with the coefficient functions
v ! R
Ap = em —— e, cos(p; — — £ e py,
12 W — s ( L (p1) D2 ,(p2) cos(y ¢2)) § b1
v .
By = o a, Pem (p2) sin(¢p1 — ¢2),
v P1P2 / i
Cho = . S o — — 1
o sl = P sl - )~ ey
[ O () — pipscos(y - 80)). (330)
WL — s (1 — up)? m1\P1) €my\P2) — P1D2 1 2))- :

By construction, the above r-matrix differential operator acting on two-particle states
obeys the classical Yang-Baxter equation. We shall return to these expressions after
having introduced a reduction procedure for the algebra and for the states.

4 Reduction

In this section we discuss a particular reduction of the (3 4+ 3)-dimensional Poincaré
bi-algebra s[(2) x R*>! to a (1 + 1)-dimensional bi-algebra u(1) x R. This reduction
was introduced in [19] as a possibility to embed the classical algebra of the AdS/CFT
worldsheet matrix in a larger but more conventional algebra. It was motivated by the
observation that particle momenta take values in a three-dimensional linear space [7,
26|, but are further non-linearly constrained to one degree of freedom. At the algebraic
level, the reduction consists in restricting to a one-dimensional subalgebra of the Lorentz
algebra sl[(2) and dividing out a newly established two-dimensional ideal of the algebra
of momentum generators R>!. The two remaining generators represent the length of a
momentum vector in three-dimensional space as well as a Lorentz rotation about this
vector. The most interesting aspect of the reduction is that it incorporates a dependency
on the spectral parameter u of the loop extension of the Poincaré algebra. In other
words, the reduction is not homogeneous in the level of the loop algebra because it relates
generators of different loop levels. On the one hand, the resulting reduced algebra is
abelian and thus hardly exciting. On the other hand, the reduction mechanism leaves the
coalgebra and r-matrix structures intact,'® and we end up with a non-standard form for

8The reduction mechanism is the same at the level of the coalgebra, but the roles of taking a subalgebra
and dividing out an ideal are exchanged.
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the r-matrix. This makes the overall construction extendable by psu(2|2) supersymmetry
without further ado, and has important applications within the AdS/CFT correspondence.
Also in practical terms it makes the reduction conveniently applicable to representations,
in particular to representations of the r-matrix.

Subalgebra and Ideal. In [19] the classical limit of the relevant representation for the
AdS/CFT worldsheet matrix was discussed. This representation involves a R*! momen-
tum vector which was shown to be aligned along a common direction depending on the
spectral parameter u. This direction can be described by the two relations

+ia
LB
u

p (4.1)
Next to the spectral parameter u it also depends on two constants «, 3. These can be
chosen arbitrarily; keeping them merely serves a more universal treatment. Furthermore,
we can simply view the parameter u, for the time being, as just another adjustable
parameter of the Poincaré representation, as opposed to the spectral parameter for its
loop algebra which it ultimately becomes.

The above assignment of momentum components is clearly not invariant under the full
Lorentz algebra sl(2), but there is a one-dimensional u(1) subalgebra which rotates about
the direction of the above momentum. This subalgebra is generated by the combination

L =g 'ul? — le7oL*t — Lol (4.2)

As a one-dimensional subalgebra, the residual Lie bracket can only be trivial. The algebra
with the momentum generators is given by

[L, PO] _ %(e—iaP—i- _ e—i—iaP—) — %(e—ial—i- _ eHO‘I_),

[L, P¥] = £ 37 'uP* F e™P0 = £ 57 1uI*. (4.3)

Among the three resulting linear combinations of the momentum generators, there are
only two linearly independent directions

I+ .= P* — eF gy~ 1PO. (4.4)

Consequently, these two span an ideal of u(1) x R*»!. Removing the ideal by the identifi-
cations® Q
P = g~ 1uP, P* = etep, (4.5)

where P is a single remaining momentum generator, we reduce the algebra to u(1) x R
with the abelian relation
L, P] =0. (4.6)

YHere we choose to identify P with P* such that the eigenvalue of P in a momentum representation
is the magnitude of spatial momentum p. Alternatively, one might choose to identify P° = H with a
different generator H that measures the energy p° = e(p). The identification between these two generators
is BH = uP.
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r-Matrix. We can now address the reduction of the algebra to the coalgebra structures.
Ordinarily, reducing an algebra to a subalgebra or removing an ideal is not compatible
with the coalgebra structure because the latter typically leads out of the subalgebra or
does not respect the trivialisation of the ideal. Here, the combination of subalgebra and
removal of ideal also ensures a proper coalgebra structure. First, removal of the ideal by
the two relations
P* = =y P? (4.7)
can be understood as two linear relations on the dual generators which reduce it to a
one-dimensional subcoalgebra. Second, reduction to the subalgebra spanned by
L=p""ul’ — le7L* — Jet L~ (4.8)
specifies a two-dimensional coideal of dual generators which are annihilated by L.
The compatibility of these reductions is more clearly seen in the r-matrix. We first
apply it to the twisted r-matrix Fiso2,1) in (3.29) and find
v v
L®P+

Uy — U2 Uy — U2
/

2
v v(vy — v UpUg —
+{_2_ 2(1 2)}12 BP@P
p B2(ur —uz) | ur — uy

+ (- Yig efa) L AP, (4.9)

g

We note that almost all occurrences of the individual generators L* have been combined to
the generator L. Merely in the last term, there is a residual dependence on the generator
L% which does not belong to the u(1) subalgebra. This term can be removed by fixing the
twist parameter to?

7:150(2,1)(151; Ug) — P®L

v .
&=—e 4.10
5 (4.10)
The twisted r-matrix thus reduces to
v v v v(vy —vg) | uyug — 2
= L®P PoL — — PP, (4.11
Tu()xR Uy — U o Uy — U bt B2 PAup —ug) | up — ug ®P, (411)

which now belongs completely to the reduced loop algebra (u(1) x R)[u,u™!]. Since the
algebra is abelian, the classical Yang—Baxter equation is trivially satisfied for any r-matrix.

Even though the classical Yang-Baxter equation is trivial in this case, it is worth
pointing out that it also holds by virtue of the reduction procedure alone. We will work out
this fact in Sec. 6 in order to conveniently demonstrate the applicability of the reduction
procedure to an extension by psi(2|2) supersymmetry.

In conclusion, we have constructed a consistent reduction of the Poincaré bi-algebra
s[(2) x R*! to a quasi-triangular Lie bi-algebra u(1) x R. In this construction, the role of
the coalgebra twist remains somewhat unclear. Here we constructed it by the requirement
that the r-matrix reduces consistently. However, it would be interesting to understand
whether there is some (abstract) connection between the twist and the choice of the
subalgebra or ideal. Why is the twist necessary in the first place? Could one also start
with a (suitable) twist, and construct the corresponding reduction?

20The reduction presented in [19] used a slightly different twist of the original algebra which respects
the classical Yang—Baxter equation only upon reduction. Our twist resolves this issue by adding terms
involving the ideal so that the result is equivalent upon reduction.
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Loop Algebra Form. It makes sense to cast the reduction and the resulting relations
in terms of the loop algebra, which we will occasionally need later on. This reformu-
lation makes explicit the non-standard nature of the resulting bi-algebra which is non-
homogeneous in the loop levels. Even more importantly, working in terms of the loop
algebra makes the statements slightly more robust.?!

The subalgebra u(1)[u, u™!] of 5(2)[u,u"] is spanned by the generators

L, :=pB7"LY,, — te7L} — letioL, . (4.12)

Similarly, the removal of the ideal is achieved by the relations

P’ = 57'P, 4, P = otiep, . (4.13)

n

Evidently, the resulting loop algebra is abelian, [L,, P,,] = 0. Finally, the reduced twisted
r-matrix in loop algebra form reads

~ V' a
Tiso(2,1) = Tiso(2,1) + B e "Ly AP — Tu(1)xRs

Tu(1)xR =V Z[_Ln QP _,1-P,® L—n—l]
n=0

+ V'Y [=BPu1 ® Py + P @ P_y]. (4.14)
n=0

Momentum Representation. Let us finally apply the reduction to representations.
In the momentum representation (2.64), the momentum generators are represented on a
state |u, p, @), , by the eigenvalues

P? ~ u"e,,(p), P ~ et ?p, (4.15)

In order to trivialise the ideal, we need to impose the following relations on the eigenvalues
eHp = By e, (p). (4.16)
These are solved as functions of u by

b= q, p(u) = _fm e(u) = L — (4.17)

N ez

We thus define the reduced state as

|u,v)m7s = |u,v,p(u),q),, . (4.18)

)

The remaining generators act on this state as eigenvalues

L?’L|u7 /U>m75 = un ﬂ |u7 U)m’s + Uun_l ((n + 1)”2/8_2 - n)p<u)|u’ /U>

p(u)

Polu,v),, . = u"p(u)|u,v),, . (4.19)

m,s’

2IFor instance, the classical Yang-Baxter equation can involve distributional terms in the dependence
on the spectral parameter u which have been discarded in the above treatment.
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Note that all the derivative operators in the representation of L have cancelled out on the
particular state.

We can now act with the r-matrix on a tensor product state |uy, v1),, , ® |ug,va),, . .
Here we can either use the reduction of the r-matrix or apply the original twisted r-matrix
to the reduced state, in either case, the result is a pure scattering phase

. v simp N Vo S9mapi i/ B v(vy —v9) | uguy — B2
L)Xk = Uy — Uz N Uy — Uz P2 (2 52(% - Uz) Up — U2 pip2
_ Y simap) + samapt F (v —va)pips ] (e1e2 — pip2)pipe (4.20)
B P2€1 — P1€2 B 52(19261 - p1€2) D2€1 — P1€2 ' '

As an aside, the second line displays the scattering phase expressed purely in terms of
energy and momentum variables.

5 Trigonometric Case

The rational classical r-matrix which we have discussed up to now has a trigonometric
generalisation [27]. The corresponding quantum R-matrix was constructed in [28] and
its quantum affine symmetry algebra was proposed in [29]. It provides the integrable
structure for a quantum deformation of the one-dimensional Hubbard model, as well as
for the worldsheet scattering matrix in quantum-deformed AdS/CFT [30].

In this section we will extend the discussion of the previous sections to the case of the
trigonometric r-matrix. Whereas the contraction is performed precisely as in the rational
case, the consistent reduction requires a different identification of the abelian subalgebra.

5.1 Contraction

We start with the trigonometric r-matrix of the algebra g = s[(2) [24]. The standard form
reads with z; := exp(u;)

1 1
21+ 2 vz Uz
ra) (21, 22) = +iv = T2 0 I 2T gtg) - 222 gt
21 — 2 21— %2 Z1 — %2
21+ 2
e B (5.1)
21 — 292

Similarly to the rational case, the trigonometric r-matrix can be expressed in terms of the
loop algebra, where z; 5 (rather than wu;s) serve as spectral parameters. The cobrackets
take the form

510 = =3 T AT
k=1

n—1

S5 = +3vIo AT+ AT,
k=1

0(1) = —3vIo AT, — v I AT, (5.2)
k=1
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Contraction Limit. Similarly to the rational case, we construct the trigonometric r-
matrix for the AdS algebra so(2,2) ~ sl(2) x s[(2) as a sum of two copies of the r-matrices
above

1 21;1 + 21:2

. _ 2 1 + _
7’50(2,2)(21;17 22:15 %132, 2’2;2) = —3 ﬁ Ml — ZVlMl A M1
1;1 7 <152
Z22.1 + Zo9.
— Ly P2 ME - LMY A M. (5.3)
22,1 T R2;2

As the next step, we perform the contraction with the same prescription for the
coeflicients 14 as we had in the rational case (3.18) and for the spectral parameters
2105 = 2;(1+ Semy;) + O(€?). This gives us a trigonometric r-matrix for the 3D Poincaré
algebra

Tiso(2,1) (21, Y13 22, Y2) = —V Atz L-P— %V' At P2+ v —leQ(yl — y22) P2
21— 29 21 — %2 (Zl - 2’2)
— LY APT 4+ WL AP — LWPT AP, (5.4)

This r-matrix can be obtained as the evaluation representation of the loop algebra
r-matrix

Tiso(2,1) = (l/cabL% P, +veaPl @ LY, +VeyPE® Pb_k)
k=0
—vL-P — $/'P? — LWLE APy + 1Ly AP — 1/'PE AP, (5.5)

with the evaluation representation being defined as

pe(LE) = "p(LY) 4 my="p(PY),  puy(P) = 2"p(P?). (5.6)

Twist. Similarly to the rational case, there exists a twist with an arbitrary parameter
¢ that preserves the classical Yang-Baxter equation

f50(272) - T50(272) + %VQM? A Mg + £<M(1] + Mg) N Mér (57)
After the contraction one obtains with £ = —em¢’
Tiso(2,1) = Tiso(2,1) T %I/LO AP+ 1OAPT. (5.8)

We will use this twist later on.

Momentum Representation. Finally, we also compute the momentum representation
of the twisted trigonometric r-matrix on two-particle states. This yields the following
differential operator

0 0 0 0
iso ) ; ) ~ OA - OA ~ OB - — O-B o~ C — C s 59
T (2,1)(21 Y13 22, Y2) =2 1A19 B 1A9 Do + 1519 ops 191 op + C12 21 ( )
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where we now define the coefficient functions as

Z1+ 2 p
Ap = %V : 2 (eml(pl) — €my (p2) = COS(¢1 - ¢2))
21 — 29 P2
i b . i
— 5V€my (p2) p_: Sln(¢1 - ¢2) — Vem, (pl) - f/ple ¢17
21+ 2 . 3
Bip = 3v 21 2,2 P1Em, (P2) Sin(¢1 — ¢2) — 5UP1€m, (P2) cOS(P1 — ¢2),
17— 22

21 + 22 p1p2 cos(d1 — P2) ; P1P252 .
Cho =1 — _ iy, plF2e2 _
. 2V 72 <6m1 (p1> Mo + €, (p2) 2¥ Mo + €y (p2) Sln<¢1 ¢2)

4 (12 +22 1, z122(Y1 — Y2)
i — 2 T (21— 29)?

) (€my (1) ems (p2) — p1pa cos(dr — o))

— A%l/’plpg sin(¢ — ¢o) — %yeml(pl)sg — &' prsgett, (5.10)

5.2 Reduction

Now, we introduce a different reduction procedure to reduce the trigonometric 3D Poincaré
bi-algebra to the bi-algebra u(1) x R. The alternative reduction consists in a differ-
ent choice for the one-dimensional subalgebra of s[(2) and subsequent ideal subalgebra.
Whereas the difference is inessential for the resulting abelian algebras, in the supersym-
metric extension to be discussed in Sec. 6, the novel reduction will yield the trigonometric
bi-algebra for the classical limit of the quantum-deformed Hubbard model [27].

Subalgebra and Ideal. The new u(1) subalgebra generator now is chosen as

_13-1,70 _ 13—170 | i jay— , i.—ia 7+
where z will later be identified with the parameter of the evaluation representation. We
also introduce two global parameters h and « that take on the roles of 5 and « in the
rational case. This generator acts on the momentum generators according to

[L,P] = ie"P~ — Le 2P = I°,
[L,PY] =ieP? — Lh7'PY + Sh712Pt = T,
[L,P7] = —ie 2P’ + 1h7'P~ — Jh"'2P"
= —e 2T — e h O 4 de o h 210, (5.12)

We see that there are only two linear independent brackets out of three between L and
P%£. This implies that {I%*},cz span an ideal subalgebra for u(1) x R*!. By dividing
the ideal out we recover an abelian algebra spanned by L and P with the identifications:

PO ip 1P — In7'P, Pt~ —ie®P, P xie :zP. (5.13)

The relations (5.13) can be implemented at the level of the momentum representation
forming constraints on the eigenvalues of the momentum generators. However, it will prove
useful to consider an alternative parametrisation, in which the constraints are expressed
as am

em(p) = (2 —1) I pew> = 2} qm, pe’w = 2je qzm. (5.14)
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For the time being we consider the spectral parameter z as a usual representation variable.
The parameter ¢ is depends z, but in order to resolve square roots in ¢(z) we introduce
a new parameter x such that

7 (Wx —ih)(hx 4+ ih')

T hr—imz ) 1T w@Ero1)

h'=+v1-—h2. (5.15)
The on-shell condition is explicitly satisfied in the new variables

m
2 —p—mt=1

2 (2°¢° + 22¢°(2R° — 1) + ¢* — h*) = 0. (5.16)

r-Matrix. As we did for the rational case, let us apply the reduction relations (5.13) to
the twisted trigonometric r-matrix 5.8:

zZ9 21

Tiso(2,1) — V LeP+v P®L
) 21 — %9

. %h_z(zl + 29) (21 — 1)(22 — 1) + 2122 PP
21 — %2
1 17 -2

—) A z) 4 A2 — 1) (2 — 1
_panwmop) @) v @ @Dy op g
21 — 22 21 — %9

As before, we observe that all the terms which do not belong to the reduced subalgebra
cancel thanks to the twist and we obtain a trigonometric classical r-matrix for u(1) x R.

Loop Form. For slightly more rigorous treatment we can reformulate the reduction and
the r-matrix in the loop algebra form by identifying z with the spectral parameter. The
u(1)[z, 27| generators then read

L,=1n""00, — in7'LY + Le'*L;, + Le 7Lt |, (5.18)
and the following identifications between R*![z, 27!] generators remove the ideal

S e Pt ~ —ieP,, P. ~ e P,.;. (5.19)

n n

In the loop form, the resulting reduced trigonometric r-matrix reads

ruxe = =¥ Y L @ P+ Py @ Ly ]
k=0

— WD) [Prat @ Ppyr + Pyt ® Py + (407 = 2)Pry @ Py
k=0
— Wh(Po @ Py — P1 ® Py + Py A Py). (5.20)
Rational Limit. The trigonometric and rational reductions are actually related by the

so-called rational limit. We identify
i Y = \u;, h =L\, (5.21)

Z; — €

and consider the leading-order terms in A in all expressions as A — 0. In the evaluation
representation the leading terms of the generator L coincide with the rational genera-
tor (4.2) (up to a factor of #) and the leading terms of I>* span the same ideal as in the
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rational case. We can also verify that the obtained trigonometric twist is consistent with
the rational one in the limiting sense. We apply the rational limit relations (5.21) to the
r-matrix and only keep track of leading order terms in \:

v 2L-P v P2 v (v) — vg)P?

trig . - _ = T _
Tiao(2,) (#1913 22 02) Aup—uy A U — U 3 (u1 — ug)?
v efi’a
~——LAPT+ O
+5 5 +O(\)
= )\717“;?(271)(%, V15 U2, V2) + O()\O)- (5.22)

The singular contribution in the limit is A — 0 the resulting r-matrix rescaled by A~1.
We observe that it exactly coincides with the rational twisted r-matrix (3.29):
rat 2vL-P V' P? v(vy — vg)P?

V. o
Tiso(Q,l)(ubUl;uQaUQ) = - TR — + (0 — 12 + Ee L°APT.  (5.23)

Momentum Representation. Relations (5.14) define a reduced state that depends
on the variable z

12) s = [P(2), 6(2)),, .- (5.24)
The reduced generators then act on this state according to
sz 2mq(z)yz" 9 019
Lol2) s = 2007 12) s T W ((n +1)2° — (2th* +1)(2n+ 1)z + n) 12) o0
Pol2),, s = 2mq(2)2"[2),, .- (5.25)

Altogether, the representation of the r-matrix reads (with ¢ 2 = ¢(z1,2))

. v 42 q1
7’u(1)xR(21>y1, 22,Y2) = (a ZoMaS1 + ; Zlm132)
/

+ (2122 + sh 2 (21 + 22) (21 — 1) (22 — 1)) 1o
Z1 — %9
]/ p—
— —(iyl zy>22) (%(2’1 + Zg) -+ %h_2(21 — 1)(22 - 1))2122(]1(]2. (526)
17— <2

6 Supersymmetric Extension

In this section we consider supersymmetric extensions of the algebras we discussed so
far. Namely, we extend the AdS algebra s0(2,2) to a semi-simple superalgebra 0(2, 1; €) x
51(2),%2 where 50(2,2) = s1(2) xs[(2) is realised as the combination of the external sl(2) and
the sl(2) subalgebra inside 9(2, 1;¢). On the other hand, the Poincaré algebra iso(2,1) is
lifted to s[(2) x psu(2]2) x R*! where the Lorentz and momentum generators of is0(2,1) =
s[(2) x R*! act as three derivations and three central charges, respectively, to the simple
super-algebra psu(2|2). The extension of the contraction and reduction is rather plain and
we obtain a (deformed) loop u(2|2) algebra and classical r-matrices for it that are relevant
for AAS/CFT integrability and for the one-dimensional Hubbard model [16,17,19,27].
In the following we shall introduce the above superalgebras and some relevant repre-
sentations. We will then discuss how they are related by contractions, generalise their

22Throughout this article, we consider the real form of 9(2, 1;€) whose even part is s[(2) x su(2) x su(2).
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reduction and investigate r-matrices of rational and trigonometric form. Finally, we dis-
cuss how a second superalgebra 9(2, 1;€’) can be used in place of a plain s[(2) algebra in
order to double the amount of supersymmetry.

6.1 Superalgebras

Let us briefly introduce the relevant superalgebras, their Lie brackets and explain how
the contraction works in the supersymmetric setting.

Exceptional Lie Superalgebra 9(2, 1;€). The exceptional Lie superalgebra 9(2, 1;¢)
is spanned by a set of s[(2) generators Jg}[i, two copies of su(2) generators J%i, J%i and
eight supercharges {Q7"},;,—+ . The algebra relations for the s[(2) or su(2) subalgebras
are described in Sec. 2.1, whereas the supercharges transform in spin-!/, representations
of sI(2)y and su(2)L g in each index, respectively. In other words, the Lie brackets read

[ IU\L/D Qj,lr] — —%Cab(&(;)jqu’lr,
[ %, Q],lr] — _%cab(a_wlmQ],mr?
TR, QY] = —5¢(62) Q7 (6.1)

where we introduce a set of Pauli matrices & adjusted to the signature of s[(2) as well as
the anti-symmetric tensor ¢

S B ) A (R O R

The anti-symmetric Lie bracket between the supercharges is
{Q, QFMPY = —s\(G,6)TFel™me™ JY — spe?*(5,6) ™™ JE — spel*el™(G,4e)"P Jh. (6.3)

It depends on three parameters sy 1, r subject to two considerations: First, the Jacobi
identity requires the linear constraint sy; + s, + sg = 0. Second, the possibility to rescale
the supercharges removes another degree of freedom. Thus, there is effectively only one
independent parameter that we label as €. For further purposes we fix the parameters to

Sy = €, s, =1—c¢, sg = —1. (6.4)
The superalgebra has a quadratic invariant form given by
P =y — (1 —eJi +J% + Q% (6.5)

where J3;; r denote the invariant quadratic forms for the even subalgebras s[(2)y and
sup, g(2), respectively, and where we have defined Q? as the following quadratic combina-
tion of the supercharges

Q? = %ejkalmarp QI @ QEmP. (6.6)

AdS Supersymmetry. The simple superalgebra 9(2, 1;¢) can be supplemented by a
factor of s[(2) to a supersymmetry algebra (2, 1;€) x sl(2) for AdS*! space. In that case,
we relabel the generators Ji;™ of the subalgebra sl(2)y as MY™ of the subalgebra s[(2);.
The additional algebra s[(2), is spanned by the triplet of generators MY which have
trivial algebra relations with 9(2, 1;¢).
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Poincaré Supersymmetry. The other relevant superalgebra is maximally extended
psu(2|2) algebra which can also be expressed as s[(2) x psu(2[2) x R%! [31]. We would
like to obtain it as a contraction limit of the algebra above. Therefore, we write the
algebra starting from the above basis where the triplet of generators J{; is replaced by
the triplet of Lorentz generators L%, and an additional triplet of momentum generators
P¢ is introduced. The action of the sl(2) and su(2);, g generators on the supercharges is
the same as in the algebra 0(2, 1;¢) where L* replaces J§;. The Lie bracket between the

supercharges is
) 1 . . .
{QFlr QFmry = — = (Gae)eme PO — 3% (G,e)me™ J§ 4 eIk elm(G,2)P I (6.7)

Here, we have introduced a reference mass scale m, which could be absorbed by rescaling
the momentum generators. Nevertheless, we would like to keep it explicit to manifestly
make the momenta have the dimension of a mass. The algebra has two invariant quadratic
forms

OL-P —m(Q® — J2 +J2), P2 (6.8)

Contraction. We start with the semi-simple AdS superalgebra 9(2,1;¢€) x s[(2) with
the AdS generators MY™ = J0= from 9(2, 1;€) and M™ from s[(2). One can easily check
that the contraction (2.17) prescribed by the identifications

L=M¢+ M,  P*=emM?, (6.9)

leads to the algebra sl(2) x psu(2]2) x R%! in the limit ¢ — 0. Note that the limit now
involves both the identification of generators for the contraction as well as the structure
of the algebra 0(2, 1; €) itself. For the even subalgebra all the relations hold precisely the
same as before. For the odd subalgebra the contraction is manifest, since [M%, Q"] = 0
and the Lie brackets between supercharges coincide if we replace eM{ — P®/m and then
take the limit ¢ — 0. Note that the limits of the quadratic invariants read

em?J? — —P?.  €m*M; — P?,  mJ*+emM; — —2L-P+m(Q* —J; + Jg). (6.10)

6.2 Irreducible Representations

Now, we would like to discuss a particular type of irreducible representation for the alge-
bras above that appear in the context of AdS integrability [7]. Since these representations
are intended for physics applications, we use unitarity considerations to select appropriate
representation parameters.

Poincaré Supersymmetry. Asymptotic particles on the string worldsheet or spin
states of the one-dimensional Hubbard model transform in a four-dimensional represen-
tation of the even subalgebra su(2);, x su(2)g. The representation space consists of two
two-dimensional components ‘L.” and ‘R’ as follows: On the components ‘L’ the su(2);,
generators act in the fundamental representation 2 and the su(2)g generators act in the
trivial representation 1. On the other component ‘R’, the roles of the two su(2)’s are
exchanged. We denote the states by |R™), |[L™) and they transform canonically in the
representations (1,2) and (2, 1), respectively, under su(2)r, x su(2)g. Furthermore, these
states must obey opposite bosonic and fermionic statistics.
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For the Poincaré subalgebra iso(2,1) we assume a field representation in momentum
space whose states |p, ¢),, ; are labelled as in (2.65) by the two spatial momentum com-
ponents p and ¢ (in radial coordinates), the mass m and the spin s. Altogether, the basis
states of the representation are given by

p, ¢; R™) p, ¢; L) (6.11)

m,sR’ m,sL’

where we allow the two components to have different spins sg and s;, while the same mass
m applies to both. The even generators act as in (2.64). The supersymmetry generators
act on the components according to

Q™" |p, g RPY, = ¢\ em(p) +me™|p, ¢; LY,

Q""" |p, s RP), = iCm 27\ /e, (p) — me™|p, ¢; L1,
QM [p, ¢ L™), = zc m~%e /e (p) — me™p, ¢;R7),,
)s =

Q""[p, s L), = ¢t Py e (p) + me™p, g R, (6.12)

where the constant ¢ governs the relative normalisation of states R vs. L. The algebra
relations then imply the following mass and spin constraints®

m=:sm, S 1= Sp =S, — 3. (6.13)

N[+

The invariant quadratic forms (6.8) take the following eigenvalues on the momentum
representation

2L-P —m(Q* — J} + JR) =~ —m(s+ 1), P>~ —im’ (6.14)

NH

Ultra-Short Representation of 0(2,1;€). We would now like to identify an irre-
ducible representation of 9(2, 1;¢€) that could lead to the above representation upon con-
traction. This representation can be found in [32]. In particular, the configuration of
su(2), x su(2)g representations will serve as a convenient starting point.

Irreducible representations of the superalgebra 9(2, 1;¢€) are composed from irreps of
the even subalgebra s[(2)y x su(2);, x su(2)g. These could be principal series, highest-
weight, lowest-weight or fixed spin representations. The interaction with supercharges
organises a collection of different irreps of s[(2) into a supermultiplet. These typically
have a large number of components, but for particular choices of the s[(2) representations,
they may be substantially shorter. For instance, if we take the representation of the
compact subalgebras su(2);, and su(2)r to be 1 or 2, we obtain the so-called ultra-short
representation. Just as the above representation for the Poincaré supersymmetry algebra,
this representation consists of two components, on which su(2)p, x su(2)g act in (1,2) and
(2,1), respectively. We denote the corresponding states as |[R™), |L™), and they need
to respect opposite bosonic and fermionic statistics. The third, non-compact s[(2)y acts
on the two components in the principal series representation (2.43) with the parameters
(YR.Ls Xr,L)- It turns out that a consistent action of the supercharges on the ultra-short
multiplet implies the following constraints on the representation parameters

(YR, XR) = (% 1—%aX)> (Y, xw) = (% Lx+ ) (6.15)

23In fact, the consistency conditions require m? = 1m?. Depending on the concrete root chosen, the

lowering supercharges annihilate either R or L states for p = 0 in (6.12), and in addition the difference
between spins in (6.13) is flipped.
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which leaves just a single adjustable representation parameter Y.
Here we assume that the representation space is spanned by the vectors

kR, k4 3L, with keZ, (6.16)

where the label k& enumerates states of the principal series representation. Notice that we
label the L states by a half-integer index. The even generators then act as in (2.43) with
a shift of L labels by ',

Tulk;R7), = (k+x)|kR7),,
Julk R, = O (k+x+ ek + LR,
Julk; R, = (6;) 7 (k+x — 3¢ D[k —1L;R"),,
Rk + 3L, = (k+x+k+ 310,
Jiilk + L ’)X—GL(k+x+1+ s DIE+ 3L,
Julk + 310, = (0) Mk +x — 5 DIk = 510, (6.17)

The supercharges act on the components according to

QMK RP) | = (k+ x + e )0 ek + 31

Q\L,ZT‘U{:; Rp>x — i(k; + X — %671>7]kf—11 E:Tp|k - %7 Ll>X7
Q-+ L), = —ien ek + L),

Here, the normalisation coefficients 1, must satisfy the difference equation

Mie105 = Mkl (6.19)

and QS’L are the gauge degrees of freedom of the principal series representations for the
R and L components, respectively. The representation is characterised by the eigenvalues
of the quadratic invariant form (6.5) and of the group invariant

Pl -1 exp(27iJYy + 27iJY) ~ X, (6.20)

In what follows we will need the representation to be of the unitary semi-infinite type.
This is achieved by fixing the presentation parameter and the gauge as follows

1 1 v/ 1
v=tet, ooy L J R VERL o
k+ et kE+el+1 Ve

The normalisation C~ needs to be a pure phase, \5 | = 1. The lowest-weight representation
closes on the states with half-integer label k£ > 0 and it is unitary for e > 0. The highest-
weight representation closes on the states with label k£ < —% and it is unitary for e < 0 or
e > 1. An alternative pair of unitary semi-infinite representations is obtained by setting

k—el+1 k—el+1 VE—eT+1
=Lt ogro izl R Al VT
2 k k+1 Ve

(6.22)
Here, the lowest-weight representation closes on states with label k > %, and it is unitary
for e < 0 or € > 1. The highest-weight representation closes on the states with label £ < 0
and it is unitary for € > 0. These four semi-infinite representations mainly differ in the
lowest-weight or highest-weight states being either type R or L.
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AdS Supersymmetry. Now we supplement the 9(2,1;¢) algebra with another set of
s[(2) generators M§ to a supersymmetry algebra for AdS*!. The additional non-compact
s[(2) acts on the states in a principal series representation (2.43), and we thus add an
additional integer label ks to the states (6.16).

In Sec. 2.3 we identified the pair of principal series representations with the (normal-
isable) (tensor) fields on AdS space. In the supersymmetric case we have two types of
on-shell fields, R and L. Therefore, we would like to identify both states in (6.24) with
AdS fields of, possibly, different masses pr 1, and spins sg 1. In order to ensure a positive
energy, as in Sec. 2.3, we turn the states of the representation of sl(2), around and use
a highest-weight representation instead, while the representation of 9(2,1;€) remains of
lowest-weight type.

As we have already seen in the previous paragraph, the two components must have
different parameters (vg 1., Xr,1) for the representations of the s((2), subalgebra (6.15). On
the other hand, due to the overall algebra being a direct product, the commutator between
supercharges and M$ must be trivial. Thus, the parameters (79, x2) of the principal series
representation must be the same for R and L states.

As pointed out in Sec. 2.3, the mass and spin are encoded into v; = g1 and 7,
according to (2.47) resulting in pry = YrrL + 72 and sg, = YrL — 72. The above
constraint (6.15) then relates the mass and spin parameters for R and L states according
to

(MR)SR) = (6_1 —1-s5, 8)7 (MLVSL) = (6_1 - % — 8,5+ %)7 (623)

where the overall spin parameter s is one remaining degree of freedom for the represen-
tation.?* Finally, we impose the lowest-weight relation y = %6*1 for 9(2,1;¢) and the
highest-weight relation x5 = — (72 + ) for s[(2),. This constrains the labels ki and ks to
be non-negative and the representation for both R and L. components is given by (2.48)
with masses and spins (ur ., Sr1). Unitarity imposes the bounds 2s < ¢! and € > 0 on
the algebra parameter € and on the spin s. The resulting states

k1, ko RV 0 |k + 3 ko L), with ko, ko € Z. (6.24)

transform under the AdS representation (2.48) supplemented by the supercharge actions
in (6.18,6.21).

Irrep Contraction. The contraction of the representation of 9(2, 1;¢€) x s[(2) discussed
above follows the same lines as for the case of §0(2,2) in Sec. 2.4 with some minor adjust-
ments.

First of all, we note that the constraints (6.23) can be expressed due to the mass
constraint m = %m as

2m 0
= . 2
prr = —— + O(€) (6.25)

This relation agrees with the relation (2.54) required for a proper contraction of the
representation. We then generalise the prescription introduced in (2.56) by supplementing
the identifications for the L states

P &), = e Ry L L) = T (6.26)
k

24We will see in Sec. 6.5 that doubling the amount of supersymmetry singles out s = f% as the most
symmetric choice.
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Furthermore we identify the normalisations ¢ in (6.21) and ¢ in (6.12) as ¢ = C.

Contraction of the momentum and Lorentz generators precisely repeats the calculation
given in Sec. 2.4. The last step is to consider the contraction of the supercharge generators.
Let us perform the computation explicitly only for Q™" |p, ¢; RP ), as other cases are treated
analogously:

QM |, g RPY, = S e k0 /e /o ¥ e T e lky + L ks LY,
k
= (V2 em(p) + me™lp, ;LY. (6.27)

which precisely reproduces the action of the supercharge on the R state in the con-
ventions (6.12). One may easily check that the representation of other supercharges is
contracted consistently as well.

6.3 Reduction

In the full sl(2) x psu(2|2) x R*! superalgebra we only apply the reduction procedure to
the sl(2) x R*! subalgebra. Thus, the supersymmetry generators as well as the left and
right su(2);, g generators remain unchanged within the reduced subalgebra. The resulting
set of generators corresponds to those of u(2|2) superalgebra. However, the Lie brackets
between the supercharges and the u(1) generator are non-standard and depend on the
reduction scheme. Let us compute them explicitly.

Rational Case. We straight-forwardly compute the Lie bracket between L and Q7
using the identification (4.2)

[L, Q"] = Wrat (u), Q" (6.28)
where we introduce the traceless matrix Wyae(u)
1 B—lu ieioc
Wrat(u) — 5 (ie_ia _B_lu) . (629)

This matrix also allows us to write the anti-symmetric Lie brackets between supercharges
compactly

{QFr QRmr) = — % (Wiat (w)e)*eme™ P — ¥ (G,e)™e™ J¢ + '™ (5,6)™ Jf,. (6.30)
We observe that now the Lie brackets involve the spectral parameter u. Therefore, we
cannot interpret the resulting algebra as a finite-dimensional u(2|2). Rather, we treat
the relations above as if they were computed in the evaluation representation of a loop
algebra. Therefore, we call the algebra a deformation of the loop algebra u(2|2)[u, u™!].
In fact, we here merely reproduce the result obtained in [19] (upon some rescalings and
shift of levels in the generators).

Trigonometric Case. The trigonometric reduction, naturally, give the same form for
the brackets with the supercharges except for replacing the matrix Wi, (u) with

1 (ih=t(z—1) el
. — (2 i
Wirig(2) 5 ( i iz —1)) (6.31)

As before, the algebra relations depend on the spectral parameter z and we interpret
the resulting algebra as a (different) deformation of the loop algebra u(2]2)[z, 27!]. The
commutation relations coincide with those found in [27].
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6.4 r-Matrix

The supersymmetric extension of the r-matrices is rather straight-forward. Let us briefly
discuss the additional structures appearing in this case.

AdS Supersymmetry. In order to construct the rational and trigonometric r-matrices
for the superalgebra 9(2,1;¢) x s[(2), we simply add terms corresponding to the left
and right s[(2) and the supercharges to the r-matrices introduced earlier in Sec. 3.2
and Sec. 5.1. Namely, the rational r-matrix reads

rat m Q- eMi—(1—eJi +Jk M3

T = 1% 632)
0(2,1;¢) xsl(2 2 ) (
( ) @ € Ul;l — Ul;g Ug;l — U2;2

where the numerators are given by the invariant quadratic forms of 9(2, 1;¢€) in (6.5) and
of 5[(2)2

Similarly, in the trigonometric case we have

T;]E;g,l;e)xs[(Q) - j <€ (21, 210) + (1= €)1 (210, 212) — Tglg(zl;la 21;2)>

1% : vV :
- j ro (21, 21,2) + ;2 ry #2201, 22:2) (6.33)

Here, rif;g,L,R(zl, ;) denote the trigonometric r-matrices of the subalgebras s[(2);» and
su(2)y, g, respectively, and (with some abuse of notation) T’gig(zl, 29) describes the super-

charge contribution to the r-matrix given by

1 1

vz 5

2 JAr ,m 2
EmmErp QT @ QFP -

21 — 22 21 — 22

. VZy
rglg(zl, 29) = —

ElmErp Qi’lr (9 QT,mp. (634)

Contraction. As we discussed at the beginning of this section, the supercharges and
additional su(2)’s do not interfere with the contraction procedure. Therefore, one can
straight-forwardly exploit the contraction prescription defined in Sec. 3 and obtain corre-
sponding r-matrices for the maximally extended s[(2|2). The rational r-matrix then takes
the form

2L-P —m(Q? — J2 + J3) V'P? v(v) — vy)P?

rat _ _
T51(2) psu(2[2)xR2L = —V — — + () (6.35)
and the trigonometric one
trig _trig - trig trig trig
Tol(o)ponzl2yezt = Ty — M(TQ " =L o+ TR ). (6.36)

Reduction. The possible twists of the r-matrices introduced earlier also work without
any changes in the supersymmetric case. Since the reduction is not affected by the
supercharges, no new structures appear in the reduced r-matrices. In the end one obtains
the r-matrices of the deformed loop u(2]2) algebra that coincide with those obtained
in [19,27].

Here, we notice that unlike u(1) x R from Sec. 4, the full supersymmetric reduced
algebra u(2|2) is not abelian. Evidently, the r-matrices (4.14) and (5.20) for an abelian
algebra satisfy the classical Yang—Baxter equation, but it is non-trivial that their super-
symmetric counterparts do so. The latter happens due to the consistency in choosing the
ideal subalgebra of the reduction and the twist of the r-matrix as follows:
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Concretely, let us describe the reduction of the original algebra g = s(2) X psu(2|2) x
R>! as
g—b/i: g=t®b, [pbCh ich [hicCi (6.37)

where £ denotes the subspace of g which does not belong to the subalgebra h = u(1) x
psu(2]2) x R*! and i = R? denotes the ideal of h. We know that the r-matrix reduces
to elements of the reduced algebra upon removing elements of the ideal. In other words,
the reduced r-matrix deviates from the original r-matrix by pairings of the ideal with
arbitrary elements of the original algebra

rehh+i®g+gai (6.38)

In particular, generators not belonging to the subalgebra can only be paired with elements
of the ideal

rehh)a(ict)d (txi). (6.39)

We now decompose the terms [[r,r]] of the original classical Yang-Baxter equation to
these subspaces as follows

[[r,7]] € [5, D] ABAD+ [0, ] AGACH[I, ] AEAE+[H, EABATH]I, (] AEATH[E EATAL (6.40)

The original classical Yang-Baxter equation [[r,r]] = 0 holds by assumption, and it thus
also holds upon factoring out the ideal by setting i = 0. This eliminates all potential
terms from the listed subspaces but the first one because there is an explicit tensor factor
from i or because the Lie bracket [h,i] belongs to i. The remaining terms can only belong
to the subspace [h, h] AhAh or equivalently [h/i,h/i| Ah/iAbh/i. In particular, the residual
terms rely on Lie brackets from the subalgebra only, and thus they constitute the validity
of the classical Yang-Baxter equation for the reduced r-matrix.

Representation. For completeness, let us write down the representation of the resulting
rational and trigonometric r-matrices after the reduction. We would like to recover the
same classical r-matrices as in [19,27]. Therefore, in the rational case we adopt the
following change of variables that resolves the square roots in various relations

Ba?+1
= ) 6.41
u(z) = 5 (6.41)
Then the momentum and energy eigenvalues read
T m a? +1
— 7 = — ) 6.42

For the explicit matching of all the coefficients we also fix the normalisation of the super-
charge representation to be

¢ =C((z) = m’l/Q’y(x)\/ 1—a22. (6.43)

The unitarity now requires 7(z) = v/m /1 —2~2. Notice that we naturally define the
action of the r-matrix on the tensor product such that it obeys the fermionic statistics
when a supercharge is interchanged with a fermionic state

(A©B)(ju,X),,, ® luz, Y),,) = (~1)PN A, X),, | © Bluy, Y) (6.44)

m,s’
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where |...| = 0,1 describes the grading of a generator or a state. These identifications
lead us exactly to the classical rational r-matrix from [17,19] (with the normalisation
|m| = 1) plus an additional term proportional to the unit matrix. The coefficient of the
latter is given by the scalar phase function

m p2(51+%1) +V@ P1<32+Zi) . V1 — V2 | €162 — P1P2 (6.45)

2 pr(ur — ug) 2 poug —ug U —uy) U — U

For a perfect matching with [19], we need a trivial phase P = 0: We find that this is
obtained by fixing the two spin parameters s; 5, the secondary spectral parameters v; o,
as well as the secondary r-matrix normalisation v/ as follows

S19 = — }l , v12 =0, v =0. (6.46)
These assignments are in perfect agreement with the algebra representation proposed
in [19]. Notably, this particular choice of spin leads to the trivial representation of one of
the quadratic invariants in (6.14).
It is interesting to contemplate different assignments for the parameters s; 9, v1 2 and
V' or to add some other twist in L ® P, all of which merely affect the phase function
Pj5. For instance, one could reproduce the phase factor obtained in [33] at the classical
level [19]

Py = %W?(W — U1)p1P2 (6.47)

with 1 some (dimensionful) normalisation constant. This phase was originally obtained
by twisting the r-matrix with terms non-homogeneous in loop level

%l/’l]PO VAN P1 ~ Plg, (648)

which obviously preserves the classical Yang—Baxter equation as the generators Py and
P, are central. Curiously, the same effect at the representation level can be achieved by
merely fixing the parameters as follows

1 piy
S12= = + Y 77(“%,2 - 3%

= 22
= % 5 ULQ = 77621,6172, V/ = O (649)
However, it is not clear whether such manipulations are permissible, in particular once the
affine extension is taken into consideration [34]. It is interesting to pursue this question
further in order to better understand the phase of the r-matrix.

Similarly, in the trigonometric case we also obtain the fundamental r-matrix displayed
in [27] with an additional phase factor

m Z2qa(s1 + ;) m 21¢1(s2 + 1)  _9 2122142 , €€y 21+ 2o
Plgzlj—— —_— —_— 4tV
2 C]1(21 - 22) 2 Q2(21 - 22) 21 — %2 Z1 — 22 2
— Z129€1€ — 212 Z1+ 2
_Vy1 Y2 Z1%22€1€2 w2 Y1 — Y2 21224142 =1 2‘ (6.50)
Z1 — k9 R — %9 21— R 21 — k2 2

Again, by varying the parameters s; o, 412 or adding a twist we can shift the phase of the
r-matrix.
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6.5 Double Supersymmetry

The symmetry relevant to worldsheet scattering in the AdS/CFT correspondence requires
twice as many supercharges and is attributed to the algebra [35]

u(1) x psu(2]2)® x R. (6.51)

This algebra can be obtained by means of the contraction and reduction discussed in this
article from the extended AdS supersymmetry algebra

0(2,1;61)1 X 0(2,1;62)2, (652)

where the corresponding s0(2,2) subalgebra is composed of the two s[(2); 5 subalgebras
taken from each (2, 1; €1 2)1,2 factor. The consistent contraction limit requires €; ~ €3 —
0, thus we set

617711 = 627712 + O<€%,2)' (653)

In this way one obtains an enhanced Poincaré superalgebra with two distinct mass scales
m12. Note also that the quadratic invariants are now contracted according to

em?)? — —P% em2):— —P%  myJ?—mpJ? — —2L-P+.... (6.54)

Next, we apply the representation theory that was developed earlier in this section.
We have two copies of the exceptional algebra, thus, the representations space is spanned
by a tensor product of two states from (6.16). Therefore, each state is labelled by two
(half) integers and four possible pairs of the letters R and L. We also exchange the
roles of the states L and R in the second 0(2,1;€3)s compared to d(2,1;€;); for the
reason explained shortly. Recall, that we had to choose the principal series representation
of the external sl(2) algebra to be of the highest-weight type in order to contract the
representations. Now, we redefine the representation of the s[(2) algebra within 9(2, 1; €2)2
to be of highest-weight kind, which, according to (6.22), leads to the following constraints
on the parameters of the representation

(Y2rs XoR) = (36 365 — 3)s (Yo X2n) = (567 — 5,36 — 1), (6.55)
Note that we invert the sign of ks in (6.17) and shift it by —1 so that one of the charge
relations takes the form

Milka; L), = (k2 + x2.1) k2; L7) (6.56)

X?

and so on for other generators. Now, we have the highest-weight representation with
ko bounded from below as ko > —% and unitarity holds if e < 0 or €5 > 1. For the
parameters of 9(2,1;¢€1); we have the analogous relations from (6.15) and the unitarity
condition €; > 0. This representation has fixed masses jir,L)Rr,L) = X1,(R.L) — X2,(R.L) — 1
and spins Sr.L)(R,L) = X1,(R.L) T X2,R,L)-

A relevant observation is that a proper contraction limit of the above ultra-short rep-
resentations requires €, = —e; + O(ei2) for the resulting spins to be finite. This also
implies equal reference masses, 1m; = —mms, for the limiting Poincaré superalgebra.?
Incidentally, a proper combination of two ultra-short representation of the Poincaré su-
peralgebra needs |m;| = |ma| because the Poincaré mass m is constrained to both m,

25 A Poincaré superalgebra with unequal reference masses is perfectly conceivable, however, it does not
support doubly ultra~short irreps (of equal kinds).
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and my. Furthermore, for unitary representations, we need to assume that €; approaches
0 from above, consequently, €5 will approach 0 from below, which is consistent with the
above assignments.

In the end, we find the following finite spin configuration for the full representation

SRL = %g —1 + 0(6%72), SRR — SLL — %5 - % + 0(6%,2)7 SLR = %5 + O(E%,Q)7 (657)

where £ is a parameter that relates €; and ey at sub-leading orders according to e; =
—€e— &2+ 0(6?72). We observe that although all the parameters of the representation are
constrained by the algebra parameters €; o, the spin s appears to be unconstrained in the
limit because ¢ disappears from the algebra relations. This leads us to a rather curious
situation: before taking the limit the spin is determined by the remaining algebra param-
eter &, whereas in the limiting Poincaré superalgebra the spin is rather a representation
parameter s.2% At this point, one would be tempted to assign £ = 1 in order to achieve a
symmetric distribution of spins

SRL = —3, srr = s = 0, SLR = +3, (6.58)

and a natural interpretation of RR, LL being bosons and LR, RL being fermions. In fact,
such an assignment can be motivated by two observations: On the one hand, the physical

phase of the classical r-matrix required s;1, = —s1r = % (see (6.46)). Since for the second
exceptional algebra we exchanged the roles of R and L, we also have sy g = —s21, = %‘.

Altogether, this consideration fixes spins to be as in (6.58). On the other hand, we may
use one of the 6 equivalences of the 0(2, 1; ¢) algebra to define €, in terms of €; as

=— —E+0(). (6.59)

2= 1-— €1
This equally singles out the value & = 1. Furthermore, this equivalence exchanges the
left and right su(2);, and su(2)g, hence it motivates the exchange of the roles R and L in
0(2,1; €9)s.

As a final remark, in [21] the contraction of the q-deformed algebras Uy, (9(2, 1;€1)) X
Up, (0(2,1;€9)) is investigated. The consistent algebra contraction imposes a relation
between the deformation parameters h; 5 and algebra parameters €; o

h161 + h262 = 0(6%72), (660)

Our brief analysis of the representation contraction seems to suggest that one has to set
hy = hy and fix the next to the leading order term to be —e;/hy in the quantum case.
Therefore, it is interesting to investigate the discussed representation for the quantum
algebras and understand all the interaction between deformation, algebra and represen-
tation parameters.

7 Conclusions and Outlook

In this article, we have constructed the classical algebra relevant to integrability of the one-
dimensional Hubbard model and worldsheet scattering in the AdS/CFT correspondence

26In particular, there is only a discrete choice of representations before the limit, whereas the repre-
sentations in the limit appear to have a continuous parameter. Consequently, two Poincaré superalgebra
representations with different spins should not be obtainable simultaneously as the contraction from the
same AdS superalgebra. We emphasise that this feature is perhaps curious but not self-contradictory.
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by means of contracting the semi-simple loop superalgebra based on 9(2, 1; €) x s[(2) to the
loop algebra of the 3D Poincaré superalgebra sl(2) x psu(2]2) x R*»! and by subsequently
reducing it to a deformation of the u(2|2) loop algebra. We have explicitly constructed
infinite-dimensional unitary irreducible representations compatible with the contraction
and reduction that result in the physically relevant representations for the Hubbard model
and AdS/CFT models. We have also determined the rational and trigonometric r-matrices
for these algebras and deduced that they are consistent with the contraction and reduc-
tion so that they satisfy the classical Yang—Baxter equation at each step. Evaluating the
obtained r-matrices on the physically relevant representation produces the tree-level scat-
tering matrix for the string worldsheet within the AdS/CFT correspondence as expected.
This constitutes a deductive derivation of the classical r-matrix for the one-dimensional
Hubbard model and for AdS/CFT worldsheet scattering.

The natural future goal is to lift our construction to the level of quantum algebra.
The feasibility of the contraction of the finite quantum algebra based on (2, 1;¢€) x sl(2)
to the one based on sl(2) x psu(2|2) x R*! has already been demonstrated [21]. However,
it remains to promote the construction to loop algebras and to the quantum level and to
establish a suitable prescription for the subsequent reduction. Based on that construc-
tion, one can aim to derive the universal R-matrix, but this will conceivably constitute
an elaborate challenge in complexity. Therefore, lifting the notions of contraction and
reduction to quantum algebra at the level of the concrete representation developed in this
article will be a very useful next step [36].

Another useful aspect of the classical integrability algebras which we have not discussed
in this article is their affine extension. In the standard cases, the additional symmetry
induced by the derivation element of a Kac—-Moody algebra implies the difference form of
the classical r-matrix. As we have seen, here the difference form is lost due to the reduction
procedure, nonetheless, there exists a deformation of twist of the derivation whose co-
bracket effectively describes the deviation of the r-matrix from the difference form, see
[37,27]. Furthermore this derivation may act as a deformed Lorentz boost for the three-
dimensional momenta [7,26]. In [38] the boost generator at the quantum level is proposed
to be a Lorentz generator of the quantum-deformed Poincaré superalgebra, and therefore
the boost generator has non-trivial co-bracket in the classical limit. Importantly, the
derivation symmetry constrains the form of the phase. We will return to this question in
[34]. Furthermore, the integrability algebras admit a novel second spectral parameter for
each evaluation representation. So far such a second degree of freedom has not appeared
in physical applications, and thus it may be interesting to study its potential implications.

Whereas we now have the semi-simple algebra as the starting point, for which there
exist the standard construction of the rational and trigonometric r-matrix, consistency
with the reduction requires a non-standard twist of the r-matrix. Moreover, as we have
seen in Sec. 4 and Sec. 5, the reduction is not unique. It amounts to identifying a two-
dimensional ideal within the momentum subalgebra, which, in fact, can be done in other
ways. The twist of the r-matrix and the choice of the ideal subalgebra turn out to be
closely related. It would be interesting to consider generic reduction schemes in order to
understand the twist of the r-matrix, the resulting deformed loop algebras and possible
models that correspond to the symmetry algebras.

Finally, the full symmetry algebra of the AdS/CFT integrability is (a quantum exten-
sion of ) psu(2,2]4). Therefore, it is important to understand how to extend the construc-
tions developed in this article to the full symmetry algebra.
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