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A B S T R A C T

We present rational Lax representations for one-component parametric quadrirational Yang–Baxter maps in
both the abelian and non-abelian settings. We show that from the Lax matrices of a general class of non-abelian
involutive Yang–Baxter maps (-list), by considering the symmetries of the -list maps, we obtain compatible
refactorization problems with rational Lax matrices for other classes of non-abelian involutive Yang–Baxter
maps (𝛬,  and  lists). In the abelian setting, this procedure generates rational Lax representations for the
abelian Yang–Baxter maps of the 𝐹 and 𝐻 lists. Additionally, we provide examples of non-involutive (abelian
and non-abelian) multi-parametric Yang–Baxter maps, along with their Lax representations, which lie outside
the preceding lists.
1. Introduction

Yang–Baxter maps, i.e. set theoretical solutions of the Yang–Baxter
equation,1–6 play an important role in the theory of discrete inte-
grable systems. The Yang–Baxter equation expresses a compatibility
condition associated with classical integrability features, such as Lax
representations, conserved quantities, Bäcklund–Darboux transforma-
tions, invariant Poisson structures, symmetries and exact solutions (see
e.g. Refs. 5, 7–12).

A type of quadrirational Yang–Baxter maps on CP1 × CP1 has been
partitioned under the Yang–Baxter equivalence into two lists the 𝐹 -
list7 and the 𝐻-list.13 These two lists do not provide a complete
classification, as various examples of non-involutive Yang–Baxter maps
of the same type exist that are not included there (see e.g. Ref. 14).
This fact does not diminish the importance of 𝐹 and 𝐻 lists, since they
include some of the most celebrated examples of Yang–Baxter maps
which are related to well-known integrable lattice equations and have
very interesting geometric interpretation. As was shown in Ref. 15, the
non-abelian counterparts of the 𝐹 and 𝐻 lists can be grouped into four
distinct, non-equivalent lists: the , 𝛬, and  lists. In the abelian
setting, all three lists , 𝛬, become equivalent to the 𝐻-list, while
 reduces to the 𝐹 -list.

In this paper, we aim to present rational Lax representations of the
abelian 𝐹 and 𝐻-list quadrirational Yang–Baxter maps and their non-
abelian analogues (, 𝛬, and  lists). Matrix refactorization problems
and Lax matrices of Yang–Baxter maps first appear in Refs. 5, 16, 17,
where a construction of Lax matrices by Möbius transformations on CP1

∗ Corresponding author.
E-mail address: t.kouloukas@londonmet.ac.uk (T.E. Kouloukas).

is also presented. However, a direct application of this construction
does not always successfully produce rational Lax matrices. This is
particularly obvious in the case of the 𝐹 -list Yang–Baxter maps. To
overcome this difficulty, we use the symmetries of these maps.

We begin with the more general case of the non-abelian Yang–
Baxter maps in the -list. We present a map with additional free
parameters that generates all the -list for specific constant values of
these parameters.15 Hence, a rational Lax matrix associated with this
map produces all the rational Lax matrices of the -list maps. The maps
from the rest non-abelian cases are obtained through the symmetries
of the -list. Based on these symmetries, we introduce refactorization
problems involving rational Lax matrices for 𝛬,  and  lists. The
abelian limit of the -list gives rise to rational Lax matrices for the
𝐻-list Yang–Baxter maps (except of 𝐻𝑉 which is treated separately),
while the abelian limit of the  -list produces compatible refactorization
problems with rational Lax matrices for the 𝐹 -list. This approach does
not apply to the 𝐹𝐼 𝑉 map, as it lacks a counterpart in the 𝐻-list.

Finally, we present non-involutive six parameter extensions of the
non-abelian 𝐼 𝐼 𝐼 ,𝑉 ,𝐼 𝐼 𝐼 ,𝑉 Yang–Baxter maps and their associated
Lax representations.

1.1. Yang–Baxter maps and Lax matrices

A map 𝑅 ∶  ×  →  ×  , 𝑅 ∶ (𝑥, 𝑦) ↦ (𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦)), where  is
a set, is called a Yang–Baxter (YB) map if it satisfies the Yang–Baxter
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𝑅23◦𝑅13◦𝑅12 = 𝑅12◦𝑅13◦𝑅23.

Here, 𝑅𝑖𝑗 for 𝑖, 𝑗 = 1, 2, 3, denotes the action of the map 𝑅 on the 𝑖 and
factor of  ×  ×  , i.e. 𝑅12(𝑥, 𝑦, 𝑧) = (𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦), 𝑧), 𝑅13(𝑥, 𝑦, 𝑧) =
𝑢(𝑥, 𝑧), 𝑦, 𝑣(𝑥, 𝑧)) and 𝑅23(𝑥, 𝑦, 𝑧) = (𝑥, 𝑢(𝑦, 𝑧), 𝑣(𝑦, 𝑧)).

A YB map 𝑅 ∶ (X × I) × (X × I) ↦ (X × I) × (X × I), with

𝑅 ∶ ((𝑥, 𝑝), (𝑦, 𝑞)) ↦ ((𝑢, 𝑝), (𝑣, 𝑞)) = ((𝑢(𝑥, 𝑝, 𝑦, 𝑞), 𝑝), (𝑣(𝑥, 𝑝, 𝑦, 𝑞), 𝑞)), (1)

is called a parametric YB map.5,17 In this definition the set  is the
artesian product of the set of variables X and the set of parameters
with elements 𝑝, 𝑞 ∈ I which remain invariant under 𝑅. Typically,
e consider that the set of variables X and the set of parameters I
ave the structure of an algebraic variety. We mainly deal here with
he case where, X is the set of complex numbers C or more precisely
iemann sphere CP1 and the set of parameters I is C𝑛 or (CP1)𝑛, where
denotes the number of parameters. However, we discuss also non-

belian cases, where we assume that X is a division ring , while the
arameters (including the spectral parameter that appears in the Lax
atrices) will be considered as elements of the center of the ring. We

ften keep the parameters separately and denote a parametric YB map
s 𝑅𝑝,𝑞(𝑥, 𝑦) ∶ X × X → X × X treating it as family of maps.

According to Ref. 16, a Lax Matrix of the parametric YB map (1) is
 map 𝐿 ∶ X × I × I →𝑀 𝑎𝑡(𝑛 × 𝑛), such that

𝐿(𝑢, 𝑝, 𝜁 )𝐿(𝑣, 𝑞 , 𝜁 ) = 𝐿(𝑦, 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ), (2)

holds for any 𝜁 ∈ I. If the converse is also true, i.e. if the condition
hat Eq. (2) holds for any 𝜁 ∈ I implies (𝑢, 𝑣) = 𝑅𝑝,𝑞(𝑥, 𝑦), then 𝐿(𝑥, 𝑝, 𝜁 )

is called strong Lax matrix. The parameter 𝜁 , which does not appear in
the map, is called the spectral parameter.

On the other hand, solutions of (2) give rise to YB maps under the
so-called 3-factorization property of the matrix 𝐿, which states that if
𝑢 = 𝑢𝑝,𝑞(𝑥, 𝑦), 𝑣 = 𝑣𝑝,𝑞(𝑥, 𝑦) satisfy (2), for a matrix 𝐿 and the equation

𝐿(�̂�, 𝑝, 𝜁 )𝐿(�̂�, 𝑞 , 𝜁 )𝐿(�̂�, 𝛾 , 𝜁 ) = 𝐿(𝑥, 𝑝, 𝜁 )𝐿(𝑦, 𝑞 , 𝜁 )𝐿(𝑧, 𝛾 , 𝜁 )
implies that �̂� = 𝑥, �̂� = 𝑦 and �̂� = 𝑧, for every 𝑥, 𝑦, 𝑧 ∈ X, then
𝑅𝑝,𝑞(𝑥, 𝑦) ↦ (𝑢, 𝑣) is a parametric YB map with Lax matrix 𝐿.18

As it was shown in Refs. 16, 17, if a YB map is generated by an
ffective action of the linear group 𝐺 𝐿𝑁 , then the YB equation yields a
ax representation. Conversely, using similar arguments from Ref. 16,

we can show that the solutions to the refactorization problem (2),
which are expressed by actions of 𝐺 𝐿𝑁 , satisfy the 3-factorization
property and thus are YB maps.

Proposition 1.1 (Ref. 16). We consider a parametric map 𝑅𝑝,𝑞 ∶ X×X →

× X with

𝑅𝑝,𝑞 ∶ (𝑥, 𝑦) ↦ (𝑢𝑝,𝑞(𝑥, 𝑦), 𝑣𝑝,𝑞(𝑥, 𝑦)) ∶= (𝑢, 𝑣),
an effectivec action 𝐺 𝐿𝑁 × X → X and a matrix valued function 𝐿 ∶
X × I × I → 𝐺 𝐿𝑁 such that

𝑢 = 𝐿(𝑦, 𝑞 , 𝑝)[𝑥], 𝑣 = 𝐿(𝑥, 𝑝, 𝑞)[𝑦], (3)

where 𝐿[𝑥] denotes the action of 𝐿 ∈ 𝐺 𝐿𝑁 on 𝑥 ∈ X. Then the map 𝑅𝑝,𝑞
s a parametric YB map if and only if
𝐿(𝑥, 𝑝, 𝜁 )𝐿(𝑦, 𝑞 , 𝜁 ) = 𝐿(𝑣, 𝑞 , 𝜁 )𝐿(𝑢, 𝑝, 𝜁 ). (4)

In many cases, we can derive rational Lax matrices of YB maps on
CP1 × CP1 by considering the group 𝐺 𝐿2 acting on CP1 by Möbius

transformations,16,17 i.e. for 𝐿 =
(

𝑎 𝑏
𝑐 𝑑

)

∈ 𝐺 𝐿2, 𝐿[𝑥] ∶= 𝑎𝑥+𝑏
𝑐 𝑥+𝑑 . For

xample, Adler’s map (𝐻𝑉 map in the list of Ref. 13) is given by

𝑢 = 𝑦 −
𝑝 − 𝑞
𝑥 + 𝑦

, 𝑣 = 𝑥 +
𝑝 − 𝑞
𝑥 + 𝑦

, (5)

c 𝐿 ∈ 𝐺 𝐿 acts identically on X, iff 𝐿 = 𝐼 𝑑
𝑁

2 
which is derived by the Möbius transformations corresponding to

𝐿(𝑥, 𝑝, 𝜁 ) ∶=
(

𝑥 𝑝 − 𝜁 + 𝑥2

1 𝑥

)

. (6)

Hence, 𝐿(𝑥, 𝑝, 𝜁 ) is a Lax matrix of Adler’s map.5,16 However, this
procedure of obtaining rational Lax pairs of rational YB maps is not
lways successful. For example, the 𝐹𝐼 𝑉 YB map7

𝑢 = 𝑦
(

1 − 𝑝 − 𝑞
𝑥 − 𝑦

)

, 𝑣 = 𝑥
(

1 − 𝑝 − 𝑞
𝑥 − 𝑦

)

, (7)

is derived by the Möbius transformation that corresponds to the Lax
atrix

𝐿(𝑥, 𝑝, 𝜁 ) ∶=
⎛

⎜

⎜

⎝

√

𝑥
√

𝑥(𝑝 − 𝑥 + 𝜁 )
1
√

𝑥
−
√

𝑥

⎞

⎟

⎟

⎠

, (8)

that is clearly not rational.

1.2. The H and the F list of quadrirational YB maps and their symmetries

In order to distinguish between equivalence classes of YB maps
e need an equivalence relation that is introduced in the following

Proposition.

Proposition 1.2 (Ref. 13). If 𝑅𝑝,𝑞 ∶ X × X → X × X is a parametric YB
map and 𝜙(𝑝) ∶ X → X a family of bijections parametrized by 𝑝 ∈ I, then
he map
̃𝑝,𝑞 = (𝜙−1(𝑝) × 𝜙−1(𝑞))𝑅𝑝,𝑞(𝜙(𝑝) × 𝜙(𝑞)) (9)

is a YB map. Eq. (9) establishes an equivalence relation in the set of YB
aps and if the YB maps 𝑅 and �̃� are related by (9) then we refer to them

as equivalent.

The following definition introduces the notion of a symmetry of a
YB map.

Definition 1.3 (Ref. 13). A symmetry of a YB map 𝑅𝑝,𝑞 ∶ X×X → X×X
is a parametric family of bijections 𝜎(𝑝) ∶ X → X, such that

(𝜎(𝑝) × 𝜎(𝑞))𝑅𝑝,𝑞 = 𝑅𝑝,𝑞(𝜎(𝑝) × 𝜎(𝑞)). (10)

Note that if 𝜎(𝑝) is a symmetry of a YB map 𝑅𝑝,𝑞 , then the maps

𝑅𝜎 =(𝜎(𝑝)−1 × 𝐼 𝑑)𝑅𝑝,𝑞(𝐼 𝑑 × 𝜎(𝑞)), �̂�𝜎 =(𝐼 𝑑 × 𝜎(𝑞)−1)𝑅𝑝,𝑞(𝜎(𝑝) × 𝐼 𝑑),
are parametric YB maps as well. In general, neither 𝑅𝜎 nor 𝑅𝜎 , are
YB equivalent with the map 𝑅. Note that when the YB map 𝑅𝑝,𝑞 is
involutive then 𝑅𝜎 = �̂�𝜎 .

Definition 1.4 (Ref. 7). A map 𝑅 ∶  ×  →  ×  , with 𝑅 ∶ (𝑥, 𝑦) ↦
𝑢(𝑥, 𝑦), 𝑣(𝑥, 𝑦)), is called quadrirational if both maps 𝑣(𝑥, ⋅) ∶  →  and
(⋅, 𝑦) ∶  →  , for fixed 𝑥, 𝑦 ∈  respectively, are birational isomorphisms

of  .

In Ref. 7, Adler, Bobenko and Suris classified all parametric quadri-
ational maps of the subclass [2 ∶ 2] on CP1 × CP1 into five cases of

the so-called 𝐹 -list under (𝑀ö𝑏)4 transformations, i.e. Möbius trans-
formations acting independently on each field 𝑥, 𝑦, 𝑢, 𝑣. All these cases
turned out to be YB maps. However, in general the YB property is not
reserved under (𝑀ö𝑏)4 transformations (quadrirational maps are not
ecessarily YB maps). That allowed13 to complement the 𝐹 − 𝑙 𝑖𝑠𝑡 with
ive additional cases that form the so-called 𝐻-list. The maps in the

-list are derived from those in the 𝐹 -list through the symmetries of
he latter. Explicitly the 𝐹 and the 𝐻−list are presented in Appendix.

Applying Proposition 1.1 to any member of the 𝐹 or the 𝐻−list, we
obtain associated Lax pairs. Note though that the obtained Lax pairs of
the 𝐻−list are rational (an appropriate normalization might be of use)
while the ones of the 𝐹−list (apart 𝐹 and 𝐹 ) are not.
𝐼 𝐼 𝐼 𝑉
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Table 1
Lax matrices of the 𝐻−list of quadrirational YB maps.

𝐻𝐼 𝐻𝐼 𝐼 𝐻𝐴
𝐼 𝐼 𝐼 𝐻𝐵

𝐼 𝐼 𝐼 𝐻𝑉

𝐿(𝑥, 𝑝; 𝜁 )
(

𝑥−𝑝
𝑥−1

𝜁 (𝑝 − 1) 𝑥
𝑥−1

𝑝 − 𝑥 𝑥

) (

1 𝜁 𝑝(𝑥 − 1)
1
𝑥

𝑥−1
𝑥

) (

1 𝜁 𝑝𝑥
1
𝑥

1

) (

𝑝𝑥 𝜁
1 1

𝑥

)

(

𝑥 𝑝 − 𝜁 + 𝑥2

1 𝑥

)

𝑣

𝑣

𝐷
b


g
o

B
f

In Table 1, we present the rational Lax matrices of the 𝐻−list, which
are obtained by Proposition 1.1. Indeed, it can be easily shown that the
mappings 𝐻𝐼 −𝐻𝑉 (see Appendix) can be expressed, via a 𝐺 𝐿2 action,
as (3) for the corresponding Lax matrices given in Table 1. In addition,
(4) for each 𝐿 given in Table 1, is equivalent to𝐻𝐼−𝐻𝑉 . So the matrices
𝐿 given in Table 1, serve as Lax matrices for the 𝐻−list of Yang–Baxter

aps.

2. Lax matrices of YB maps which are related through symmetry

The following is the main Theorem of this article.

Theorem 2.1. Let 𝑅𝑝,𝑞 ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), be a YB map with Lax matrix
𝐿(𝑥, 𝑝, 𝜁 ) and 𝜎𝑝 ∶= 𝜎(𝑝) a symmetry of this map. Then the YB map,
̂𝜎 ∶= (𝜎−1𝑝 × 𝐼 𝑑)𝑅𝑝,𝑞(𝐼 𝑑 × 𝜎𝑞) ∶ (𝑥, 𝑦) ↦ (�̂�, �̂�), (11)

satisfies the refactorization problem

𝐿(𝜎𝑝(�̂�), 𝑝, 𝜁 )𝐿(�̂�, 𝑞 , 𝜁 ) = 𝐿(𝜎𝑞(𝑦), 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ), (12)

while the YB map
̃𝜎 ∶= (𝐼 𝑑 × 𝜎−1𝑞 )𝑅𝑝,𝑞(𝜎𝑝 × 𝐼 𝑑) ∶ (𝑥, 𝑦) ↦ (�̃�, �̃�), (13)

satisfies

𝐿(�̃�, 𝑝, 𝜁 )𝐿(𝜎𝑞(�̃�), 𝑞 , 𝜁 ) = 𝐿(𝑦, 𝑞 , 𝜁 )𝐿(𝜎𝑝(𝑥), 𝑝, 𝜁 ). (14)

Furthermore, if 𝐿 is a strong Lax matrix then Eq. (12) is equivalent to
(�̂�, �̂�) = �̂�𝜎 (𝑥, 𝑦), while (14) is equivalent to (�̃�, �̃�) = �̃�𝜎 (𝑥, 𝑦).

Proof. Let 𝑅𝑝,𝑞(𝑥, 𝑦) ∶= (𝑢(𝑥, 𝑝, 𝑦, 𝑞), 𝑣(𝑥, 𝑝, 𝑦, 𝑞)), then from (11) we
derive that

(𝜎𝑝(�̂�), �̂�) = (𝑢(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞), 𝑣(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞)). (15)

Now since 𝐿(𝑥, 𝑝, 𝜁 ) is a Lax matrix of 𝑅𝑝,𝑞 , we have that

𝐿(𝑢(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞), 𝑝, 𝜁 )𝐿(𝑣(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞), 𝑞 , 𝜁 ) = 𝐿(𝜎𝑞(𝑦), 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ),
(16)

which according to (15) is equivalent to (12). Furthermore, if 𝐿 is a
trong Lax matrix of 𝑅𝑝,𝑞 , then Eq. (16) is equivalent to (15) which is

equivalent to
(�̂�, �̂�) = (𝜎−1𝑝 (𝑢(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞)), 𝑣(𝑥, 𝑝, 𝜎𝑞(𝑦), 𝑞)) = �̂�𝜎 (𝑥, 𝑦).

The proof that the YB map �̃�𝜎 satisfies (14) is similar so we omit
t. □

Remark 2.2. Eq. (12) does not provide a Lax representation of the YB
ap (11) in the classical sense of the definition associated with Eq. (2), as

it involves two matrices, 𝐿 ∶= 𝐿(𝑥, 𝛼 , 𝜁 ) and 𝑀 ∶= 𝐿(𝜎𝛼(𝑥), 𝛼 , 𝜁 ), instead of
one. However, we still somewhat loosely refer to 𝐿 and 𝑀 as Lax matrices,
since each one is a Lax matrix of a YB map.

2.1. Rational Lax matrices for the , 𝛬, and  lists of non-abelian
uadrirational YB maps

Recently, there has been increased interest in non-abelian ana-
ogues of YB maps.15,19–22 The non-abelian extensions of the 𝐹 and

the 𝐻 lists were obtained in Ref. 15. In detail, there were considered
quadrirational YB maps defined on  ×  where  a division ring,
that served as the noncommutative analogues of the 𝐹 and the 𝐻
3 
lists. Moreover they were referred to as the  and the  list of non-
abelian quadrirational YB maps. Furthermore, two additional lists of
non-abelian quadrirational YB maps were obtained the so-called  and
the 𝛬 lists (see Fig. 1).

The following YB maps were obtained in Ref. 15

𝑝,𝑞
𝑎,𝑏,𝑐 ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), where

𝑢 =𝑦 (𝑎𝑥𝑦 + 𝑏𝑞 − 𝑐 𝑞(𝑥 + 𝑦))−1 (𝑎𝑥𝑦 + 𝑏𝑝 − 𝑐(𝑞 𝑥 + 𝑝𝑦)) ,
= (𝑎𝑥𝑦 + 𝑏𝑞 − 𝑐(𝑝𝑦 + 𝑞 𝑥)) (𝑎𝑥𝑦 + 𝑏𝑝 − 𝑐 𝑝(𝑥 + 𝑦))−1 𝑢,

(17)

𝛬𝑝,𝑞𝑎,𝑏,𝑐 ∶= (𝜓−1 × 𝑖𝑑)𝑎,𝑏,𝑐 (𝑖𝑑 × 𝜓) ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), where

𝑢 =𝑝𝑦 (𝑎𝑏(𝑞 𝑥 + 𝑝𝑦) − 𝑐 𝑞(𝑏𝑝 + 𝑎𝑥𝑦))−1 (𝑎𝑏(𝑥 + 𝑦) − 𝑐(𝑏𝑞 + 𝑎𝑥𝑦)) ,
=𝑞 (𝑎𝑏(𝑥 + 𝑦) − 𝑐(𝑏𝑝 + 𝑎𝑥𝑦)) (𝑎𝑏(𝑞 𝑥 + 𝑝𝑦) − 𝑐 𝑝(𝑏𝑞 + 𝑎𝑥𝑦))−1 𝑥,

(18)

𝑝,𝑞
𝑎,𝑏,𝑐 ∶= (𝜙−1 × 𝑖𝑑)𝑎,𝑏,𝑐 (𝑖𝑑 × 𝜙) ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), where

𝑢 =
(

(𝑎𝑥𝑦 − 𝑏𝑞)(𝑦 − 𝑐
𝑎
𝑞)−1 − (𝑎𝑥𝑦 − 𝑏𝑝)(𝑦 − 𝑏

𝑐
)−1

)−1

(

𝑝(𝑎𝑥𝑦 − 𝑏𝑞)(𝑎
𝑐
𝑦 − 𝑞)−1 − (𝑎𝑥𝑦 − 𝑏𝑝)( 𝑐

𝑏
𝑦 − 1)−1

)

𝑣 =
(

𝑎(𝑎𝑏 − 𝑐2𝑞)𝑥𝑦 + 𝑎𝑏𝑐(𝑞 − 𝑝)𝑦 + 𝑏𝑞(𝑐2𝑝 − 𝑎𝑏)
)

(

𝑎(𝑎𝑏 − 𝑐2𝑝)𝑥𝑦 + 𝑎𝑏𝑐(𝑝 − 𝑞)𝑥 + 𝑏𝑝(𝑐2𝑞 − 𝑎𝑏)
)−1 𝑥,

(19)

 𝑝,𝑞
𝑎,𝑏,𝑐 ∶= (𝜓−1◦𝜙−1 × 𝑖𝑑)𝑎,𝑏,𝑐 (𝑖𝑑 × 𝜙◦𝜓) ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), where

𝑢 =𝑝
(

𝑐 𝑝(𝑥 − 𝑦)(𝑏 − 𝑐 𝑦)−1 − 𝑎(𝑞 𝑥 − 𝑝𝑦)(𝑐 𝑞 − 𝑎𝑦)−1)−1
(

𝑏(𝑥 − 𝑦)(𝑏 − 𝑐 𝑦)−1 − 𝑐(𝑞 𝑥 − 𝑝𝑦)(𝑐 𝑞 − 𝑎𝑦)−1) ,
𝑣 =𝑞

(

(𝑎𝑏 − 𝑐2𝑞)𝑥 + 𝑏𝑐(𝑞 − 𝑝) + (𝑐2𝑝 − 𝑎𝑏)𝑦)
(

𝑞(𝑎𝑏 − 𝑐2𝑝)𝑥 + 𝑎𝑐(𝑝 − 𝑞)𝑥𝑦 + 𝑝(𝑐2𝑞 − 𝑎𝑏)𝑦
)−1 𝑥,

(20)

where 𝑎, 𝑏 and 𝑐 denote free parameters that take values in the center
of the division ring  and so does the Yang–Baxter parameters 𝑝, 𝑞.
Due to equivalence relation (9), the parameters 𝑎, 𝑏, 𝑐 can be scaled to
1 when they are neither 0 nor ∞. So without loss of generality we can
assume that 𝑎, 𝑏, 𝑐 ∈ {0, 1,∞}. The maps 𝑎,𝑏,𝑐 , 𝛬𝑎,𝑏,𝑐 ,𝑎,𝑏,𝑐 , and 𝑎,𝑏,𝑐 ,
for 𝑎 = 𝑏 = 𝑐 = 1, are referred to as the generic maps (or members) of the
, 𝛬 , and  lists respectively.

These generic maps admit the dihedral discrete symmetry group
2 = ⟨𝛼 , 𝛽|𝛼2 = 𝛽2 = (𝛼 𝛽)2 = 𝐼 𝑑⟩, that is, the following families of
ijections

𝜙(𝑝) ∶ 𝑥↦
𝑏
𝑎
(𝑎𝑥 − 𝑐 𝑝)(𝑐 𝑥 − 𝑏)−1, 𝜓(𝑝) ∶ 𝑥↦

𝑏
𝑎
𝑝𝑥−1, (21)

serve as a birational realization of 𝐷2.
A strong Lax matrix was associated to the generic member of the
list in Ref. 15. Theorem 2.1 allows to obtain Lax matrices for the

eneric members of the 𝛬,  and  lists, out of the strong Lax matrix
f the generic map of the  list, as the following Proposition suggests.

Proposition 2.3. Assuming that the spectral parameter 𝜁 and the Yang–
axter parameters 𝑝, 𝑞 are elements of the center of the division ring , the
ollowing statements hold.

1. The generic map of the  list, that is mapping (17), is equivalent to
the refactorization problem

𝐿(𝑢, 𝑝, 𝜁 )𝐿(𝑣, 𝑞 , 𝜁 ) = 𝐿(𝑦, 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ),
where

𝐿(𝑥, 𝑝, 𝜁 ) ∶=
(

𝑎𝑥 − 𝑐 𝑝 𝜁 (𝑏 − 𝑐 𝑥) )

; (22)

𝑎 − 𝑐 𝑝𝑥−1 𝑝(𝑏𝑥−1 − 𝑐)
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Fig. 1. The  , ,  and 𝛬 lists of quadrirational Yang–Baxter maps in the non-abelian and in the abelian setting. The generic members of these lists are related by the morphisms
∶ 𝑅→ (𝜙−1 × 𝑖𝑑)𝑅(𝑖𝑑 × 𝜙) and 𝛹 ∶ 𝑅 → (𝜓−1 × 𝑖𝑑)𝑅(𝑖𝑑 × 𝜓), where 𝜙, 𝜓 , symmetries.
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2. The generic map of the 𝛬 list, that is mapping (18), is equivalent to
the refactorization problem
𝑀(𝑢, 𝑝, 𝜁 )𝐿(𝑣, 𝑞 , 𝜁 ) =𝑀(𝑦, 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ),

where 𝐿 is given in (22) and

𝑀(𝑥, 𝑝, 𝜁 ) ∶=
(

𝑝(𝑏𝑥−1 − 𝑐) 𝜁 𝑏(1 − 𝑐
𝑎 𝑝𝑥

−1)
𝑎(1 − 𝑐

𝑏𝑥) 𝑎𝑥 − 𝑝𝑐

)

;

3. The generic map of the  list, that is mapping (19), is equivalent to
the refactorization problem
𝑀(𝑢, 𝑝, 𝜁 )𝐿(𝑣, 𝑞 , 𝜁 ) =𝑀(𝑦, 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ),

where 𝐿 is given in (22) and
𝑀(𝑥, 𝑝, 𝜁 )

∶=
⎛

⎜

⎜

⎝

𝑏(𝑎𝑥 − 𝑐 𝑝)(𝑐 𝑥 − 𝑏)−1 − 𝑐 𝑝 𝜁 𝑏
(

1 − 𝑐
𝑎
(𝑎𝑥 − 𝑐 𝑝)(𝑐 𝑥 − 𝑏)−1

)

𝑎
(

1 − 𝑝 𝑐
𝑏
(𝑐 𝑥 − 𝑏)(𝑎𝑥 − 𝑐 𝑝)−1

)

𝑝
(

𝑎(𝑐 𝑥 − 𝑏)(𝑎𝑥 − 𝑐 𝑝)−1 − 𝑐)
⎞

⎟

⎟

⎠

;

4. The generic map of the  list, that is mapping (20), is equivalent to
the refactorization problem
𝑀(𝑢, 𝑝, 𝜁 )𝐿(𝑣, 𝑞 , 𝜁 ) =𝑀(𝑦, 𝑞 , 𝜁 )𝐿(𝑥, 𝑝, 𝜁 ),

where 𝐿 is given in (22) and

𝑀(𝑥, 𝑝, 𝜁 )

∶=

(

𝑝
(

𝑎(𝑐 𝑥 − 𝑏)(𝑎𝑥 − 𝑐 𝑝)−1 − 𝑐) 𝜁
(

𝑏 − 𝑐 𝑝(𝑐 𝑥 − 𝑏)(𝑎𝑥 − 𝑐 𝑝)−1)
𝑎 − 𝑐(𝑎𝑥 − 𝑐 𝑝)(𝑐 𝑥 − 𝑏)−1 𝑏(𝑎𝑥 − 𝑐 𝑝)(𝑐 𝑥 − 𝑏)−1 − 𝑐 𝑝

)

.

Proof. The first item of the Proposition was proven in Ref. 15, where
t was shown that  admits the strong Lax matrix (22). Then, using the

fact that the generic maps of the , 𝛬,  and  lists are related via the
ymmetries (21), the proof of the remaining items of the Proposition

are a direct consequence of Theorem 2.1. □

Corollary 2.4. By specifying the constants 𝑎, 𝑏, 𝑐 ∈ {0, 1,∞} appropriately
in (17)–(20), we obtain members of the associated , 𝛬,  and  lists
f Yang–Baxter maps. For example, the non-abelian extensions of 𝐹𝐼 , 𝐹𝐼 𝐼
nd 𝐹𝐼 𝐼 𝐼 respectively are 𝐼 ∶= 𝑝,𝑞

1,1,1, 𝐼 𝐼 ∶= 𝑝,𝑞
0,1,1 and 𝐼 𝐼 𝐼 ∶= 𝑝,𝑞

0,0,1.
lso, 𝐼 𝑉 is obtained from 𝐼 𝐼 and 𝑉 is obtained from 𝐼 𝑉 by limiting

procedures (see Ref. 15).
Assuming that all variables that participate to the aforementioned maps

ommute, , 𝛬 , and  lists collapse to the 𝐻 and 𝐹 lists of YB maps
see Fig. 1). That allows us to obtain the rational Lax matrices associated

with the 𝐹 -list of quadrirational Yang–Baxter maps which are presented
n Table 2. Note that we were not able to obtain rational Lax matrices
associated with 𝐹𝐼 𝑉 since the latter does not admit any symmetry. Mapping
𝐹𝐼 𝑉 admits the Lax matrix (8) that is not rational so we did not include it
in Table 2.
4 
3. Discussion

In this article we have provided rational Lax matrices for the generic
members of the  , ,  and 𝛬 lists of non-abelian quadrirational Yang–
Baxter maps. In the abelian setting, we obtained rational Lax matrices
or the abelian quadrirational YB maps of the 𝐻 and the 𝐹 lists.

As already mentioned, due to the lack of classification results up to
he equivalence relation introduced in Proposition 1.2, the 𝐻 and the

lists do not exhaust all quadrirational abelian YB maps and the same
holds true for the  , ,  and 𝛬 lists. A possible direction for future
research is to complete the classification of quadrirational YB maps at
least in the abelian setting. For example there exist YB maps which
are quadrirational but not equivalent with any member of the 𝐹 or the

list. One of such maps together with its associated Lax matrix was
firstly introduced in Ref. 14, as a four-parameter extension of the 𝐻𝐴

𝐼 𝐼 𝐼
B map. This map turned out not to be an involution, which explains
hy it is excluded from the 𝐻 and 𝐹 lists (the involutivity property of
 map is preserved under Yang–Baxter equivalence).

In what follows, we present four non-abelian six-parameter exten-
ions of 𝐼 𝐼 𝐼 , 𝐼 𝐼 𝐼 , 𝑉 and 𝑉 maps. We denote these maps as 𝑒𝐼 𝐼 𝐼 ,
𝑒𝐼 𝐼 𝐼 , 𝑒𝑉 and 𝑒𝑉 and since they turn out to be non involutive, they
re not equivalent to their two-parameter counterparts. Explicitly they
ead 𝑅𝐩,𝐪 ∶ (𝑥, 𝑦) ↦ (𝑢, 𝑣), where 𝐩 ∶= (𝑝, 𝑝(1), 𝑝(2)), 𝐪 ∶= (𝑞 , 𝑞(1), 𝑞(2)) and
𝑢 =𝑝−1𝑦

(

𝑝(2)𝑥 − 𝑞(1)𝑦
)−1 (𝑝𝑞(2)𝑥 − 𝑞 𝑝(1)𝑦) ,

𝑣 =𝑞−1𝑥
(

𝑝(2)𝑥 − 𝑞(1)𝑦
)−1 (𝑝𝑞(2)𝑥 − 𝑞 𝑝(1)𝑦) ,

(𝑒𝐼 𝐼 𝐼 )

𝑢 =𝑞(1) − 𝑝(1) + 𝑦 + (𝑝 − 𝑞 + 𝑞(1)𝑞(2) − 𝑝(1)𝑝(2))
×

(

𝑝(1) − 𝑞(2) + 𝑥 − 𝑦
)−1 ,

𝑣 =𝑝(2) − 𝑞(2) + 𝑥 + (𝑝 − 𝑞 + 𝑞(1)𝑞(2) − 𝑝(1)𝑝(2))
×

(

𝑝(1) − 𝑞(2) + 𝑥 − 𝑦
)−1 ,

(𝑒𝑉 )

and
𝑢 =𝑝−1𝑦

(

𝑝(2)𝑥 + 𝑞(1)𝑦
)−1 (𝑝𝑞(2)𝑥 + 𝑞 𝑝(1)𝑦) ,

𝑣 =𝑞−1𝑥
(

𝑝(2)𝑥 + 𝑞(1)𝑦
)−1 (𝑝𝑞(2)𝑥 + 𝑞 𝑝(1)𝑦) ,

(𝑒𝐼 𝐼 𝐼 )

𝑢 =𝑞(1) + 𝑝(1) + 𝑦 − (𝑝 − 𝑞 + 𝑞(1)𝑞(2) − 𝑝(1)𝑝(2))
×

(

𝑝(1) + 𝑞(2) + 𝑥 + 𝑦
)−1 ,

𝑣 =𝑝(2) + 𝑞(2) + 𝑥 + (𝑝 − 𝑞 + 𝑞(1)𝑞(2) − 𝑝(1)𝑝(2))
×

(

𝑝(1) + 𝑞(2) + 𝑥 + 𝑦
)−1 ,

(𝑒𝑉 )

where for 𝑒𝑉 the YB parameters transform as

(𝑝, 𝑝(1), 𝑝(2); 𝑞 , 𝑞(1), 𝑞(2)) ↦ (𝑝,−𝑝(1),−𝑝(2); 𝑞 ,−𝑞(1),−𝑞(2)).

The non-abelian YB map 𝑒𝐼 𝐼 𝐼 was firstly introduced in Ref. 23. In
its abelian limit and for 𝑝 = 𝑞 = 1, coincides with the two-parameter
extension of 𝐻𝐴

𝐼 𝐼 𝐼 given in Ref. 14. Note that in Ref. 21 the non-Abelian
hierarchies of the  and the 𝛬 lists were obtained.
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Table 2
Lax matrices of the 𝐹−list of quadrirational YB maps.

𝐹𝐼 𝐹𝐼 𝐼 𝐹𝐼 𝐼 𝐼 𝐹𝑉

𝐿(𝑥, 𝛼; 𝜁 )
(

𝑥−𝛼
𝑥−1

𝜁 (𝛼 − 1) 𝑥
𝑥−1

𝛼 − 𝑥 𝑥

) (

1 𝜁 𝛼(𝑥 − 1)
1
𝑥

𝑥−1
𝑥

) (

1 𝜁 𝛼 𝑥
1
𝑥

1

)

(

𝑥 𝛼 − 𝜁 + 𝑥2

1 𝑥

)

𝑀(𝑥, 𝛼; 𝜁 )
(

𝛼 𝑥−1
𝑥−𝛼

− 𝜁 𝛼(𝛼 − 1) 1
𝑥−𝛼

𝛼 𝑥−1
𝑥

𝛼
𝑥

) (

1 − 𝜁 𝛼 𝑥
1

1−𝑥
𝑥
𝑥−1

) (

1 − 𝜁 𝛼 𝑥
− 1

𝑥
1

)

(

− 𝑥 𝛼 − 𝜁 + 𝑥2

1 − 𝑥

)

𝑣

𝑣

𝑣

𝜙

𝜙

We will now present explicitly the Lax matrices of the aforemen-
tioned non-abelian maps of this Section. The YB map 𝑒𝐼 𝐼 𝐼 is equiva-
lent to the refactorization problem

𝐿(𝑢,𝐩, 𝜁 )𝐿(𝑣,𝐪, 𝜁 ) = 𝐿(𝑦,𝐪, 𝜁 )𝐿(𝑥,𝐩, 𝜁 ),

where 𝐿(𝑥,𝐩, 𝜁 ) ∶=
(

𝑝(1) 𝜁 𝑥
𝑝𝑥−1 𝑝(2)

)

, while 𝑒𝐼 𝐼 𝐼 is equivalent to the

refactorization problem

𝑀(𝑢,𝐩, 𝜁 )𝐿(𝑣,𝐪, 𝜁 ) =𝑀(𝑦,𝐪, 𝜁 )𝐿(𝑥,𝐩, 𝜁 ),

where 𝐿(𝑥,𝐩, 𝜁 ) ∶=
(

𝑝(1) 𝜁 𝑥
𝑝𝑥−1 𝑝(2)

)

, 𝑀(𝑥,𝐩, 𝜁 ) ∶=
(

𝑝(1) −𝜁 𝑥
−𝑝𝑥−1 𝑝(2)

)

.

Finally, 𝑒𝑉 is equivalent to the refactorization problem

𝐿(𝑢, 𝑝,−𝑝(1),−𝑝(2), 𝜁 )𝐿(𝑣, 𝑞 ,−𝑞(1),−𝑞(2), 𝜁 )
= 𝐿(𝑦, 𝑞 , 𝑞(1), 𝑞(2), 𝜁 )𝐿(𝑥, 𝑝, 𝑝(1), 𝑝(2), 𝜁 ),

where 𝐿(𝑥,𝐩, 𝜁 ) ∶=
(

𝑥 + 𝑝(1) 𝑥2 + (𝑝(1) + 𝑝(2))𝑥 + 𝑝 − 𝜁
1 𝑥 + 𝑝(2)

)

, while 𝑒𝑉 is

quivalent to the refactorization problem 𝑀(𝑢,𝐩, 𝜁 )𝐿(𝑣,𝐪, 𝜁 ) =
𝑀(𝑦,𝐪, 𝜁 )𝐿(𝑥,𝐩, 𝜁 ), where

𝐿(𝑥,𝐩, 𝜁 ) ∶=
(

−𝑥 − 𝑝(1) 𝑥2 + (𝑝(1) + 𝑝(2))𝑥 + 𝑝 − 𝜁
1 −𝑥 − 𝑝(2)

)

,

𝑀(𝑥,𝐩, 𝜁 ) ∶=
(

𝑥 + 𝑝(1) 𝑥2 + (𝑝(1) + 𝑝(2))𝑥 + 𝑝 − 𝜁
1 𝑥 + 𝑝(2)

)

.

We leave the study of the non-abelian multi-parametric extensions
of YB maps to a future study.
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Appendix. The 𝑭 and the 𝑯−list of quadrirational Yang–Baxter
maps

The Yang–Baxter maps 𝑅 of the 𝐹 and the 𝐻−list, explicitly read:

𝑅 ∶ CP1 × CP1 ∋ (𝑥, 𝑦) ↦ (𝑢, 𝑣) ∈ CP1 × CP1

where:
𝑢 = 𝑝𝑦𝑃 , 𝑃 =

(1 − 𝑞)𝑥 + 𝑞 − 𝑝 + (𝑝 − 1)𝑦
, (𝐹𝐼 )
𝑣 = 𝑞 𝑥𝑃 , 𝑞(1 − 𝑝)𝑥 + (𝑝 − 𝑞)𝑥𝑦 + 𝑝(𝑞 − 1)𝑦

5 
𝑢 =
𝑦
𝑝
𝑃 ,

𝑣 = 𝑥
𝑞
𝑃 ,

𝑃 =
𝑝𝑥 − 𝑞 𝑦 + 𝑞 − 𝑝

𝑥 − 𝑦
, (𝐹𝐼 𝐼 ),

𝑢 =
𝑦
𝑝
𝑃 ,

𝑣 = 𝑥
𝑞
𝑃 ,

𝑃 =
𝑝𝑥 − 𝑞 𝑦
𝑥 − 𝑦

, (𝐹𝐼 𝐼 𝐼 ),

𝑢 = 𝑦𝑃 ,
= 𝑥𝑃 , 𝑃 = 1 + 𝑞 − 𝑝

𝑥 − 𝑦
, (𝐹𝐼 𝑉 ),

𝑢 = 𝑦 + 𝑃 ,
𝑣 = 𝑥 + 𝑃 , 𝑃 =

𝑝 − 𝑞
𝑥 − 𝑦

, (𝐹𝑉 ),

and
𝑢 = 𝑦𝑄,
𝑣 = 𝑥𝑄−1,

𝑄 =
(𝑝 − 1)𝑥𝑦 + (𝑞 − 𝑝)𝑥 + 𝑝(1 − 𝑞)
(𝑞 − 1)𝑥𝑦 + (𝑝 − 𝑞)𝑦 + 𝑞(1 − 𝑝) , (𝐻𝐼 )

𝑢 =
𝑞
𝑝
𝑦 + 1

𝑝
𝑄,

𝑣 =
𝑝
𝑞
𝑥 − 1

𝑞
𝑄,

𝑄 =
(𝑝 − 𝑞)𝑥𝑦
𝑥 + 𝑦 − 1 , (𝐻𝐼 𝐼 )

𝑢 =
𝑦
𝑝
𝑄,

𝑣 = 𝑥
𝑞
𝑄,

𝑄 =
𝑝𝑥 + 𝑞 𝑦
𝑥 + 𝑦

, (𝐻𝐴
𝐼 𝐼 𝐼 )

𝑢 = 𝑦𝑄,
= 𝑥𝑄−1,

𝑄 =
1 + 𝑞 𝑥𝑦
1 + 𝑝𝑥𝑦 , (𝐻𝐵

𝐼 𝐼 𝐼 )

𝑢 = 𝑦 −𝑄,
= 𝑥 +𝑄,

𝑄 =
𝑝 − 𝑞
𝑥 + 𝑦

. (𝐻𝑉 )

The symmetries of the 𝐹 and the 𝐻−list are listed below.

𝜙(𝑝) ∶ 𝑥↦
𝑥 − 𝑝
𝑥 − 1 , 𝜓(𝑝) ∶ 𝑥 ↦

𝑝
𝑥
, (𝐹𝐼 ), (𝐻𝐼 )

𝜙(𝑝) ∶ 𝑥↦1 − 𝑥, (𝐹𝐼 𝐼 ), (𝐻𝐼 𝐼 )
(𝑝) ∶ 𝑥↦

1
𝑝𝑥
, 𝜓(𝑝) ∶ 𝑥 ↦ − 𝑥, (𝐹𝐼 𝐼 𝐼 ), (𝐻𝐴

𝐼 𝐼 𝐼 ), (𝐻𝐵
𝐼 𝐼 𝐼 )

(𝑝) ∶ 𝑥↦ − 𝑥, (𝐹𝑉 ), (𝐻𝑉 )

The Yang–Baxter map 𝐹𝐼 𝑉 does not admit a symmetry.

Data availability
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