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Abstract

A connection between the Yang-Baxter relation for maps and the multi-dimensional consis-
tency property of integrable equations on quad-graphs is investigated. The approach is based
on the symmetry analysis of the corresponding equations. It is shown that the Yang-Baxter
variables can be chosen as invariants of the multi-parameter symmetry groups of the equations.
We use the classification results by Adler, Bobenko and Suris to demonstrate this method. Some

new examples of Yang-Baxter maps are derived in this way from multi-field integrable equations.
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1 Introduction

The quantum Yang-Baxter (YB) equation has its origins in the theory of solvable models in statis-
tical mechanics [Il 2] and the quantum inverse scattering method [3]. The fact that this equation
has also found many applications in representation theory, the construction of invariants in knot
theory and that it lies at the foundation of quantum groups, gives to the quantum YB equation
a prominent position among the basic equations in mathematical physics, see e.g. [, [B] and
references therein.

In its original form, the quantum YB equation is a relation for a linear operator R: V ® V —

V ® V, where V is a vector space. The relation has the form
R23 R13 R12 — R12 R13 R23 (1)

in End(V ® V ®@ V), where R'® is meant as the identity in the second factor of the tensor product
V@V ®V and as R in the first and third factors, and analogously for R'2, R?3. Supposing that
X is any set, the maps R from the Cartesian product X x X into itself, which satisfy the relation
(@) of composite maps are called set theoretic solutions of the quantum YB relation. The study of
set theoretic solutions of the quantum YB equation was originally suggested by Drinfeld [6] (see
also earlier work by Sklyanin [7], where the first interesting example of such solution was found)
and since then they have attracted the interest of many researchers.

More recently, a general theory on the set theoretic solutions to the YB relation was developed
in [§ and the notion of transfer maps, which can be considered as the dynamical analogues of the
monodromy and transfer matrices in the theory of solvable models in statistical mechanics, was
introduced in [9]. In many interesting examples of YB maps !, such as maps arising from geometric
crystals [I0], the set X has the structure of an algebraic variety and R is a birational isomorphism.
The case of CP! x CP! has been recently discussed in [I1] in relation with the classification of the
so-called quadrirational maps.

In this paper we investigate the relation between the YB property for maps and the multi-
dimensional consistency condition for equations on quad-graphs, which is now commonly accepted
as a definition of integrability for such equations (see [I2| [[3], [4]). Although the link between
these two notions was known before (see e.g. concluding remarks in [T4]) it was never explored
systematically.

Our approach is based on the symmetry analysis of integrable equations on quad-graphs. The
main idea is that the YB variables are suitable invariants of their symmetry groups. A good

example is the discrete potential Korteweg — de Vries equation (dpKdV) [15] [16, [17]

(fiz=f)(f1 = f2) —a1 + a2 =0, (2)

(see notation on Fig. [l). It is clearly invariant under the translation f — f+ const. The invariants

! Adopting the terminology in [9], set theoretic solutions to the YB equation will be referred in the following simply
as YB maps.



r=fi—f, y=he—h, u=ha—fo, v=r—1F (3)
satisfy the relation
T+y=u+tv. (4)

and equation () is written in terms of them as
(x+y)(r—v)=a — as. (5)

This allows to express u, v as functions of x,y, which leads to the following YB map
u:y—i—%, v:m—%, (6)
known as the Adler map [I8]. Note that the YB variables x, y, u, v, are attached to the edges of the
lattice. The fact that the corresponding map satisfies the YB property follows directly from the
3D consistency property of dpKdV (see Fig. H). This construction works for integrable equations
on quad-graphs with one-parameter symmetry group.
One of the main findings of our paper is that this idea works for multi-parameter symmetry
groups if one considers the extension of the equation on a multi-dimensional lattice. In that case
the edges are replaced by higher dimensional faces. We show that in such a way one can derive

from the same discrete potential KAV the following YB map

I=m)+(—y)z+rn-Dzy 7)
A=)+ —r)y+mnlMe-1Dzy

We will call it Harrison map since it is closely related to the superposition formula of the Backlund

u=yQ, v=2Q7", Q=

transformation for the Ernst equation in general relativity introduced by Harrison [19]. After the
change of variables z +— 1/z, v — 1/v, y — y/v2, u+— u/v; it coincides with the F; quadrirational
map in [I1], which corresponds to the most general case of two conics. Note that the most degenerate
case Fy in the classification of [I1] is simply related to the Adler map.

The plan of the paper is the following. We start in section Plwith the discussion of 3D consistency
property for the equations on quad-graphs. As the examples we choose three equations from the
classification list in [I4]. By considering the invariants of their one-parameter symmetry groups
we derive all five types of the quadrirational maps from [II]. Next, in section B, we show how
this symmetry method can be generalized in the case where the lattice equation admits a multi-
parameter symmetry group. This is demonstrated on the example of the lattice KAV equation by
extending it to a three dimensional cube and using the invariants of a two-parameter symmetry
group as YB variables. Finally, we show how the Harrison map can be retrieved from the lattice
KdV equation by exploiting its full three-parameter symmetry group and the consistency property
on a four dimensional cube.

In section Bl we show that the same idea works equally well for multi-field integrable lattice
equations and we derive certain examples of multi-component YB maps from lattice equations
in the Boussinesq family, vector Calapso equation and its specialization to an integrable discrete
version of the O(n+ 2) nonlinear c—model, introduced recently by Schief [20]. The paper concludes

with perspectives where we address some questions for future study.



2 Multi-dimensional consistency and YB maps

2.1 Equations on quad-graphs and the 3D consistency property

Central to our considerations are integrable discrete equations on quad-graphs, which are specific
equations associated to planar graphs with elementary quadrilaterals faces. In the simplest case
one has complex fields f : Z? — C assigned on the vertices at sites (n1,n2) and two complex lattice
parameters aq, ag assigned on the edges of an elementary square being equal on opposite edges (see

Fig. ). The basic building block of such equations consists of a relation of the form

E(f, fr, f2, frzyn,a0) = 0, (8)

between the values of four fields residing on the vertices of each elementary quadrilateral for which

we use the shorthand notation:

f=f(n1,n2), fi:=f(ni+1n2), fa:=f(n,na+1), fio:=f(ni+1Lna+1). (9)

0]
fo ! fi,2
(0%)] (0%)]
/ fi
g

Figure 1: An elementary quadrilateral.

Integrable discrete equations of the above type () are listed in a recent classification [I4], where
the 3D consistency property (see below) and some additional conditions were imposed. From that

list we consider the following equations

E: (fig—NHh—-fa))—aa+a2=0, (10)
& al(ffit fafi2) —aa(f f2+ f1f12) + 6(an® — as®) =0, (11)
&:  (1—a?)fi—arf)fa—aifip) = (1 —a®)(fo—aaf)(fi —aafiz) =0.  (12)

Equation &; is already mentioned as the dpKdV equation. Equation & with § = 0 is the
modified discrete KAV or Hirota equation [I5]. If 6 # 0 we may always assume that § = 1 using an
appropriate gauge. Equation &3 corresponds to the equation labeled as Q35—g in the classification
of [I4]. It is contained in the 4-parameter family of the equations derived earlier in [21], which
contains also discrete versions of potential KdV, modified KdV and Schwarzian KdV (see [22] for
a more recent discussion).

The integrability of such equations can be defined using the three dimensional consistency

property. This means that the overdetermined system consisting of the difference equations
g(fvfzvf]vfz,]aazva])zo) 1§2<]§3) (13)
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and their shifted versions, is consistent on the three-dimensional lattice Z3. In practice, this
property is verified as follows [I2), I3, T4]. Consider an elementary initial value problem on the
three-dimensional cube with initial data assigned on four vertices, not all of them lying on the
same face. One such initial configuration is depicted in Fig. 2l(a) with initial values f, f;, 1 <1i < 3.
Using equations ([[3]) on the three faces adjacent to the vertex with value f, we determine uniquely
the values f; j, 1 <4 < j <3, in terms of the initial data. Then using shifted versions of (I3) on
each of the remaining three faces, we evaluate fi 23 in three different ways. Consistency means
that one obtains the same value for f} 23 in terms of the initial data f, f;, 1 <i < 3 (independent

of the way we choose to evaluate it). For the dpKdV equation (@) this value is

>,

/3

Figure 2: Elementary initial value problems on the cube

(a1 —a2)fi fo+ (a3 —a1)f1 f3 + (2 — a3) f2 f3 '

fras= (g —a1)fs + (a1 —ag)fe + (a3 — a2) fi

(14)

Note that the right hand side of equation (&) is invariant under any permutation of the indices
(1,2,3) which label the field variables and the associated lattice parameters.

Another initial data configuration, which is best adapted to the YB property that we consider,
is depicted in Fig. PA(b). A third possible initial configuration is to give the values f, fi, fa, f1,2.3.
The latter two configurations are equivalent to the first one by using the equation on one of the
faces. For example, by using the front face equation we can exchange the value fi 3 to f3 in the set
of initial data.

Using the fact that dpKdV equation possesses the 3D consistency property, one can show in a
similar manner that it can be consistently imposed on each 2-dimensional face of a 4-cube. Since
we are going to use this property later on we describe explicitly its derivation.

For given initial values f, f; i = 1,2, 3,4, we determine the shifted values of the fields involving

any two different directions, using the equations

(fig — HUfi = f5) = ai — oy, (15)

1 <i<j <4 (see Fig. B). Successively, since dpKdV is 3-dimensional consistent, we determine
the values fi;r, 1 <4 < j < k < 4. Then the value f1234 can be found in six different ways,

using the dpKdV equations on the six 2-dimensional facets containing the vertex where the value



f1.2,3,4 is assigned. This vertex is contained also in four cubes, each one of them containing three of
the six facets, and the incidence relations are such that taking into account the three dimensional
consistency on each of the four cubes one proves that the value fq 234 is uniquely determined in
terms of initial data. By direct calculations also we find that this value is independent of the way

that we used to calculate it, and equals

Q'k(alaifi,j + ajou fir) (fr = fi)(f — fi)

P — 4
Tl z’?;c(alai +ajor)(fr — f)(fi — fo) e

where a denotes the cyclic sum over the subscripts (i,7,k) = (2,3,4),(4,2,3),(3,4,2). It can be
ij
easily checked that fi234 given by (@), remains invariant under any permutation of the indices

(1,2,3,4), thus dpKdV is four dimensional consistent.

Ja fia
fou fr247" "
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Figure 3: Discrete potential KAV in Z*

2.2 YB relation and 3D consistency property

Let X be any set and R a map of X x X into itself. Let RY : X" — X", where X" = X x X x...x X,
denotes the map which acts as R on the 7 and j factors and as the identity on the others. More

explicitly, let us write R(x,y), z,y € X, as
R(z,y) = (f(z,9), 9(z,y)). (17)
Then, for n > 2 and 1 < 4,5 <n, ¢ # j we define

RZ](I‘I 33'2 wn)_ (l‘l"'"xi—l’f(xi’xj)’xi-i-l’.”’xj—l’g(xi’xj)’xj-i-l’“'xn) Z<]7 (18)
’ rc - . . . . . . . .
(2l .. 297 g2, 2d), 0Lt f(at 2d), 2t ) i >



In particular, for n = 2 we find that R'?> = R and R*}(z,y) = (9(y,2), f(y,2)). The latter map

can be written as a composition of maps as follows
R*=PRP, (19)

where P is the permutation map, i.e. P(z,y) = (y,x).

A map R is called a YB map if it satisfies the YB relation (), regarded as an equality of maps
of X x X x X into itself. If in addition the relation R?' R = Id holds, then R is called reversible YB
map.

In a more general setting we may consider a whole family of YB maps parametrized by continu-
ous parameters «; rather than a single map. The YB relation then takes the parameter-dependent
form

RB(ag, a3) R (0, a3) R (ay, ) = R (a1, az) R¥ (a1, a3) R (s, a3), (20)

and the reversibility condition becomes
R21(a2,a1)R(a1,a2) =1d. (21)

The relation between YB maps and integrable equations on quad-graphs can be demonstrated
in the example of the discrete potential KdV equation £. As we have already shown in the
Introduction, by considering the differences of the values of the fields assigned on two adjacent

vertices (Bl), we arrive at the Adler map (@). There is a different combination for the variables

fo (u,01) fi,2

(v, a2) (y; 02)

f f1

(z,0q)
Figure 4: An oriented quadrilateral for the map R(z,y) = (u,v).
assigned on the edges of the square, namely
r=[ffi, y=rfifiz, u=fafiz, v=_[f2. (22)
From the above relations (22) we deduce that
Tu=yuv. (23)
Moreover, dpKdV can be also written in terms of the variables ([22) as follows

y+tv—xr—u=o01 —ay. (24)
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Figure 5: Three dimensional representation of the YB relation

Solving equations ([23)) and 4)) for (u,v) we get the following map
u:y<1—|—7al_a2>, v:x<1+7al_a2>. (25)

-y
The maps (@), 0), automatically satisfy the parameter dependent YB relation 20). Indeed,
it is easily shown that the consistency property for a configuration of initial data on the vertices
of a cube, as depicted in Fig. B is equivalent to that with initial values f, fi, fi2, f1,2,3. These
initial data correspond to the values (z,y, z) on the edges (Fig. H). The 3D consistency property

guarantees that the composite maps

R12 R13 R23
(a) : (z,y,2) — (22,y-1,2) — (v23,Y-1,2-2) — (T23,¥-1.3,2-1,-2) (26)
R23 R13 R12
(b) : (,y,2) — (2,y3,2-2) — (v3,Y3,2-1,—2) — (T2.3,y—-1,3,2-1,~2) (27)

appearing in equation (20), applied on (z,y, z) give identical values for (z23,y—13,2-1,—2).
Analysing these two examples one notices that the variables x, y, u, v, which we call YB variables,
are invariants of certain symmetry groups of the relevant lattice equation. Now we are going to

show that this symmetry method can be applied in more general situations as well.

2.3 Lattice invariants of symmetry groups and YB variables

Let us first recall the basic notions of Lie symmetry methods applied to lattice equations of the

form (®). With minor modifications these are in accordance with the symmetry methods applied

to algebraic or differential equations (see e.g. [23] for an extensive study on the subject).
Consider a lattice equation of the form (8) involving one field f : Z> — C(CP'). Let G be a

one-parameter group of transformations acting on the domain of the dependent variables,
G:fr—><I>(n1,n2,f;€), eeC. (28)

The prolongation of the group action on the lattice jet space J with coordinates (f, f1, f2, f1,2) is

specified by

G : (fa f17f27f1,2) = (@(nl,nQ,f;E),q)l(n1+1,n2,f1;E),@(Tll,n2+1,fQ;E),@(n1+1,n2+1,f172;€)) .
(29)



The infinitesimal generator of the group action of G on f is the vector field
d
v = Q(n1,n2, f) O, where  Q(n1,n2, f) = E@(nl,n%f;g) : (30)
e=0
There is a one-to-one correspondence between connected groups of transformations and their as-

sociated infinitesimal generators since the group action is reconstructed by the flow of the vector

field v by exponentiation
®(n1,n2, fie) = exp(ev)f . (31)

The prolongation of the infinitesimal action of G given by (29)), is generated by the prolonged vector
field

V= Q af + Ql afl + Q2 afz + Q1,2 8f1,2 ) (32)

where subscripts denote Q1 = Q(n1 + 1,n2, f1), Q12 = Q(n1 + 1,n2 + 1, f12), and so on.

The transformation G is a symmetry of the lattice equation (8, if it transforms any solution
of () to another solution of the same equation. Equivalently, G is a symmetry of equation (), if
the equation is not affected by the transformation (Z29). The infinitesimal criterion for G to be a
symmetry of equation (B) is

V(E(S, f1, fo, fr2;00,02)) =0, (33)

whenever equation () holds.
A function I : J — C is a lattice invariant of the transformation group G, if I is not affected

under the action of G. The infinitesimal invariance condition for the lattice invariants is
v(I)=0. (34)

Once we have determined a symmetry generator v of the lattice equation (), the corresponding
lattice invariants can be found from the solution of the first order partial differential equation (B4),
by using the method of characteristics. From the corresponding system of ordinary differential
equations we may easily obtain the general solution, since it consists of equations with separated
variables. We assign now to the edges of an elementary quadrilateral the following YB variables
(Fig. H)

z=1I(ff1), y=1I(f1,f2), uw=1I(f2 fr2), v=I(ff2), (35)

where [ is an invariant depending on two neighboring values of f. Since G is a symmetry of the

lattice equation, the latter can be written in terms of these variables:
D(m,y,u,v;al,ag) =0. (36)

This can be done in different ways since the variables (Bl are not independent; there exists a
relation among them
Flx,y,u,v;a1,2) =0, (37)

following from the fact that the space of G-orbits is three-dimensional.
Solving the system of equations (B8), (B7) for u,v in terms of z, y and assuming that the solution

is unique, we obtain a map R(z,y) = (u,v).



Proposition 2.1. If the discrete equation & satisfies the 3D consistency property, then the map
R(z,y) = (u,v), which relates the lattice invariants ([33), satisfies the YB relation.

The proof follows from Fig. Bl Similar considerations hold for multi-field lattice equations,
which give rise to multi-component YB maps (see section ).

Ezample 2.2. Consider the dpKdV equation (). Two infinitesimal symmetry generators of the

latter equation are
vy = af s Vo = (—1)n1+n2 faf s (38)

(see [24]). They generate the symmetry transformations
G':f f4e, G :f fexp(ea(-1)"T"), e, €C, (39)

respectively. The lattice invariants assigned on the edges of a square for each one of the above

symmetry transformations are the variables ) and ([22), respectively.

The consideration of the remaining two equations from the list (I0)-([I2), with the corresponding

symmetry generators

Ve, = (—1)”1+”2f8f, Vg3 = faf, (40)

leads to the results summarized in the following Table [l

Table 1: Yang-Baxter maps arising from equations & and &3.

Yang-Baxter Functional relation
. . . Yang-Baxter map
variables and lattice equation
y=rfifiz2/a m
& flflzi2 N(@+uto)=r(y+v+9)
u = Q
2 L2l where 7; = a;° I Y1z +9) —72(y +9)
v=[fa/o o T —y
== fiftea f) Ty =uv u=yQ, v=zQ!
& y:f172/(a2fl) 1—.%_1_].—’}’1 1 -y
u=fiz/(a1f) 1-v7  l-m1l-mu Q= (I=y2)+(v2—m) z+r2(n-1)zy
v=fa/(azf) where 7; = a;” T O—)+O1—2) y+n(e—Day

These maps are simply related to quadrilateral maps £ — Frr; from the Adler-Bobenko-Suris
list of [TT]. Namely, setting § = 0 in the YB map constructed from &, we retrieve the map labeled
as Frry map in [II]. The case 6 = —1 corresponds to the Fy; map. Finally, the YB map constructed
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from &; under the transformation x — 1/, v— 1/v, y+— y/v2, u+— u/y; turns into

O 1=—m)z+r—m—+0M-1y

S e(l-m)rt+ (n—)zy+r(e—1)y’ (1)

u:’)/lyév ’U:’}/Q*’Eéa

which corresponds to the Fr map in the classification in [I1]. As we have already mentioned it is
closely related to the superposition formula of the Backlund transformation for the Ernst equation
in general relativity introduced by Harrison [19], c.f. [25].

The remaining maps Fry and Fy from [II] are related in a simple way to the maps (@) and
@3) derived from dpKdV already in section 22

Thus all 5 types of quadrilateral maps from the Adler-Bobenko-Suris classification [I1] are

equivalent to the YB maps coming from the integrable equations on quad-graphs.

Remark 2.3. We should mention that the equivalence of the quadrilateral maps considered in [IT]
allows independent change of variables x, ¥y, u,v and therefore does not respect the YB property,
which is preserved in general only under the diagonal action of the Mobius group. In particular,
quadrilateral maps in general do not satisfy the YB relation (contrary to what one might conclude
from [I1]). However sometimes two YB maps are related by non-diagonal action (see the example of
Harrison map and Fy above). The question how many such pairs exist needs further investigation

(see the discussion of this in [26]).

3 Multi-parameter symmetry groups and multi-dimensional con-
sistency

The purpose of this section is to show that the symmetry method described in the preceding section

works equally well for multi-parameter symmetry groups. The idea is to consider the extension of

the equation into many dimensions using the 3D-consistency property and then prescribe the YB

variables not to the edges but, for example, to higher dimensional faces.

We demonstrate how the method works in the example of dpKdV equation, which is invariant

under the three-parameter symmetry group G with infinitesimal generators
vi=d5,  va= ()Mo, vg=(—)mm oy (42)
Their commutators are
[vi,vo] = v3, [vo,v3]=—vi, [vi,v3]=0, (43)
from which it is immediately seen that {vi,vs,v3} span a solvable Lie algebra. This algebra is
actually isomorphic to the Lie algebra of the group Iso(R%!) of isometries of Minkowski plane, so
G can be considered as the connected component of identity of this group.

3.1 Consistency of dpKdV around a 3-cube and the F;;; map

Consider the dpKdV equation imposed on each face of an elementary cube (see Fig. Bl) and the
abelian subgroup H of the full symmetry group G generated by {vi,vs} (translations of the

11



Minkowski plane). These two symmetries can be extended to the corresponding system on Z3,
e.g. vz = (—1)mtn2tnsg,

We consider now the following invariants of the subgroup H

r=fi—fs, y=ho—rfs, u=hfi2—foz, v=[fa—f3, (44)

assigned on four faces of the 3-cube. Using the dpKdV equations

a1 — Qo a1 — Qa3 Qg — a3
— e — s —_ = s —_ = - 3 45
=t fi—f2 fis =1 fi—1f3 fas =1 fa—f3 (45)
we easily find that the invariants []) are related by
ww=zy, u-Ltoy_ B (46)
x v

where 51 = a1 — a3, f2 = aa — a3. Solving the system @) for (u,v) in terms of (x,y) we obtain

the map

bty
Gty
which satisfies the YB relation as it can be checked by direct calculations. This fact is also related

u=yP, v=gzP !, P (47)

to the higher dimensional consistency of dpKdV on Z* as it is explained in the following.
Considering the five initial values f3, f13, fi, f1,2, f1,2,4 on the vertices of the 4-cube (see Fig. B)

one can find the values on all other vertices in a unique way using the dpKdV equation on each

2-dimensional face because of its 4-dimensional consistency. From these five initial values we form

the differences
r=fi—f3, y=rfia—fiz 2= /fi24—fi23, (48)

which are assigned on (the diagonals of) the 2-dimensional faces of the 4-cube (Fig. B). We note
that the value fi 23 can be expressed already in terms of f3, f13, f1, fi,2 through the 3-dimensional

[

consistency of dpKdV on the “inner” cube. Next we apply successively the map R : (z,y) — (u,v)
given by 1) on the (a) “inner”, “front”, “left” and (b) “right”, “back”, “outer” 3-dimensional

cubes to obtain the following composite maps

R12 R13 R23

(a) : (,y,2) — (22,y-1,2) — (33274,y_1,z_1) - (902,472/—1,4&—1,—2), (49)
R23 R13 R12

(b) : (z,y,2) — (@, Y4, 2—2) — (T4,Ya,2-1,—2) — (T2,4,Y—14,2-1,—2) - (50)

The fact that the two ways of obtaining the values for (x24,y—14,2-1,—2) lead to identical results,
and thus to the YB property of the map (@), is guaranteed by the 4D consistency. One can notice
that the evolution of the Yang Baxter variables takes place on two parallel layers of the Z3 lattice
ie. {(n1,n9,0), (n1,n2,1),n1,n2 € Z}. This is reflected to the fact that there are six out of the
eight 3-dimensional faces (cubes) of the 4-cube involved in the compatibility.

17 Gl _v_la

A final comment about the map (@) is that under the transformation = +— —x~
u +— (ru, y — Poy it becomes the first YB map in Table [l for 6 = 0. Thus the F7;;r map in the
classification of [TT] is also retrieved from dpKdV in Z3, by using the invariants of the symmetry

subgroup H.

12



3.2 Consistency of dpKdV around a 4-cube and the Harrison map

We are going to show that the Harrison map ([d) appears in a similar manner as previously using
now the invariants of the full symmetry group G of dpKdV and extending both the equation and

its symmetry group in Z*.

The symmetry group G can be naturally extended to the corresponding system in Z*. Now let
us consider the following invariants of this group:

- f3 = fa _<f1—f4>

= v Y =

(fi—f3
fa—f3 oS4 fo—fa B <f2—f3>47 1)

where the subscript ¢ means the shift in the i-th direction. The natural place for them to live in

are the corresponding 2-dimensional faces. Next we derive the relations between these variables.
First of all equations ([[H) and their forward shifts with respect to the lattice directions 3 and
4 imply that the following relations

(fr = f3)(fr = fa)s = (fr = fO) (1 = fa)a, (52a)
(f2 = f3)(fa = fa)s = (fo — fo)(f2 — f3)s, (52b)
(fi3 = F)(fra= s = (fra— Hfiz— fa, (52¢)
(fo,3 = [)(f2,a = )3 = (foa = [)(f23 = f)a, (52d)

hold on the “back” and “left” 3-cubes of the 4-cube depicted in Fig. Bl Dividing memberwise
equations (BZal), (B2D) and rearranging terms we get

fi—f3 (fl_f4> _hi—fa (fl_f3> (53)
fo—=fa\fo—[a fo—fa\fo—fs),

In terms of the variables (BIl) equation (B3]) reads

TY=uv. (54)

On the other hand, we can rewrite equation (EZd) in the equivalent form

(fo3—f)a) _ B ~ (foa—S)s
U1a = 1) (1 - m> =U1a=J) <1 (f1a— f)3> 7 (%)

which by using equations ([0]) reads
o — ag <1_Oé2—043 <f1—f3> > _ - <1_a2—a4 <f1—f4> > (56)
fi—f3 ar—az \fa—f3/, fi—fa oy —oy \fo—fa)s)
Multiplying both terms of equation (Bfl) with (a1 — ag)(f1 — f2) and rearranging terms, the latter
<1_a2—a4> <1_f2—f3> <1_a2—a3 <f1—f3> > _
ap — oy Ji—f3 ar—az \fa—f3/),
Qg — a3 f2—f4>< Qg —ay <f1—f4> >
1- 1- 1- . 57
< 041—043>< fi—fa a;—ag \fo—fa/4 (57)
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takes the form




Finally, recalling the defining relations of the variables z,y, u, v, equation (BZ) becomes

(I—v)A-2H1-muw)=101-7)1-v"H1-y), (58)
where
a9 — X a9 — X
m=—=—2 =22 (59)
o] — O3 a1 — Oy

A similar calculation starting with (B2d)) and using (B4), delivers the same relation (B]).

Proposition 3.1. The invariants [(Z) of the symmetry group G of the dpKdV equation extended
to Z* are related by the YB map, which coincides with the Harrison map ).

Indeed, comparing (B4]) and (BX)) with the relations from which we obtain the last map in Table
[, we deduce that x,y and u, v are related by the Harrison map. The fact that this map satisfies the
YB relation can be also derived from the consistency property and geometry of the 5-dimensional

lattice.

4 Multi-component YB maps

In this section we show that YB maps can be constructed equally well from 3D consistent multi-field
discrete equations, for which no classification scheme exploiting the multi-dimensional consistency

property has been obtained yet.

4.1 YB map from the discrete modified Boussinesq system

The discrete modified Boussinesq (dmBSQ) equations [27] involve two fields f, g : Z? — CP! and

are given by the system

o fa—ag fi 12:galf192—a2f291
Q19— gy’ T aig g

fiz=y (60)

Its 3D consistency is provided by a lengthy but straightforward calculation that delivers the sym-
metric values

a a0 fr(igi — ojg;) a a;ogi (oG fj — oy fi)

f172’3 = f J ) 9123 =49
gaiaj(aifigj — @ fj9:)

, 61
gaiaj(aifigj — a;f;9i) oy

with respect to any permutation of the indices (1,2, 3). Here the cyclic sum iﬁ is over the subscripts
(i,5,k) = (1,2,3),(3,1,2),(2,3,1), and similarly the cyclic sum o is over (7,j) = (1,2),(2,3), (3,1).
The explicit dependence of fi 23, g1,2,3 on the values f, g impliels] that dmBSQ does not satisfy the
so-called tetrahedron property, which is an additional assumpion in the classification scheme in [I4]
for one-field discrete equations.

Using the symmetry generators
Vlzfafv v2:gag) (62)
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of the dmBSQ equations, we define as YB variables the following joint lattice invariants

A 4 fie u1_f1,2 U1:é

! = yt =22 == 63
[’ fi’ f2’ [’ (63)
2= N2 2 e B (64)
g g1 92 g
It is immediately seen that the above equations imply that
zly! = ulol, 22y? = u®?. (65)

Moreover, the lattice equations (B) can be expressed in terms of the above invariants as follows

041111 — 0421‘1 0411‘1112 — 0421)11‘2

’LLl’U1 =— 5 ’LL2’U2 = 3 3 . (66)
A1T° — QU 1T — QU

Finally, solving equations (B5), (G8) for (u,v%) we obtain the reversible YB map
izt + a2zt 22yl + g ag 2?y?

ul =yl A, vt =gt A7 A= 5

67a
aroorl + a2zl 22yl + a2 a2y (672)

2.1 2,..1,..2,1 2,2
_ o’z +antalx +ajarx
u? = y? B, v =22B! B = 12 T 2 13’; : ! g 2y2. (67Db)
a2zl +aqanxt 22yl + 222y

4.2 YB map from the discrete potential Boussinesq system

Discrete potential Boussinesq (dpBSQ) equations is the second member in the so-called lattice
Gel'fand-Dikii hierarchy [28]. The dpBSQ equations, in the form they were studied recently in [29],
involve three fields f, g, h : Z2 — CP!, and they are given by the following system

hi=ffi—g, (68a)

h2:ff2_ga (68b)
_ _ Q2

h=ffia—912 T (68c)

For the purposes of the present discussion, equations (G8]) exhibit the interesting feature that the
joint invariants of two symmetry generators are enough to construct a YB map. In connection with
this issue we note that for an elementary Cauchy problem on a staircase, we should impose initial
values (f,g,h), (fi1,91), (f2,92), only. From these data the values (h;, ha) and (f1,2, 91,2, h12) are
determined uniquely. In particular, equations (E3al), (B80) imply that

91— 92
Sz = fi—f’ (69)

and subsequently the values hy 2 and g; 2 are determined from equation (G8al) (or equivalently (GSH))

and (B8d), respectively.
Using the infinitesimal invariance criterion (B3) to determine the symmetries of equations (G8),

we find that two particular symmetry generators are given by the following vector fields
v1:8f+f8g+f8h, V2:8g—8h. (70)
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They generate the symmetry transformations
12 12
G': (f,9,h) = (f +e1, g+€1f+ h+e 1f+7) (71)

G2I(f,g,h)*—>(f,9+52,h—52), (72)

respectively. We define now as YB variables the following invariants

al=f-f, y' = fi2a—f1,
=g —-g-f(i-1), v =g12— 91— filfi2— f1),
ad=hy—h—f(fr—f), yP=hio— g1 — filfr2 = f1),
(73)
u' = fi2— fa, vt =fa—f,
w=g12—g2— fo(fra—fo), v*=g—9g—f(fa— 1),
W =hip—hy— fo(frz—f2), v*=ha—h—[f(fa—[).
They are functionally related by
ut + ot =zt ot (74a)
u? 4+ 0% =2 +y? + 2ty —ulo!, (74b)
P +vP =2+ P+ atyt —ulol (74c)

Moreover, the system of equations formed by (GRal)-([ERd), (G]L)-(ERd) and ) can be written in

terms of the above invariants as follows

2 2
rTE=TY +x1—vl_a:1—vl’ (75a)
-«
23 =2 49 +aly? —I— 1 U12’ (75Db)
3 — Q2
W =2+ 0 +ulol + 2 T (75¢)
xl—wv

Solving the system of equations ([[), [ for (u’,v') we obtain the following YB map

ul =yt — (ag — )T, vl =2l + (o) —ag)l 7L,
u? = y? + (a1 — oo (oq — g — 2y1F)F 2 v? =22 + (a; — o) (x! +yHI T, (76)
ud =3 + (a1 — o) (al—a2+x—y)F)F_2, v3 =23,

where I' = 22 — 23 4 2'y! + 42

4.3 YB map from discrete Calapso equation and nonlinear c—model.

In a recent study on discrete isothermic surfaces, Schief [20] introduced the following vector gener-
alization of the dpKdV
a1 — Q9

(f1,2—f):m

(f1—F2), (77)

16



f : Z? — C", under the name discrete Calapso equation. Equation (7) is three dimensional

consistent since for an initial value configuration f, f, as in Fig. Bl(a), one finds that the value

J12,3 1s given by

£ :>\|f2—f3|2f1—M|f1—f3|2f2+V|f1—f2|2f3 (78)
h23 MFo—FalP—ulfi— FsP+vifi—fa2

where
A= (a1 —) g —a3), p= (a1 —a)(as—a3), v= (g —as)(a—as). (79)

The consistency property is readily checked since f; 45 is invariant under any permutation of the
indices (1,2, 3) labeling the field variables and the corresponding lattice parameters.
The aim now is to construct a YB map from the equation (7). Using the translational invariance

of equation (), we define the following YB variables
z=f - y:f1,2—f1, U:f1,2—f2, v=Ffy—f, (80)
on the edges of a square, which are related by
rT+y=u+o. (81)
On the other hand, equation (I can be written in terms of the variables (B) in the form
a
U—yY) = ——">
( ) ”
Hence, equations (&), (B2) deliver the following reversible YB map
a1 — Q9

(x+vy), v:m—m(aw—y). (83)

a; — Qg

u:y+@+yP

Moreover, in [20] it was shown that discrete Calapso equation (1) can be specialized to an integrable
discrete version of the O(n + 2) nonlinear o- model. This reduction is accomplished by imposing

the constraint
FIP=1, (84)

on the discrete Calapso equation ([ZZ). Since the shifted values of f with respect to any lattice
directions should also satisfy constraint (§4l), equation (7)) is compatible with this constraint

whenever
2f - fo—2f fi=ou—. (85)
This requirement can be satisfied by taking
—2f - f1=a1, —2f - fa=oas. (86)
In terms of the variables (), the above constraints translate to

z[?=2+a1, |y =2+as. (87)

17



In view of the previous relations the map (83]) obtains the form

> — y|? z> — [y|?
u=y-+ T+y), v=x——1 (x+vy). 88
By straightforward calculations one finds that
ul? =z, |of =y (89)

Using the above identity it is easily established that the map R : (x,y) — (u,v) given by (BS)
is a reversible YB map. Up to a permutation this map was first considered by Adler [30] in the

geometric problem about recuttings of the polygons.

5 Perspectives

We have shown how the symmetry analysis of integrable equations on quad-graphs can be used
in order to construct YB maps. In particular, we derived the Harrison map from the consistently
extended discrete potential Korteweg — de Vries equation to the 4-dimensional lattice. The main
question now is how far this example can be generalized. In particular, for a given multi-parametric
symmetry group, is there a general relation between the structure of the invariants and the geometry
of the objects which the YB variables are assigned to 7 What is the dimension of the lattice in
which the discrete equation should be extended to ? The analysis of other equations from [14] may

clarify these issues.

Acknowledgements

This work has been started in May 2005 when one of us (APV) visited Patras within the Socrates
Exchange programme between Loughborough University and University of Patras.

VGP acknowledges partial support from the programme “C. Carathéodory” of the Research
Committee of the University of Patras and the hospitality of the Department of Mathematics of
the National technical University of Athens. The work of AGT was supported by the research
grant Pythagoras B-365-015 of the European Social Fund (EPEAEK II). The work of APV was
partially supported by the European network ENIGMA (contract MRTN-CT-2004-5652) and ESF
programme MISGAM.

References

[1] C. N. Yang, “Some exact results for the many-body problem in one-dimension repulsive delta-
function interaction,” Phys. Rev. Lett. 19, 1312-1315 (1967).

[2] R. J. Baxter, “Exactly solved models in statistical mechanics,” (Academic Press, London,
1982).

18



[3]

[11]

[12]

[16]

[17]

[18]

L. A. Takhtajan, and L. D. Faddeev, “The quantum method for the inverse problem and the
XY Z Heisenberg model,” Usp. Mat. Nauk 34, 13-63 (1979).

L. A. Lambe, and D. E. Radford, “Introduction to the Quantum Yang-Baxter equation and

quantum groups: an algebraic approach,” (Kluwer Academic Publishers, Dordrecht, 1997).

J. Fuchs, “Affine Lie algebras and quantum groups,” (Cambridge University Press, Cambridge,
1995).

V. G. Drinfeld, “On some unsolved problems in quantum group theory,” Quantum groups
(Leningrad, 1990), Lecture Notes in Mathematics, edited by P. P. Kulish (Springer Verlag,
Berlin, 1992), Vol. 1510, pp. 1-8.

E. K. Sklyanin, “Classical limits of SU(2)-invariant solutions of the Yang-Baxter equation.” J.
Soviet Math. 40, no. 1, 93-107 (1988).

P. Etingof, T. Schedler, and A. Soloviev, “Set-theoretical solutions to the quantum Yang-
Baxter equation,” Duke Math. J. 100, no. 2, 169-209 (1999).

A. P. Veselov, “Yang-Baxter maps and integrable dynamics,” Phys. Lett. A 314, 214-221
(2003).

P. Etingof, “Geometric crystals and set-theoretical solutions to the quantum Yang-Baxter
equation,” Comm. Algebra 31, no. 4, 1961-1973 (2003).

V. E. Adler, A. I. Bobenko, and Yu. B. Suris, “Geometry of Yang-Baxter maps: pencils of
conics and quadrirational mappings,” Comm. Anal. Geom. 12, 967-1007 (2004).

F. W. Nijhoff, “Lax pair for the Adler (lattice Krichever-Novikov) system,” Phys. Lett. A 297,
49-58 (2002).

A. 1. Bobenko, and Yu. B. Suris, “Integrable systems on quad-graphs,” Int. Math. Res. Notices
No. 11, 573-611 (2002).

V. E. Adler, A. I. Bobenko, and Yu. B. Suris, “Classification of integrable equations on quad-
graphs. The consistency approach,” Comm. Math. Phys. 233, 513-543 (2003).

R. Hirota, “Nonlinear partial difference equations. I. A difference analog of the Korteweg — de
Vries equation,” J. Phys. Soc. Japan 43, 1423-1433 (1977).

V. G. Papageorgiou, F. W. Nijhoff, and H. W. Capel, “Integrable mappings and nonlinear
integrable lattice equations,” Phys. Lett. 147A, 106-114 (1990).

F. W. Nijhoff, and H. W. Capel, “The discrete Korteweg — de Vries equation,” Acta Appl.
Math. 39, 133-158 (1995).

V. E. Adler, “Recutting the polygons,” Funct. Anal. Appl. 27:2, 79-80 (1993).

19



[19]

[20]

[30]

B. K. Harrison, “Bécklund transformation for the Ernst equation of general relativity,” Phys.
Rev. Lett. 41, 1197-1200 (1978).

W. K. Schief, “Isothermic surfaces in spaces of arbitrary dimension: integrability, discretiza-
tion, and Béacklund transformations - a discrete Calapso equation,” Stud. Appl. Math. 106,
85-137 (2001).

F. W. Nijhoff, G. R. W. Quispel, and H. W. Capel, “Direct linearization of nonlinear difference-
difference equations,” Phys. Lett. 97A, 125-128 (1983).

F. W. Nijhoff, A. Ramani, B. Grammaticos, and Y. Ohta, “On discrete Painlevé equations
associated with the lattice KdV systems and the Painlevé VI equation,” Stud. Appl. Math.
106, 261-314 (2001).

P. J. Olver, “Equivalence, Invariants, and Symmetry,” (Cambridge University Press, Cam-
bridge, 1995).

A. Tongas, D. Tsoubelis, and V. Papageorgiou, “Symmetries and group invariant reductions
of integrable partial difference equations,” in Proceedings of the 10th International Conference
i Modern Group Analysis, edited by N. H. Ibragimov, C. Sophocleous and P. A. Damianou
(Larnaca, 2004), pp. 222-230.

A. Tongas, D. Tsoubelis, and P. Xenitidis, “A family of integrable nonlinear equations of
hyperbolic type,” J. Math. Phys. 42, 5762-5784 (2001).

A. P. Veselov “Yang-Baxter maps: dynamical point of view,” Lectures at the workshop “Com-
binatorial Aspect of Integrable Systems” (RIMS, Kyoto, July 2004). To appear in MSJ Mem-
oirs, 2006.

F. W. Nijhoff, “Discrete Painlevé Equations and Symmetry Reduction on the Lattice,” in
“Discrete Integrable Geometry and Physics,” edited by A.I. Bobenko and R. Seiler (Oxford
University Press, 1999), pp. 209-234.

F. W. Nijhoff, V. G. Papageorgiou, H. W. Capel, and G. R. W. Quispel, “The lattice Gel’fand-
Dikii hierarchy,” Inverse Problems 8, 597-651 (1992).

A. Tongas, and F. Nijhoff, “The Boussinesq integrable system: Compatible lattice and contin-
uum structures,” Glasgow Math. J. 47A, 205-219 (2005).

V. E. Adler, “Integrable deformations of a polygon,” Physica D 87, 52-57 (1995).

20



	Introduction
	Multi-dimensional consistency and YB maps
	Equations on quad-graphs and the 3D consistency property
	YB relation and 3D consistency property
	Lattice invariants of symmetry groups and YB variables

	Multi-parameter symmetry groups and multi-dimensional consistency
	Consistency of dpKdV around a 3-cube and the FIII map
	Consistency of dpKdV around a 4-cube and the Harrison map

	Multi-component YB maps
	YB map from the discrete modified Boussinesq system
	YB map from the discrete potential Boussinesq system
	YB map from discrete Calapso equation and nonlinear --model.

	Perspectives

