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Abstract. The study of the set-theoretic solutions of the reflection equa-
tion, also known as reflection maps, is closely related to that of the Yang—
Baxter maps. In this work, we construct reflection maps on various geo-
metrical objects, associated with factorization problems on rational loop
groups and involutions. We show that such reflection maps are smoothly
conjugate to the composite of permutation maps, with corresponding re-
duced Yang—Baxter maps. In the case when the reduced Yang—Baxter
maps are independent of parameters, the latter are just braiding opera-
tors. We also study the symplectic and Poisson geometry of such reflection
maps. In a special case, the factorization problems are associated with the
collision of N-solitons of the n-Manakov system with a boundary, and in
this context, the N-body polarization reflection map is a symplectomor-
phism.

Mathematics Subject Classification. 16T25, 37J39, 37K25, 35Q55, 35C08.

1. Introduction

The reflection equation, which is a close companion of the Yang-Baxter equa-
tion (YBE) [6,69], first arose in the context of factorized scattering on a half-
line [12]. Tt is an important equation in the study of quantum integrable sys-
tems with non-periodic boundary conditions [56]. The YBE, as is well-known,
is related to a multitude of topics [6,33,35,39,54,59,61,69,71]. In particular,
any solution of YBE gives rise to linear representation of the braid group B,
[36]. Likewise, the reflection equation is connected with various branches of
mathematics and physics (see, for example, [4,9,10,12,21,29,41,50,52,56,64,
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68]). And in the same vein as YBE, the reflection equation deals with rep-
resentation of the generalized braid group B, which can be regarded as a
subgroup of B,, 11 consisting of braids with one frozen strand (see, for example,
[14,42,55)).

In the early 1990s, Drinfeld posed the problem of finding set-theoretic
solutions of the Yang-Baxter equation [23]. More precisely, given a set X, the
problem is to find invertible maps R : X x X — X x X satisfying

Ri2R13R23 = Ra3Ri3R12 (1.1)

where R;; denotes the map from X x X x X to itself which acts as R on the
i-th and j-th component and as the identity on the other component. This
problem has led to numerous works (see, for example, [1,2,16,26,31,32,43,
46,53,59,63,66]). Of these, the papers [2,31,59,63] are connected with soliton
collisions in multi-component integrable PDEs, and such maps are referred
to as Yang-Baxter maps in [63]. It should be pointed out that in some cases
in [43], solutions of the YBE are not necessarily defined on a product space,
but we continue to call such maps Yang—Baxter maps, and this is the usage
which we are following here. In a nutshell, the YBE or its set-theoretic version
is a condition which ensures the factorization property. In the context of the
n-Manakov system (a.k.a. vector NLS) on the line [3,48] (the n = 2 case is
due to Manakov in [48]), the vector solitons have internal degrees of freedom,
called polarizations. Colliding solitons alter each other’s polarization states,
which is what makes colliding solitons of interest in optical computing [34].
Here the factorization property means that an N-soliton collision process can
be factorized into a nonlinear superposition of N (NN —1)/2 pairwise collisions
in an arbitrary order, and the YBE ensures that all these possibilities give
the same result [2,59]. By studying the n-Manakov system on a half-line, with
Robin boundary condition or mixed Dirichlet/Neumann condition at = 0,
the authors in [18] showed that there is also factorization in the presence of a
boundary and were led to introduce a set-theoretic version of the (parametric)
reflection equation. In recent years, the study of set-theoretic solutions of the
reflection equation, which are called reflection maps, and their relations to
Yang-Baxter maps have been the subject of several studies [15,19,20,24,40,
47,58].

Our initial motivation for this work is to study the Poisson properties, if
any, of the parametric reflection map, which arises in [18], where the authors
are studying the interaction of N-solitons of the n-Manakov system on the
half-line > 0 with the boundary at « = 0. Following [3], recall that the
n-component Manakov system is given by the equation:

where g is a C"-valued function and ||q|| = (g*q)'/? is the Euclidean norm of

g. In [18], the authors consider (1.2) on the half-line z > 0 and impose the
following boundary conditions at x =0 :
(a) Robin boundary conditions of the form

q,(0,t) —2aq(0,t) =0, a€R, (1.3)
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or
(b) mixed Dirichlet/Neumann boundary conditions, given by

q;(0,t) =0, jeSc{l,...,n},
2j=(0,t) =0, je{l,....,n}\ S

These boundary conditions are not arbitrary, but were derived earlier in [17],
in which the authors showed that a nonlinear mirror image method [7,11,38]
can be used to construct an inverse scattering transform for the half-line prob-
lem with that of a full-line problem. As a consequence, one can obtain the
N-soliton solution of the half-line problem with the above boundary condi-
tions as the restriction to x > 0 of a 2N-soliton solution of a full-line problem
provided that the norming constants and the poles «; satisfy appropriate mir-
ror symmetry conditions, which are dependent on the boundary conditions.
This is worked out in [18], and the reflection map is precisely the map which
describes the change in the polarization vector of a 1-soliton when it interacts
with the boundary. Note that in using the nonlinear mirror image method
mentioned above, the collision of a 1-soliton with the boundary at x = 0 be-
comes identified with the collision of the 1-soliton with its ‘mirror’ soliton.
Since soliton collision problems correspond to refactorization problems associ-
ated with simple elements in rational loop groups, the kind of refactorization
problems we consider in this connection will have some special structure, or
symmetry.

Motivated by what we described in the previous paragraph, our goal in
this work is to construct set-theoretic solutions of the reflection equation, or re-
flection maps, for a variety of geometric objects, and to study their symplectic
and Poisson geometry. The heuristic reason why the Yang—Baxter maps in [43],
and the reflection maps we consider here should have some interesting sym-
plectic/Poisson geometry is the following. The n-Manakov system, and more
generally multi-component integrable PDEs, are infinite-dimensional Hamil-
tonian systems. By general arguments, the dynamics of the multi-soliton so-
lutions of such equations is expected to give rise to canonical maps on their
respective phase spaces. In the case of many scalar integrable PDEs, this is
well known (see, for example, [28]). For a recent nontrivial example connected
with the Benjamin-Ono equation, we refer the reader to [57]. As explained
above, the dynamics of the n-Manakov system on the line can be described
by Yang—Baxter maps and on the half-line with integrable boundary condi-
tions by reflection maps (up to asymptotic velocities and phase shifts). It
is therefore not only natural, but also a fundamental question to investigate
whether such maps have symplectic/Poisson properties with respect to some
symplectic/Poisson structures. This is the overarching principle in [43] and in
the present work. Thus, our main result here is that we establish, for the first
time, the symplectic/Poisson nature of our reflection maps, at the level of pro-
jectors, at the level of complex projective spaces, and at the level of Poisson Lie
groups. Since our reflection maps are associated with refactorization problems
with some symmetry, associated with involutions, it is natural to consider the
reduction of the Yang—Baxter maps in [43], which are diffeomorphisms on the

(1.4)
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graphs of the involutions. As it turns out, our reflection maps are smoothly
conjugate to the composite of permutation maps, with corresponding reduced
Yang-Baxter maps. In the case when the reduced Yang-Baxter maps are inde-
pendent of parameters, the latter are just braiding operators. This relationship
opens up an approach to investigate the symplectic/Poisson geometry of the
reflection maps, by means of reduction to symplectic submanifolds or reduction
to Dirac submanifolds [44], starting with the results in [43].

The paper is organized as follows. In Sect. 2, we assemble some of the
basic facts which we will use in this work from several domains. First of all, we
will summarize some of the results in [43] on refactorization problems in the
rational loop group K., and the symplectic and Poisson geometry of Yang—
Baxter maps, as they provide the starting point of this investigation. Then,
we will give the basic facts on the notion of Dirac submanifolds [67], and the
method of Dirac reduction [44]. In the context of our present work, we are
mainly dealing with the case in which the symplectic submanifolds and Dirac
submanifolds are given by the stable loci of symplectic/Poisson involutions.
In Sect. 3, we begin by introducing the class of involutions on K¢, which we
consider in this work. Since what we are doing here is motivated by the study
of the n-Manakov system on the half-line with C™-valued solutions q, we must
include at least the two kinds of involutions which are implicit in [18]. To cut
the story short, the two kinds of involutions correspond to the two distinct
kinds of boundary conditions (a) and (b) described above. As the reader will
see, case (a) is not really of interest, and the class of involutions which we will
consider in this work, at the level of loops in the rational loop group K.; (we
will also consider involutions at the level of projectors, at the level of CP™~!
or abstractly on a Lie group), is given by:

0: Kt — Kiat, 0(g)(2) =Ug*(—2)U", (1.5)
where U is a Hermitian unitary matrix, and the special case with

1 ifieSc{l,...,n},

U = Is = diag(dy,...,dy), where d; = .
s iag(dy ), where {_1 fids,

(1.6)

is what corresponds to case (b) with mixed Dirichlet/Neumann boundary con-
ditions. Thus, what we consider here is way beyond what we need to under-
stand the case where U = Ig. Note that if we restrict ¢ to simple elements
Ja,p, of the form
a—«
P

« =1 5 1.
gup(s)=1+°—2 (17)

where P is an n X n Hermitian projector of rank k, 1 < k < mn — 1, and then,
we obtain an induced map

(o, P) — (7(), cur(P)), 7(a) =—@,cyr(P)=UPU", (1.8)

which is also an involution, and indeed, this is what we will be working with
in Sect. 3. In [43], the author showed that the parametric Yang-Baxter map
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REF(ay, as) (to be defined below) is a symplectomorphism on P(n)g x P(n)g,
where P(n)y is the set of n x n Hermitian projectors of rank k. The start-
ing point of our investigation in that section consists of studying the restric-
tion of R¥k(r(a),a) to the graph of ¢y, which we denote by Gy k. Indeed,

R*E(7(), ) |g,., maps Gu, to itself. Thus, we have the induced diffeomor-

phism Rfc’g(T(a)7 «) on Gy k. As it turns out, Gy i is a symplectic submanifold

of P(n)r x P(n)y, and the braiding operator corresponding to Rfe’g (t(a), ) is
smoothly conjugate to the parametric reflection map B(«). This is the path we
take in showing that B(«) is a symplectomorphism. By using the partial ac-
tion £ associated with the refactorization problem in Theorem 5.13 (a) of [43],
and consideration related to the method of nonlinear mirror images (see the
proof in Theorem 3.3 of [18]), we also show that B(«) satisfies the parametric
reflection equation.

In Sect.4, we specialize to the rank 1 case, in which we describe our
results at the level of complex projective space CP"~!. Here, the involution is
given by the map:

¢y : CP"t — CP" ) [p] — [Up]. (1.9)

In the particular case where U = Ig, the corresponding parametric reflection
map is what appeared in [18] and describes the change in polarization when
a 1-soliton solution of the n-Manakov system is reflected by the boundary at
x = 0. Motivated by the interaction of N-soliton solutions with the boundary
at = 0 in this context, we introduce the N-body polarization reflection map
corresponding to a general Hermitian unitary matrix U, and we show that this
map is a symplectomorphism. We wrap up that section with an explanation
of the physical meaning of the N-body polarization reflection map, in the con-
text of the n-Manakov system on the half-line with mixed Dirichlet/Neumann
boundary conditions at = 0. We also point out the relationship between the
full polarization-scattering map and that of the N-body polarization reflection
map.

In Sect. 5, the last section of this work, we begin by proving two abstract
results in the context of a Poisson Lie group G. Here a number of assump-
tions must be made. As shown by the work in [43], the Yang—Baxter maps
associated with refactorization problems in K..; are not defined everywhere
on the product K.s X Kyat, and are associated with partial actions. (This is
in contrast to what is assumed in [46].) Thus, we must postulate the existence
of a left partial group action £ : G * G — G and a right partial group action
1 : G* G — G, which are compatible in the sense that

gh = &4(R)ni(g) for all (g,h) € G*G, (1.10)

where GG is assumed to be an open submanifold of GxG. In addition, we have
to make several assumptions on the domain of §, and 7, for g € G. Of course,
such assumptions are vacuous in case £ and 7 are genuine actions. On the other
hand, we have to postulate the existence of a Poisson involution o, which is
also a Lie group anti-morphism satisfying some additional assumptions. These
assumptions have to do with the intersection of the graph of o with G * G, as
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well as the way o interacts with the two partial group actions. As a matter of
fact, if we let G'(0) := G(0) N (G * G), where G(o) denote the graph of o, we
have to assume that

G' = (0,idg) (G (o)) # 0. (1.11)
Under the first set of assumptions, we show that the map
R:GxG— GxG, (9,h) = (1n(9),&4(h)) (1.12)

is a Yang-Baxter map, and moreover, is a Poisson diffeomorphism, when the
open Poisson submanifold G * G is equipped with the structure induced from
G x G. With the additional postulates on o, we show that G(o), the graph of
o, is a Dirac submanifold of G x G, equipped with the product structure. Thus,
G(o) carries an induced Poisson structure mg(,). On the other hand, we can
push the Poisson structure on G forward to G(o) using the map (o,idg) so
that it becomes a Poisson diffeomorphism, when its codomain is equipped with
the pushforward structure. It is miraculous that this pushforward structure is
precisely 27 (). Note that the reflection map in this setting, which we denote
by B, is only defined on the open submanifold G’ of the Poisson Lie group G,
but we can show that it is smoothly conjugated to the braiding operator, of
the reduced Yang-Baxter map Ryeq : G'(0) — G’(0). Combining this with
the results on the various Poisson structures, we conclude that B is a Poisson
diffeomorphism. With suitable restrictions, we can also show that B satisfies
the reflection equation. Finally, we conclude the section by applying the gen-
eral results to K,,;. There are various conditions to check, see, in particular,
Proposition 5.9 and Proposition 5.10.

‘We end the paper with a conclusion section in which we discuss what has
been achieved as well as giving some perspectives on future directions.

2. Preliminaries

In this section, we will first of all collect a number of results from [43] which
serves as the starting point of our analysis in this work. We will also recall
the notion of Dirac submanifolds [67] and the method of Dirac reduction [44],
which will be used in the section on reflection maps and Poisson Lie groups.

2.1. Parametric Yang—Baxter Maps

We begin by introducing the loop groups, which play an essential role in [43].
To do so, let CP* = C U {00}, Q4 = C, Q_ = O, a neighbourhood of oo
invariant under complex conjugation. Also, let U(n) be the unitary group,
and denote its Lie algebra by u(n). Following Terng and Uhlenbeck [60], we
introduce the loop group

K={g:Q2:NQ_ — GL(n,C) | g is holomorphic, and g(z)*g(z) = I, for
all z€ QL NOQ_}. (2.1)
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For a matrix loop g which is holomorphic in &« C CP* satisfying g(2)*g(z) = I
for all z € U, we say that g is u(n)-holomorphic on . Then, we have the
following Lie subgroups of K:

K, ={g € K| g extends u(n) — holomorphically to £},

K_ ={g € K| g extends u(n) — holomorphically to Q_, g(oco) = I},

K., = subgroup of rational maps g € K_. (2.2)

In K., there are some special elements that are of basic importance. To
introduce these elements, let H(n) denote the set of n x n Hermitian matrices,
and let

P(n) ={P € H(n) | P?> = P}. (2.3)
Then associated with each o € C\ R, and P € P(n), is the simple element
a—a«a
N -1 P. 2.4
9o, P (2) R (2.4)

These simple elements are known as dressing factors in the work of Zakharov
and Shabat [70]; they are called Blaschke-Potapov factors in [28] (see [51]).

Theorem 2.1 ([62]).
(a) Ja,P € Koat-
(b) Ko is generated by the simple elements, i.e. every g € K, can be
factorized into a product of simple elements.

Note that if we drop the reality condition g(Z)*g(z) = I in K., the result
is Giat, which is called the full rational loop group in [30]. Clearly, we have
the (involutive) automorphism Giay — Grat @ 9(2) — (g(2)*) 7! and K, is
the fixed point subgroup of this automorphism. The reason why we consider
Kt is due to the fact that we are geared towards the n-Manakov system
here, whose Lax operator in the zero curvature representation has certain
symmetries (see, e.g. [3]), but this is by no means necessary in the study
Yang—Baxter maps. Indeed, in [43], Gyat is also considered. In this connection,
we refer the reader to [49] for a systematic study of various reductions in zero
curvature representations.

We will equip H(n) ~ u(n)* with the Lie—Poisson structure, where the
identification is through the map

k:H(n) — u(n)*, K(A)(B)=—v—-1tr(AB). (2.5)
Then, P(n) is a Poisson submanifold of H(n). If for 1 <k <n — 1, we let
P(n)y={P e P(n)|tr P =k} (2.6)

then P(n); is nothing but the coadjoint orbit of the unitary group U(n)
through the point Fj, defined by the following formula:

By = ({f onok) . 2.7)

Hence, there is a standard symplectic structure on P(n)g, given by

wg, (P)([X, P],[Y,P]) = V-1tr P[X,Y], P € P(n)g, X,Y € u(n). (2.8)
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Theorem 2.2 ([43]). (a) For given ga, p, with o; € C\R, i = 1,2, the refactor-
1zation problem

9ar, Py oz, Py = G4y By Yo, By (2.9)
has a unique solution if
{ar, @} N{ag, @2} = 0. (2.10)
In this case, the projections }51 and ]52 are given by:
P =oP¢, (2.11)
where
¢ = (ag —ar)] + (@2 — az2) Py + (a1 — a1) P, (2.12)
and we define
R(ay,a2)(Py, P2) = (Py, Py). (2.13)
(b) Let a; € C\R, i = 1,2,3 satisfy
{oi, @i} N {ag, a5} =0, #j, (2.14)

then R;j(cvu, ;) satisfy the parametric Yang-Bazter equation:

Rig(aq, ag)Riz(aq, az) Raz(ag, a3) = Rag(az, ag) Rig(ar, ag) Rig (v, arg)
(2.15)

on P(n) x P(n) x P(n).

(c) Let oy, be as in part (a), and denote by {-,-}p(n) the bracket on the
Poisson submanifold P(n) of H(n) equipped with the Lie-Poisson structure.
Consider P(n) x P(n) with the product Poisson structure, where the first copy
of P(n) is equipped with (—2Imaq){:, -} p(n), and the second copy of P(n) is
equipped with (—2Im az){-, -} p). If we denote this bracket by {-,-}, then the
map

R(ar,a9) : (P(n) x P(n),{--}) — (P(n) x P(n),{-,-})  (2.16)

),
is a Poisson diffeomorphism. Indeed, for any 1 < k.0 < n — 1, if we let

RF(aq,a0) = Rlay,az) | P(n), x P(n)e, and equip P( )k X P(n )g with the
symplectic structure given by the 2-form

W =(—2Imoy)wpg, @ (—2Imaz)wg,, (2.17)

then
RM(an, az) : (P(n) x P(n)e,w), 0,) — (P(n)k X P(n)g, 0}, 4,) (2.18)

18 a symplectomorphism.

While the map R(aq,as) is defined by the refactorization problem in
(2.9), we define the map Ro1(ag,aq) on P(n) x P(n) by

Roi(az,01)(P1, Py) = (P1, Py), where go, p,0ay,py = Yoy 9o By (2:19)
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and of course, this gives rise to maps RSiZ(OéQ, a1) from P(n), X P(n), to itself.
Clearly, we have
Ry (a2, 1) R(o, a2) = idp(nyx p(n) (2.20)
and moreover,
RE (a2, a1) = S5} 0 R"* (a3, 01) © Sk, (2.21)

where S : P(n) x P(n)y — P(n); x P(n)y is the permutation map that
sends (P1, Py) to (Pe, P).

2.2. The Rank 1 Case

The rank 1 case, which corresponds to k = 1 in (2.6) is related to soliton
collisions in the n-Manakov system. In that system, people usually deal with
the change of unit polarization vectors [2,3] and projectors of rank 1 are con-
structed from such vectors. Since the change of unit polarization map is a map
from S2"~1 x §27~1 into itself, such a map cannot be symplectic as S?"~! is
odd-dimensional. This is the reason why the author is working with CP"~!
instead of S?"~! in [43]. Here is the result we will use in this work.

Theorem 2.3 ([43]). (a) Let js be the map given by
v
P*p
then the pullback of wg, under js is the Fubini-Study 2-form
p*dp Adp™p + (p*p)dp* A dp

*

js : CP"~1 — P(n)y, [p] — =T, (2.22)

J3wWE, =Wwps = D)’ (2.23)
(b) Equip CP"~1 x CP"~1 with the symplectic 2-from
Qayan = (J5 % js)" (@1 — a1)wr, @ (@2 — az)wg,) (2.24)
= (a1 — a1)wps ® (02 — a2)wrs, '
then the map
R(ay,as) : CP*~! x CP*! — CP" ' x CP" 1, (225)

([l [p2]) = ([Ba(lp1], [p2])pr], [Sa(lp1], [p2])p2])
18 a symplectomorphism, where
dallp1], [p2]) = (2 — @)1 + (@2 — o), + (@1 — )T, (2.26)
Moreover, we have the following formulas:
ba([p1], [p2])p1 = (a2 — al)gaz,ag,ﬂ[pQ] (a1)p1,

Sa([p1]: [P2))p2 = (@2 — @1)gay 1.7y, (@2)p2- (2.27)

In Sect 4 of [43], the author also has a result on the polarization-scattering
map. For our purpose here, let us recall its definition since we will use it in
Sect. 4 of the present work. We start with the fact that for the n-Manakov
system, an N-soliton solution corresponding to distinct eigenvalues

1
aj = 5 (uj +iv;),j =1,...N (2.28)
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in the upper half-plane behaves asymptotically as a sum of N one-soliton
solutions as ¢t — £oo:

N
q(z,t) ~ g (=, )p;, (2:29)
j=1

where pji are unit vectors in C", and qj-t (x,t) is parametrized by u;,v;, j =
1,...,N. Here p; (resp. pj') is the unit asymptotic polarization vector of
soliton j before (resp. after) all its collisions. We call the map defined by

S(aq,...,ay) : (CPHN — (cp~HN
(pr]--- ) = (] [pR)])

the polarization-scattering map. In Sect. 4, we will make use of it to explain the
meaning of the N-body polarization reflection map in the context of soliton-
boundary interactions for the n-Manakov system.

(2.30)

2.3. Yang—Baxter Maps and K,

Recall that a non-singular rational matrix function A has as many poles and
zeros in CP! = CU{oo} [37]. If A is such a rational matrix function, the divisor
of A is denoted by (4) = (A)p — (A)so, where (A)g is the divisor of zeros and
(A) is the divisor of poles. We are dealing with g € K4, the rational loop
group. Since ¢(Z)*g(z) = I, it follows that the divisor of g is of the form

¢ ¢
(9) = an T — Zni Qi (2.31)
i=1 i=1

where aq,...,ay (resp. @y,...,ay) are distinct zeros (resp. poles) of g with
orders ny, ..., ny. Conversely, given a divisor D € Div'(C\R) satisfying D =
—D, we let

Krat(D) = {9 € Krat | (9) = D}, (2.32)

and we denote by supp D the support of D. Note that in contrast to the n =1
case, a rational matrix function can have zero and pole at the same point (see
Remark 2.3 in [43]). In order to state the next result, we first recall the notion
of partial group actions, which first appeared in the study of some C*-algebras
[25] (see also [5,43]).

Definition 2.4. Let M be a smooth manifold, and let G be a Lie group. A
left partial action of G on M consists of a family {M,}4cq of subsets of M
and a family of bijections {®, : M,-1 — My} eq satisfying the following
conditions:

(a) Me =M, . =idyy,

(b) @;1(M971 N Mh) - M(gh)*la g,h € G,

(c) @y(Pn(z)) = Pgn(z) for each x € @) (My—1 N My).
We say that the left partial group action is smooth if

G+M={(g,x) eGXxM|xe My} (2.33)
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is a smooth submanifold of the product manifold G x M and the map
O:GxM — M, (g,2) — Dy(x) (2.34)

is a smooth map.

In a similar way, we can define right partial group action of G on M. We
will make use of the following result established in [43].

Theorem 2.5 ([43]) (a) Given u € K,u(D), v € K,u(D'), where D # D’
are divisors in Div’ (C\R) satisfying D = —D, D' = —D', the refactorization
problem

uv = v (2.35)

of finding & € Ku(D), v € Kpt(D') has a unique solution if supp D N
supp D' = 0, in which case we write

v =2E&(v), u=mny(u). (2.36)
Thus, for each u € K 4, &, is defined on
K:fa? = {v € Kot | supp (u) N supp (v) =0} = K (2.37)

rat

and it takes values in the same set. Similarly, for given v € K 4, 1, 15 defined

on K}fa;l = K}, and takes values in the same set.
(b) Define

Kot * Krar = {(u,0) € Kyar X Kyar | supp(u) N supp(v) =0}, (2.38)
then the map
& Krat % Kot — Kpap, (u,0) = §u(v) (2.39)
1s a left partial group action. Similarly, the map
N Koat * Krat — Kyary (u,0) = 1, (u) (2.40)
18 a right partial group action.
Now introduce the map
Rt Kiag * Krat — Krat * Krag, (0, 0) = (00 (w), £u(v)). (2.41)
We also introduce

K£§2 = (u17u27u3) € Krat X Krax X Krat | SuPp(ui) N supp(uj) = @,i 7& .7}
(2.42)

Then as a corollary of the theorem above, we have

Corollary 2.6 ([43]). The map R is a diffeomorphism satisfying the set-theoretical
Yang—Baxter equation
Ri2R13R23 = RozRi3Ro, (2.43)

where we interpret (2.43) as an equality of maps from K® 1o K©®)

rat rat*
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In order to describe the Poisson character of the map R, let €, £+ be the
Lie algebras of the loop groups K, K introduced in the first subsection. We
equip £ with the invariant pairing
dz

(X,Y)e= j{tr(X(z)Y(z)) o V= 00, X, Y et (2.44)

Since £ = £ @ t_, we have the associated projection operators Il , II;_ and
J =1, — 1l (2.45)

is a skew-symmetric solution (w.r.t. ()¢ ) of the modified Yang—Baxter equa-
tion (mYBE). In order to introduce the Poisson structure on K, it is necessary
to restrict ourselves to a subclass of functions in C°°(K). Following the ap-
proach in [45], a function ¢ € C*(K) is smooth at g € K iff there exists
Dy(g) € t (called the right gradient of ¢ at g) such that

d

dt le=0
where (-, )¢ is the pairing in (2.44). If p € C*°(K) is smooth at g for all g € K,
then we say it is smooth on K. Note that the nondegeneracy of (-, )¢ implies
that the map

p(eg) = (Dp(g), X)e, X et (2.46)

it—t, X (X,)e (2.47)

is an isomorphism onto a subspace of £ which we will call the smooth part of
t*. Thus ¢ € C*°(K) is smooth at g iff T)r,dp(g) is in the smooth part of £*
and we can define the left gradient of such a function at g by

d

dt lt=o0
For each g € K, we will denote the collection of all smooth functions at g
by F4(K) and we set F(K) = NgerxFy(K). With the above considerations,
it is easy to check that F(K) is non-empty and forms an algebra under ordi-
nary multiplication of functions. Moreover, for ¢,¢ € F(K) and g € K, the
expression

{e.v}i(9) = %(J(Dw(g)),Dw(g))e - %(J(D'w(g)),D’w(g))e (2.49)

defines {p,9¥}; € F(K) (Proposition 5.3 of [43], the proof is identical to
that in [45], Proposition 3.1) and hence is a Poisson bracket on F(K). Hence
(K,{,-}s) is a coboundary Poisson Lie group, in the sense of Drinfeld [22]. In
[43], we showed that K. is a Poisson Lie subgroup of (K,{-,-},).

In order to state the next result, we will have to use the notion of Poisson
group partial actions introduced in [43]. We begin by recalling the notion of a
coisotropic submanifold of a Poisson manifold [13].

o(ge") = (D'p(g), X)e, X €l (2.48)

Definition 2.7. A submanifold C' of a Poisson manifold (M, ) is coisotropic if
for each m € C, the annihilator 7;,,C*+ C T M is isotropic, i.e.

7(m)(T;,C+, T,,C+) = 0. (2.50)
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Definition 2.8. Let (M, ) be a Poisson manifold, and G a Poisson Lie group.
A left partial group action ® : G * M — M is called a left Poisson group
partial action iff

Graph(®) = {(g,z,y) € G x M x M | (g,z) € G* M,y = ®,(z)} (2.51)

is a coisotropic submanifold of the product Poisson manifold G x M x M~
where M~ is the manifold M equipped with the minus Poisson structure. In
a similar way, we can define right Poisson group partial action.

We will make use of the following result.

Theorem 2.9 [43] (a) The map R in (2.41) is a Poisson diffeomorphism, when
the Poisson submanifold K o1 % K qp 18 equipped with the structure induced from
Krat X Km,t~

(b) The maps

5 C Koat % Kpat — Kopag, (’U,,U) = gu(v)

2.52
n: Koo % Kot — Koy, (U,U) = Uv(u) ( )

are Poisson group partial actions.

2.4. Dirac Submanifolds, Poisson Involutions, and Dirac Reduction

It is well-known that the pullback of a symplectic form to a submanifold is
closed, but not necessarily nondegenerate. In the case when the pullback is
nondegenerate, the submanifold is known as a symplectic submanifold. In the
Poisson category, there is a natural generalization of the notion of symplectic
submanifolds. For our purpose here, we will make use of the notion of Dirac
submanifolds introduced in [67]. In order to define this notion, let us begin by
recalling the concept of Lie algebroids.

Definition 2.10. (a) A Lie algebroid over a smooth manifold M is a smooth
vector bundle A — M equipped with a Lie bracket [-,-] on the set T'(A) of
smooth sections of A and a base-preserving bundle map p: A — T'M (called
the anchor map) such that

p([&:m]) = [p(§), p(n)],
€, fnl = fI&;n] + p(E)(f)n

for all &,n € T'(A) and for all f € C°(M).
(b) Let A — M be a Lie algebroid with anchor map p and A’ C A
a vector subbundle along a submanifold N € M. Then A’ — N is a Lie
subalgebroid of A iff the following conditions are satisfied:
(i) if s1, 82 € T'(A) restrict to N give sections of A’, then sois [s1 | N, s2 | N],
(i) p(A') C TN.

(2.53)

Ezample 2.11. (a) A Lie algebra is a Lie algebroid over a point.

(b) Let M be a smooth manifold, then the tangent bundle TM — M is
a Lie algebroid where the Lie bracket on I'(T'M) is the usual bracket of vector
fields on M and the anchor map is the identity map idyps on T M.
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(c) Let (M, ) be a Poisson manifold, and let 7# : T*M — TM be the
bundle map corresponding to the Poisson bivector field 7. Then the cotangent
Lie algebroid [27,65] is the cotangent bundle 7*M with anchor map given by
77 and whose space of sections I'(T*M) is equipped with the Lie bracket

[81,82} = Lw#(sl)52 — Lﬂ#(SQ)Sl — d[']T(Sl,SQ)], S1,892 € F(T*M) (254)

For a readable account on Lie algebroids including the notion of cotangent
Lie algebroid, we refer the reader to [13].

Definition 2.12. Let (M, 7) be a Poisson manifold. A submanifold N of M is
a Dirac submanifold iff there exists a Whitney sum decomposition

TNM =TN @ Vy, (2.55)
where V]# is a Lie subalgebroid of the cotangent Lie algebroid T M.

If N is a Dirac submanifold of (M, 7), then necessarily N carries a natural
Poisson structure m whose symplectic leaves are given by the intersection of
N with the symplectic leaves of M. Indeed, 7T]#V : T*N — TN is just the
anchor map of the Lie subalgebroid T*N =~ Vit of T* M. Moreover, from the
knowledge of the injective Lie algebroid morphism T*N — T*M, it is easy
to show that [67]

% =prontopr, (2.56)
where pr : Ty M — TN is the projection map induced by the decomposi-
tion in (2.55), and pr* is its dual. Note that when the Poisson manifold is
symplectic, its Dirac submanifolds are precisely its symplectic submanifolds.

The following result gives an important class of Dirac submanifolds which
we will use in this work.

Theorem 2.13 ([67]) Let u: M — M be a Poisson involution, i.e. an invo-
lution which is also a Poisson map. Then it stable locus N = M" is a Dirac
submanifold of M with Viy = U,y ker (Top +1).

Since we will be dealing with Poisson maps between Poisson manifolds,
the following result is fundamental in reducing such maps.

Theorem 2.14 ([44]). Let ¢ : My — M be a Poisson map and let Ny C My,
Ny C Ms be Dirac submanifolds with respective Whitney sum decompositions

Tn,My = TNy, & Vy,, Tn,My=TNy & Vy,. (2.57)

Then under the assumptions that

(i) ¢(N1) C Na,

(“) T$¢(VN1 )’C C (VN2)¢(w)v x € Ny,
then the reduced map ¢ |n,: N1 — Na given by ¢ |n, (z) = ¢(z) for
x € Ny is a Poisson map, when N1 and Ns are equipped with the induced
Poisson structures.
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In [44], the map ¢ |n,: N1 — Ns is called a Dirac reduction of the
Poisson map ¢ : M; — My and we will use this terminology here. In the
special case when the Dirac submanifolds in the theorem above are the stable
loci of Poisson involutions, we have the following result.

Corollary 2.15. Let py : My — My, po : My — My be Poisson involutions
with stable loci given by N1 and No respectively. If ¢ : My — Ms is a Poisson
map which commautes with py and pa, i.e. pa0p = dopuy. then ¢ |n,: N1 — Na
1s a Poisson map, when N1 and Ny are equipped with the induced structures.

To end this section, we will first of all introduce a piece of notation to
unify the description of reduction maps in Sects. 3, 4 and 5. For this purpose,
let X be a non-empty set and consider a bijection v : X — X. Suppose
B C X and ¥(B) = B, and let ¢« : B — X be the inclusion map. Then the
map Wred : B — B satisfying

Y 0L =10Yred (2.58)

will be called the reduction of 1) to B. Finally, we give the definition of reflection
maps and parametric reflection maps.

Definition 2.16. Let X be a non-empty set and suppose R : X x X — X x X
is a Yang—Baxter map. Then B : X — X is a reflection map if it satisfies the
set-theoretic reflection equation

B1R21B2R12 = R21B2R1281, (2.59)
interpreted as an equality on X x X.

In Sect. 5, we actually have to modify Definition 2.16 a little bit, as the
Yang—Baxter map there is only defined on an open submanifold GxG of G x G,
and the map B is only defined on some open submanifold G’ of G, where G is
a Poisson Lie group. But the formula above does give the correct form of the
set-theoretic reflection equation.

Definition 2.17. Let R(k1, ko) : X x X — X x X be a parametric Yang—
Baxter map, where ki, ko belong to some parameter space A, and let p: A — A
be an involution. Then, B(k) : X — X, k € A, is called a parametric reflection
map if it satisfies the parametric set-theoretic reflection equation (cf. (4.13),
[18])
Bi(k1)Ro1(p(kz), k1)Ba(k2)Riz(k1, k2)
= Ra1(p(k2), p(k1)) Bz (k2) Ri2(p(k1), k2)Bi(k1),

interpreted as an equality on X x X.

(2.60)

As the reader will see, in (3.26), we have in fact a generalization of the
above form of the parametric reflection equation which we call the generalized
parametric reflection equation there. Of course, (3.26) comes from a parametric
reflection equation which involves R(aq, as) (see (2.13)) and B(«) : P(n) —
P(n) where B(a)(P) = B*(a)(P) for P € P(n);, for 1 <k <n—1. We will
leave the formulation of the abstract definition of the generalized parametric
equation to the reader.
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3. Reflection Maps at the Level of Projectors
We begin by introducing a map

U:C\R—1U(n) (3.1)
satisfying the property that
U(r(a)) =U()", (32)
where 7 is the involution defined by
7:C—C:z+— —Z. (3.3)

For « € C\(RU+/—1R), P € P(n), define a map o on the set of simple
elements of K., by the formula

0(9a.p)(2) = U(a)(ga,p o 7)(2) U(a)" = g-gu(@pru=(2).  (3.4)

What we would like to do is to extend o to a map on the entire loop group Kt

by requiring it to be a Lie group anti-morphism, which is the case if U(a) = I,

and we define o(g)(z) = ¢*(—z) for all g € Kiat. As we will see, this is not

always possible. Since what we are doing here is motivated by the study of

the n-Manakov system on the half-line with C™-valued solution g, we must at

least include the two kinds of U(«) which arise in [18]. To recall, we have the
following:

(a) the first kind of U(«) is given by:
h(«) a—1if

Ula) =m(a) = mfa h(a) = atif

, BER,
(3.5)

which corresponds to imposing Robin condition on q at x = 0,
(b) the second kind of U(«) consists of matrices of the form

1 ifieSc{l,..

.,n}
—-1 ifi¢s, (8.6)

U(a) = Is = diag(dy, ..., d,), where d; = {
which corresponds to imposing Dirichlet condition on those components g; of
the solution g with ¢ € S, and Neumann condition on those ¢; with i ¢ S.

Note, however, that in the case where U(a) = m(«), we have 0(ga,p) =
g—z,p and since this commutes with g, p, it follows that the corresponding
parametric Yang—Baxter map is just the identity map. So this case is not
interesting and for this reason, we are not going to deal with this case. Now
if we want the extension of o in (3.4) above to be a Lie-group anti-morphism,
we have to make the definition

(Gar,P1Goz.P2) = 0(Jaz,Py)0(Jay P,)- (3.7)
And in order for this to be well-defined, we have to check that the result is
independent of how we factorize the group element g = ga,,P, gas,p,- S0 let us
SUPPOSE Jay, Py Jas,Ps = Jpy PyJa, b, Lhen by a direct calculation using (34),
it is easy to check that the condition o(ga,,r,)0(9ar.r) = 0(9,, 5,)(9,, p,)
is not satisfied in general; sufficient conditions which guarantee its validity are
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given by U(a) = m(a) or U(«) is independent of . As the former case in not
of interest, we will henceforth assume that U is a constant map and by abuse
of notation, we take U to be a constant Hermitian matrix in U(n). It is easy
to show that a Hermitian matrix U € U(n) is of the form U = 2II — I, where
II € P(n). Alternatively, U = VIgV*, where S C {1,...,n}, and V € U(n).
(This latter form of U was used in [17] when the authors derived integrable
boundary conditions for the n-Manakov system.) Thus, we have

0(9a,P)(2) = U(ga,po7)(2)U" = g—zupru-(2), (3.8)
and we can extend this to a Lie group anti-morphism of K,.; by using the fact

that K., is generated by the simple elements. In what follows, we will denote
the extension also by the same symbol ¢ and we have the general formula

o(9)(z) =Ug"(=2)U", g€ Krar. (3.9)
From this, we find
a*(g) =U(a(g)* o )U”
=U(U((goT)on)UN)U" =g
and therefore the map o is an involution. Note that this map o is not used to
impose a reduction in the sense of [49]; indeed, o is a Lie group anti-morphism

and therefore the fixed point set of o is not a subgroup. In the next proposition,
the reader will see the role played by this map.

(3.10)

Proposition 3.1. Given @ € C\(RU+/—1R), P € P(n)k, the refactorization
problem

0(9a,P)9a,P =9, 5,9 5.5, (3.11)
has a unique solution. Moreover, we have
=¢P¢~ ', ¢ =2al + (@—a)(P +UPU"), (3.12)
and
= UPU*. (3.13)

Proof. First of all, since « is neither on the real line nor on the imaginary axis,
it follows that {«, @} N {—a, —a} = (). Therefore, it follows from Theorem 2.2
that the refactorization problem is guaranteed to have a unique solution for
(P, P,). Moreover, the formulas for P, and ¢ in (3.12) follow immediately
from (2.11) and (2.12).

Now, observe that

$U = 20U + (@ — a)(PU + UP) = U¢ (3.14)
and therefore we also have U¢p~! = ¢~ 'U. From this, we find that
P = gUPU*¢~' = UpPo~'U* = UPU", (3.15)

as asserted. Note that the same conclusion can also be obtained from the
invariance of the left-hand side of (3.11) under ¢ from which it follows that

9o wp =9 550905, (3.16)



L.-C. Li and V. Caudrelier Ann. Henri Poincaré

Thus, it follows from the uniqueness of solution of the refactorization problem
(Theorem 2.2) that g__ 5 = o(g, p,), and this gives (3.13). O

In view of the special relation between Py = UPU* and P, = P in the
above refactorization problem in (3.11), we introduce the map
CUk :P(n)k —>P(n)k,Pl—>UPU* (317)

and we would like to restrict R¥*(7(a),a) (see (2.18)) to the graph of ¢y,
which we define to be

Gu = {(cux(P), P) | P € P(n)i}. (3.18)

Indeed, if we let vy @ Gy — P(n)y x P(n); be the inclusion map, then
Proposition 3.1 shows that we have the reduced diffeomorphism

Rfé’;(T(a),a) : QU);C — QU);,C : (CU,]C(P),P) — (CU)k(ﬁg),ﬁg), (319)

satisfying the relation ¢y, ORfég(T(Oé), @) = RE*(7(a), o) o 1, where P is given
by (3.12). Now we introduce the pre-symplectic form

Wb = 1} (wE, Dwr,) (3.20)

on Gy, where we recall that wg, is defined in (2.8). Note that due to the
relation Im o = Im (—@), we can simply drop the common factor —2Im « in
the expression for w_z o and consider wg, @ wg, in (3.20) above. In our next
result, we will show that w” is nondegenerate on Guk-

Proposition 3.2. The 2-form w¥ is nondegenerate on Gu.k so that (QUVk,wk) 18
a symplectic submanifold of (P(n)i X P(n)k,wr, ®wg, ). Hence, Rfég(r(a), «)

s a symplectomorphism when the domain and codomain are equipped with the

symplectic form w*.

Proof. Suppose (cyx(H), H) € Ker (w*)(c, . (p),p), then H = [X, P] for some
X € u(n). Therefore, we have

(wk)(CU,k(P),P) ((CU,k([Xa PD7 [X7 P])> (CU,k([Yv P]), [Y7 P])) =0 (3'21)

for all Y € u(n). But by a direct computation using the definition of w*, we
have
(@) ooy, P (v, (1X, P, [X, D), (o1 (1Y, P, Y, P)))
= wi, (cv,k (P ([ev,(X), cv (P)], lev (V) e, (P)]) +we, (P)(IX, P, [Y, P))
=/—1trey x(P)lev,x(X), cux(Y)] +vV—1tr P[X,Y]
= —2v-1tr[X, P]Y. (3.22)
Since this expression is zero for all Y € wu(n), it follows that we must have

H = [X,P] = 0. As this is true for all points (P,cyi(P)) € Gug, this

k

shows the closed 2-form w” is nondegenerate. The assertion that Rfe’]dC(T(a), «)

is a symplectomorphism then follows from the relation ¢ o Rfég(T(a),a) =
RF%(7(a), ) o 1 and Theorem 2.2 (c). [

We will call Rfég (t(a), @) the reduced parametric Yang-Baxter map.
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Definition 3.3. We define the map B* by
B :(C\ (RUV-1IR)) x P(n)y — (C\ (RUV—=1R)) x P(n),
(a, P) = (7(a), B¥(a)(P)) = (r(a), UpPe~'U*),
where ¢ is given in (3.12).

(3.23)

From the above definitions and (3.19), we clearly have

Rii(r(), )(con(P), P) = (BX()(P), cun(B* (@)(P)).  (3.24)

Theorem 3.4. (a) B* is an involution. In particular, we have
B¥(r(a))B*(a) = idp(n),- (3.25)
(b) For any 1 < k,£ < n — 1, the pair B*(a) and B*(a) satisfies the
generalized parametric reflection equation
B (1) Ry (7(), 1) B(az) Ryy (1, o)
= Ry (7(a), 7(a1)) BS(a2) RY3 (7(o1), a0) Bf (1)
for all a1, a9 € C\(R U /—1R) satisfying the conditions
{an, a1} N{ag, @2} =0, {—a1, —a1} N{as, a2} = 0. (3.27)
When k = £, the generalized parametric reflection equation reduces to the usual

parametric equation (2.60).
(c) The map

RF(a) : (P(n)y,2wg,) — (Gug, ") : P— RFY(r(a), a)(cur(P),P) (3.28)

red

(3.26)

18 a symplectomorphism. Moreover, the parametric reflection map
B*(a) = (idp(n), cur) " o R*(a)
= (cumsidp(ny,) " o (S o Ryzy(r(@), @) o (cu, idpeny,)

is also a symplectomorphism, when P(n)y is equipped with the symplectic form
wpg,. Here

(3.29)

(CU,knidP(n)k) : P(n)k — gU,k>P = (CU’k(P),P) (3.30)

and S : Gy — Guk is the restriction of the permutation map on P(n)y x
P(n)g that sends (Py, Pa) to (P2, Py).
Proof. (a) To simplify notation, we denote B* simply by B. To show B?(a, P) =
(ar, P), we make use the uniqueness of solution of refactorization problems. In
what follows, in order to facilitate our calculations, we will (by abuse of nota-
tion) denote g,(q),ugpey-1u+ more economically as gp(q,py (see (3.23) above).
With this notation, the refactorization problem that defines B(«, P) is given
by

0(9a,P)9a,P = 9(9B(a,P))IB(a,P)- (3.31)
Similarly, the refactorization that defines B?(a, P) = B(B(«, P)) is given by:

0(9B(a,P))IB(a,P) = 0(9B2(a,P))IB?(a,P)- (3.32)
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Hence, it follows from the last two expressions and the uniqueness of solutions
of refactorization problems that B? is the identity map. As B(B(a, P)) =
B(r(«), B(a)(P)) = (o, B(1(«)) B(«)(P)), the second assertion follows.

(b) Take ay, as satisfying the assumptions, and let a3 = 7(ay), aqg =
T(cv2). We consider the graph of ¢y i X cy,e, which we define to be

Q(U, k‘, é) = {(P1, PQ, CU,k(P1)7 CU75(P2) | (Pl, PQ) S P(n)k X P(n)g}

(3.33)

In the next two expressions, we consider maps R;;(a;, ;) apply to quadru-
ples of projectors (Py, Po, P3, Py) € P(n)g, X P(n)k, X P(n)g, x P(n)k,. The
notation means the following: if ¢ < j (resp. ¢ > j), R;;(a;, ;) is the map
which acts as R(c, o) (resp. Roi(oy, ;) on the i-th and j-the component
and as identity on the other components (see Theorem 2.2 for the definition
of R(a;, ;) and (2.19) for the definition of Ry (ay, ;). Let

Hl(ala g, O3, 044)
= R5™ (a3, 01) R53 ™ (s, a2) RYTM (c, 0 ) REZ™ (0, o)
Ry3™M (o, 03) RS2 (0, ), (3.34)

and
HQ(ala a2, 3, Oé4)

= R3" (a4, 03) Ry (a1, 02) Ry (a4, ) (3.35)
R (a3, 00) RE™ (g, 0 ) REVM (a3, o),

where we assume the parameters a, are such that all the maps on the right-
hand sides of the above two expressions are defined. In the following calcula-
tion, we will drop the superscripts to simplify notation. Using the Yang-Baxter
equation in the form

Rap(@a, ap) Rac(@a, ac) Rpe(an, ) = Rpe(aw, ae) Rae(a, e) Rap (v, ap)
(3.36)
valid for any triplet a, b, c € {1,2, 3,4} and the fact that
Rap(aa, ) Rea(ae, aq) = Rea(ae, aa) Rap(aa, o) (3.37)
for any pairwise distinct a, b, ¢, d, we have

Iy (o, g, 3, 0y

I
oy
S
Q
=
Q
n
-
w
[ V)
Q
&
=2
=
&
Q
b
Q
M)
oy
&
Q
=
Q
iy
oy
A~
—
Q
=
Q
_
oy
pt

= Iz (a1, a2, a3, o).
(3.39)
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Therefore, in particular, for a;, s satisfying (3.27) and ag = 7(a1), as =
7(ag), we obtain

Iy (o, o, 3, ) g,y = Ha (o, o, a3, ) |gume) - (3.39)

Now consider the product o(ga, P, Yas.Ps ) 9o Py Gas.Ps, Where (Pr, Py) belongs
to P(n)r x P(n)e. Then, corresponding to IT;(aq, ao, a3, o4) |g(w k) applied
to (P, Po, cuk(P1), cuk(P2)), we have the following sequence of expressions,
obtained by solving successively the respective refactorization problems, which
have unique solutions by the assumptions on a1, as:

U(gaz,Pz)U(gcn,Pl)gal,PlgOtz,Pz
= 0’(gal7pl(m) )O'(gaz)Pz(n') )gaz)Pz(n)gal’Pl(u)
= a(gm’Pl(u))gazypém)U(ga%PQ(m) )gal’Pl(u) (340)
= ga27P2(iu) U(gal,Pl(”> )gahpl(iv) U(QQQ’PQ(M))

= gazvpz(iqz)g(Xl’Pl(v) J(gahpl(u) )U(ga27p2(iv) ),
so that

I (o1, v, g, ) (P, P, cu i (Pr), cue(Pa))
= (P, P{"™) ey (P(")), cuo(PS™)).
(3.41)

In a similar way, corresponding to Ils(a1, ag, a3, 4) |g(w,k,e) applied to the
same quadruple in G(U, k, ), we find

U(ga2,P2)U(ga17P1)ga17P1ga2,P2
= 0(9az,P,)9,, pi0 (9, pin)Gas,Ps
= gah];l(m:i) 0(9@27132(iii) )ga27152(iii) O’(gahlgl(m)) (3.42)
= gal,ﬁl(ni)gaz}ﬁz(m) 0(ga2)};25w) )O'(gal)lgl(m))

= G 7Yy 3G, 500, i),

which means that

HQ(O{l,042,()[3,0(4)(P17P2,CU,]€(P1)7CUJC(PQ))

oy~ ~ ~ 3.43
= (P, B cun(B"), con(By")). o
Equating (3.41) and (3.43), we conclude that

(P Py cun(P), coeP) = (P P cun (L), cve(B™).
(3.44)
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To conclude the proof, we make use of (3.40) again and obtain
Bi(on)Ro1(7(az), a1) Ba(az) Riz(on, az)(Pr, )
= Bi(a1)Rar(7(a2), 1) B(as) (P, Py™)
= By R21< <a2> an) (P, v, o(PS™)) (3.45)
= Bi(a1) (P, cup(PS™))
= (con(P"),cue(Py™)).
Similarly, by using (3.42) again, we find
Ro1(7(2), 7(n)) Ba(az) Raa(7(on), a2) Bi(an) (Pr, P2)
= Rai(7(a2), 7(a1)) Ba(az) Ria(r (), a2) (v (P), Po)
= Rai(7(a2), 7(an)) B () (cu (P™), P5™) (3.46)
= Rai(7(az), 7)) m( P, cuo(Py™)
) cva(P5)).

Hence, the equality of (3.45) and (3.46) follows from (3.44).
(c) With the definition of the map (cy k,idp(n),) in (3.30), it is clear that we
can regard R*(a) as the composite

)
)

= (cox(P\"), cvu

RF(a) = REE(1(@), @) o (cup, idp(n, )- (3.47)

Now ¢y is a symplectomorphism, when P(n)y is equipped with the 2-form
E,- By direct calculation, we have

(CU7k,’L'dp(n)k)*wk = C*U,k(WEk) +wpg, =2wg,, (3.48)

hence the map

(cuksidpny,) © (P(n)k, 2wg,) — (Gu,k, w") (3.49)

is a symplectomorphism as well. As the composition of symplectomorphisms is
a symplectomorphism, it follows from the above argument, (3.48), and Theo-
rem 3.4 (c) that R¥(a) is a symplectomorphism. To establish the corresponding
assertion for B(«), first note that

Bf(a) = 71 01, 0 R¥(a), (3.50)

where ¢, is the inclusion map of Gy i, in P(n)x X P(n)g, and m; is the projection
map of this product space into the first factor. But now, it is easy to show

that m o1 = (idp(n)k,CU’k)_l = (CU’k,idP(n)k)_l o S. Hence, the assertion
for B¥(a) follows as we can drop the factor 2 from the 2-form 2w, , and S is
clearly a symplectomorphism. O

In view of Theorem 3.4 and Definition 2.17, B¥(«) is a parametric reflec-
tion map.
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4. The Rank 1 Case

The case where the projectors are of rank 1 is of special interest because it
arises in soliton-boundary interactions in multi-component soliton equations
such as the n-Manakov system on the half-line [18]. Of course, what we are
doing here is beyond what is required to understand the results in [18].

We begin by introducing quantities related to the ones which appear in
the last section in the case when the projectors are of rank 1. First, we have
the diffeomorphism

¢y : CP" 1 — CP" !, [p] — [Up] (4.1)
which is conjugate to cy,; with the relation

v =j; ' ecuaojs, (4.2)

where js is defined in (2.22) Corresponding to the map ¢y is its graph, which
we define to be the submanifold of CP"~! x CP"~!, given by

Gu = {([Up],[p]) | [p] € CP"~1}. (4.3)

Let 71 : Gy — CP"~! x CP" ! be the inclusion map, and let

(s X Js)r : Gu — Gua, ([UD, [p]) = (), 7)) = UmU™, m)) (4.4)
be the map induced by js X js, then by conjugating eré(li (1(a), @) by the map
(4s x js), 1, we have the reduced diffeomorphism

Riea(m(@), @) : Gy — Gu, (4.5)
where Rfég(r(oz), a) is defined in (3.19). Clearly, Ryeq(7(cv), @) is the reduction
of R(t(a),a) := (js x js)~' o Rb(7(a), ) o (js X js) to Gy. We now define
the pre-symplectic form:

W ="11(wrs ®wrs), (4.6)

where wpg is the Fubini-Study 2-form in (2.23). The proof of the next propo-
sition makes use of the invariance of wpg under U(n), Theorem 2.3 (b), and
the relation 71 o Ryea(7(a),a) = R((a), @) o1, it proceeds in a similar way
as in the proof of Proposition 3.2.

Proposition 4.1. The 2-form @ is nondegenerate on §7U so that (_C'7U,a~0) s a
symplectic submanifold of (CP"™! x CP" 1, wpg ® wpg). Hence Ryea(T(c)e)
18 a symplectomorphism when its domain and codomain are equipped with the
symplectic form w.

We next introduce the analog of Definition 3.3, for the case k = 1, at the
level of complex projective space.

Definition 4.2. We define the map
B:(C\ (RUV=IR)) x CP" ! — (C\ (RUV=IR)) x CP" ! (4.7
by
B = (id x j5)~' o B' o (id x js), (4.8)
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where id is the identity map of the parameter space C \ (R U+/—1R) and
B is defined in (3.23). The corresponding parametric map is defined by the
relation:

B(a, [p]) = (r(a), B(a)([p])- (4.9)
From the above definition, we have (cf. (3.24))
R(r(a), @)@ ([p]); [p]) = (B(a)([p), & (B(a)([p])- (4.10)

The next result is the analog of Theorem 3.4 at the level of CP"~!, for the
case where k = 1.

Proposition 4.3. (a) The map B is an involution. In particular, B satisfies
B(7(a))B(a) = idgpn-1. (4.11)
Ezxplicitly,

B(a)([p) = (o + @) gy, (7(c)) Up
(22 V) (@.12)

(b) B(a) satisfies the parametric reflection equation
By (o) Ror (7(02), 01) By(02) Ryz (0, av2)
= Rai(7(a2), 7)) Ba(az) Rus(r(u), a2) B ()

for all ag, a9 € C\(RU+/—1R) satisfying the conditions in (3.27).
(c) The map

R(a) : (CP"Y, 2wps) — (Gu, &) : [p] = R(r(a), )@ ([p)), [p]) (4.14)
18 a symplectomorphism. Moreover, the parametric map

B(a) = (idgpn—1,¢0) " o R(a)

(4.13)

_ (4.15)
= (¢y,idepn—1)"" 0 (50 Ryeq(7(0), @) o (Cpr, idgpn—1)

is also a symplectomorphism, when CP"! is equipped with wps. Here 3 :

Gu — Gy is the map induced by the permutation map on CP?~1 x CP"!

that maps ([p1], [p2]) to ([p2], [p1])-

Proof. (a) The assertion that B is an involution follows from (4.8) and The-
orem 3.4 (a). Moreover, the relation in (4.11) follows from (3.25). Lastly, the
explicit formula in (4.12) can be obtained by direct computation by using
E(a) = jé_1 o BY(a) o js and then by using the explicit formula for the simple
elements.

(b) We have the following relations

R(a1, a2) = (js x js) "' o R™ (an, a2) o (js % js),
Ba(a) = (js % js) ™" 0 B (a2) © (js X js), (4.16)
Bi(ay) = (js x js) "t o BH(an) o (js X js)
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from which we obtain
By(a1)Rai (7(a2), 1) Ba(az) Ria (0, a2)
= (js x js) " 0 Bi (o) Ry (7(2), 1) By (@2) Ry (a1, 2) © (5 x jdf-17)
In a similar way, we find
Roi(r(az), m(e1)) Ba(az) Ria(r(on), 2) Bi(a1)
= (js % js) ™" 0 b (r(az), 7(a1)) Bl (a2) BRIy ((a1), a2) Bl (a1) 0 (G x 763:18)
The assertion therefore follows from (3.26) and the above relations.
(c) In view of the relation

R(a) = Ryea(T(), @) o (¢, idepn—1) (4.19)
and Proposition 4.1, it suffices to show that (¢, idcpn—1) is a symplectomor-
phism, when its domain is equipped with 2wpg, and its codomain is equipped
with @. This checking is as in (3.49). Finally, it is straightforward to derive the
first line of (4.15). From this relation and what we just proved, it is now plain
that B (a) is a symplectomorphism, when CP"~! is equipped with wrg. O

In view of Proposition 4.3, B () is a parametric reflection map.

Now we fix a positive integer N. For given ay,...,ax € C\(RU/—1R),
let ajyny = 7(;), i =1,..., N. We will make the assumption that {a;,@;} N
{aj,a@;} =0, for i # j, 1 <i,j <2N. Given [py],...,[pxy] in CP"~!, consider
the refactorization problem

J(ga1,ﬂ _. " Yan,m )g(llﬂ'( _. " "Yan,m _
[py] [Py [py] [P ] (4 20)
= ... O' ... . '
gaNﬂT[p?\»’] gou,ﬂ'[p;r] (gaN’ﬂ[Pﬁl gahﬂ[p;r])

Under the above assumptions, the problem has unique solutions for [pf]7 ey
[p4]- We define

(ay,...,ay): (CPHY — (cpr—HN
(1], Ion]) = (Co(lpf), - e (lpR)))-

We will call II(«, . .., ay) the N-body polarization reflection map. Note that
when N = 1, II( ) is nothing but the parametric reflection map B(c;). When
N = 2, it follows from the calculations in (3.40) and (3.45) that II(oy, a2) can
be obtained as the composite

(4.21)

él(al)ém(T(aﬂ,041)32(042)§12(041,042). (4.22)

Thus, II(aq, az) is just the map which appears in the formulation of the para-
metric reflection equation (4.13).

Theorem 4.4. Under the above assumptions, the N -body polarization reflection
map (ay, ..., ax) is a symplectomorphism, when (CP" V)N s equipped with
the symplectic 2-form

Qal ,,,,, an = (al — Ozl)wFs D---D (aN — aN)wFS. (4.23)
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Proof. Let Bi(ay), 1 < N be the map from (CP" 1)V to itself which acts as
B(a;) on the i-th factor of (CP" 1) and acts as the identity on the other
factors. Similarly, we define Eij(ai, o) (resp. Rij (T(ow),a5))for1 <i<j <N
(resp. for <1< j < i< N ) as the map from (CP" 1)¥ to itself which acts
as R(ay, ;) on the i-th and the j-th factor of (CP"1)" and as the identity
on the other factors. Since the unique solution of the refactorization problem
can be obtained by applying Theorem 2.2 (a) repeatedly, it follows that we
can obtain the map IT(«,...,ay) as a composition of maps of the three types
which we introduced above. Now, from Theorem 2.3 (b), for each (4,7) with
1<i<j<N(resp.1<j<i<N)themap ﬁij(ai,aj) (resp. Rij(r(ai),aj))
is a symplectomorphism, when (CP"~1)¥ is equipped with the structure in
(4.23). On the other hand, it follows from Proposition P:4.3 (c) that for each
1 <i<N, Ei(ai) is also a symplectomorphism of ((CP" )N Q. a4y
Hence, the assertion follows. O

We will wrap up this section by explaining the physical meaning of the
polarization reflection map in the context of the n-Manakov system on the
half-line # > 0 with mixed Dirichlet/Neumann boundary conditions at z = 0.
We will also point out, for general Hermitian U € U(n), the relationship
between the full polarization-scattering map in (2.30), and that of the N-body
polarization reflection map in (4.21).

Consider an N-soliton solution of the half-line problem, with mixed Dirich-
let/Neumann boundary conditions at = 0. As we pointed out earlier, this
can be obtained from a 2/N-soliton solution on the full line with norming con-
stants and the poles «; satisfying certain mirror symmetry conditions [18].
More precisely, when ¢ — —oo, the 2/N-soliton behaves like the sum of 2N
1-soliton solutions characterized by a; = % (u; + iv;) for the real solitons and
7(ej) = —@; for the ‘mirror’ solitons, where u;,v; > 0 for j =1,..., N. Thus
—2u; is the velocity of the real j-th 1-soliton on x > 0 while 2u; is the velocity
of the j-th ‘mirror’ 1-soliton on = < 0, j = 1,..., N. Assume

O<u; <ug <...<upy (4.24)

so that the 1-solitons are arranged in the order 1,..., N on the positive z-axis
as t — —o0. The system evolves towards the boundary at x = 0, where the real
solitons interact with the ‘mirror’ solitons, which then turn into real solitons.
To summarize, we have the following scattering picture [17]:

2N,2N —1,...,N+1]1,2,...,N, t— —o0,

(4.25)
N,N—-1,..,IIN+1,N+2,...,2N, t— oo,

where the vertical bar stands for the boundary at x = 0. Consequently, the
polarization-scattering map is given by:
(Upx);--- WOpr ) o1 ), [on]) = ([UPRD - [UPT] [PV - - [PR])
(4.26)
with U = VIsV*, where p; (resp. U pj) is the asymptotic unit polarization
vector of the j-th real soliton as ¢ — —oo (resp. t — o0), j=1,...,N.
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With this information, we can now interpret the corresponding N-body
polarization reflection map, given by II(a,...,ay), as defined in (4.21), in
the case where U = VIgV* and with the above assumptions. And the general
definition in (4.21) is motivated by this scenario.

To understand the relationship between the polarization scattering map
in (4.26) and the N-body polarization reflection map, we introduce further

notations. For this purpose, let (¢yy)¥ = ¢y x ... ¢y (N copies), and let
B (CPHY — (CP"HY, ([pa],-...[pw]) = ([pw],- - [pa]). (4.27)
Denote the graph of (¢7)™¥ o 3 by
G ={(@)" o p(x),x) | = € (CP"~H™}. (4.28)
Then, the polarization-scattering map in (4.26) is the reduction
Seea(T(aN), .. T(00), 00, .., an) : G — G- (4.29)

Therefore, if sy : g{}’ — ’g}v is the map induced by the permutation map on
(CP"~1)N x (CP" 1)V that maps (X,Y) to (Y, X), we have

M(as,...,an)
= Bo ((cy)" o B,idcpn-1yv) " (3N © Srea(T(aN), - - -, (4.30)
(1), ou,...,an)) o ((cp)N o B,idcpn-1yn),
where a stands for (aq, ..., ay) and similarly 7(«) is the shorthand for (7(«),

7(an)). Note that in the case when N = 1, the map (3 is just the identity
map and so in this case, the relation in (4.30) is just the relation in (4.15). It
is in this sense that we have a generalization of the relation in (4.15).

Remark 4.5. For given projectors P, € P(n),,...,Py € P(n)k,, we can
consider the refactorization problem

7(9ar P G P Mar, Py " Jan. Py (4.31)

= gaN,PI'\*,' o .ga17P1+J(gaN,P:} o 'gahPl'*')'

Clearly, we can formulate the analog of Theorem 4.4 in this context, by intro-
ducing the map

(Pr - Py) = (cum (P, conn (PY))- (4.32)

We will leave the details to the interested reader.

5. Reflection Maps and Poisson Lie Groups

We begin by formulating two results in the context of a Poisson Lie group
(G, 7g). Then we will apply the general result to the rational loop group K.
We will make the following assumptions.

(A1) There exist a left partial group action £ of G on itself given by a family
of subsets {Gy}4eq of G and a family of bijections {§, : G,-1 — Gy}gea
satisfying the usual conditions [5,43]. We also assume the existence of a right
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partial group action 1 of G on itself given by the same family of subsets above
and a family of bijections {ny : G,~1 — Gy}geq-
(A2) Let

GxG={(g;h) € GxG|geGy1,he Gy} (5.1)

We assume G * G is an open submanifold of G x G and that the partial group
actions are compatible in the sense that

gh = &g(h)ny(g) for all (g,h) € G+ G. (5.2)
In addition, we assume that
Gg1 =G, forallge G (5.3)

so that £, and 7, are maps from G to itself.
From the definition of G * G, it is clear that G * G is symmetric in the
sense that

(9,h) e GxG <= (h,g9) € GxG. (5.4)
(A3) For all (¢g,h) € G * G, we assume that
Ge,(n) = Gy, Gy g) = Gy (5.5)
In addition, we assume that

g1 € G92 <~ g2 € Gg1 for g1,92 € G. (56)

(A4) Let 0 : G — G be a Poisson involution which is also a Lie group

anti-morphism such that

(g,h) e GxG = (a(h),0(g)) € G*G, (5.7)
and moreover,
7(&g(h)) = No(g)(a(h)), o(mn(9)) = oy (@(9))- (5.8)
Let the graph of o be the submanifold
G(o) :={(o(9).9) | g € G}. (5.9)
We assume
G' = (0,idg) " (G(o) N (G * Q) # 0, (5.10)

where (0,idq) is the diffeomorphism defined by
(0,idg) : G — G(o),9— (c(9),9). (5.11)
In addition, we assume that

the equation xo(z) = 1 has only the solution = = 1. (5.12)
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Remark 5.1. If in assumption (Al), £ and n are group actions (rather than
partial group actions), then we have G, = G for all g € G. In this case, we
can replace G x G in assumption (A2) by the product G x G and (5.3) will
hold automatically. Also, there is no need to make the assumptions in (A3).
However, in (A4), we still have to assume the relations in (5.8) and that the
equation zo(z) = 1 has only the trivial solution = 1. The reader will see
that they are essential in our discussion below.

In the following, we will equip G x G with the product Poisson structure
so that the open submanifold G« G of G x G has an induced Poisson bracket.
Similarly, we will equip the open submanifold G’ of G with the induced Poisson
bracket.

Definition 5.2. We define

R:GxG— GxG (5.13)
by the formula
R(g,h) = (mn(9),&g(h)), (9,h) € G+ G (5.14)
and define the (putative) reflection map B associated with R and o by
B:G' — G g+~ n4(a(9)). (5.15)

Remark 5.3. (a) In the definition of B, the reason why we know ny(c(g)) € G’

follows from o (1y(0(9)) = £(9)(9) € Gorg) = Gy, (0(g)) and ng(o(g)) € Gy =
Ge, , (g)» Where we have used the definition of G’ and (5.5).

(b) Defining the reflection map B by the formula in (5.15) is a matter of
choice we pick here. The fact is that instead of B, we could use B’ : G’ —
G',0(g) — &5(g)(g9) because of the mirror symmetry. Indeed, if we call B the
reflection map, then we might call B’ the mirror reflection map, as motivated
by the collisions scenario in Sect. 4 (since we can consider the map which keeps
track of the change in polarization vector of the mirror 1-soliton).

Theorem 5.4. Under assumptions (A1)-(A3) above,
(a) R is a Yang—Baxter map, i.e.
Ri2R13R23 = RogRi3Rao, (5.16)
where we interpret (5.16) as an equality of maps from G to itself, where
G® = {(91,92,05) € G x G x G| (91,95) €G*G i}y (5.17)

(b) R is a Poisson diffeomorphism, when the open Poisson submanifold G« G
1s equipped with the structure induced from G x G.

Proof. (a) Take (g1, g2,93) € G®). Then clearly, Rys(g1,92,93) is defined. In
order for Ri3R23(g1,92,93) to be defined, we require that g; € Gggz(_%) and
€9:(93) € Ggy. As G, (45) = Gy, by (A3), the first condition is satisfied and
so the second condition follows by (5.6) in (A3). This gives

Ri3Ra3(91, 92, 93) = (N, (95)(91)s Mg (92), €g192(93))- (5.18)
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To show that RioR13R23(g1,92,93) is defined, we require that 77£g2(g3)(91) €
Gyo(g2) = Ggo and 1g,(g2) € G )y = Gy, . However, the former follows
as we have g» € Gy, = Gngg2(93)(91)
(5.6) in (A3). So this leads to

Me gy (93) (91
and so the second one is true as well by

R12R13R23(91,gg,93) = (779293 (gl)agnggz(ga)(gl)(nga (92))a§g1g2 (93))' (519)

In a similar way, we can show that Roz3R13R12(g1,92,93) is defined, and we
have

RasRi3R12(91, 92, 93) = (Mg2g5(91): M, (g1 (90) (€91 (92))5 €ar90 (93)) (5.20)

The argument to show that the expressions in (5.19) and (5.20) are equal is
identical to the one in Corollary 5.2 of [43].

(b) The proof follows the same argument as in the proof of Theorem 5.13
in [43)]. 0

Lemma 5.5. The map
Y:GxG— GxG,(g,h)— (c(h),o(g9)),(g,h) € GXG (5.21)

is a Poisson involution with stable locus (G x G)* given by the graph of o,
defined in (5.9) above. Hence, G(o) is a Dirac submanifold of G x G, and the
bundle map of its induced Poisson structure is given by the formula

T (0(9) 9)(a,b) = 1(7T§(f)'(9))(CL) + 78 (0(9) T (g0 (b),

2
7% (9)(b) + 78 (9)T; o (a)). (5.22)
Consequently, the open submanifold G'(c) of G(o) defined by
G'(0) :=G(o)N (G * Q) (5.23)

carries an induced Poisson structure Tgr(q).

Proof. Let s : G x G — G X G be the swap map, given by s(g,h) = (h,g),
(g,h) € G x G. Then, clearly ¥ = (0 x 0) o s. Since both s and o x o are
Poisson involutions, it follows that X is a Poisson involution and the assertion
about its stable locus is clear. To compute the bundle map of the induced
Poisson structure on the Dirac submanifold (G x G)* = G(o), we make use of
the formula

Ty = Promhyg law) opr, (5.24)
where pr : T,y (G x G) — TG(0) is the projection map induced by the
vector bundle decomposition

Tg(g)(G X G) = TG(O') D U ker (T((,(g)’g)E + 1). (525)
(0(9),9)€G(0)
From
T(J(g)vg)G(U) = {(TQJ(U),U) ‘ RS TQG},

5.26
ker (T(U(g),g)Z + 1) = {(—Tga(v),v) | ORS TgG}, ( )



Reflection Maps Associated with Involutions

a direct calculation shows that

%(v—!—TgU(w),w—I—Tg(Q)U(v)). (5.27)

Using this, another computation gives

PT(o(g),9) (VW) =

Py (:5) = 1(a+T*(g)U(b),b—|—Tg*a(a)). (5.28)

By making use of (5.24), (5.27), and (5.28), a straightforward but lengthy
calculation then gives the formula in (5.22). Lastly, it follows from (A4) that
G'(0) # 0, hence the assertion is clear. O

In order to analyse B, we introduce the diffeomorphism
(0,idg)" : G' — G'(0),9— (a(9),9). (5.29)
If igi(o) : G'(0) — G(o) and i¢r : G' — G are the embedding maps, we
have the relation
iG’(O‘) o (O’, idc)/ = (O’7 ng) o i(;/. (530)
Clearly, we can push the Poisson structure on G forward to G(o) using
this map so that (o,idg) is a Poisson diffeomorphism when its codomain is

equipped with the pushforward structure. We now compute this structure and
describe its consequences.

Lemma 5.6. (a) For all g € G, (a,b) € T,;G(0), we have
Ty(0,idg) o 72 (g) o T} (0, idc ) (a, b)
= (Tyoml(9)T;0(a) + Tyonli (9)(b), s (9)Ty o(a) + wi(9) (b))
— 2%, (0(9),9)(a,b) (5:31)
so that (0,idg) : (G,7g) — (G(0),2TG(s)) is a Poisson diffeomorphism.
(b) The map (0,idg)" : (G',7na) — (G'(0),27¢/ (o)) s a Poisson diffeomor-
phism.

Proof. (a) We have the formulas

Ty(o,idy)(v) = (Tyo(v),v), T, (0,idg)(a,b) =b+ T o(a) (5.32)

from which we obtain the second line in (5.31). To pass from the second line to
the last line in (5.31), we use the fact that o is a Poisson map from which we
find TgmrzE (9) = ﬂg(a(g))T:(Q)a. The assertion therefore follows by comparing
with the formula in (5.22).

(b) This is a consequence of part (a) and the relation in (5.30). O

With this preparation, we are now ready to establish the following. For
this purpose, consider the reduction of the map ¥ in (5.21) to G x G:
Y lara: Gx G — GG, (5.33)

in the sense of Theorem 2.14, which is well defined by (A4). Moreover, it is a
Poisson involution since ¥ is a Poisson involution and the embedding map of
G *x G into G x G is Poisson.
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Theorem 5.7. (a) The map R commutes with ¥ | GG, i.e. ¥ |gsg oR =
R oY |g«c and therefore its reduction

Ryeq: G'(0) — G'(0) (5.34)

is a Poisson diffeomorphism, when G' (o) is equipped with any nonzero multiple
of TG (o). That is, Ryeq is a Dirac reduction of R.

(b) Let s : G x G — G x G be the swap map, given by s(g,h) = (h,g)
for (g,h) € G x G. Then, the map

B : (G/,Trgl) — (G/,’/T(;/) (535)
satisfies the relation
B = ((0,idg)") ™ o (s 0 R)yeq 0 (0,idg)’ (5.36)

and hence is a Poisson diffeomorphism. Here (s o R)eq : G'(0) — G'(0).
(c) The map B satisfies the reflection equation

B1Ry1B2R12 = Ra1BoR12 B, (5.37)
where we interpret (5.37) as an equality of maps from Ggf) to itself, where
GP ={(g1,92) € G’ x G' | (g1,92) € G*G,(g1,0(¢2)) € G*G}. (5.38)

Hence B is a reflection map.

Proof. (a) Let (g,h) € G * G. Then from gh = &;(h)nn(g), we have ¥ |g.c
oR(g,h) = (6(&4(h)),o(nn(g)). On the other hand, since o is a Lie group anti-
morphism, it follows that o(h)o(g) = o(nn(g))o(€4(h)). From this, we find that
RoS |auc (g.h) = R(o(h),0(g)) = (0(£,(h)), o(nn(s)). Since (g,h) € G« G
is arbitrary, we thus conclude that R commutes with the Poisson involution
Y |g«c - Since the stable locus of ¥ |gu«¢ is given by G'(0), it follows from
Theorem 5.4 (b) above and Dirac reduction (Corollary 2.9) that the map
R |g/(o) is a Poisson diffeomorphism, when G’(o) is equipped with the induced
structure in (5.22).

(b) In view of the last relation in (5.8), the map that sends R(co(g), g) to
ng(co(g)) is given by (idg, o)™t But clearly, (ide,0) = s |g(s) ©(0,idg). As s
is an involution, the relation in (5.36) follows. Now by Lemma 5.6, the map
(idg,0) : (G,mq) — (G(0),27¢(s)) is a Poisson map. On the other hand,
it follows from part (a) above that R |5, is a Poisson map, when G(o) is
equipped with the structure 27 (,). As s0¥ = Yos = (0 X 0) |g«q, as can be
easily verified, it follows by Dirac reduction that s | (s is Poisson, when G(o)
is equipped with the structure 27mg(,). Lastly, it follows from the above dis-
cussion that (idg, o) ™" is a Poisson map from (G(0), 27¢(»)) to (G, mg). Since
composition of Poisson maps is Poisson, the assertion regarding B follows
from (5.36).

(¢) We will establish the relation

R31R32Ra1 Rys RagR12(91, 92,0(91),0(g2))

5.39
= Ry3R12R42R32R41 R31(91, 92,0(91), 0(92)) (5.39)
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under the assumption that (g1, g2) € Gf). We begin by showing that the first
line above is well defined and in the process, we will compute the expression
step by step. Since (g1, ¢92) € GxG, and (5.8) holds, we have the factorizations

9192 = hah1,  ha =&4,(92), h1 = ng,(91)
0(g2)o(g1) = a(h1)a(hz), (5.40)
a(h1) = &o(go)(0(91)), 0 (h2) = N5 (4,)(0(g2))

from which it follows that

R43R12(gl7 92, 0(91), 0(92)) = (h1, ha, U(hl)a U(h2))' (5'41)

On the other hand, since go € G’, we can check that hy € G’, and hence we
have the factorization

o(ha)ha = jao(j2),  Jo = Eony) (h2) (5.42)
so that

RiaRazRi2(g1, 92,0(91),0(92)) = (h1, j2,0(h1),0(j2)). (5.43)

Now we want to apply R4; and R3s to the expression above. In order to be able
to do this, we form o(j2)h, and for solvability of the refactorization problem,
we require that o(j2) € Gp,, and hy € Gy(;,). By symmetry, and by using (5.5),
(5.36), and (5.34), it suffices to show that hy = 1y,(91) € Go(jy) = Go(hy) =
Go(gy)- Again by symmetry, it suffices to show that o(g2) € G (4,) = Gy, -
But the validity of this follows by assumption that (g1,0(g2)) € G * G. Thus,
we have
o(ja)h1 = k1o(l2), o(h1)ja = lao(k1), k1 = Es(jp) (1), 0(b2) = 1, (0 (f2))
(5.44)

and therefore

R3aRy1 Ry RyzRi2(g1, 92,0(91),0(92)) = (b1, b2, 0(k1),0(f2)).  (5.45)

Finally, from the assumption that g; € G’, we can show that k1 € G’, hence
we have the factorization

U(kl)kil = fld(fl), 61 = fg(kl)(k‘l). (546)
Therefore, when we apply Rs3; to both sides of (5.45), we obtain

Rs1R30R41 Ra2Ri3R12(91, 92,0(91),0(92)) = (b1,€2,0(l1),0(l2)). (5.47)

In a similar way, we can show that the second line in (5.39) is well defined
under the assumption that (g1,¢g2) € G, Successively, we have

RyzRiaRyo R3o Ry1 R31(91, g2, 0(g1),0(92))
= Ryz3R12Ra2 R32 Rax (11, 92,0(r1),0(g2))
= Ry3R12R42(51, S2,0(81),0(82)) (5.48)
= RyzR12(81,t2,0(81),0(t2))

= (u1,u2,0(u1),o(u2)),
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where
o(g1)g1 = 110(r1), 1 = &0(91)(91)
o(g2)r1 = 510(s2),0(r1)g2 = 520(51), 81 = Ea(gs)(11),0(52) = 1y (0(g2))
0(s2)s2 = ta0(t2),t2 = Ey(sy)(S2)
sita = ugui, o(t2)o(s1) = o(ur)o(uz), uz = &, (t2), ur = g, (s1)- (5.49)
By using (5.44), we have

62 = ga(h1)(j2) = ga’(hl)ga(hz)(hQ) = 50(915]2)91 (92) (550)
On the other hand, on using (5.49), we obtain

Uy = &, <t2) = 5310(52)(32) = 50(g2)r10(r1)(92) = fa(glgz)gl (92)- (5-51)
This shows ¢ = us. Now, on using (5.40), (5.42),(5.44), and (5.46), we find

0(9192)9192 = Lalio(b26h). (5.52)

Similarly, on using the relations in (5.49), we obtain

0(9192)9192 = uzuro(uzu1). (5.53)
Therefore, on equating (5.52) and (5.53), we conclude that z = (f2£1) " (uguy)
satisfies the equation xzo(x) = 1. Consequently, z = 1 and as f5 = ug, we
must have ¢; = uy and this establishes the validity of the relation in (5.39).
To conclude the proof, we will deduce the relation BiRo1BoR12(g1,92) =
Ro1B3yR12B1(g1,92), (91,92) € G((f) from (5.39), by using its proof. Thus, we
have

B1R21B2R12(91, 92) = B1R21Ba(ha, ho)

= B1 Ry (hy,0(j2))

=B (k1,0(l2)) (5:54)
=(o(t1),0(£2)).
In a similar fashion, we find that
Ro1BaR12B1(g1,92) = (0(u1),0(uz)). (5.55)
Hence the assertion follows. O

Remark 5.8. Note that since R is a Yang—Baxter map, the composite so R is
a braiding operator. Thus according to (5.36), the reduction of this braiding
operator to G’ (o) is smoothly conjugate to B.

We now apply the above results to the case where the Poisson Lie group
is K,at, for which the involution o is given by the formula in (3.9). For this
example, recall that the definition of K. * Kt is given in (2.38) (we will
connect this with the object in (5.1) under assumption (A2)), which is an
open submanifold of K. X K,at, equipped with the product Poisson structure.
Hence, K. * K;a¢ is a Poisson submanifold of K., X K,.;. We have to check
that the assumptions in (A1) to (A4) are satisfied. First of all, recall from

Theorem 2.5 that we have Krga_t1 = K7, for g € K, and that we have a left
partial group action £ and a right partial group action n. With the definition
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of K2, in (2.37), it is clear that the geometric object constructed in (5.1)
with G = K., is in agreement with what we defined in (2.38). Moreover, the
validity of the other conditions under (A2) are clear. Regarding the conditions
under (A3), first of all, the validity of K5 = K, and K"\\9 = K9, is
a consequence of the fact that ({,(h)) = (k) and (n4(g)) = (g9). The other
condition is also clear as we have g; € K22, iff supp (g1) Nsupp (g2) = 0 and
this condition is symmetric in g1 and go. We now come to (A4). To check the
condition in (5.6), suppose supp (g) = {a;,a@;}i_;, supp (h) = {b;,b; }7t1. Then
supp (0(g)) = {—a;, —a; }¢_, and supp (o (h)) = {-b;, —Ej};-"zl. From this, it is
clear that supp (g)Nsupp (k) = 0 iff supp (o(g))Nsupp (o (h)) = O. To show that
Kl = (0,idk,,.)  (Krat(0)N(Krag X Krat)) # 0, simply take a simple element
Jo,p- As we already observed in Proposition 3.1, for a € C\(R U /—1R),
Jo,p € K. Moreover, 1y . (0(9a,r)) = 0(&s(g. p)(9a,p)). To show that

na(g)(o—(h)) - U(gg(h))vga'(h) (0(9)) - J(nh(g)) for all (ga h) € Kipag * Krata
(5.56)

we can use Theorem 2.5 (a), according to which the solution of the refactor-
ization problem

a(h)a(9) = Ean)((9))Mo(g) (0 (h)),
where (Tla(g( ( ) = (o(h), (§ony(o(9)) = (a(g))
is unique and the fact that (o(&,(h))) = (o(h)) and (o(n,(g))) = (o(g)). Let

)
K3, =1(91,92) € (Kl X Klop) N (Krar * Krat) | (91,0(92)) € Kyag * Kyat}-

(5.58)

(5.57)

Take (g1,92) € Kr(at) » and going through the proof in Theorem 5.7 (c¢) and

making use of the same notations there, we just have to check that if we take
x = (lol1) " (uguy) € Kiat, then we must have o = I.

Proposition 5.9. The element x = (€201) " (uguy) € Ko which satisfies the
equation xo(x) = I is the n x n identity matriz I.

Proof. We will keep track of the divisor structure of the various factors that
appear in the refactorization problems. First of all, we have

(h1) = (g1), (h2) = (92) (j2) = (h2), (0(j2)) = (o(h2)),
(k1) = (), (0(£2)) = (0(j2)), (b2) = (j2) (5.59)
(1) = (K1), (o(t1)) = (o(k1)).
From this, we find that
(61) = (k1) = () = (91), (&2) = (J2) = (h2) = (g2)- (5.60)
Similarly, from
(r1) = (91), (a(r1)) = (a(g1)), (s1) = (1), (o(s2)) = (o(g2)),
(t2) = (s2), (o(t2)) = (0(s2)), (u1) = (s1), (5.61)
(u2) = (t2),
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we find
() = (s1) = (r1) = (91), (u2) = (t2) = (s2) = (g2). (5.62)

) =
Since supp(g1) N supp(ge) = 0, we have

(ugu1)o = (g91)o + (92)0, (u2u1)se = (91)o + (92)o- (5.63)
Likewise,

((2t1) ™Mo = (91)0 + (92)0> ((€2£1) oo = (g1)0 + (92)o0- (5.64)

We want to show that = has no poles. To do so, suppose the contrary, that is,
x has poles and zeros. Let

d d e e
.’1?)0 = Z m;o; + Z m;o + Z leﬁj + Z TLJ‘Bj, (565)
i=1 i=1 j=1 J=1

where

Zmzaz + Zmzal < (g1)o+ (91)

(5.66)
Z“Jﬁj + anBj < (g2)o + (92)-
j=1 j=1
Then from the definition of o, we have
d d e e
(@) o= mi(—ai)+ Y _mi(—a) + > _ni(=8;) + Y _n;(—
i=1 i=1 j=1 j=1
(5.67)

Since g1,92 € K., we have supp(g;) N supp(c(g;)) = 0, i = 1,2. Hence the
following conditions hold:

{ai, a0}y N {—as, —a;}, =0, {5J>Bj}§:1 N{-5;, _Bj}jzl =0. (5.68)

In view of these conditions, it follows from the equation z = o(z)~! and (5.65),

(5.67) that
Zmiai +m;a; = an(—ﬂj) + an(_ﬁj)' (5.69)

But this is a contradiction to the assumption that (g1,0(g2)) € Kiat * Kyat.
Consequently, x has no poles, and the only such element in K, is the identity
matrix I. O

Now let 7g,,, be the induced Poisson structure on K, as a Poisson Lie
subgroup of (K,{-,-}s). Recall that K,,; X K is equipped with the product
Poisson structure, and the open submanifold K.,.; * K, with the induced
structure. Likewise, we will equip the open submanifold K/, of K, with the

induced structure. We next check that o is a Poisson 1nvolut10n

Proposition 5.10. The map o defined in (3.9) is a Poisson involution, when
K et is equipped with T, .
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Proof. Extend o to the full group K using the same formula, denote the ex-
tension by o, and let tg,,, : Kyt — K be the inclusion map. In view of
the relation tx,,, 0 0 = 0. 0 tk,,, and the fact that vk, is a Poisson map, it
suffices to show that o, : (K, {-,-};) — (K, {-,-}s) is a Poisson map. So let
@, € F(K). Then by a direct calculation, for g € K, we have

D(poac)(g)(z) =U"D'p(oc(9))(—2)U

D'(900.)(9)(2) = U* Dl () (). 70
Therefore, by the definition of .J in (2.45), we have
J(D(poae)(9))(z) =U"J(D'p(oc(g))(—2)U, (5.71)
J(D'(poae)(g))(z) =U"J(Dp(oe(g))(—2)U. '
Hence on using the pairing (-, )¢ in (2.44), we find that
(J(D(poae)(9)), D(toae)(g))e = —(J(D'p(0c(g)), D'p(0e(9)))e, (5.72)
(J(D'(pooe)(9), D'(Yoae)(g))e = —(J(Dp(oe(g)), Di(oe(g)))e
and the assertion that o, is Poisson follows from this formula. O

From this proposition, we can now conclude that the map 3 in (5.21)
with G = K., is a Poisson involution by Lemma 5.5 and that its stable locus
is given by K.t (o), the graph of o. This is a Dirac submanifold of Kyat X Kt
and its induced Poisson structure mg,,, ., is related to the structure mg,,,
through the relation in (5.22). Consequently, the open submanifold K7 (o)
carries an induced structure g (). We are now ready to state the following
consequence of Theorem 5.7.

Corollary 5.11. (a) The map R commutes with ¥ |k, k., € %
oR=RoX |k, «K,,, and therefore, its reduction

Ryca: Kl (o) — K| (0) (5.73)

rat

Koot Krat

!

is a Poisson diffeomorphism, when K/,

tiple of TK!, (o)
(b) The map

(0) is equipped with any nonzero mul-

B (Ko mi,) — (K Ty, (5.74)

rat

satisfies the relation
B = ((0,idx,,,)") " o (s 0 R)rea © (0,idx,,)’ (5.75)

and hence is a Poisson diffeomorphism. Here (0 R)ypeq : K. 1(0) — K/ ,.(0)
is the reduction of so R to K/ (o).

rat

(c) The map B satisfies the reflection equation
B, Ro1BoR12 = Ro1BaR12By (5.76)
(2)

rat,oc t0 ilself, where

where we interpret (5.76) as an equality of maps from K,
K®

rat,o

is defined in (5.58). Hence, B is a reflection map.
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6. Conclusion

This work was motivated by the soliton-boundary interaction process for the
n-Manakov system on the half-line, with mixed Dirichlet/Neumann boundary
conditions at & = 0, as described in [18]. We have taken a first step here in (a)
constructing reflection maps from Yang—Baxter maps on various geometrical
objects and understanding their relationships, (b) describing the symplectic
and Poisson geometry of such maps. Thus, we have proved here, for the first
time, the symplectic/Poisson properties of reflection maps. As is clear from our
work in the previous sections, an involution plays an important role on each
level, this is a structure which emerges in the authors’ use of the nonlinear
mirror image method in [18]. In this concluding section, we will give a short
discussion of several issues which we have not addressed in this work, as well
as making some comments on the significance of our findings.

As in the case of the polarization-scattering map in [43], the N-body
polarization reflection map in Sect.4 should be regarded as a component of
the full scattering map, which would include as its components the map which
gives the change in asymptotic velocities and the map which gives the change in
phase shifts. We hope to extend our results here to that of the full scattering
map, as well as the construction of action-angle variables on multi-soliton
manifolds for the half-line problem. This latter endeavour, of course, would
involve the presence of the soliton parameters «; in the symplectic form, as
they are part of the scattering data in the reflectionless case.

On the other hand, although we are focusing our attention here to the
n-Manakov system, however, it is clear that the same methodology can be
adapted to other multi-component integrable soliton equations on the half-
line, if the nonlinear mirror image method applies, an important ingredient
being the existence of an involution which can be extended to a Lie group anti-
morphism. This is in fact one of the motivations behind formulating several
results in an abstract way in Sect.5, when we deal with reflection maps on
Poisson Lie groups, as different multi-component integrable soliton equations
correspond to different Lie groups. In this connection, let us also recall that
in [43], the author shows that if we denote the Poisson Lie group dual to
(K,{-,-}s) by K, and the dressing orbit of K; through g, g, by L(a, E}),
then the map R | L(«1, Fy) X L(asg, E¢) (where R is given in (2.41)) and the
map RF*(ay,az) in (2.18) are conjugated to each other (see (5.68) in [43]).
Thus, from this point of view, we could have developed our results in Sects. 3
and 4 of our present work starting with the results in Sect.5. But of course
this would be unnecessarily complicated. The point we are trying to make here
is that the Poisson Lie group carries the complete information, as there are
various dressing orbits of K ; which could be of interest in the study of higher-
order multi-soliton solutions (the ones in [18] correspond to Riemann-Hilbert
problems with distinct simple zeros).

In any case, extending the results in Sects. 3 and 4 to the case of Poisson
Lie groups via the method of Dirac reduction is of intrinsic geometric interest.
Here we recall the work in [46], in which they show how to construct a solution
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of the Yang—Baxter equation on a group, assuming the existence of a pair of
actions satisfying a compatibility condition. This result is purely algebraic and
in particular is devoid of any meaning in Poisson geometry. In Theorem 5.4,
by following the same argument which was used in the proof of Theorem 5.13
in [43] for the case of K, we show how two compatible partial actions on a
Poisson Lie group G can give rise to a Yang-Baxter map R which is also a
Poisson diffeomorphism. And then by postulating the existence of a Poisson
involution ¢ on GG which is also a Lie group anti-morphism satisfying some ad-
ditional conditions, we can define a reflection map B which is also a Poisson
diffeomorphism. And the method we use provides another illustration of the
use of Dirac reduction, which was first developed in [44] in order to under-
stand a class of spin Calogero—Moser systems associated with symmetric Lie
subalgebras, and the spin-generalized Ruijsenaars—Schneider equations which
correspond to N-soliton solutions of A% affine Toda field theory [8].

We hope to have a better understanding of the integrability of the various
reflection maps in this work in the future.
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