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Abstract

We study the so(3) Gaudin model with general boundary K-matrix in the
framework of the algebraic Bethe ansatz. The off-shell action of the generat-
ing function of the so(3) Gaudin Hamiltonians is determined. The proof
based on the mathematical induction is presented on the algebraic level
without any restriction whatsoever on the boundary parameters. The so(3)
Gaudin Hamiltonians with general boundary terms are given explicitly as
well as their off-shell action on the Bethe states. The correspondence be-
tween the Bethe states and the solutions to the generalized so(3) Knizhnik-
Zamolodchikov equations is established. In this context, the on-shell norm
of the Bethe states is determined as well as their off-shell scalar product.

1. Introduction

The systems obtained as the quasi-classical limit of the Heisenberg spin
chains [1] were first studied by Gaudin [2, 3, 4]. In the framework of the
coordinate as well as the algebraic Bethe ansatz Gaudin has found the spec-
trum of the generating function of the corresponding Hamiltonians [2, 3, 4].
This system has been recasted in the framework of the quantum inverse
scattering method [5, 6, 7] by exploring the so-called Sklyanin linear bracket
using an sf(2) invariant, unitary classical r-matrix [8]. This result enabled
further generalisations based on other unitary solutions to the classical Yang-
Baxter equation [9, 10], prompting the interest in the Gaudin systems based
on higher-rank simple Lie algebras [11, 12, 13] as well as Lie superalgebras
(14, 15, 16, 17, 18]. The relation with the Knizhnik-Zamolodchikov equations
of conformal field theory in two dimension [19] and the representation theory
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of the Kac-Moody algebras [20] was further strengthened when the connec-
tion between the Bethe states of the Gaudin model and the solution to the
Knizhnik-Zamolodchikov equations was established [21, 22, 15, 16, 17, 23].
It is also interesting to note that, in a somewhat more physical approach, the
long-range interaction of these systems was studied in [24, 25]. The Gaudin
system on an elliptic curve was studied in [26], while the s¢(2) Gaudin with
the Jordanian twist was studied in [27, 28, 29]. On the classical level, the
Gaudin model corresponds to the so-called Schlesinger system in the theory
of isomonodromic deformation [30, 31, 32, 33, 34, 35, 36].

In our considerations of the quantum Heisenberg spin chains with non-
periodic boundary conditions we follow Sklyanin’s approach where the bound-
ary conditions are expressed in the form of the left and right reflection ma-
trices [37]. The so-called reflection equation and the dual reflection equation
represent the compatibility conditions between the bulk and the boundary of
the system at the left and, respectively, right site of the system. The commu-
tativity of the transfer matrix, in this case, is guaranteed on the one hand by
the fact that the matrix form of the exchange relations between the entries
of the Sklyanin monodromy matrix is analogous to the reflection equation
and on the other hand, by the dual reflection equation [37, 38, 39].

Renewed interest has emerged in the implementation of algebraic Bethe
ansatz on solvable Heisenberg chains with non-periodic boundary conditions
40, 41, 42, 43, 44, 45, 46, 47?7 ]. As for alternative approaches, a review of the
coordinate Bethe ansatz in this case is given in [48], the Bethe ansatz based
on the functional relation between the eigenvalues of the transfer matrix
and the quantum determinant, as well as the associated T-Q relation are
studied in [49, 50, 51], functional relations for the eigenvalues of the transfer
matrix based on fusion hierarchy were discussed in [52] and the Vertex-IRF
correspondence in [53, 54], while the Jordanian deformation of the open XXX
chain is analysed in [55]. For the latest results, as well as an excellent review
on the application of the separation of variables method on the 6-vertex
model and the associate XXZ quantum chains see [56].

Our interest in open Heisenberg spin chains was twofold. On the one
hand, we were interested in the implementation of the algebraic Bethe ansatz,
and on the other hand, we wanted to consider the quasi-classical limit which
yields the corresponding Gaudin model [57, 58]. As it is well known [41,
42, 57], due to the symmetry of the R-matrix of the non-periodic XXX spin
chain, the accomplishment of the algebraic Bethe ansatz does not imply any
restriction on the boundary parameters. However, in the case of the open



XXZ chain [59], the existence of the so-called vacuum vector requires the
triangular form of the boundary K-matrix [43, 44, 58]. As for the quasi-
classical limit, Hikami showed, in complete analogy with the periodic case
(24, 25], how the expansion of the XXZ transfer matrix, calculated at the
special values of the spectral parameter, yields the Gaudin Hamiltonians in
the case when both reflection matrices are diagonal [60]. Similar expansion
was done for the Jordanian deformation of the ration s¢(2) Gaudin model
with generic boundaries [61]. The algebraic Bethe ansatz was applied to
open Gaudin model in the context of the Vertex-IRF correspondence [62,
63, 64]. Also, results were obtained for the open Gaudin models based on
Lie superalgebras [65]. Returning back to the quasi-classical limit, following
the Sklyanin proposal for the periodic boundary conditions [8, 66|, we have
derived the generating function of the Gaudin Hamiltonians both for the
XXX [57] and the XXZ chain [58] as well as for the Jordanian deformation
of the XXX Heisenberg spin chain [67]. Moreover, we have shown [68] how,
in the context of the quasi-classical limit, the solutions to the classical Yang-
Baxter equation [9, 10] can be combined with the solutions to the classical
reflection equation [69, 70] to yield solutions to the so-called generalized
classical Yang-Baxter equation [71, 72, 73, 74]. These solutions are the non-
unitary classical r-matrices [75, 76, 77, 78, 79, 80, 81]. In particular, the
generic elliptic s¢(2) non-unitary r-matrix was studied in [82]. Also, we
draw attention to the recent study of the generalized Gaudin and Richardson
models based on a class of non-unitary r-matrices [83].

An approach to the implementation of the algebraic Bethe ansatz for
the rational as well as the trigonometric s¢(2) Gaudin model based on the
corresponding Maillet linear bracket was developed in [84, 85, 867 , 87].
Once a suitable set of generators of the relevant generalized Gaudin algebra
is found, the local realization of these generators becomes compact and it
naturally leads to the definition of the so-called creation operators. In both
the rational and trigonometric case [85, 87], these creation operators define
Bethe states in such a way that the off-shell action of the generating function
of the Gaudin Hamiltonians can be computed explicitly, and a completely
algebraic proof of this action given.

This paper is centred on the application of the algebraic Bethe ansatz to
the rational so(3) Gaudin model with generic classical boundary K-matrix.
We recall that this K-matrix can be obtained by the so-called fusion proce-
dure [6, 88, 89], starting from the s¢(2) K-matrix [57, 90, 91, 92]. The outline
of this methods in the trigonometric so(3) case was given in [93]. Alterna-
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tively, one can use the so-called scaling limit [94], to obtain the K-matrix
from the trigonometric so(3) boundary K-matrix [93, 95]. The non-unitary
so(3) classical r-matrix (B.8) is then obtained by combining the unitary so(3)
invariant classical r-matrix and the K-matrix. This non-unitary classical r-
matrix defines the so(3) Maillet linear bracket, for the suitable Lax operator,
and provides an algebraic framework for our study of the non-periodic so(3)
Gaudin model. As an immediate consequence of the definition of the so(3)
Maillet bracket follows the mutual commutativity of the generating function
for different values of the spectral parameter. However, as it will be confirmed
in the following, the natural set of generators unfortunately turns out not to
be adequate for the implementation of the algebraic Bethe ansatz. Thus we
will here propose a new set of generators. Besides the relative simplicity of
the local realization of the new generators, their most striking feature will
be the compact form of their commutation relations. This is of great signifi-
cance since it efficiently enables the algebraic proof of the off-shell action of
the generating function on the Bethe states. Furthermore, it is important to
stress that these results will be obtained without any restriction whatsoever
on the boundary parameters. It is only when solving the generalized so(3)
Knizhnik-Zamolodchikov equations that the key identity in the proof will
require one of four boundary parameters to be set to zero. However, in spite
of this constraint we will retain a large improvement in generality over the
previous studies: while the formulas that we here provide for the solutions to
the generalized so(3) Knizhnik-Zamolodchikov equations, the on-shell norm
of the Bethe vectors and the off-shell scalar product of the Bethe vectors do
superficially look similar to the analogous formulae in the s¢(2) case [85],
only one of the boundary parameters will be fixed here, instead of all four of
them (as, for example, in [85]).

The paper is organised as follows. In Section 2 we study the so(3) Maillet
linear bracket which provides the algebraic framework for implementation of
the Bethe ansatz. In the same section we propose the novel set of generators
with simplified commutation relations and introduce Gaudin Hamiltonians.
The implementation of the algebraic Bethe ansatz is the principal topic of the
Section 3. There we will obtain the expression for the off-shell action of the
generating function 7(\), as well as for the off-shell action of the so(3) Gaudin
Hamiltonians with general boundary terms — and prove these formulas by
mathematical induction. The solutions to the generalized so(3) Knizhnik-
Zamolodchikov equations will be given in the Section 4. Our results will be
summarised in the concluding Section 5. Fundamental definitions regarding
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the so(3) Lie algebra, including the two so(3) invariant operators in C* ® C?
which generate the relevant Brauer algebra, are presented in the Appendix
Appendix A. Finally, the cornerstone of our study — the non-unitary so(3)
classical r-matrix — is given in the Appendix Appendix B.

2. The so(3) Maillet linear bracket

In this section we show how the non-unitary so(3) classical r-matrix (B.8)
helps define the so(3) Maillet linear bracket (8) for the suitable Lax operator
(7). Although this Maillet bracket provides an appropriate algebraic frame-
work for studying the quantum so(3) Gaudin model, yielding the generating
function of the so(3) Gaudin Hamiltonians with general boundary terms, it
will be shown below that the natural set of generators unfortunately does not
provide the most efficient way for implementing the algebraic Bethe ansatz in
this case. Thus we will propos a new set off generators of the corresponding
generalized so(3) Gaudin algebra.

In our study we use the Lax operator

La()\) = = 0'§m_ al 1 3 3 1 + - — +
0()_2A =) 50®sm+§(80®sm+50®5m) ,

(1)
where the spin operators S, with o = +,—,3 and m = 1,2,..., N, are
introduced in (A.12) and the matrices 83 and 8 in the auxiliary space C?
are specified by (A.1) and (A.3), respectively. The Lax operator (1) can also
be represented in the following form

Lo(A) = 8o - S(A) , (2)
where the generators of the so(3) Gaudin algebra are defined by [2, 3, 4]
g8 gt

”; =2 (3)

m=1 m=1

Mz

The so-called Sklyanin linear bracket [8, 15, 16] for the Lax operator (1) and
the r-matrix (B.1)

[L1(A), La(p)] = [ri2(A — ), Li(A) + La(p)] (4)



yields nontrivial commutation relations for the generators (3)

S*(\) = S* ()
A—p

(—2) S O\))\ :i (1) ' (5)

[SS()‘)ﬂ Si(u)] =+

Y

(SN, 87 (w)]

The Lax operator corresponding to the generalized so(3) Gaudin algebra
is given by
Lo(A) = Lo(A) = Ko(A) Lo(=N) Ky ' (N) (6)

where Lg()) is the Lax operator (1) and Ky(A) is the reflection K-matrix
defined in (B.4). This form of the Lax operator can be obtained by following
a relatively general procedure of quasi-classical expansion of the Sklyanin
monodromy [68]. By direct substitution we obtain

Lo\ =8-S\ — ( 5
| LB 0 %5 ()
0 \/%E H(\)

The Lax operator (7) obeys the following so(3) Maillet linear bracket [72, 73,
74, 38, 68]

[Lo(N), Lo ()] = [ro0 (X 1), LoN)] = [rgra(pe. A), Lo (1)] - (8)

This linear bracket is obviously anti-symmetric and it obeys the Jacobi iden-
tity because the r-matrix (B.6) satisfies the generalized classical Yang-Baxter
equation (B.7).

The so(3) Maillet bracket (8) implies the following commutation relations



for the generators E(A), F(A\) and H(\) (7)
2

—20p <
= T+ A\ 90+V2
( (€ +vu)p
A+u & — (e +1v2)u
22 <
i Tt \E@- 1/190+V2
v
A+u(£2 (e +v2)p
— < (€ +vu)p
" A+ \E - W+
v
A+u(£2 (Ve +v°)p

)\2
HO) = & e o A )>
(E+vA) A
Rl = Y ”)’
(9)
)\2
HO) = & e A )>
(€~ A) A
RS Sy Y ”)’
(10)




£2 — (o + v?) p £2 — (o + 1v2)N2
B 1 ((2(6 —vA) (E+vp) — Yo (A4 p)p)
(A=) (A +p) §2 — (Yo + v?)p?
2(8 — (o u+1v2A) A) A
T E (bt W )> |

HON, E(w)] = 7 ( PUpyy - 2 H(u))

51y

(12)

=Y s 2(E+vA) A
), Fl)] = A (52 — (Yo + v?2) p? B+ £ — (Yo + v2)A2 HW))

1 ((2(5 —vp) (E+vA) — P (A + p)p)
A=) A+ p) £ — (o +v2)p?

2(8 — (b + 12N A) A

T e (e >) |

+ 2520V

(13)

[E'(A), E(p)]

2 @ (§+vp)p P E=rA)A

N (52—(W+V2)u2 FN - gt ))
2 ((2(5 —vA) (§+vp) — Yo (A4 p)u)

A=) A+ p) §2 — (Yo + v?)p?

7 PHO)

(20 = vA) (€ +vp) — e (A + p)A) A
- R PRI 0 .

Moreover, the Maillet linear bracket (8) yields the expression for the
generating function of the so(3) Gaudin Hamiltonians with general boundary
terms in terms of the Lax operator (6)

() = %tro (£20V) . (15)

Namely, using the Maillet bracket (8), it is straightforward to check that the
operator 7(\) commutes for different values of the spectral parameter,

[T(A), 7(1)] = 0. (16)
From (7) it follows that
7(A\) = H*(\) + % (ENEFN) +FMNEN)) . (17)
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Our aim here is to obtain the spectrum and the corresponding states of
the generating function 7(A) by algebraic methods. To this end we would
have to use the relations (9) — (14). As it is evident from the formulae above,
these relations do not seem to be suitable to efficiently address this problem.
Therefore, we propose a new set of generators

N e (2500 = (w420 (v = Vi 5 7)) FOY
+ 26 (v = Vi) HOY) . (18)
F(N) = W ( ~ B0 + (o2 (v + i 7)) FOY
20 (v Vo +12) H(A)) , (19)
H(N) = W (WEQ) + eF(N) + 20H()) (20)

The commutation relations we obtain for the new generators are substantially
simpler than the initial relations (12)—(11). In particular,

[E(A), E(p)] = [F(A), F(p)] = [HA), H(p)] = 0, (21)

and the three non-trivial relations are

760 £0)] = 77— (u o e 8(u)> , (22)

[H(N), F(w)] = vfug (u Ei: \/7% /\SL"(u)> : (23)
o & — A\/w<p+u2 §—|—/L\/1/190+1/2

(24)



Furthermore, the local realization of the new generators is:

Zg_am\/¢¢+y2
\/WJH/Q §— Ao + 12

Yo+2v (v—/Pp+1?) o
20— Ve ), OS] - S

€\ =

m

O — an) O\t o) o (2)
£+ /o + 12
F(A
= T 3 Z TS W
2+ /g + 17)S3, + S, - LNV o .
(A — am) A+ am) ’
2083 + St + oS
F(N) = _W — Z o) E o) (27)

A straightforward but somewhat lengthy calculation shows that the gen-
erating function 7(\) (17) has exactly the same form when expressed in terms
of the new generators

7(\) = H*(\) + % (ENTN) +TFNEWN)) - (28)

The explicit expressions for the so(3) Gaudin Hamiltonians with general
boundary terms are derived by substituting the the local realization of the
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new generators (25) — (27) in the right-hand-side of (28)

o =) Bes 709 = 5 o
(SN (s G g2 (57574 7 (5,
+20v (SHSS + S5,.SH) + 200 (S, 82 + 52,55))
L EE Y g gmgt )
20,
el > (g st

n#Em
Om 2 o+ a+ 2 a— o—

+ 2 (S5S2 + S2,87) + 200 (S, 82 + S2.5,) )

+

2 (52 - <¢@ + V2> O‘mO‘n) — PPy, (am - O‘ﬂ) (SfSJr + SJFS*) )

2 _ 2
o Qg

£ om - 1 +03 Q3 ot
+§2—(¢¢+V2)a3n7§nam+an<2w (SmSn = 5mS1)

+ 20 (S8 — S5Sy) + 20 (S3.S; — S5.89) ) . (29)

Besides the formula above for the so(3) Gaudin Hamiltonians with general
boundary terms, our main result in this section is the new form of generators
of the generalized so(3) Gaudin algebra (25) — (27). Due to their strikingly
simple commutation relations (21) — (24) they now provide a suitable frame-
work for applying the algebraic Bethe ansatz without any restrictions on
boundary parameters.

3. Implementation of the algebraic Bethe ansatz

Before we can proceed to find Bethe vectors and determine the off-shell
action of the generating function 7(\), we have to establish several interme-
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diary results.

In the Hilbert space H (A.11) of the system we have to define the so-
called vacuum vector €2, € H together with the appropriate action of the
generators (25) — (27) on it. To this purpose we observe that in every local
space V,, = C*, m € {1,..., N} there exists a vector w,, € V,, given by

,w2
b = | —V2¥ (V—vW+2V2> e =V, (30)
-V

where the parameters v, 1) and ¢ are the parameters of the boundary K-
matrix (B.4). Then it is easy to check that

(2(1/— FSOJFV2>S;+wS$_W+2u(u—\/w<p+u2) Sm>wm=0,

(G
(31)
(2083, + S 4+ ©S5) Wi = 2V + 12 Wy . (32)
Therefore the vacuum vector €2, defined as
D =w - -Quwy €H (33)

has the desired properties. Namely, it is annihilated by the generator E(\)
(25) and, at the same time, it is an eigenvector of the generator H(\) (27),
that is

2\
A2 —a2
(34)
Our next aim is to rewrite the formula for 7(\) (28) in a more suitable
way so that the action of the generating function 7(\) on the vacuum vector
2, (33) becomes more transparent. With this aim, we first note that the

M =

EAN) Q=0 and H) Qp =p(A) Qp with p(N) =

m=1
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commutation relations (22) — (24) imply

—£
(V) ()] = FO) + FN)., (35)
A (5 + MWDo+ 1/2>
V), E(A s e — &), (36)

-1 &+ e+ )N
A& = (W +12)N

where prime denotes derivative with respect to parameter. Therefore we can
express the generating function 7(\) (28) as follows

1 &+ e+ )N
A& = (Yo + 12N

Taking into account (34) and (38), it is evident that the vacuum vector €2
(33) is an eigenvector of the generating function

£+ W +vH)N p(\) ‘o)

g—Werry A T

(39)

In our approach, one fo the essential steps in the implementation of alge-

braic Bethe ansatz is to find the commutation relation between the generating

function 7(\) (38) and the generator F(u) (19). To this end, we will also need
the following auxiliary result which follows from (23)

TN, )] =2 ( HON + %’(A)) NET

7(\) = H(\) + HN) — HN)+FNEN) . (38

T(A) Q4 = xo(\) 2y with  xo(A) = p* (V) +

B0, T = At F()

N2\ ) (€4 p/dp +2)

N+ p? +)\\/W
— (F(p) = F(A
+)\2—M2( (1) = FA) + f‘HM/W ))

Now we can compute the commutator by a straightforward calculation,
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based on the formulae (38), (23), (24) and (40):

4 (Y + 1) N°
O] =~ 5 (2000 + L) .
RS Sl VAL R )Qﬂﬂm+- (Yo + 1) )
2= £ — M\ o+ 12 &—We+v2)u?)

The relative simplicity of the right hand side of the equation above has
encouraged us to seek the commutator between the operator 7(\) and the
product F(u1)F(u2) as the next step. In this case, an analogous direct cal-
culation based on the previous formulae, leads to

[T(A),F (11)F (12)] =

: ot
g T (000 + B s - )
4 (Vo + v?)N? N
g Tt (2900 + R - )

S M1\/1/190+V2
M= &=\ + 12

(Vo +v?)p 26t
><(uﬂHun%+£2_(¢¢—%v%u%_Aﬁ—wé)

S M2\/¢90+V2
N =3 gy € — Av@5175

(b + 123 2013 )
X _ .
X<m mﬁ+?—@w+ﬂM% 3 — 13

)‘)9:(#2)

p)F(A)

(41)

Evidently, the right hand side of (41) has extra lines and every line has
extra terms in comparison with (40). While certain pattern is already visible,
we will explicitly compute one more step befor conjecturing the general case.
The commutation relation between the generating function 7(A) and the
product F(1)F(p2)F(113) is obtained in a similar manner, using the previous
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results,

[T(A); F (1) F (p2)F (13)] =

4 AHO R D D )
i — W+ )N N —ps N -y
4 MHOA @/}(p N 2N )
A =3 — (e +r)N N —pd N -
4 AHOA wgoJrz/))\Q RS )
A2 — i3 = (P + V)N N = N -
4 A - e+ V2
3 FN)TF(u2)F (13)
— 1 £ =\ Yp+v
(Vo +v*)ud 23 23 )
H(p) + - -
: (m R ) VR Sy Ry Syt
S S VA s V2
= F (1) F(N)F (u3)
2— 3 pp £ — A\/W
(Vo +v*)u3 2413 243 )
X H + - -
(”2 W)t s E B -
4 A Vvt V2 F()\
= F (1) F(p2)F(N)
- u3 s €~ Am
(Vo +v*)u3 2013 2413 )
X H + — — .
(Ms R e T BT ST AT g )
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In the general case, we conjecture validity of the following relation:

[r(A) F () F(pa) -+ Fpan)] = =F (12)F () - - - F(pma ZAQ
(bp+v)N -~ N
" (WA” & (ot AN 2 AQ—ui)

A EZ Ve F Vg T
+Z>‘2_/~L] 11 5 )\\/W 3'( )3.(/@) gj(:u]) EF(IUM)

M

+ )5 241
X (M]j—c<u])+ (wgo - )Iu] _Z 2 = 2) )

& — Wy + v i — i

o —

where the notation J(y;) means that the operator F () is omitted.

The proof of the formula above is by mathematical induction. Our initial
hypothesis is that the equation (43) is valid for some natural number M.
Thus, we have to show that the analogous equation is valid for M + 1. To
this end, we write

[T(A),F (1) F (p2) - - - Fpar)F (par1)] =
= [T(A), F(pa)F(p2) - - F(pear)] F(pear41)
+ F(p1)F (p2) - - - F(par)F (parsr) [T(A), F (pears1)] (44)
= [[T(A), F(p)F(p2) - - F(pear)] s F(pear1)]
+ Flpar1) [T(A), F(pa)F(p) - - F ()]
+ F(p1)F (p2) - - - F(par) F (par1) [T(A), F(pars)] - (45)

It follows from (43) that the first term on the right hand side of (45) yields
two type of terms. In the second term of (45) we can just substitute the
right hand side of (43). Finally, in the last term of (45) we use (40). In this
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way we obtain

[T(A), F(u1)F (p2) - - Fpar)F (par1)] =

M
— F(p1)F( Z — 2 A), F (1))
= j

+JZV’: NP
T A W

X FNT ()T (12) - F(pg) -+ Flpanr) [9(17), F(paarsn)]
= F(p1)F (p2) - - - F(par)F (par41) x

M M
(Y + )N %
(A) + N 2
g 2 ( €2 — (Y + )N %Vui)
R el UL =
*Zv_ﬂj L SN )3 ) T T )
(Y +v*) 3 Moo

X (uj%(uj) + 2 (MOJFVQ])M? & 7]%

4
)‘Z*F‘%MH

4 A 5‘#M+1v1/)80+V2 gj()\)x
N = Bl €= AP+ 12

(Vo + v iy
X (MM+1J-C(/J’M+1) + 52 _ (1/}%0 + VQ)M?M_Fl . (46)

(Y + )N )

+3“(u1)3’(u2)~-3”(uM)<— & — (o + 12)N2

Flprr o) (A%(A) "

+

In the first two terms on the right hand side of (46) we used the equation
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(23) and the remaining terms we rewrite in a more appropriate order

[F(A), F () F () -+ Fpaan) F(pars1)] = =F () F( Z 2

2 ( £+ Mo + 12
M+1

F(N) — w(uMH))

pEET E+ pari/do 1 2
S S L R —
+Z)\2 MJ £ — )\]\/W N)F(p)F(p2) - - F(pg) - - - F(pear) x

X

72 KM +1 £+Mj'7’w+1/2 F
“JQ‘ — My §4 par1V/ e + 12

= F(p1)F (p2) - - F(par) F (par41) x

(15) — wy ?(MMH))

(o +vH)N g~ N
XZAQ%< N+ @ oo ;M

= F(p1)F (p2) - - - F(par)F (par+1) x

4 (’¢Q0+l/2))\2
< o e )
M 4 )\ 2 -
+Z —M W 2 lﬁ\]\/% )?(Nl)?(ﬂﬁ”'?(Mj)"'g‘“(MM)S'“(MMJrl)x
J

X\ g H () + Wt )5 S~ %5
B S O I A el Al -

4 A= ppp/ Yo + V2
A2 — 3y B £ — Ao+ 12

(Yo + ) 34
£2 — (Yo + VQ)N%\J-H .

+ Fp1)F(p2) - - Flpar) F(A) %

X (MMHU{(MMH) +
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Now it is just a question of reordering the terms in a more suitable manner

[T(A), F ()T (p2) - - - F(par)F (par 1)) =
= F(p)F (p2) - - - F(par)F (par41) x

M 4 ("‘WP + yz))\z M+1 \2
—— [ AH(A _
X;)\2_ﬂ§< ()+€2—(¢90+V2)>\2 ;)\2_#%
= F(p1)F () - - F(par) F (par 1) X
4 (¢90+V2))\2 M \2
AH (A _
e G ( )+ £ — (b +v)A2 L= A2 - ui)
4N e P _
— FNF F e F () -
+j;)\2_u]2 W (M) F (1) F(p2) (145)

(Y + v2)p? Mil 242 )

£ — (Yo + ) pE — g

4 A €= pr/ Y + V2
A2 — R e € — Mg + 12

(1/)90 + Vz)lﬁ\/[-s—l - 2:“?\/1-5—1
x| par 1 H(pars) + -y 5] (48)
( A8 o ey 2 e —

ki

+

F(p)F(p2) - - - Fpar)F(A) X

To obtain all the terms in the last sum (in the last line above) we had to use
a generally valid, purely algebraic identity:

—1 £ — (Yo + 12N 1
F =¥ i) €= (e + ik OF — i — i)
£ —We+v" )i ~1
£ — (Yo + V2)/ﬁ?\4+1 a (A2 — N?\/1+1)<N%\4+1 - N?) ’
(49)

which is valid for every j =1,2,..., M.
Finally, to complete the proof we can simply combine together similar
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terms and obtain the desired result
[T(A), F(pa)F (p2) - F(paar)F (s 41)] =
= F ()T () -+ - F(par) F (prar1) X

M+1 4 (@Z)SO+V2)/\2 M+1 \2
X ; X — 2 (AZH(A)Jr (o N ];] ye
MAL oy A E— “'\/W -
10 ° FNF()F (o) - F
" Jz; A — u? i & — /\\/W (N F (1) F(2) (5)

W+ N 2
cFun)F H(p; l § : . (50
sac)piaesa) (“J i) o e e el o)

This completes the proof by mathematical induction of the formula (43).
It should be stressed that the right hand side is in an algebraically closed
form. Thus the off-shell action of the generating function of the so(3) Gaudin
Hamiltonians with general boundary terms becomes a simple corollary of this
result.

Namely, from (43) it follows that, for an arbitrary natural number M,
the off-shel action of the generating function 7(\) on the Bethe vectors

o (pas pas -5 par) = F(pn) F(p2) -+ F(par )24 (51)
is given by
T()\)(I)M(H’lvﬂ’% s nuM) = XM()Hy’l?,uQa s nuM) (I)M(H’lmu% s ,,lLM)

M N £ — 2 2) 11 Moo,
+Z>\24 §—pivyo+v (p(“f)+g (e + 12y Y 14 >><
7j=1

G €= Ao+ 1 2 — (Yo +v2)1] 1=

X(I)M()\alula"'?ﬁja"'a,uM)a

K]

(52)
where the eigenvalue x (A, i1, f2, - . ., far) is given by
XM()\nul?N??' .- nuM) =

Mg + )\ Moo (53)
XO()‘) - 2 /\2— (P(/\) + £2 £¢(Z¢ n ,)/2))\2 B Z W) :

_N?
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The unwanted terms on the right hand side of (52) are annihilated once the
Bethe equations

2 M
(wgp—i_y)/“’bj Z /J’] :07 j:1’2,...7M, (54)

p(p;) + -
R Sl (o T el L

are imposed on the parameters fuq, fo, ..., fias-

The off-shell action of the so(3) Gaudin Hamiltonians with general bound-
ary terms (29) on the Bethe vectors (51) is obtained by taking the residue,
at A = au,, of the equation (52)

Hm (I)M(,ulalu%"‘?MM) :g’m,M q)M(/J“l?/JJ??"w:uM)

M
+Z 4oy, & — pj/p + 12 «
j=1 Oé?n_'uif_am\/wSO“'VQ

| (o + v~ 2
. (p(”]) TE (et v % 13 — iy . (55)

_2(V + f(/)gp + VZ)SSQ o wST-; + Po+2v (V—:}\/W) Sn_l
2/ + 172

X q)M—l(le"aﬁj?"wMM)?

where

H,, = Res7(\) (56)

A=am

and the eigenvalues &, yr of the so(3) Gaudin Hamiltonians are the residues
of the eigenvalues s (A, fi1, pi2, - - -, piar) (53) of the generating function 7(\)
at A = ayy,

gm,M - )\Res XM()\JI'LDMZJ v 7/“LM)

B 262 n i 4oy, i 4oy, (57)
(€ - (Wet+v)ad)am a2 —al ol —p’
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and

Res (PM()\,,[M, PN ,IL/Z]’, PN ,IMM) = Res (9:()\)) . CI)M—l(ﬂfly N uﬂja N ,[LM)

A=aum =am

_2(1/ —+ wgp + V2>S§n i sz;-l + Po+2v (V—;\/W) S;L

2o+ 7

'q)M—l(:ub"w//IjW"uMM)a (58>

where the notation 7i; means that the argument p; is omitted.

As a closing remark for this section we must underline the complete ger-
ality of these results: the formulae for the off-shell action of the generating
function 7(\) (52) and the so(3) Gaudin Hamiltonians on the Bethe vec-
tors (51) are obtained for an arbitrary natural number M and without any
restriction whatsoever on all four boundary parameters. In this sense we
can say that these formulae are as general as they can possibly be. In the
next section we will establish a correspondence between the Bethe vectors
(51) established here and the solutions to the generalized so(3) Knizhnik-
Zamolodchikov equations.

4. Generalized so(3) Knizhnik-Zamolodchikov equations

In this section we study solutions to the generalized so(3) Knizhnik-
Zamolodchikov equations. To proceed further, we now have to set the pa-
rameter £ to zero, i.e. & = 0. Consequently, the local realization of the
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generators (25) — (27) simplifies to

n XN: am  2v— o+ vA)SE + s, - LR e ) g
_mzl v¢<P+V2 )‘z_a’?n 7
(59)
GOV S R Gl A e e AT
_m:1 ngo_’_yz )\2—04% ’
(60)
30 = i 2083, + ¢S+ + S (61)
V ¢<l0 + Vz m=1 Oém
These generators have the following non-trivial commutation relations
- —9\ g/~ ~
HOE ()] = 35— 5 (B~ Em) (62)
- 2\ - -
HO,F0)] = 55— (FO = F()) (63)
~ o~ —4
EW,F ()] = 35— IO — u3(w) (64)
Thus, in this case, the first Bethe vector is here defined by
B () = Da(p)|_ = F(n)2s (65)
and, in general case, for the Bethe vectors EI;M(,ul, fa, - ., par) we have
EIV’M(M,M% oo bar) = Poar(ps pro, - ,MM)LZO = ;J;(Ml)?(/h) e ‘gr(ﬂM)(h
(66)
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It is useful to explicitly write H,, for £ = 0:

1
‘g:o 2 (ahp + 12

+ 2 (S5 + ¢ (S,)? + 29w (S SE + S2.SH)

H,, =H,,

Yo (2 (V2 = o) (S2)?

+ 200 (8,52, + 53.55) — v2 (S4S5 + S.87) )

+

N
1 Z <4(¢<pan+l/2am) o8 g3 1

¢90+V2 n#m Oé?n—Oé?L mn+am+anx
x (V* SEST 4+ S8 4 20w (SHSS + S2.S%) + 200 (8,55 4+ 55.57))

N 2070t + 1hp (i + i)
a2, —a?

(S,SF+5%8y) ) : (67)

Therefore the off-shell action of these Hamiltonians reads

Hm¢M(M1,M2,...,MM) =

M
. 2, o (63)
gm,M q)M(/'LIJ/'L% cee )MM) + Z 052 _),ujg ﬁM(:u]) q)g\if—} )

j=1 m
where
N M
~ 4o 4o
vaMzgm,M‘ =) ) (69)
£=0 — o —ac = Qg — |4
M
1 20,4
BM(#’]):_Q p(:u])___z P) 4 P) ) (70)
Hi oz Hi = M
and
_ NG ot o et (v Petr?) oo
F0m) _ 2(v + o +12)S) — St + m S

M 20/ + 12 ()

'(I)Mfl(/ﬁl,-'-aﬁjw--aﬂM)-
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Our main objective in this section is to show how to each Bethe vector (66)
we can relate a solution to the generalized so(3) Knizhnik-Zamolodchikov
equations

Haamqf<041,062,...,051\7) :Hm \I’(Oél,C(Q,...,OéN). (72)

Within our approach [22, 60, 15, 16, 17, 85, 87] this correspondence is defined
by a closed contour integration with respect to the variables pq, po, ..., s
U(ay, g, ..., an 7{]{ ]{ @y (73) dpa dpaz -+ dpen -

(73)

The scalar function Y (77; @) is defined by
.

K

with the constant & and the function S(7/; @) specified by

S (H Z(Zlma—a Zan ) (75)

n#m
+ Z (m 12) + Zln . (76)
k#j
It is straightforward to check that the function Y (7; @) satisfies the system
KO T = Enu T, (77)
m@ujT :ﬁM(/,LJ)T, (78)

where &,, 3 and B (pej) are defined in (69) and (70), respectively.
The crucial identity in our approach is

2:“ j, 11
o @M_Zauj (az s q>g¢[_;). (79)
j=1 J

It takes a few rather simple steps to confirm that the function W(ay, o, . .., ay)
(73) is a solution to the to the generalized so(3) Knizhnik-Zamolodchikov
equations (72). As the first step, using the Leibniz rule, we calculate

K O, (T : EISM) = (K0u, 1) - Bar + T - <,<; aam&SM) . (80)
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Then we use the equation (77) in the first term on the right hand side of the
equation above and the identity (79) in the second term

K On, (T-EISM) zsmM(T ch) +Y -k Za,“ (% c1><ﬂm>> . (81)

In the following step we use the equation (68) in the first term and the Leibniz
rule in the second term on the right hand side of the equation above

O, (T-éM):ﬁm(T-q>M)+Za2 g Buls) T U™

J'

2IU , m
+ K Zauj<a2 Jlu T.d _)—/{Z @(J ).
J

j=1 = ’uﬂ

(82)

Now it remains to rewrite the last terms on the right hand side using the
equation (78)

M

£ T = 20 ~(im
Iiaam (T@M) :Hm (T@M) +Z—Q/2 ILiJMZ 6M(M]>T(I)§\j4’_i
j=1_"m J
2145 =@ - 20 s
+HZ@’“( P T'@(AJJTE)_ZT]MM(M)-T-@%T}
Oé luj = Oém ILLJ

(83)

As the final step of this demonstration, we simplify the second and the last
term in the equation above in order to obtain the desired result

M
~ - ~ 210 .
£ 0 (T Bar) = o (T Bar) 45 320 (Oﬂ—’f/ﬂ T @%Qm}) . (84)
j=1 mo g

This shows that the function W(ay, s, . .., ay) (73) is a solution to the to the
generalized so(3) Knizhnik-Zamolodchikov equations (72) since the terms in
the sum will not contribute to the closed contour integrals with respect to
the variables p1;, j = 1,2,..., M.

In the final part of this section we determine the on-shell norm as well
as the off-shell scalar products of the Bethe vectors (66). In particular, the
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on-shell norm of the Bethe vector (65) is obtained to be

-y i -+ (41 +22)

v
(85)

_ 0Bi(p) _0*S(w)

O Imw=0  Op? lpw=o"

Similarly, the norm of the Bethe vector

Do (pir, pr2) = F (1) F (1) (86)

when the Bethe equations are imposed on the parameters p; and ps, is given
by

1@ (a1, o) || = Tim (D, E()E (1) F () F(p11)24)

Vi—rp
v2— 2

1 9 42
=4 p' (1) p'(p2) +4 p' (1) (—2 + + ! )

pi =g (g — )
1 2 42 p3 + pi3)?
+4 p'(p2) (_2+ 2 5+ D) 22 2>+12 2<21 2 2)22
pi o=y (3 —d) pips (s — pi)
9B2(n) 9B (u2) gs XS
0,
S | p
o)  OBalp) ||, e 52(1)=0
Oz Ops B2 (a)=0 OuzOpa Opy o (1i3)=0
(87)

In the general case, for an arbitrary positive integer M, the norm of the Bethe
vector
Dpr(pn, p2, - - - piar) (66), when the Bethe equations

M
1 2045 .
BM(NJ):_Q p(:u])___§ 2 J2 :07 j:1727"'aM7 (88>
Koz Hi — M
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are imposed on the parameter p, ..., s, is obtained to be

a%s 9%s 9%s

opi Ouiduz "7 Omidun
=~ 2 . . .
HCI)MOVLLIJQ;“LLM)H = det : . : Bar(p1)=0 -
928 928 928 :
OunOp1  OupOpz 77 ou3, Bz (kpr)=0

(89)
_Finally, we also calculate the off-shell scalar products of the Bethe vectors
Dpr (g, oo, - - -, iar) (66). As our first step, we observe that in the case when
M =1 the scalar product is

(Bu(1), B1(0)) = 4 (—“”“‘3 - ”M) . (90)

For M = 2, a straightforward calculation yields

<&)2(M1, ILLQ), &)Q(Vl, V2)> = 42 Z det M7 = 16 (det Ml + det MQ) s (91)

0ESy

where 8y is the symmetric group of degree two and the two-by-two matrices
M! and M? are given by

N = Faelm) —vip(n) p + 3

H pi—vi (i —p3) (v —v3)’
Ml _ :U’% + V22

12 — )

(1} — p3) (V7 —v3)
(92)

N — M2 plus) —vep(va) pi + vt

2 i —v3 (13— p3) (V3 — 1)’
M%l — :u% + V%
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and

Ve - Fplp) —vap(ra) ps + v
H w—vs (i = p3) (3 —vf)’
M2 — _ lu% + V%
P (- m3) (- )
(93)
M2 — 2 plpa) —rip(n) i+ V3
* 3 — vt (1 — pi3) (V7 —v3)
MQ _ ,LL% + V22
21 = -
(13 — i) (vf —v3)
In general case, for an arbitrary positive integer M, we have
<&)M(:u17,u27 s 7:uM>7 a/)]\/[(Vlul/% cee 7VM)> = 4M Z det M7 ) (94>

JESN[

where Sy, is the symmetric group of degree M and the matrix entries of the
M x M matrix M? are given by

2 2
N = HPHs) = Vot P(Ve(s) 3 i T Vo) (95)
i MZ_VZ (2_ 2)(V2 — 2 )’
j () ki Hj = Hi a(j) o(k)

2, 2

Hie + Vo .
- , for j,k=1,2,...,M. (96)
T = ) (Ve — Vi)

The off-shell scalar products of the Bethe vectors @ (i1, o, - . -, fiar) (66)
in the M =1 case (90) and in the M = 2 case (91) were derived by a direct,
straightforward calculations. The formula (94) was obtained by symbolic
computer calculations for M = 3,4,5, for some values of N. In the general
case, the proof of these formulae by induction would be very difficult, since
it would require some highly non-trivial relations between a certain type of
determinants of a different order. In this sense, the general formula (94),
strictly speaking, remains a conjecture.

5. Conclusions

The cornerstone of our study of the non-periodic so(3) Gaudin model
was the so(3) Maillet linear bracket (8) for the suitable Lax operator (7) and
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the non-unitary so(3) classical r-matrix (B.8) constructed from the generic
boundary K-matrix (B.4). Based on Maillet bracket we obtained the gener-
ating function (15) of the so(3) Gaudin Hamiltonians with general boundary
terms. However it turned out that the natural set of generators was not the
most efficient choice for implementing the algebraic Bethe ansatz due to the
cumbersome commutation relations (9) - (14). For this reason we proposed
a new set of generators: (18) - (20). Not only that their commutation rela-
tions had a strikingly compact form (21) - (24) but also their local realization
was fairly simple (25) - (27), yielding the explicit expression for the Gaudin
Hamiltonians with all four boundary parameters (29).

There were several preceding objectives which we had to address before
attempting to find the off-shell action of the generating function 7(\) (28).
In the first place, we had to define the so-called vacuum vector €2, (30) - (33).
Then we had to confirm the action of the generators on the vacuum vectors
(34) and to show that the vector €, is the eigenvector of the generating
function 7(\) (39). As our next step, we have calculated the commutation
relations between the generating function 7(\) and the remaining generator
F(p) of the generalized so(3) Gaudin algebra (40). The idea of using the
generator F(u) as the so-called creation operator prompted us to calculate the
commutation relations between the generating function 7(\) and the product
F(p1)F(uz) (41) as well as the product F(uy)F(u2)F(us) (42). Hence, we
have conjectured the formula (43), in the general case, for the commutator
between the generating function 7(\) and the product F(py)F(pe) - - - Fuar),
for an arbitrary natural number M. The proof of the formula (43) based on
the mathematical induction was presented in (44) - (50). Once we have
accordingly defined the Bethe vectors (51), the off-shell action (52) of the
generating function 7(\), including the formulae for the eigenvalues (53) and
the Bethe equations (54), followed from (43). Moreover, the off-shell action
(55) of the Gaudin Hamiltonians (29) on the Bethe vectors (51) was obtained
by taking the the residue, at A = a,,, of the left and the right hand side of
(52). It should be stressed that the formulae of the off-shell action (52) and
(55) have been obtained without any restriction whatsoever on any of the
four boundary parameters and therefore we can say that these formulae are
as general as they can possibly be.

Next, we found the solutions to the generalized so(3) Knizhnik-Zamolod-
chikov equations (72). In spite that the key identity (79) in the proof required
the parameter £ to be set to zero, the formulae we obtained for the solutions
to the generalized so(3) Knizhnik-Zamolodchikov equations (73), the on-shell
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norm of the Bethe vectors (89) and the off-shell scalar product of the Bethe
vectors (94) — all possess higher degree of generality than the analogous
formulae in the s¢(2) case [85] (here we have fixed only one of the four
boundary parameters instead of all four).

In our future research we hope to address the remaining open problem
of correlation functions for the so(3) Gaudin model with general boundary,
following Sklyanin approach in the periodic s¢(2) case [98].
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Appendix A. Preliminaries

Some essential definitions regarding the so(3) Lie algebra and its funda-
mental representation are given in the Appendix Appendix A. Namely, we
consider the spin one operators

1 010 . 0 -1 0 10 0
&=—| 101 1],8=—[|1 0 -1 |,8=100 0
V2 010 V2 0 1 0 00 —1
(A
acting in the space V(1) = C? with the commutation relations
(8%, 8Y] =187, [87,8%] =18Y, [8Y,8%] =15°
and the Casimir element
c;=8-8=(8)? 4 (8¥) + (8%)? = 21. (A.2)
Introducing raising and lowering operators
0 V2 0 0 0 0
St=8"+8=[0 0 v2 |, §=8—-8=|+v2 0 0|,
0 0 0 0 V2 0
(A.3)
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the relations above can also be written as
[SZ,Si] = iSi, [8+,8_] = 287, (A.4)

and
1
co = (87)* + 5(s+8— +878%) = (8°)* + 8 +8 8. (A.5)

It is useful to notice that the tensor Casimir operator can be expressed
as follows

$(1,2) =8,-8, =P —3K. (A.6)

The permutation operator

10 0[{0 0 O0]O0 O O
00 01 0O0|0 0O
00 0|0 O O|1 0O
01 0/0 O 0|0 O O
P=1]100 0/{0 1 0[O0 0 0 |, (A.7)
00 000 O0]0 1 O
00 1/0 0 0|0 0 O
0 00l0OO01{0 00
00 00 O O0]0 01
the rank 1 projector
00 0/0 OO0 O0OO
00 0/0 OO0 O0OO
00 1/0 -1 0] 1 0O
1 00 0/0 OO0 O0OO
K=-|00 —-1/0 1 0|—-1 0 0 (A.8)
3100 olo 00| 000
00 1/0 -1 0] 1 0 O
00 0/0 O0O0] O0OO
00 0/0 OO0 O0OO
and the identity operator 1 satisfy the relations
P =1, K’=K, PK=KP=K. (A.9)
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and therefore define the representation of the Brauer algebra in C* @ C3.
Moreover these are the three invariant operators acting on C* @ C3

[$*®1+1®8P]|=0, *®1+1®8*K]=0, (A.10)

here a = x, 9, z.

In our study of the so(3) Gaudin model with N sites, characterised by
the local space V,, = C? together with the corresponding inhomogeneous
parameter «,,, the Hilbert space is given by

N
H= © V= (C3HN (A.11)

The local spin operators
$2=18 - 8*® -1, (A.12)

with @ = z,y,z and m = 1,2,..., N, are given by the matrices (A.3) and
(A.1) in every local space V;, = C3. Evidently, they satisfy the usual com-
mutation relations

[S3 .55 = £5E 6m,  [SF,97] =253 6 - (A.13)

Appendix B. The non-unitary so(3) classical r-matrix

The cornerstone of our study presented in this paper is the non-unitary
so(3) classical r-matrix (B.8). Here, in the Appendix Appendix B, we re-
count how the r-matrix (B.8) can be obtained starting from the unitary, so(3)
invariant classical r-matrix

r(\) =-"—"=- , (B.1)

where we have used the notation introduced in the Appendix Appendix A.
In particular, the classical r-matrix (B.1) can be obtained as a quasi-classical
limit of the SO(3) quantum R-matrix [96, 97, 6]. Evidently, this classical
r-matrix satisfies the classical Yang-Baxter equation [10]

[r1a(A = ), m13(A = V)] + [r1a(A — p), ma3(p — V)] + [r13(A = v), ma3(p — v)] = 0,
(B.2)
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and has the unitarity property

ro1(—A) = —112(A). (B.3)
We also consider the following reflection matrix
(€ —vA)? —V2PANE—vA) PIN?
EQX) = —V2pME—v)) €+ —1") N —V20AME+vA) ||
PIA? —V2PAME+vA) (€ +vA)?
(B.4)

here &, v,1, ¢ are arbitrary parameters. As it is well known, this K-matrix
can be obtained by the so-called fusion procedure [6, 88, 89], starting from the
s€(2) K-matrix [57, 90, 91, 92]. This method is outlined, in the trigonometric
s0(3), in [93]. Alternatively, the so-called scaling limit [94] can be used to
obtain the K-matrix (B.4) from the trigonometric so(3) boundary K-matrix
93, 95]. Evidently, this K-matrix satisfies the classical reflection equation

ri2(A = ) K1(A) Ka(p) + Ki(A)rai(A + p) Ka(p) =

= Ko(p)riz(A + p) K1 (A) + Ka(p) K1 (A)rai (A — p).
It is worth mentioning that, while in the context of Heisenberg’s open spin
chain, one should also consider the dual reflection equation, this is not the
case in the Gaudin model. Namely, as a consequence of long-range Gaudin
model interactions, the “two ends of the chain” cannot have the same in-
terpretation as in the case of Heisenberg’s spin chain. In the Gaudin case,
boundary parameters must be fixed in a way that the reflection equation and

its dual effectively degenerate into a single equation.
Therefore, it follows that the corresponding non-unitary classical r-matrix,

given by [68, 75, 76, 77, 78, 79, 80, 81]
(N 1) = r12(A = ) — Ka(p)ria(h + p) K5 (1) (B.6)
satisfies the generalized classical Yang-Baxter equation [68, 71, 72, 73, 74]
[rsa (v, 1), ris(\ )]+ [z ), ris (N )]+ [r5(A ), a3 (s v)] = 0. (B.T)
The explicit form of this non-unitary so(3) classical r-matrix is the following
5.5, S (KeS:Kr' (1)
A—p A+

(B.5)

Tg(/\uu’) = (B8>
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