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BETHE VECTORS FOR ORTHOGONAL INTEGRABLE MODELS

A. N. Liashyk,* S. Z. Pakuliak,” E. Ragoucy,! and N. A. Slavnov'

We consider quantum integrable models associated with the sos algebra and describe Bethe vectors of
these models in terms of the current generators of the DY (s03) algebra. To implement this program, we
use an isomorphism between the R-matrix and the Drinfeld current realizations of the Yangians and their
doubles for classical type B-, C-, and D-series algebras. Using these results, we derive the actions of the
monodromy matrix elements on off-shell Bethe vectors. We obtain recurrence relations for off-shell Bethe
vectors and Bethe equations for on-shell Bethe vectors. The formulas for the action of the monodromy

matrix elements can also be used to calculate scalar products in the models associated with the sos algebra.
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1. Introduction

The algebraic Bethe ansatz [1], [2] is a powerful method for investigating quantum integrable models.
It has usually been applied to models associated with different deformations and generalizations of A-series
algebras. Models corresponding to the B-, C-, and D-series algebras have been less investigated despite
the pioneering papers [3], [4].

The nested algebraic Bethe ansatz [5]-[7] was mainly developed for quantum integrable models asso-
ciated with A-series algebras of higher rank. A sufficiently powerful method for investigating the nested
Bethe ansatz proposed in [8], [9] was recently reformulated using the language of the current realization of
deformed infinite-dimensional algebras. In addition to the current representation, this approach also used
the so-called RT'T realization [10], in which the fundamental commutation relations of the monodromy
matrices of the integrable models are determined by an R-matrix. Such an isomorphism between the cur-
rent and RTT realizations was recently constructed in [11], [12] for the Yangians Y (s02,41), Y (sps,12),
and Y (s02,42), n = 1,2,..., corresponding to the algebras of the classical B, C, and D series. This result
immediately opens a possibility to apply the algebraic Bethe ansatz method to models with s02,,41-, 59,1 2,
or §02, 12 symmetries based on the current approach [13].
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Here, we restrict ourself to the simplest case of soz-invariant quantum integrable models. The corre-
sponding R-matrix was found in the seminal paper by A. B. Zamolodchikov and Al. B. Zamolodchikov [14].
Our main task is to calculate the actions of monodromy matrix elements on off-shell Bethe vectors. The
latter are defined in the framework of the approach presented in [15], [16]. The formulas giving the ac-
tions of the monodromy matrix elements turn out to be more important and more fundamental than the
explicit formulas for the Bethe vectors in terms of the monodromy matrix elements. The action of the
upper-triangular elements yields recurrence relations for the Bethe vectors, which can be used to obtain
explicit expressions for the Bethe vectors. From the formulas for the action of the diagonal elements, we
obtain Bethe equations as the condition for off-shell Bethe vectors to become on-shell vectors. The action
of the lower-triangular monodromy matrix elements can be used to calculate scalar products of the Bethe
vectors [17], [18].

This paper is organized as follows. In Sec. 2, we define a universal 02,11 quantum integrable model.
In Sec. 3, we describe this model for n = 1 in the language of the double Yangian DY (so3) and also define
projections onto intersections of the different type Borel subalgebras in this algebra and their properties.
In Sec. 4, we define the universal off-shell Bethe vectors in terms of the current generators of the algebra
DY (s03). This section also contains our main result: formulas describing the actions of the monodromy
matrix elements on the Bethe vectors. Section 5 is devoted to the proof of these formulas.

2. Definition of the universal orthogonal integrable model

We define an soy-invariant integrable model for N = 2n + 1. In this case, the soy-invariant R-matrix

R(u,v) has the form [14]
cP - cQ

R(u,v) =Ix®I+ " (2.1)

—v  u—v+ck
Here, I = vazl &;i is the identity operator acting in the space CV, and &;; are NxN matrices with the
only nonzero entry equal to 1 at the intersection of the ith row and jth column. The operators P and Q
act in CV @ CV and are given by

N N
P = Z Eij ® Eji, Q= Z Eij @ Euyr,s (2.2)
ij=1 i,5=1

where i/ = N +1 —14 and 5 = N + 1 — j. Finally, c is a constant, © and v are arbitrary complex numbers
called spectral parameters, and k = N/2 — 1.

A universal orthogonal integrable model is defined by an NXxN monodromy matrix 7'(u) whose
operator-valued entries T; j(u) act in a Hilbert space H (the physical space of a quantum model). We
do not specify the Hilbert space  nor any concrete representation of the operators T; j(u). Such a mon-
odromy matrix is then said to be universal. It satisfies an RTT algebra

Ru,v)(T(w) @ DI T(v)) = 1T () (T(u) @ I)R(u,v), (2.3)

and this equation yields commutation relations of the monodromy matrix elements,

(T30, Tea@)] = | © (T (0)Toa () = Ty () Tra(v) +

N N
&
v bt o <5ki/ ; Tp,j(w)Tp 1(v) — by ; T pr (U)Ti,p(U)> : (24)
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For any matrix X acting in CV, we let X* denote the transposition
(X%)ig = Xjrir = XN41-4,N41-i- (2.5)

It is related to the “usual” transposition (-)T by a conjugation by the matrix U = Zf\il Eiir. We note that
the R-matrix satisfies the relation
R(u,v)""? = R(u,v), (2.6)

where t; and to denote transposition in the respective first and second spaces of R(u,v). A direct conse-
quence of commutation relations (2.4) is the equation [19]

T (u — ck)T(u) = T(u)T(u — ck) = z(uw)1, (2.7)

where z(u) is a scalar commuting with all the generators T; ;(u). In what follows, we set this central element
equal to one: z(u) = 1.

In our consideration, we restrict ourself to quantum integrable models such that the dependence of the
universal monodromy matrix elements T; ;(u) on the parameter u is given by the series

T%,j (u) = 5ij1 + Z T%,j[é]u_e_l, (28)
>0

where 1 and T; ;[¢] are the respective identity and nontrivial operators acting in the Hilbert space H.
In this case, the universal monodromy matrix elements satisfying (2.4) and (2.7) can be identified with
generating series of the generators of the Yangian Y (soy), and the Hilbert space H can be identified
with the representation space of this infinite-dimensional algebra. In particular, a direct consequence of
commutation relations (2.4) and expansion (2.8) are the commutation relations

[T, (w), T a[0]] = c(SaTh,j(w) = OxTia(w) = i Tor  (w) + 6175 Ti e (w)), (2.9)

which we use in what follows. We note that the Yangian Y (soy) is defined by relation (2.4) (with expan-
sion (2.8)) and by the relation z(u) = 1. If we do not impose this last relation and keep z(u) arbitrary (but
central), then we obtain a bigger algebra, conventionally denoted by X (on) (see [20]).

It follows from (2.3) that [7 (u),7 (v)] = 0, where 7 (u) = >, T; ;(u) is the universal transfer matrix.
Hence, the transfer matrix is a generating function for the integrals of motion of the considered model.

The key problem of the algebraic Bethe ansatz is to find eigenvectors of the universal transfer matrix
7 (u) in the space H. In this context, it is usually assumed that the physical space of the model has a
special reference vector |0) € H such that

T;;(w)|0) =0 fori>j, T; i(w)]0) = Ai(u)|0), (2.10)

where \;(u) are complex-valued functions. The eigenvectors of 7 (u) are then constructed as certain poly-
nomials of the monodromy matrix entries T ;(u) with ¢ < j acting on the reference vector |0). In the
framework of the universal orthogonal model associated with R-matrix (2.1), the functions A;(u) are free
functional parameters modulo certain relations following from (2.7). We describe these relations below.

We let B,, denote the algebra of the monodromy matrix elements 7; ;(u) satisfying (2.4) and (2.7) with
z(u) = 1 (we recall that n = (N — 1)/2). The space H satisfying (2.10) then describes the class of B,
highest-weight representations.
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3. Gauss coordinates of the universal monodromy

In the case of A-series algebras, an effective way to solve the eigenvalue problem for the transfer matrix
is to use another set of generators associated with the Gauss coordinates of the monodromy matrix instead
of the monodromy matrix elements [16], [13]. Moreover, using the recent result in [11], [12], we can verify
that the Gauss coordinates of the monodromy matrix can be used effectively to resolve constraint (2.7) and
to obtain a set of algebraically independent generators of the RT'T algebras related to the classical B, C,
and D series. On the other hand, the Gauss coordinates relate the RTT realization and the Drinfeld current
representation [21] of the quantum affine algebras and the Yangian doubles. This allows constructing the
off-shell Bethe vectors of the universal quantum integrable model in terms of the current generators of the
corresponding infinite-dimensional algebra [22].

Hereafter, we restrict ourself to the soz-invariant integrable models. Hence, we consider the B algebra
with a 3x3 monodromy matrix and £ = 1/2 in Eq. (2.1).

The Gauss coordinates for the monodromy matrix T'(u) can be introduced in several different ways.
We use the decomposition

T(u) =F(u) - D(u) - E(u), (3.1)

where D(u) is a diagonal matrix D(u) = diag(k(u), k2(u), k3(u)). The matrices F(u) and E(u) are upper-
triangular and lower-triangular matrices:

1 FQ’l(U) Fg’l(u) 1 0 0
F(’LL) =10 1 Fg’z(u) 5 E(U) = ELQ(U) 1 0. (32)
0 0 1 Ei3(u) Egz(u) 1

Explicitly, the Gauss decomposition of the monodromy matrix associated with the B; algebra is

ki +Fo1koEy 2 +F31k3E1 3 Faiks +F31k3E23 T3 1k
T(u) = koEq1 2 + FzoksE; 3 ko +FzoksEss  Fsaks |, (3.3)
ksEq 3 ksEo 3 k3

where we omit the dependence on the spectral parameter u for all the Gauss coordinates E; j(u), Fj,(u),
and k;(u) for brevity.

In terms of monodromy matrix elements, we can write formula (3.1) as

Tijw)= Y Fei(wke(u)E;(u), (3.4)

max(i,j) <€<3

where we have F; ;(u) = E; ;(u) = 1 and F; ;(u) = E; j(u) = 0 for i > j according to (3.2). Conditions (2.10)
are then ensured by the relations E; ;(u)|0) = 0 for i < j and k;(u)|0) = A;(w)|0), which we hereafter assume.

3.1. Independent Gauss coordinates. It is easy to see from (3.4) that assuming the invertibility
of k;(u), we can express all the Gauss coordinates in terms of the monodromy matrix elements. Because of
relation (2.7), these Gauss coordinates are not independent. We find an independent set of generators for
the B algebra and derive their commutation relations.

We say that an element of the B algebra is normal ordered if all the Gauss coordinates F; ;(u) are on
the left and all the Gauss coordinates E; j(u) are on the right of this element. It can be seen that Gauss
decomposition (3.4) of the monodromy matrix is normal ordered by definition.
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By condition (2.6), the transpose-inverse monodromy matrix 7'(u) = (T~ (u))* satisfies the same RTT
commutation relations (2.3). To describe the matrix T'(u) in terms of the Gauss coordinates F; ; (u), E; ;(u),
and k;(u), we must invert the matrices F(u), E(u), and D(u). They are given by the relations

F_l(u) =1+ Z &-jﬁjﬂ-(u), E_l(u) =1+ Z 5j1'Ei)j (u),
1<J i<J (35)
D! (u) = diag(ky * (u), k3 ' (u), k3 ' (w)),

where ﬁ”(u) = Elz(u) =1 and

Fipi(u) = —Fipi(u), i=1,2,  Fyi(u) = —Fz1(u) + Fa1(u)Fsa(u), 3.6)

Ei,i—i—l(u) = —Ei)i_,_l(u), = 1, 2, ELg(U) = —El)g(u) =+ E273(U)E1)2(u).

The matrix elements of the transpose-inverse monodromy matrix can be easily expressed in terms of
the original Gauss coordinates F; ;(u), E; ;(u), and k;(u):

fi,j (u) = Z EM*J‘ (u)k, ! (U)ﬁpu (u) (3.7)

1<0<min(4—i,4—j)
or, explicitly,

k:;l + E2,3’61153,2 + El,kalﬁb’,l kglﬁg,z + El,zkflﬁg,l kflﬁg,l
T(u) = Eosky ! + By sk 'Fay ky' 4+ Eiok;'Fo1 k7 'Foq |, (3.8)
Ei skt Ei k! ket

where, as in (3.4), we omit the spectral parameter dependence in the Gauss coordinates f‘j7i(u), Ei)j(u),
and k;(u). To fix the set of algebraically independent generators of the By algebra, we consider the relations

Tj(u—c/2) =T, (u), 2<i,j<3. (3.9)

For i, j = 3, we have
ky(u) = k3 t(u—c¢/2). (3.10)

To proceed further, we must normally order the Gauss coordinates in the monodromy matrix elements
in (3.7) using

k?jl(u)F372(u)k3(U) =F;,(u+oc), k3(U)E273(U)k51(U) =By 3(u+0),

(3.11)
[Ea3(u), Fao(u —¢)] = ka(u — ¢)ky* (u — ¢) — ka(u)kz (u).
These equations are particular cases of the commutation relations
k3(u)F372(U)k§1(U) = f(u, U)F372(U) - g(u, ”)F3,2(U)a
(3.12)
k;l(u)Em(v)kB(u) = f(u,v)Eq 3(v) — g(u, v)Ey 3(u),
and
[y 5(u), F5 5(v)] = g(u,v) (ko (0)k3 " (v) — ky(u)ks™ (u)), (3.13)
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where n
¢ flu,v) =14 g(u,v) = wmeTe (3.14)

g(u,v):u_v, u—v

Formulas (3.12) and (3.13) can be obtained from (2.4) by correspondingly setting the subscripts {, j, k, [}
equal to {3,3,2,3}, {3,3,3,2}, and {2,3,3,2}. We note that these commutation relations are of the gl
type because the second line in (2.4) does not contribute. Finally, using Eqs. (3.9) for {i,5} = {2,3},

{i,7} ={3,2}, and {4, j} = {2, 2}, we obtain
ngl(u) = —ngg(u + 0/2), Elyg(u) = —E273(u + 0/2) (315)

and the constraint
ko (u) = ks (u+¢/2)kg ' (u — ¢/2)ky H(u+ ¢/2). (3.16)

Therefore, taking (3.10) and (3.15) into account, we can restrict ourself to the Gauss coordinates ko (u),
ks(u), F52(u), and Eo 3(u) and constraint (3.16).! The latter can also be interpreted as condition (2.7) for
the central element z(u) expressed in terms of the diagonal Gauss coordinates as

z(u) = ky(w)ks(u — ¢/2) = ky(u)ky(u + ¢/2)kg(u — c/2)k3_1(u +¢/2)=1. (3.17)

Alternatively, we can choose kj(u), k2(u), Fo1(u), and Eq 2(u) as a set of generators of the B; algebra
with the constraint
Eoy(u) = kyHu + ¢/2)ky (u — ¢/2)ky H(u — ¢/2). (3.18)

In addition to commutation relations (3.12), we also need the commutation relations of the Gauss coor-
dinates F3 2(v) and Eg 3(v) with the diagonal coordinate ka(u) and between themselves. These commutation
relations follow from (2.4):

F a0k ) = 1 T E (0 4 gl o) Faatu) + gt o/DFaaut e/, (319)
by () B (0)ka(u) = (qu E}“ﬁ 13y Baa®) + 90 0)Eaa(w) + g(0,u+ /DBas(ute/2)  (3:20)
and
(u—v+¢/2)F32(u)F32(v) — (u—v—¢/2)F32(v)F32(u) = ; (F%Z(u) + F§72(v)), (3.21)
(= v — ¢/2)En5(w)Ea3(v) — (u— v+ ¢/2)Eag3(v)Egs(u) = — ; (B3 4(u) + E2.4(v)). (3.22)

Deriving (3.21) and (3.22) from RT'T commutation relations (2.4), we also obtain the relations

1
2

1

Fio(v),  Eya(v) =— E3,(v). (3.23)

F = —
3,1(“) 9

We note that because of expansion (2.8), the following zero modes of the monodromy matrix elements
vanish: T; #[0] =0 for i = 1,2, 3.
We also note that constraint (3.17) implies a relation between the eigenvalues A;(u) given by (2.10):

A (@)Ag(u —¢/2) = Xy (W) Ay (u + ¢/2)A3(u — ¢/2)A3 H(u + ¢/2) = 1. (3.24)

Therefore, A\;(u) are free functional parameters satisfying condition (3.24).

1Using the results in [23], we can similarly determine a set of generators of the B,, algebra corresponding to the classical
algebra s025,41.
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3.2. Yangian double and its current realization. Here, we describe the construction of the
Yangian double and define projections on intersections of the different Borel subalgebras of this algebra.
This is necessary for the current realization of the off-shell Bethe vectors.

Summarizing the results in the preceding subsection, we conclude that the B; algebra of the elements
of monodromy matrix (3.1) with

1 —F35(u+c/2) —F§72(u)/2 1 0 0

F(u)=10 1 Fso(u) |, E(u) = | —Ea3(u+ ¢/2) 1 0], (3.25)
0 0 1 _Eg,s(u)ﬂ Eyg(u) 1

D(u) = diag(ky ! (u — ¢/2), hy(u), by (w) (3.26)

together with constraint (3.16) and series expansion (2.8) is isomorphic to the Yangian Y (so03) [24]. Accord-
ing to the quantum double construction [24], the Yangian double [25] DY (so03) associated with the B; algebra
is a Hopf algebra for a pair of matrices TF (u) satisfying the commutation relations with R-matrix (2.1)

Ru,v)(T*(u) @ IR T"(v)) = A T (v))(T*(u) @ I)R(u,v), (3.27)

where 1 and v independently take the values + and —. Both matrices 7% (u) have Gauss decomposition (3.1)
with matrices (3.25) and (3.26) and constraint (3.16). To distinguish them, we equip the Gauss coordinates
with the superscripts =+.

The difference between the matrices T%(u) and T~ (u) is in the different series expansions in the
spectral parameter u. The matrix 7" (u) is expanded over negative powers of u as in (2.8). It is therefore
identified with the universal monodromy matrix T'(u) given by (3.1). In contrast, the monodromy matrix
T~ (u) is given by the series

Tpi(u) =61+ Y Tij[fu="" (3.28)
£<0
in nonnegative powers of u. We let DB; denote the algebra generated by the matrices 7% (u) satisfying
commutation relations (3.27).

According to [12], we can write the commutation relations in the double DB; in terms of the formal

generating series

F(u) = Fy(u) =Y Flu*,
ez
E(u) = E;:a( — E55( KGZZE uw (3.29)
=1+ Z ki lfu="1,
>0
€<0
ky (W) F(0)(ky (w) ™! = f(u,0)f(v,u+¢/2)F(v), (3.30)
Ky (W)F (v) (k3 (w) ™" = f(u,0) F(v), (3.31)
(k3 (w) " E(v)ky (u) = f(u,0)f (v, u+ c/2)E(v), (3.32)
(k3 (w) " E(v)k3 (u) = f(u,0) B(v), (3.33)
(u—v+c¢/2)F(u)F(v) = (u—v—c/2)F(v)F(u), (3.34)
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(u—v—c¢/2) E(u)E(w) = (u—v+c¢/2)E(v)E(u), (3.35)
[E(u), F(v)] = cd(u, v) (K (u) (kg (u)) ™" = ky (0)(k (v)) 7). (3.36)
Here, §(u, v) in (3.36) is the additive d-function given by the formal series

5(u,v) = | 3 o (3.37)
v LET uf
The rational functions in the right-hand sides of Egs. (3.30)—(3.33) should be understood as power series
in v/u for k3 (u) and k3 (u) and in u/v for ky (u) and k5 (u). We call the generating series F(u) and E(u)
currents and the diagonal Gauss coordinates k3 (u) and ki (u) Cartan currents.
A coproduct in DB; is given by the standard formula

3
AT () =Y T (w) © T (u), (3.38)
k=1

where the monodromy matrix elements Tf] (u) and T ;(u) form two Borel subalgebras, each isomorphic to
B,. Each of these B; algebras is a natural Hopf subalgebra of DB;. We let U* denote these standard Borel
subalgebras.

It is well known [22] that another decomposition of the whole algebra into two dual subalgebras can
be associated with the current realization of the double DB;. One current subalgebra U is formed by the
current F'(u) and the Cartan currents k3 (u) and k5 (u), and the other current subalgebra Ug is formed by
the current E'(u) and the “negative” Cartan currents ky (u) and k3 (u). It follows from (3.38) that these new
current Borel subalgebras are not Hopf subalgebras with respect to coproduct (3.38). For the subalgebras
Ur and Ug to become Hopf subalgebras in DB, we introduce a new, so-called Drinfeld coproduct AP). Tt
is related to the original coproduct (3.38) by the twisting procedure (see [22] and the references therein).

For the generating series of the DB, algebra, the Drinfeld coproduct in the current Borel subalgebra
Ur (j =2,3) is given by

A(D)k;'(u) = kj(u) ® kj»'(u), APIF(u) =1 @ F(u) + F(u) @ ki (u) (kg (u) L. (3.39)
In the dual current Borel subalgebra Ug, it acts on the generators k; (u) and E(u) as
AP () =k (w) @ k; (u), AP E(u) = E(u) ® 1 + ky (u) (ks (u)) ™" @ E(u). (3.40)
It is obvious that there are nonempty intersections of the Borel subalgebras of different types,
Up =UprnU~, Up=UpnUT,
(3.41)

Ug=UgnU~, LH; =UpNUT.

and these intersections are subalgebras in DB; [22]. Furthermore, they are coideals with respect to Drinfeld
coproduct (3.39) and (3.40)

AP U =Ura UL,  APNUL) =Up @ Up,
(3.42)
AP U =Ug UL, APNUL)=Ug @ Ug.
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According to the general theory of the Cartan—Weyl construction, we can impose a global ordering of
the generators in DB;. There are two different choices for such an ordering. We let the symbol < denote
the ordering relation and introduce the cycling ordering between elements of the subalgebras Ugf and U;Dt
as

< Up <Ufp <Up <Up <Up <.... (3.43)

Using this ordering rule, we can say that arbitrary elements F € Up and £ € Ug are ordered if they are
represented in the form

F=F_-F,, E=E,-E, FecUE, ELcULE. (3.44)

According to the general theory [22], we can define the projections of any ordered elements from the
subalgebras Ur and Ug onto subalgebras (3.41) using the formulas

PH(F_ - Fy)=e(F)Fy,  Pp(F--Fy)=F e(Fy), FeelUf,

(3.45)
Pr(Ey- &) = Ee(En), P(Ep-E ) =e(E0)E-, Ex€Uy,
where the counit map e: DBy — C is defined by the rules
e(F[]) =e(E[]) =0,  e(k;[¢]) =0. (3.46)

Let Up be the extension of the algebra Up formed by the infinite sums of the ordered products
A [01] -+ Ai [€a] with &4 < -+ < £,, where A;,[¢}] is either F[{;] or k;,[¢;]. We similarly define Ug as the
extension of Ug by infinite sums of ordered products By, [¢1] - - - By, [€p] with €1 > -+ > £, where B;,[¢/] is
either E[¢;] or k;,[¢;]. The following can be proved [22]:

1. The action of projections (3.45) extends to the respective algebras U and Ug.

2. For any F € Up with AP)(F) = FU @ F?) | we have
F=P; (F®). PH(FY). (3.47)
3. For any £ € U with AP (&) = €M) @ £3)| we have

E=PHEW). P7(£?). (3.48)

The formal definitions of projections (3.45) are useful for proving fundamental properties of pro-
jections (3.47) and (3.48) onto intersections of the different types of Borel subalgebras. In practical
calculations, we often use a more “physical” method. For example, to calculate the projection PfJr of
the product of the currents F(u;), we replace each current with the difference of the Gauss coordinates
F(u;) = F;;Q(ui) — F35(u;) and then use the commutation relation

c

(=0 § ) FfaFsao) = (w0 § ) Fra@Ffa(u) = (P + (Fia@)) (349

to move all negative Gauss coordinates Fy ,(u;) to the left. Eventually, after such a normal ordering of all
the terms in the product of currents, the action of the projection P;r means cancellation of all summands
having at least one “negative” Gauss coordinate Fy (u;) on the left. The actions of the projections P, ,
P, and P; can be defined similarly.

e
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4. Universal Bethe vectors for B; algebra

A direct application of the theory of projections is to the construction of the universal off-shell Bethe
vectors by calculating the projections of the products of currents. For this, we identify the monodromy
matrix of some model with the generating series T:rj (u) satisfying the RTT relation with the corresponding
R-matrix. We then define a universal off-shell Bethe vector of this model as the projection Per applied
to the product of currents corresponding to the simple roots of the underlying finite-dimensional algebra.
Because the universal monodromy matrix elements Tfj (u) are expressed in terms of the Gauss coordinates,
which are themselves related to the currents according to formulas (3.29), we can compute the action of
the monodromy matrix elements on these Bethe vectors. This leads to recurrence relations for the latter.
On the other hand, we can compute the projection of the product of currents to obtain the structure of
the universal Bethe vector. In all these calculations, the main technical tool is the possibility to represent
the product of currents in a normal-ordered form using Eqs. (3.47) or (3.48). In this section, we implement
this program in the case of the Yangian double DB;.

4.1. Off-shell Bethe vectors and projections. We introduce rational functions

c/2 u—v+c/2 flu,v)  w—v+4c/2
= = = == . 4.1
o) = T =" ey = =T (+.)
They correspond to a rescaling ¢ — ¢/2 in functions (3.14). For a set of complex parameters @ = {uy,...,u,}

of cardinality r, we also introduce a product

y(@) = [ §uy, w) (4.2)

i<j
and a normalized ordered product of the currents
Fp(a) = y(w)F(a) = y(u)F(ur) F(up—1) - - F(ua). (4.3)

We note that according to commutation relations (3.34), this normalized product is symmetric under any
permutation of the parameters ;.
In what follows, we consider the projection of F(u) (called the pre-Bethe vector)

B, (@) = P} (F(a@)) = v(@) P} (F(uy)F(up_1) - F(uy)) (4.4)
and the universal off-shell Bethe vector
B, (@) = B, (1)[0) = v(@) P} (F(u,)F(u,—1) - F(u1))[0). (4.5)

We call the complex variables @ in (4.4) and (4.5) the Bethe parameters.

The pre-Bethe vector B, (u) and Bethe vector itself B, (u) are symmetric under permutations of the
Bethe parameters. The term “off-shell” means that the parameters u; are generic complex numbers. If
they satisfy a set of equations called Bethe equations, then the Bethe vectors become eigenvectors of the
universal transfer matrix 7 (u) and are called on-shell Bethe vectors.

In this section, we calculate projection (4.5) and obtain an expression for the Bethe vector in terms of
the Gauss coordinates F;{Z(ul) This allows calculating the action of the monodromy matrix elements Tfj (2)
given by (3.4) on Bethe vectors (4.5). The action formulas for T;r] (z) with ¢ < j yield recurrence relations
for the Bethe vectors in terms of the upper-triangular elements of the monodromy matrix. The action of the
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diagonal elements sz(z) lead to the Bethe equations. Finally, the action of the lower-triangular elements
T;r](z) for i > j can be used to calculate the scalar products of Bethe vectors, which are a necessary tool for
studying correlation functions of the quantum integrable model in the algebraic Bethe ansatz framework.
First, we calculate the projection of the product of currents in (4.5). For this, we use an approach first
implemented in [15]. We rewrite commutation relation (3.21) between th)2 (u) and F35(v) in the form

Fu)Fsa0) = o)

ng(v)F(u) + hfl(u, v) X (u), (4.6)
where we let X (u) denote the combination of the Gauss coordinates X (u) = (F3 ,(u))? — (F5 5(u))?. Using
this commutation relation, we can write

T j—1
f(ulaus)
-5 Flus, ur) Y @

where the element Y; € U; is given by
Yj =P (F(uy) - Fujp) X (ug) F(uj-1) - F(uz))

and does not explicitly depend on the spectral parameter u;.
Substituting uy = ty,, m = 2,...,7, in (4.7) and replacing F3 , (u1) with the difference Fy ,(u1) — F(u1)
in the left-hand side of this equation, we obtain

T Jj—1
PH(F(uy) - F(un) P (um) = 3 5 gy um) [T 10 %)y, (4.8)

j=2 s=2

where we use the properties of projections (3.45) and the fact that the square of the total current F?(u) = 0
vanishes by virtue of commutation relations (3.34).

We can regard (4.7) as a system of linear equations for the unknown elements Y; € U;S, which can be
found as linear combinations of the elements P/ (F(uy) - F(u2))F35(um). Solving Eqs. (4.8) for Y; and
substituting them in (4.7), we obtain

P;r(F(uT) - F(uy)) = P;r(F(uT) . ~F(u2))F3+)2(u1; Uy v ey Up)s (4.9)
where . .
Ffa(uniuns o vur) = P () = 30 o) [T 109 0 ), (4.10)
=2 s=2, 1\ T
s#j

An off-shell Bethe vector B,.(@) can thus be expressed as the ordered product of linear combinations of the
Gauss coordinates acting on the reference vector

B, (w) =v(m) [] Fialujiujs,...,un)l0), (4.11)

1<j<r

where the ordered product [] A; of the noncommuting components A; means A, A,_1--- A;.
J

1555



4.2. Action of monodromy matrix elements on Bethe vectors. We hereafter use a special
notation for products of rational functions (4.1) and the eigenvalues \;(u) given by (2.10). If any of these
functions depends on a set of variables (or two sets of variables), then we take the product over this set. In

particular,

Me(@) =TT M) b@o) = ] ooy, f@o) = I T fusoy). (4.12)

u; €U v; €D U EUV;EV

and so on. We also introduce subsets @; = @ \ {u;} and @;; = @ \ {u;,u;} and extend this convention to
products over these subsets, for example,

g(vi, o) = [[ owivy),  f@oy {wu}) = T Fluwsw)i(un, wy). (4.13)
v €T, uL €T,

v F£V; up E{wi,u i}

By definition, any product over the empty set is equal to 1. A double product is equal to 1 if at least one
of the sets is empty.

Theorem 4.1. The action of the monodromy matrix element T; ;(z) on an off-shell Bethe vector B,.(@)
given by (4.5) yields a linear combination of off-shell Bethe vectors

Ti7j(Z)Br(a) = 5(i,7)As(2) Z A2 () F(7s ) F (s ) § (7 77111)15%71]”‘(7711)7 (4.14)

(i nm A3(Tm) B, 2) b2z +¢/2,m)

where s(i,7) = 20771 (—1)%11%1 The sum is taken over partitions of the set fj = {1, z, z+¢/2} into several
disjoint subsets {7, 7, Tm } 7 with cardinalities # 7, =i — 1 and # fjm = 3 — j.

Proof. This theorem is proved in the next section.

4.3. Actions of upper-triangular monodromy matrix elements. The action of upper-triangular
monodromy matrix elements on the Bethe vector B,.(u) are the simplest. In particular, it follows from the
restrictions on the cardinalities of the subsets # 7, and # 7y that 7, = 7y = @ for the action of T} 5(z).
The sum over partitions disappears, and we immediately obtain

Ty 3(2)B(0) = — )\32(2) B,i2(a, 2,2 + ¢/2). (4.15)

For the action of T} 2(z), we have # 7, = 0 and # 7y = 1. The sum over partitions in (4.14) becomes

TG = —h() X V0 ST b, (4.16)

(w7 A3(7m) b(z + ¢/2,

where either 7y = z or iy = 2+ ¢/2 or iy = w; with i = 1,...,r. It is easy to see that the case jy = 2z +¢/2
does not contribute, because f(z, z + ¢/2) = 0. Hence, we obtain

Tl’Q(Z)BT(a) = — )\Q(Z)f(ﬁ, Z)Br_;_l(ﬂ, z+ 6/2) —

— A3(2) Z a(z, u)f(aq, u;) ;EEU:)

)BT+1('H/7;,Z,Z+C/2). (4.17)
u
i=1
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We similarly derive the action of T5 3(z):

T2)3(Z)Br(ﬂ) = /\3(z)f(z + 0/27Q)BT+1(’&, Z) —

— A3(z Z f E‘ZZ:ZZ))IB%TH(uZ,Z z+¢/2). (4.18)

Formulas (4.15)—(4.18) yield recurrence relations for the Bethe vectors:

Brt1(a,z4+¢/2) = —

Ty 2(2)Be(@) 2Ty 3(z) ih(f(uuuz) )‘2(“1‘)1& (@) (4.19)

2
Ma(2)f(.2)  Aa(2) (8. 2) 2 (i, 2+ ¢/2) A ()

and
_ Ts B(Z)Br (ﬂ) 217 3 f Uy, UZ
B _ ; _ 4.20
r+1(1, 2) 22§+ ¢/2,)  Ns(2) Z+C/2u Z (=, ui) B, 1 (). (4.20)
These recursions allow constructing Bethe vectors successively in terms of polynomials in 7 ; with ¢ < j
applied to |0) starting from the initial condition By(2) = |0) and Bq(u) = T23(uw)|0)/As(u). We failed to
solve these recurrence relations and obtain explicit compact expressions for generic Bethe vectors in terms
of such polynomials, but such explicit formulas are not required in most problems involving the algebraic
Bethe ansatz.

4.4. Actions of diagonal monodromy matrix elements. The actions of the diagonal opera-
tors can be derived in the same manner. We omit the details of this derivation and show how action
formula (4.14) implies the Bethe equations in the case of the action of diagonal elements T; ;(2).

Setting ¢ = j = 1 in (4.14), we obtain

Ty 1(2)B,-(u) = A1 (2)f(a, 2)f(4, z + ¢/2)B,.(a) +

+2X0(2) Z a(z +¢/2,u;) izgg% f(ti, 2)f(ts, i) By (s, 2 + ¢/2) +
A2 (i) Az (u;

+ 2ol Zg Auos}) Az (i) As(u;

if(ui,j,{ui,uj})IB%T(ui,j,z,z—l—6/2). (421)

Here, the first term in right-hand side corresponds to 7y = {z,2 4 ¢/2}, the second term corresponds to
m = {u;, 2z + ¢/2}, and the third term corresponds to 7 = {u;,u;}, i < j. The term corresponding to
the subset fiw = {u;, 2z} vanishes because f(z, 2z + ¢/2) = 0. To obtain the first term in the right-hand side
of (4.21), we also use (3.17).

The action of T 2(z) on the Bethe vector is

Ts2(2)Br(u) = A2(2)f(u, 2)f(z + ¢/2,u) B, (w) +

u;)

+2XA3(z Z:gzuZ )

f(Z + 6/2, ’(_Ll)f(ﬂz, ui)Br(ﬂi, Z) —
—2(2) Z g((ju'z)) Hus, @) Br (s, 2 + ¢/2) +

“u@z‘,j)f(ﬂjaug‘) -
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Here, the terms in the right-hand side correspond to the partitions such that {7, 7u} are either {u;,u;} or
{us, 2z} or {z 4+ ¢/2,u;} or {z+¢/2, z}. Contributions of other partitions vanish because f(z, z + ¢/2) = 0.
The action of T3 3(z) is given by

T3,3(2)B(u) = A3(2)f(2, w)f(z + ¢/2,0)B,(u) +

+ 2X3(2) Z a(ui, 2)§(z + ¢/2, wi)f(ui, @) By (s, 2) +

+2X3(2) Z f;{éi’{‘;}’u Ij‘};> B, (i, 2,2 + ¢/2). (4.23)

Summing all three Eqs. (4.21)—(4.23) and gathering the coefficients of the Bethe vectors B, (@), B, (4, 2),
B, (u;, z + ¢/2), and B, (u;,;, 2z, 2 + ¢/2), we see that if the Bethe parameters satisfy the system of Bethe
equations

A2 (wi) (i, @)

a(u) (i, i)’ #24
then the Bethe vector B, (i) becomes the eigenvector of the transfer matrix 7(2),
7 (2)B-(a) = 7(z|a)B,(a), (4.25)
with the cigenvalue
7(z|a) = M (2)f(@, 2)f(@, z + ¢/2) + X2(2)f(@, 2)f(z + ¢/2, @) + A3(2)f(z, 0)f(z + ¢/2, u). (4.26)

We note that taking constraint (3.24) into account, we can also write the Bethe equations in the form

A (us —¢/2) _ flug, )
Na(ui —¢/2)  f(@i,u) (4.27)

It is easy to see that systems of equations (4.24) and (4.27) are equivalent to the condition that eigen-
value (4.26) has no poles at z = u; and z = u; — ¢/2.

We do not give explicit formulas for the action of lower-triangular elements of T'(u): they are quite
cumbersome. We only note that these formulas can be used to compute scalar products of Bethe vectors.
We thus obtain

3o (ulv) = 27782 (alv)| _, o (4.28)
where S2°3(u|v) denotes the scalar product of B, (v) with the dual vector of B, (@) and 59t (@|v) is the same
object for the generalized model based on Y (gly). Equation (4.28) is unsurprising because the Yangians
Y (so3) and Y (gl,) are isomorphic. In fact, the equality can already be seen at the level of Bethe vectors:

B3 (u) = 27"/2 B8 (a)| . (4.29)
We note that the isomorphism is rather explicit and simple in the current representation but is more
involved in terms of the monodromy matrix elements (see [20] for an explicit construction in the RTT
representation).
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5. Proofs

To prove Theorem 4.1, we need a special representation for pre-Bethe vectors (4.4) in terms of the
normalized product of currents (4.3) and the “negative” Gauss coordinates Fy,(u;). This representation
is a direct consequence of projection properties (3.47). To formulate it, we introduce several additional
notions.

For any formal series G(@) depending on a set of parameters 4 = {uy,...,u,}, we define a deformed
symmetrization by the sum

_ f(ud(f’)auo‘(f)) o
Sym,, G(u) g;r g) e st 01 G(“a), (5.1)
o(£)>a(l')

where S, is a permutation group of the set @ and “u = {uy(1),...,Us(r)}. If ¢ = 0, then the deformed

symmetrization coincides with the usual symmetrization Sym,,.
Let F (@) be the ordered product of the currents F'(u;) defined by (4.3). Then F(u) € Up is a formal
series of the generators of the DBy algebra. It can be represented in the normal ordered form via (3.47),

coproduct properties (3.39), and commutation relations (3.30):

i} ~ 1 _
F = Sma(3 gy Py () Bulue) P (B B ). 52
Multiplying both sides by the factor (@) given by (4.2) and using the fact that
v(u) Symg (G(w)) = Symg (y(u)G(u)) (5.3)

for any formal series G(u), we obtain the ordering rule for the normalized symmetric product of the currents

F (@) = Symu(z | | f(Uj,Ui)P;(]FFS(UT’ ottga1)) - P (Fa(ug, . ,U1))>.

I(r —s)!

g sl(r —s)!
Because both Py (Fr—s(ur, ..., ust1)) and PJ;"(IFS(uS, ...,u1)) are symmetric over their arguments, the
sum over permutations within the subsets {u,,...,us11} and {us,...,u;} leads to cancellation of the

combinatorial factor s!(r — s)!l. The sum over permutations of the whole set @ thus becomes a sum over
partitions of this set into two nonintersecting subsets u; and @y with the cardinalities # u; = s and # uy =
r — s for any s:

Fo@)= 3 (i, a) Py (Fr—u(a)) - P (Fa (@), (5.4)

{u1,un

Using the relation P, (F2(u)) = —F3 ,(u) and calculating the projection via (3.49)

Py (Fa({uj,ui})) = (F(uj, wi)F3o(us) — o(uj, wi)Fa o (ui)) Fao(us),

we can write the pre-Bethe vector P;r (F,-()) in the form

Pf(F(n)) =F.(a) + Z Flus, i) Fy o (us) P (Fpoy () —

= f{ug w1 ) (F(wg, wi) o (1) — g(ug, ) F o (ui)) x

1<J
X F;z(ui)PJj_(Frfg(ﬁi)j)) + W. (5.5)

Here, W denotes all the terms that contain at least three “negative” Gauss coordinates Fj ,(u;) on the left
of the product.
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5.1. Action of the elements T; 3(z). Formula (4.9) with r =2, us = u1 +¢/2, and u; = z is

PH(F(z + c/2)F(2)) = Fi (= + ¢/2) (F;Q(z) R A ent c/2)>. (5.6)

According to commutation relation (3.21) at uw = z + ¢/2 and v = z, this projection is equal to
1
Pi(F(z+¢/2)F(z)) = ) (F3,(2))°. (5.7)

This means that the monodromy matrix element Tf)r 3(z) can be expressed in terms of the current generators
as
TffB(z) = —P;F(F(z +¢/2)F(2)ki (2)). (5.8)

On the other hand, the properties of the projection onto U;f imply that for any Fy,Fs € Up,
PL(F1- Pf(F2) = P (F) - P{(F). (5.9)
Commutation relations (2.4) in the DB algebra,
f(u, z)Tﬁ(z)TiB(u) = T27,3(U)T1J,r3(2) + g(u, Z)T1T3(U)T2J,r3(z)a (5.10)

and property (5.9) yield
P;(TE(Z)F?Tz(U)) =0 (5.11)

or, equivalently,
P{(F(z + ¢/2)F(2)kq (2)F55(u)) = 0. (5.12)

The action of T}'5(z) on Bethe vector is then
Ty's(2) - Br(@) = =Py (F(z + ¢/2)F(2)k{ () - P (F,(@))|0) =
= =P/ (F(z +¢/2)F(2)k3 (2) - P{ (F.(a)))[0) =
= —X3(2)f (2, W) Pf (F(z + ¢/2) F(2)F.(1))[0) =

A
S 32(2)187,4_2(,2 +¢/2,z,0). (5.13)
Here, we use (5.5) and (5.12) to replace P;(F(ﬂ)) with F(a) in the second line of (5.13) and the obvious
relations f(z + ¢/2,2) = 2 and f(z + ¢/2,u)f(z,u) = f(z,u). We have thus proved action formula (4.15).
Combining formulas (2.4) for the values of the indices {4, j, k,l} to {2,3,2,3} and {3,3,1,3} in the
double Yangian D31, we obtain the commutation relations

T ()T = Ty 0T () +
2 (o ey 2,
o (T - RS ). s

Using explicit expressions for the monodromy matrix elements in terms of Gauss coordinates, from (5.14),

we conclude that 9

Pf (T35 au) = | Tia() (5.15)
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Combining this formula with Eq. (5.11), we obtain
P;(TQS(Z)F?IQ(IL)FQZ(U)) =0. (5.16)
Equations (5.15) and (5.16) together with representation (5.5) now yield
Tyly(2) - Br(a) = P{ (F(2)ky (2)) - Py (Fr(@))]0) =

) P (T ()P (B (0))]0) =

= () (2, @) P (F()F, (@)]0) +2 3 L((” |
i=1 v

U, Uj)

(2, i) Bri1({z+¢/2, 2, u})) )

= A3(2) (f(Z + 0/2, w)B,y1 ({Z, @}) — Z ff)(
i=1

We have thus proved (4.18).
Taking the equality T;)r 5(2) = ki (2) into account, from commutation relations (2.4) in the double
Yangian DB;, we obtain the formula

T3f5(2)F55(u) = f(2,0)F3(w)T55(2) + g(u, 2)To5(2), (5.17)
which together with (5.11), (5.15), and (5.16) yields the equalities

P (T5l5(2)F5 5(w) = g(u, 2)T5i5(2),

P 0F50) = 200 T, (5.18)

P;r(T3+3(Z)F§2(“)F§2(U)F§2(w)) =0.

Using these equations and the first three terms in the right-hand side of (5.5), we prove (4.23).

All the other action formulas in Theorem 4.1 can be proved similarly. But it is clear that to calculate
the action of the lower-triangular elements of the monodromy matrix, we should compute more terms in
the right-hand side of representation (5.5) contained in the term W. This makes the calculations rather
cumbersome. Instead, there is a more elegant way to calculate these actions using the zero modes of the
monodromy matrix and commutation relations (2.9). We explain this approach in the next subsection.

5.2. Action of zero modes. In what follows, we use the zero modes of the lower-triangular elements
of the monodromy matrix,
T;,_l[o] = _T?)J,rz[o] = _E;?,[O]a (5-19)

and the action of the zero mode E;r 3[0] on the Bethe vector B, (@). To calculate this action, we use again
representation (5.5) and the commutation relations following from (3.13) and (3.30)

B3 [0JFs 3(0) = Fip ()4 00) + e(ks () (ks ()" — 1), (5.20)
BL 01 () = F(u)BE5[0] + ek )k ()~ — kg () (g () ), (5:21)
b () ()P 0) = 1) P ()b () (5.22)
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Equation (5.20) means that only two terms in the right-hand side of (5.5) contribute to the action of the zero
mode EJ 5[0] on the Bethe vector. Because Ej 4[0]|0) = 0, this action follows from the chain of equations

EJ 3(0]B, (7) = [E3 5[0], Py (Fr(2))]|0) =

=p/ ( {Egﬁ[o], (Fr(u) —~ Z fus, ui)Fm(ui)Frl(ui))Dlw =

i=1

= ey (|30 fun w0 (4 1) )™ = DF s (a) ) 0) =

i=1

= c; s, ;) GE“ wi) Aalus) 1)1&_1(%). (5.23)

Ui, Us) Az(u;)

We note that if the set u satisfies Bethe equations (4.24), then the zero mode E;r 4[0] annihilates the on-shell
Bethe vectors, which are highest-weight vectors of the finite-dimensional so3 algebra generated by the zero
modes. This a typical property of on-shell Bethe vectors in the models associated with Yangians. Indeed,
these models are invariant under the action of the finite-dimensional algebra generated by the zero modes,
and the highest-weight property is related to the completeness of the Bethe ansatz. This was previously
noted for models based on the gl symmetry [26].

Formula (2.9) at {4, j, k, 1} = {1, 3, 3,2} yields

Tl—t_Q(Z) = _T;,_g(z) + Cil[E;3[0]v ng(z)], (5.24)

which can be used to obtain the action of the monodromy matrix element Tf)r 5(z) from the already known
actions of T{B(z), Tl'f3(z), and E;B[O]. To prove the rest of Theorem 4.1, we use the relations

TQJ,rz(Z) = _T?,J,r3(2') + C_l[Ezr,s[O]vTQJ,rs(Z)]a Tf,rl(z) = TzJ,rQ(Z) - C_l[EZ?,[O]a TlJ,FQ(z)]v

T3+2(Z) = C_l[Ei:a[O]aT;B(Z)]a TzJ,rl(Z) = c_l[E;i))[O], TlJ,rl(Z)]v

)

T3J7rl (2) = _Cil[E;3[O]aT§§2(z)]a
which imply the action formulas for Tz'fz(z), Tffl (2), T{Q(z), Tz'fl (2), and Tg'fl (2).
6. Conclusion

We have begun a program of investigating soy-invariant quantum integrable models using the current
formalism of deformed Kac—Moody algebras and method of projections onto intersections of different Borel
subalgebras in these algebras. This method was formulated in [22], [16] and developed in [13]. In the
framework of this method, the off-shell Bethe vectors are defined in terms of the generators of the corre-
sponding infinite-dimensional algebra. The RT'T formulation of this algebra uses the same R-matrix as
the intertwining relations of the monodromy matrix of soy-invariant quantum integrable model. Our main
goal here was to find formulas for the action of the monodromy matrix elements on Bethe vectors using the
current approach and the projection method. We showed that our approach allows obtaining such formulas
and expressing the result of these actions as linear combinations of off-shell Bethe vectors.

We note that we do not use explicit representations for the Bethe vectors in terms of the monodromy
matrix elements acting on the reference vector. Such explicit representations are still lacking, although
the recurrence relations derived here allow finding them, at least for the vectors with a small number of
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Bethe parameters. We showed that the projection method allows completely abandoning the use of such
representations.

In this paper, we restricted ourself to the simplest case of the sos-invariant quantum integrable models.
As noted (see the end of Sec. 4), they are equivalent to the models built on the gl, algebra. Nevertheless,
the calculations leading to the Bethe vectors and the action formulas differ quite noticeably. For models
with gl, symmetries, they reflect the general gly scheme, and for models with sosz symmetries, they are
closer to the son approach. In this sense, although the presented calculations do not give new results on the
scalar products of Bethe vectors, they shed some light on the case of integrable models based on orthogonal
and symplectic Yangians. Indeed, it is clear that the method introduced here can be generalized to so -
and sp,,,-invariant models. The corresponding results will be published later.
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