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NESTED ALGEBRAIC BETHE ANSATZ FOR OPEN SPIN CHAINS
WITH EVEN TWISTED YANGIAN SYMMETRY

ALLAN GERRARD, NTALL MACKAY, AND VIDAS REGELSKIS

ABSTRACT. We present a nested algebraic Bethe ansatz for a one dimensional open spin chain whose bound-
ary quantum spaces are irreducible so02,- or sp,,,-representations and the monodromy matrix satisfies the
defining relations of the Olshanskii twisted Yangian Y *(gl,,,). We use a generalization of the Bethe ansatz
introduced by De Vega and Karowski which allows us to relate the spectral problem of a so02,- or sp,,,-
symmetric open spin chain to that of a gl,,-symmetric periodic spin chain. We explicitly derive the structure
of the Bethe vectors and the nested Bethe equations.

1. INTRODUCTION

The algebraic Bethe ansatz (ABA) introduced in [STF] has proven to be a powerful method to study
quantum integrable models. It provides an effective approach for determining the spectrum of quantum
Hamiltonians by reducing the problem of diagonalizing the Hamiltonian to a set of algebraic equations, known
as the Bethe ansatz equations (BAE), that in many cases can be solved using numerical methods [BeRal,
BeRa2, FKPR, KuRs, PRS1, Sk]. The key idea of ABA is to construct the so-called Bethe vectors that
depend on sets of complex parameters. In the case when these parameters satisfy BAE, the corresponding
Bethe vectors become eigenvectors of the quantum Hamiltonian [PRS1, PRS2]. Finding eigenvectors and
their eigenvalues provides the necessary first step that needs to be taken in the study of scalar products and
norms [HLPRS1, HLPRS2, Kol, correlation functions and form factors [IzKo, KKMST1, KKMST2, KMST,
KMT, Sl1]; see also the reviews [PRS3, S12] and references therein.

In this paper we construct a nested algebraic Bethe ansatz for a one-dimensional quantum spin chain
with open boundaries, whose underlying symmetry is the even Olshanskii twisted Yangian Y*(gl,,,) [O],
MNO]. Such integrable models have “soliton non-preserving” boundary conditions and can be described by
a Hamiltonian of an alternating type; they have been intensively studied using techniques of the analytic
Bethe ansatz in [AACDFR, ACDFR1, ACDFR2, ADK, Do|. The full quantum space of the model is a
tensor product of a finite number of arbitrary irreducible finite-dimensional “bulk” gl,,,-representations and
an arbitrary irreducible finite-dimensional “boundary” sos,- or sp,,-representation. This space is then
equipped with the structure of a lowest weight Y *(gl,,,)-module, so that the double-row monodromy matrix
satisfies the defining relations of the twisted Yangian Y *(gly,,). We will call this model a Y *(gl,,,)-system.

Studying the spectral problem of spin chains with orthogonal and symplectic symmetries requires elaborate
algebraic methods: the usual nesting approach for a gl,-symmetric spin chain, put forward in [KuRs], fails
since there are no natural Yangian analogues of the chains of subalgebras s02, D $02,-2 D ... D 502
and spy, D SPg,_g D ... D spy. (This problem for the Yangians Y (son) and Y (spy) was addressed in
[JLM].) Tt was shown in [DVK, Rs] that the spectral problem of such a system can be addressed using the
algebraic Bethe ansatz if the R-matrix intertwining the monodromy matrices of the model can be written
in a six-vertex block-form. This approach has recently been used in [GoPa] to study orthogonal quantum
spin chains with open boundary conditions, whose monodromy matrix satisfies the defining relations of the
twisted Yangian of type s02, [GuRe]. Prior, in [LSY] a different method was used to study the spectral
problem of a symplectic quantum spin chain with open boundary conditions. Their approach follows ideas
from the ABA for the Izergin-Korepin model, introduced by Tarasov [Ta] for periodic boundary conditions
and further studied by Fan [Fa] for open boundary conditions.

Our strategy for solving the spectral problem of the Y *(gl,,)-system is as follows. We interpret the
generating matrix of Y (gl,,,) as the monodromy matrix of the model. Inspired by the ideas put forward in
[DVK, Rs|, we write the defining relations of Y *(gl,,,) in a block-form, i.e., in terms of the matrix operators
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2 ALLAN GERRARD, NIALL MACKAY, AND VIDAS REGELSKIS

A, B, C and D, that are matrix analogous of the conventional creation, annihilation and diagonal operators
of the six-vertex model. Indeed, the exchange relations between these matrix operators turn out to be
reminiscent of those of the six-vertex model. We then introduce creation operators that are constructed
using matrix entries of the B operator. We define the vacuum sector of the quantum space as the subspace
annihilated by the C operator. The Bethe vector is constructed by acting with creation operators on vectors
in the vacuum sector. Then, following Sklyanin’s pioneering work [Sk]|, we require the Bethe vector to be
an eigenvector of the double-row transfer matrix. Surprisingly, this procedure reduces the initial Y *(gl,,, )-
system to a residual Y'(gl,,)-system, the nested algebraic Bethe ansatz for which is well-known [KuRs]. Our
main results are construction of the Bethe vectors and derivation of their eigenvalues and nested Bethe
equations, see Theorems 4.3 and 4.4, and Proposition 4.7 stating a trace formula for the Bethe vectors. The
resulting Bethe equations are comparable to those obtained in [ACDFRI1] for an open spin chain with a
one-dimensional boundary representation see Remark 4.6.

The plan of the paper is as follows. In Section 2 we provide the necessary preliminaries and definitions.
We recall the definition of the Yangian Y (gly,,), the twisted Yangian Y *(gl,,,) and relevant details of their
representation theory. We then obtain a six-vertex block-form of the Yang R-matrix and its twisted coun-
terpart, which allows us to write the defining relations of both Yangian and twisted Yangian in terms of
the matrix operators A, B, C and D. In Section 3 we provide the technical details of the main ingredients
necessary for the nested Bethe ansatz. We introduce the creation operator of multi-excitations and describe
its algebraic properties. We derive the exchange relations for the operators that lead to the so-called wanted
and unwanted terms. In Section 4 we present the nested Bethe ansatz, in two steps. First, we demonstrate
the method for a single top-level excitation. Then we generalize the method to multi-excitations at the
top-level and provide the complete set of Bethe equations and a trace formula for the Bethe vectors. In
Appendix A we provide in detail the nested algebraic Bethe ansatz for Y (gl,,), first presented in [KuRs], to
which the Bethe ansatz for Y+ (gly,,) reduces.

2. DEFINITIONS AND PRELIMINARIES

2.1. Notation. Choose N € N. Let gl denote the general linear Lie algebra and let F;; with 1 <¢,7 < N
be the standard basis elements of gl satisfying

(Eij, Ex] = 0ju By — 0y Ey;j.

The orthogonal Lie algebra son or the symplectic Lie algebra sp, can be regarded as a subalgebra of gl
as follows. For any 1 <4,j < N set 6;; = 0;0; with 6; = 1 in the orthogonal case and 0; = ;> /2 — di<n/2
in the symplectic case. Introduce elements Fj; = E;; — 0;jE5; withi=N —i+1 and 7= N — j+ 1. These
elements satisfy the relations

(2.1) [Fij, Fra]l = 01 Fa — 0uFrj + 0i5 (0,1 Fk — ;5 F71),
(2.2) Fij +0:F5 =0,

which in fact are the defining relations of the Lie algebra son or sp,. Namely, we may identify soy or spy
with spanc{F;; : 1 <4,j < N} and we will use h = spanc{F;; : 1 <i < |N/2]} as a Cartan subalgebra.
In this work we will focus on the chains of Lie algebras gl,, D so0s, D gl,, and gl,, D soa, D gl,,, hence we
will assume that N = 2n or N = n. Given a Lie algebra g its universal enveloping algebra will be denoted
by Ul(g).

Next, we need to introduce some operators acting on CV ® CV, where the tensor product ® is defined
over the field of complex numbers, that is ® = ®c. Let e;; € End(CY) be the standard matrix units with
entries in C, and let e; be the standard basis vectors of CIV. Then P will denote the permutation operator
on CN @ CV and we set Q = P = P2 where the transpose t is defined by (e;;)! = 60;;e57; explicitly,

P = Z eij ® €ji, Q= Z Oijeij @ exj.

1<ij<N 1<i,j<N

Let I denote the identity matrix on CV @ CV or CV (it will always be clear from the context which I is
used). Then P2 =1, PQ = QP = +Q, Q? = NQ, which will be useful below. Here (and henceforth in this
paper) the upper sign in + and F corresponds to the orthogonal case and the lower sign to the symplectic
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case. Also note that P(e;; ® I) = (I ® e;;)P. Taking the transpose of this, we obtain a pair of relations for
Q and any M € End(CV):
(2.3) QIMeI)=QI MY, (MeI)Q=IoM"Q.
For a matrix X with entries z;; in an associative algebra A we write
= Y 18- 8I0e;RI@ - @I@; € End(CV)®* ® A.
1<7,,_]<N

S—

Here £ > 2 and 1 < s < k; it will always be clear from the context what k is. Products of matrix operators
will be ordered using the following rules:

S 1
(2.4) HXiZXng---XS and HXi:XsXs—l"'Xl.

=1 =8

2.2. The Yangian Y(gl,,) and twisted Yangian Y *(gl,,). We briefly recall necessary details of the
Yangian Y (gl,,,), the twisted Yangian Y *(gl,,,) and their representation theory, adhering closely to [Mo3].
Introduce a rational function acting on C?* @ C2"

(2.5) Ru)=I—-u"'P

called the Yang’s R-matriz. It satisfies R(u) R(—u) = (1 —u=2)I and is a solution of the quantum Yang-
Baxter equation,

(26) ng(u — ’U) ng(u — Z) Rgg(’u — Z) = Rgg(’l} — Z)R13(’U, — z)ng(u — ’U).

We introduce elements tgj) with 1 <4, < 2n and r > 0 such that ¢;; O — d;j. Combining these into formal

power series t;;(u) =Y.~ tl(;)u , we can then form the generating matmx T(u) =3 <; j<on €ij @ tij(u).

Definition 2.1. The Yangian Y (gly,) is the unital associative C-algebra generated by elements t( ") with
1 <i4,5 <2n and r € Z>q satisfying the relations

(27) R12 (u - 1)) T1 (u) T2 (1)) = TQ (’U)Tl (u) R12(’UJ - 1)).
The Hopf algebra structure of Y (gly,,) is given by
(2.8) A T(u) = T(u) @ T(u), S T(u) = T u), e:T(u) — I.

For the explicit form of (2.7) we refer the reader to Section 1.1 in [Mo3]. We now recall the definition of
the lowest weight representation of Y (gl,,,). It is a historic tradition (but merely a convenion) to consider
lowest weight representations in the algebraic Bethe ansatz instead of the highest ones.

Definition 2.2. A representation V of Y(gly,) is called a lowest weight representation if there exists a
nonzero vector n € V' such that V.="Y (gly,)n and

tij(u)n =0 for 1<j<i<2n and
tii(u)n = Ni(u)n  for 1<i<2n,

where \;(u) is a formal power series in u™! with a constant term equal to 1. The vector n is called the lowest
vector of V', and the 2n-tuple A(u) = (A1 (), ..., Aon(u)) is called the lowest weight of V.

The Yangian Y (gl,,,) contains the universal enveloping algebra U(gl,,,) as a Hopf subalgebra. An em-
bedding U(gly,,) — Y(gly,) is given by E;; — —t( ) forall 1 < i , 7 < 2n. We will identify U(gl,,,) with its

image in Y (gl,,,) under this embedding. Conversely, the map tl(-j) — —F;; and tEJS-) — 0 for all s > 2 defines
a surjective homomorphism ev : Y(gl,,,) — U(gly,,) called the evaluation homomorphism. By composing the
map ev with the algebra automorphism called the shift automorphism,

e Y(gly,) = Y(gl,), T@)—T(u-c)
for any ¢ € C, we obtain the map

(29) eVe tij (’U,) — 5ij — Eji(u — C)il.
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Given an 2n-tuple A = (A1,..., A2,) € C?" we will denote by L()) the irreducible representation of the
Lie algebra gl,, with the highest weight A. In particular, L(\) is a cyclic U(gly,, )-module generated by a
nonzero vector 1 such that

Eij1,=0 for 1<i<j<2n and

Eiil)\ = )\1‘1)\ for 1 S ) S 2n.
The representation L(\) is finite-dimensional if and only if A\; — X\iy1 € Z>o for all 1 <4 < 2n — 1. By the
virtue of the map ev, any gl,,,-representation can be regarded as Y (gl,,, )-module. Moreover, any irreducible
gly,,-representation remains irreducible over Y (gl,,,), by surjectivity of ev. We will denote by L(\). the
Y (gly,,)-module obtained from the irreducible representation L(A) of gl,,, via the map (2.9). Clearly, L(\),
is a lowest weight Y'(gl,,,)-module with the components of the lowest weight given by

Ni(uw)=1—=XN(u—c)™' for 1<i<2n.

Fix £ € N and consider the tensor product of the Y (gl,,,) evaluation modules
(2.10) L:=LO\W), @ LO?),®...@ LAY,
where ¢; € C are arbitrary complex numbers and each A9 is a partition of length not exceeding ¢. Set
AWM = id and define recursively A®) = (id ® - - @ id ® A) o AU~ with A®) := A, The comultiplication
A allows us to equip L with the structure of a lowest weight Y (gly,,)-module using the rule

tij(u) - L= (eve, @ - @ eve) o A (t;5(u)) L.

In particular, the generating matrix 7'(u) acts on the space L by

14
(2.11) Tu(u) L= <Hcm-(u - ci)> L € End(C*") ® L[[u""]],
i=1
where
2n
(2.12) L(u—c):=(id® eve)(T(u)) = Z eij ® (6ij — Eji(u—c)™1)

are the Lax operators. The components of the lowest weight of L are
¢
(2.13) Mw) =[O = 2 @—c)™) for 1<i<2n
j=1

The binary property of the tensor products of Yangian modules states that, for a suitable choice of weights

)\Ej ) and parameters ¢;, the Y (gly,,)-module L is irreducible, see Theorem 6.5.8 in [Mo3].
We now focus on the twisted Yangian Y*(gl,,,) and its representation theory. Following [ACDFR1] we
introduce an additional “shift” parameter p € C in the definition of Y *(gly,,).

Definition 2.3. The twisted Yangian Y *(gl,,,) is the subalgebra of Y (gly,) generated by the coefficients of
the entries of the matrix

(2.14) S(u) =T (u)T"(—u — p).

The “p-shifted” twisted Yangian defined above is isomorphic to the usual one studied in [Mo3]. The
isomorphism is provided by the mapping S(u) — S(u+ p/2). The matrix S(u) defined in (2.14) satisfies the
reflection equation
(2.15) Rio(u —v)S1(u) Ry (—u — v — p) So(v) = So(v) Riy(—u — v — p) S1(u) Rz (u — v)
and the symmetry relation
S(u) = S(—u - p)

2u+p ’
The above two relations are in fact the defining relations of Y *(gly,,). Their form in terms of matrix elements

sij(u) of S(u), for p = 0, can be found in (2.4) and (2.5) of [O]] (note that indices i, j, k, ! are indexed by
—n,—n+1,...,n—1,n in loc. cit.); also see Section 4.1 in [Mo3].

(2.16) St(—u—p) = S(u) +
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By Proposition 5.3 in [AACDFR], any invertible matrix solution of the reflection equation (2.15) (with
S(u) replaced by an element of End(C?")(u)) is a constant, up to multiplication by a scalar function, matrix
K € End(C?") such that K* = ¢K with ¢ = +1 or —1. Consider the subalgebra Y (gly,) C Y (gly,)
generated by coefficients of the entries of the matrix
(2.17) SE(u) = T(u) KT (—u — p).

Without loss of generality we can assume that K = AIA’, where I¢ = """ | (e;; + €€e5;) and A € End(C?*")

is an invertible matrix.

Proposition 2.4. The mapping
(2.18) Y S(u) — ASE (u)A'TE,
where matrices I° and A are as described above, defines an isomorphism of algebras Y *(gly,) — Yi (gly,)

if e = +1 and Y= (gly,) = Y (gly,) if e = —1.

Proof. Let ty (resp. t_) denote the orthogonal (resp. symplectic) transposition. Then I~ (e;;)'*= 1~ = (e;;)'~.
In other words, conjugation with the matrix I° when € = —1 interchanges the orthogonal and symplectic
transpositions. Recall that the mapping as : T'(u) — AT (u)A~! for any invertible matrix A € End(C?")
defines an automorphism of Y (gl,,,). We may thus rewrite the image of the matrix S(u) under the mapping

Pk as
AS(u)A™ = AT (u) AP AA™ (A™) 71T (—u — p))) it A+
= s (T () KT (~u — p))
€ Yy (gly)[[u™"]]

if e = +1 and
AS(u)A™ T~ = AT(u)A AT I~ A% (A™) 1T (—u — p))) '+ A= T~
= aa(TW)KI~ T (—~u— p)I~)
€ Y (gl [[u™']]
ife =-1. O

Remark 2.5. In the algebraic Bethe ansatz approach the matrix K defines the right boundary conditions of
the open spin chain. Proposition 2.4 implies that it is sufficient to consider the case when K = I. However,
the mapping i has an effect on the left boundary conditions; this will be discussed in more detail in
Section 4.

We now turn to representation theory of Y*(gl,,,). As in the case of Y (gly,,), we will be interested in the
lowest weight representations.

Definition 2.6. A representation V of Y*(gly,) is called a lowest weight representation if there evists a
nonzero vector £ €V such that V =Y *(gl,,)¢ and

sij(u)€ =0 for 1<j<i<2n and
si(u)é = pi(w)¢ for 1<i<mn,

where p;(u) are formal power series in u™! with constant terms equal to 1. The vector & is called the lowest
weight vector of V', and the n-tuple p(u) = (u1(w),. .., un(w)) is called the lowest weight of V.

Note that £ is also an eigenvector for the action of s;;(u) with n + 1 < i < 2n. Indeed, the symmetry
relation (2.16) implies that

e = (£ BB
(1)

Writing si;(u) = 3,5 sz(-;)u*’”, the map Fj; — —s;;” defines an embedding U(g2n) — Y*(gly,), where

gon = 502, Or §p,,. Conversely, the map

SU(’U,) — 61']‘ — Fﬂ(u + (p + 1)/2)71
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defines the evaluation homomorphism ev® : Y*(gl,,,) — U(gan). (Note that there is no analogue of the shift
automorphism o, of Y(gly,,) for the twisted Yangian.)

Given an n-tuple p = (p1,...,1n) € C™ we will denote by M (u) the irreducible representation of the
Lie algebra go,, with the highest weight p. That is, M (u) is a cyclic U(gan)-module generated by a nonzero
vector 1, such that

Fi;1,=0 for 1<i<j<2n and
Fyul,=pl, for 1<i<n.
The representation M (u) is finite-dimensional if and only if there exist integers u; satisfying
Wi — piv1 € Z>o for 1<i<n-—1,
Pn—1+ tn € Zxo if  gon = 502y,
W € ZZO if gon = SPo,-
+

Using the evaluation homomorphism ev* we can extend each representation M () to a lowest weight
Y *(gl,,,)-module with the lowest weight given by

(2.19) pitu) =1—pi(u+(px1)/2)"" for 1<i<n.
The twisted Yangian Y*(gly,,) is a left coideal subalgebra of Y (gl,,,). In particular,
(2.20) A Su) = (Tu) @ 1) (1@ Su)(TH(—u —p) @ 1),
which is an element in End(C?") ® Y (gly,,) ® Y *(gly,)[[u~!]]. This allows us to equip the space
(2.21) M:=L® M(u)=LOAY), @ LA?), ®...0 LO\D), @ M(y)

with the structure of a lowest weight Y *(gly,, )-module. In particular, S(u) acts on the space M by

¢
(2.22) S(u) - M (HE u—cl>£i (Hﬁt —u— —cl)>M

i=1

as an element of End(C?") @ M [[u~}]], where

(2.23) LE () = (id ® ev?) Zew — Fji(u+ (p+1)/2)71)

1,5=1

is the “boundary” Lax operator. Let £ € M(u) be a lowest vector. Denote by 7; the lowest vector of L(A®),,
and set ¢ =7 ®...®n ® & Then the submodule Y+ (gly,) ¢ of Y*(gly,)-module M is a lowest weight
representation with a lowest vector ¢. It is given by

Ai(w) Aap—it1(—p —w)pi(u) for 1<i<n,

with A;(u) defined in (2.13) and p;(u) defined in (2.19), see Proposition 4.2.11 in [Mo3]. To the best
of our knowledge, there are currently no irreducibility criteria known for a tensor product of irreducible
representations of Y (gl,, ) and Y*(gl,,,).

Remark 2.7. Let A = (A1,..., ) and v = (v1,...,1,) be any gl -weights. Set X' = (Az,...,A,) and
V' = (va,...,vn). The algebraic Bethe anstaz for Y (gl,,) relies on the fact that if the Y (gly)-module
L(X\) ® L(u) is irreducible, so is the Y (gly_;)-module L(N) ® L(¢'), see Lemma 6.2.2 in [Mo3]. This
property combined with the binary property allows one to solve the spectral problem of a Y (gly)-system
recursively, via the chain of subalgebras Y (gl,,)) D Y(gl,_1) D -+ D Y(gly). In this paper we will use
the fact that the restriction of an irreducible s04,- or sp,,,-representation of weight p = (p1, ..., t,) to its
natural gl,, subalgebra is irreducible. Moreover, any irreducible gl,,,-module, upon restriction to the natural
gl, @ gl,, C gl,, subalgebra, factors as a tensor product of its natural irreducible gl,,-submodules. Hence,
starting with the Y *(gl,,,)-module M we can restrict to an irreducible Y (gl,,)-module M° C M, provided
the binary property holds. This resctriction will allow us to solve the spectral problem for a Y *(gl,,,)-system
using the chain of subalgebras Y*(gl,,) D Y(gl,) D Y(gl,_1) D -+ D Y(gly).
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2.3. Block decomposition. In this section, inspired by the arguments presented in [Rs, DVK], we demon-
strate a block decomposition of the Yangian Y (gl,,) and the twisted Yangian Y *(gly, ). We write matrices
T(u) and S(u) in the block form:

(2.24) T(u) = ( Au) g% ) S(u) = ( A(u)  B(u) )

Our goal is to derive the algebraic relations between these smaller matrix operators (blocks), which is the
crucial first step of the algebraic Bethe ansatz. We will denote the matrix elements of A(u) by «;;(u) with
1 <4,j <n, and similarly for matrices B(u), C(u) and D(u), and their barred counterparts.

Recall that C2* = C? @ C". Let e;; with 1 < 4,7 < 2n denote the standard matrix units of End(C?").
Moreover, let x;; with 1 <4,j <2 (resp. e;; with 1 < ¢,5 <n) denote the standard matrix units of End(C?)
(resp. End(C™)). Then, for any 1 <4, j < n, we may write

(2.25) €;j = 211 ® €45, €ntij = T21 ® €44,

and similarly for e;,4; and e, 4i,+;. Hence any matrix M € End(C?") with entries (M);; € C can be
equivalently written as

2
M= Z Tap @ [M]ap € End(C?) @ End(C™),
a,b=1

where [M]qp = szzl (M)itn(a—1),j+n(v—1) €ij are blocks of M, viz. (2.24). Now let M € End(C?" @ C2n).
Then we may write

2
M = Z Tap @ Ted @ [M]apeq € End(C? ® C?) ® End(C™ @ C"),
a,b,c,d=1

where [M],pcq are obtained as follows. Writing M = Z?Zykylzl(M)ijkl e;; ® e, we have

n

(2.26) [M]abea = Z (M )itn(a—1),j4nb—1)k+n(c—1),i+n(d—1) €ij @ €ki.
id k=1

Denote the R-matrix (2.5) acting on C*" @ C?" by R(u) and its ¢t-transpose by R'(u). Viewing them as
elements in End(C? ® C?) ® End(C" ® C")[[u~?]] and using (2.26) we recover the six-vertex block structure

R(u) I
—yu ! t -1
—u{1P uI . , B = :FIELE?ZQ t"?t(u? ’
R(u) I

(2.27)  R(u) =

where the operators inside the matrices are each acting on C" ® C"; note that R'(u) = I — v~ 'Q and
Q =D 1<i j<n €ij ® €57 in both cases of F above are of the orthogonal type (recall the notation 7 =n—i+1).

In a similar way, the matrices T1(u) = T'(u) ® I and Ty(u) = I ® T(u), as elements of End(C? ® C?) ®
End(C" @ C") @ Y (gly,)[[u™}]], take the form

Ay (u) Bi(u) Az(u)  Ba(u)

(2.28) Ti(u) = Ay (u) B (u)

where A; (u) means A(u)® I € End(C" ® C*) ® Y (g2,)[[u~!]] with I being the identity matrix, and similarly
for the other blocks. Substituting (2.27) and (2.28) to (2.7) allows us to rewrite the defining relations of
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Y (gly,) in terms of the matrices A(u), B(u), C(u) and D(u). The relations that we will need are
(229) ng(u — ’U)Zl (U)ZQ (’U) = ZQ (’U) Zl (u) ng(u — ’U),

(230) ng(u — ’U) ﬁl (’u)ﬁg (’U) = ﬁg (’U)ﬁl (’U,) ng(u — ’U),

(2.31) C1(u) Az (v) = Aa(v) C1 (1) Ria(u — v) + w,

(2'32) 61 (U)ﬁ2(v) = ng(v — U)EQ(U)al (u) — %u)vcl(v)j

(2.33) D () Aa(v) — Ap(0) Dy (u) = L1210 C (“i - UEQ @)C1(w Pz

In particular, the coefficients of the matrix entries of A(u) generate a Y (gl,,) subalgebra of Y (gl,,,). The
same is true for D(u).

We now repeat the same steps for the twisted Yangian Y+ (gl,,,). We substitute (2.27) to (2.15) and view
matrices Sy (u) and Sa(u) as elements of End(C? ® C?) ® End(C" @ C") ® Y *(gly,,)[[u~!]], so that they take
the same form as in (2.28). This allows us to write the defining relations of Y *(gl,,,) in terms of the matrices
A(u), B(u), C(u) and D(u). The relations that we will need are:

A (v) By (u) = Ria(u — v) By (u) Rig(—u — v — p) Az(v)
n PiBi(v)Rip(—u—v — p)As(u) _ Bz (v)Q12D1(u)

(2.34) py— wtvtp
Ria(u — ) By (u)Riy(—u — v — p) Bz (v)

(2.35) = Ba(v)Riy(—u — v — p) Bi(u) Riz(u — v),
ng(u — ’U)Al (U)Ag (’U) — A2 (’U)Al (u)ng(u — ’U)

(236) _ $R12(u — ’U)Bl (u)Qngl(ij—;fi)(v)ngCl (u)ng(u — ’U)7
Ci(u)A2(v) = As(v)Rig(—u — v — p)Ci(u) Riz(u — )

(2.37) n Pra Ay (u)Riy(—u — v — p)Ca(v) - D1 (1)Q12Cs(v)

uU—20 U+v+p
It remains to cast the symmetry relation (2.16) in the block form. Observe that
DY(u) +B(u)
t —
5(u) = ( LCOMu)  Atw) )

This allows us immediately to extract linear relations between matrices A(u), B(u), C'(u) and D(u), of which
we will need the following two only:

(2.38) D'(—u = p) = Afu) 52 (A(w) - A== ).
(2.39) +B'(—u—p) = B(u) £ 2u1+ p(B(u) — B(—u — p)).

3. EXCHANGE IDENTITIES

In this section we derive algebraic relations between certain elements of the twisted Yangian Y*(gl,,,) that
will be used in the derivation of the nested Bethe equations in the section that follows below. In particular,
we recast the exchange relations (2.34-2.37) so that they can be applied directly to the algebraic Bethe
ansatz. We then introduce the nested monodromy matrix and show its relevant algebraic properties. We
note that all the operators in (2.34-2.37), viewed as matrices, will act on the vector spaces Vo, Vo, , Vayy - -y
and Vz, Va,, Va,, . . ., all isomorphic to C”, which we call the auziliary spaces. We will often make use of the
following rational function

1

(3.1) plu) =1+ s
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3.1. Creation operator for a single excitation. The key operators in the construction of the Bethe
vector will come from the B block, viz. (2.24). However, rather than use a matrix of creation operators, we
reinterpret B(u) as a row vector in two auxiliary spaces, with components given by the matrix elements of
B(u).

Definition 3.1. The creation operator is given by

(3.2) By = Y el @el @by(u) € (CY) @ (C") ® YE(ghy,)[[u™]).

1<i,j<n

The two auxiliary spaces are labelled in the same order as the tensor product, that is, faq(u) € VZ* ®
V@Y *(gly,)[[u"]]. The exchange and symmetry relations involving the B operator may now be rewritten
using the above notation.

Lemma 3.2. The creation operator satisfies the following identities:

Barar (1) Bazas (U2) Rayas (—u1 — uz — p) Raya, (w1 — uz)

(33) = Bdlal (’U’?)ﬁflzaz (ul)Ralflz(_ul — U2 — p) Ralaz (ul - U‘?)?
_ - P Baia, (’U,) -
(34) ﬁ&iai (’U,) Qaia =+ (p(_u - p) ﬁaiai( u p) + 2+ P ) Qam Qama

where R(u) := PR(u).

Proof. We start by proving (3.3). From (2.35), begin by acting from the left with Pj2, then use the defining
property of the permutation operator to move it to the right on the r.h.s. of the equation to obtain

(3:5)  Rao(ur —ua)Bi(u1)Riy(—u1 — uz — p)Ba(uz) = Bi(us) Riy(—u1 — uz — p)Ba(u1) Rua(ur — us).

We want to rewrite this in terms of the creation operators defined in Definition 3.1. Choose bases for V}
and V3, then denote the matrix components of Ria(—u1 — w2 — p) by 74,1454, and the matrix components
of Ria(u1 — u2) by iy j1isj,- I components, (3.5) becomes

n n
§ Ti1j1i252 bjl k1 (ul)rklll k272 bkzlz (U’?) = § biljl (U’?) Tj1k17272 bjz k2 (ul) Tkilikals:
J1,J2,k1,k2=1 J1,d2,k1,k2=1

Relabelling 77 — 71 and i3 — 72, and relabelling the summation indices j; — 71 and js — 72 yields an
equivalent expression:

n n
§ : bjlkl (ul)bkzlz (U‘Q)Tklllkzjz T3 717272 = E bfljl (u2)b72k2 (ul)rjlkljﬂé Thkilikaly-
Ji,jz2,k1,k2=1 Ji,jz2,k1,k2=1

Finally, we note that 77,7,17, = Tj1i1jains a5 Rap(u)'e® = Rup(u). Then taking the tensor product with
e;, ®ep ®e;, ®ep, € VY @V, @V @V, and summing over these indices yields
Bﬁlal (ul) ﬂl~12¢12 (u2) Ra,a, (_ul — U2 — p) Rfllflz (ul - U‘Q)
= Baras (U‘Q)ﬁflﬂlz (ul) Ra,a, (_ul — U2 — p) Rala2 (ul - u2)a

as required.

We now focus on (3.4). From (2.39) in matrix components, we make the assignment u — —u — p and
multiply by + to obtain
b45(w)
2u+p’
Then, taking the tensor product with e;®e; € V7' ®V,", and summing over i, j yields the following expression
in terms of the creation operator:

65(u) = £p(—u —p)bi(—u—p) +

ﬂ&iai (’U,) = :I:p(—u - p)ﬂai&i (_u - p) + %;&7;_(1;) ==+ (p(—u - p)ﬂ&iai(_u - p) + 52&;(17;(1;)) P&iai'

To obtain (3.4) from here, we multiply on the right by the operator Q,,, and use the identity Ps,q,Qa,0 =
QdiaQaia' O
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3.2. Rewriting the AB exchange relation. We need to rewrite the AB exchange relation (2.34) in terms
of the creation operator (3.2). The form of this relation will be the cornerstone of the nesting procedure.

Lemma 3.3. The following identity holds:
Aa(v)ﬁdiai(u) :Bdiai(U)Rt (U_U)Rt ( U—=v— p)A (U)

+ ﬂ&ilj(:) Qala ala( 2u — P) Aa(u)

p(=u—p) i
(3.6) + mﬁazal( ) Qo Qaja Aa(—u = p).

Proof. We introduce the following rule for obtaining expressions in terms of the 8 operator from those in
terms of B operator. Let X; € End(V;) and Y, € End(V,). Considering the components of S5, (u) X! Y,,
we have

Baa(u) X5 Yo = Z (ek ® e @b (u))(er ® esj @ Tarys;)

1<i ooy, s<n
= E i ®e; @by (u) Ty,
1<i,5,k,1<n

so that (Bza(u) X5 Ya)sj = D21 <pi<n bri(w) Zik yij. On the other hand, taking the (i, j)-th matrix element of
the expression X, B, (u)Y, for any X,,Y, € End(V,) we obtain

3.7) (XaBa(w)Ya)iy = > @i bri(u)yy = (Baa(u) XEVa)s;.
1<k,i<n
Using this rule, we can rewrite (2.34) as
Aa(0)Bsa; (W) = Basa; (u) R Lot — U)Rt o(—u—v—p)A(v)

+ Migﬁ))@dm}%fzia(_u —v- p)Aa(U)

Baa; (V)
u+v+p

where the identities X1 = P12 Xo P2 and Q12 X1 = Q12X2 have been used. From here, the symmetry relation
(2.38) may be used to obtain

Aa(v)Ba;a, () = Basa, (W) R o (1w — 0) Ry o(—u — v — p) A (v)

QalaQalaDt ( )

Pl g B (v ) Aw)
ﬁalal( ) AU«(U’)
u+v+anlaQala ( U p)Aa/( U p):l: 2u+p *
We note that
RZ-a(—U—U—P) Qaia 1 u—-v Qaia Rt(_Z’U’_p>
i . i - I+(1- : = :
u—v Qu+p)lut+tv+p) u—wv 2u+p)ut+v+p U—v

Following these manipulations, we obtain
Aa (V) Basa; (u) = Basa; (u ) a(u—0) Rt a(—u—v—p) Ag(v)
+ ﬁa%l(:) QdiaR(tzia(_2u -p) Aa(u)

p(=u—p) i
(3-8) + m Baia; (V) Qaza Qasa Aa(—u — p),

as required. O
This relation (3.6) is convenient as it does not feature the D operator, so the relation can be used

repeatedly in the presence of multiple creation operators. However, to obtain the most convenient form of
(3.6), we must consider the action of p(v)A.(v) + p(—v — p)Ae(—v — p) on Ba,q, (u) rather than of A,(v)
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alone (the motivation for this construction will be explained in Section 4). Introduce the following notation
for a symmetrised combination of functions or operators,

(3.9) {f()}" = f() + f(=v—p).
Lemma 3.4. The following identity holds:

{P(v) Aa(v)}" Basas (1) = Basa; (u) {p(v) Ry, (u —v) Rg o (—u — v — p) Aa(v)}
(3.10) L L { (”> Baa, (v)} Res [ {p(w) RL,,(u—w) Rl o (—u —w = p) Aa(w)}" ]

p(w) Lu—v s

v

Proof. Starting from (3.6), multiplying by p(v) and symmetrising using (3.9), we obtain
[9(0) Aa(0)}" B (0) = Basa () { B — ) R o (—u — v — ) p(0) Aa(0)}"

{2 50} Qua B a-20 - p) Aal)
p(v)

u+v+p

(3.11) T p(—u—p) { B (0 >}U Q1o Qura Aul 1 — p).

We will show that this is equivalent to (3.10) term by term, separating the terms by the parameter carried by
Aq(+). Note that the term containing A, (v) is already the same in both (3.10) and (3.11). For the remaining
terms, containing A,(u) and A,(—u — p), we will work backwards from (3.10). Let

U= 1 {%ﬂaiai(v)} Res {{p L a(u—w) R L (—u—w— p)Aa(w)}w]

p(u) W

Furthermore, expand the symmetriser inside the residue so that U = U4 + U_, where

Uy = R { p(v) Baa, (v)}” Res {p(w) R J(u—w)Rl ,(—u—w— p)Aa(w)},

p(u) lu—v w—u
U_ = ]ﬁ {u(—v)v Baa; (v )}U U};{ji [p(— )tha(u—i-w "'P)th-a(w —u) Ay (—w — p)}

Focussing first on U, we evaluate the residue to obtain

Ve = {2 5001} Qua B-20— ) a0,

This now matches the term containing A, (u) in (3.11). It remains to show that U_ is equal to the term
containing A,(—u — p) in (3.11). Again evaluating the residue, we obtain

e {f(—v)v @)}v %Réia@u 1) Qara Aal(—u— )
= {2 (3100 Qu = 0 Gt ) 2

We now apply the symmetry relation (3.4), so

__ [ oy 2 P @) Baw (@ p(zu—p) o o
U_—{u_v<ip(—v—p>ﬁmi( p)+ 201 ) 2u+p>} () Qara Qasa Aa( p).

Since it lies within the symmetriser, the term containing 3,4, (—v — p) can be rewritten in terms of 8z,q, (v)
to obtain

U_:_{(ip(‘”‘ph ! ( L1 ))pwmami(v)}v%Qam@am/&a—u—p)-

u+v+p u—v\204+p 2u+p
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All that remains are algebraic manipulations:

o { < * I;(:)v;i)) Tt p)2<2u T p))p (0) e (U)}v p(%u;p) o Qocadal~t = 2)
- { ( 2v " (2iu++p§€22 ipp)> u f(;i e (U)}U ]9(_1)”715/)) QaiaQasa dal~u =)
= Fp(-u—p) {u +(v )+  Pasas (v )}v QaraQaia Aa(—u— p).
This matches the term containing A,(—u — p) in (3.11) and completes the proof. O

3.3. Creation operator for multiple excitations. The next step is to generalize the creation operator
B defined in (3.2) for multiple excitation. Choose m € N, the excitation number, and consider the tensor
product space W = V5, ®@---@V5,, @ V4, ®---@V,,,. Denote its dual by W* =V @--- @V V) @@V

and introduce an m-tuple of formal parameters u = (uy,uz, ..., Un).

Definition 3.5. The creation operator for m excitations is given in terms of the ordered product of [
operators and R-matrices (cf., (2.4)):

m 1
ﬁfhal...&mam (’LL) = H (ﬁ%a7L uz H a]al — U; — P))

i=1
(3.12) eEW*® Yi(glzn)[ul, cooum)[ur - un )
Note that the creation operator for m excitations satisfies the following recursive relation
1
(3'13) ﬁalabndnﬂhn (u) = /Bdlabndwnflanlfl (u17 . um 1)ﬁama7n um H Ra anl — Um — p)'
j=m—1
Given i € {1,...,m — 1} denote by w;;+1 the m-tuple obtained from w by interchanging its i-th and

(7 + 1)-th entries, namely
(3.14) Wicsit1 = (U1, U2, .oy Uim 1, Ui 15 Wiy Uig 2, - -, Urn)-

The Lemma below states a relation between the operators Sz, a;...a,.a,, (%) and Ba,a,.. a,,a,, (Wicsit1) that
will assist us in obtaining the explicit expressions of the so-called “unwanted terms” in Section 4.3.

Lemma 3.6. The following identity holds:

(3.15) Barar...imam (W) = Baray...amam (uiHi+I)Ra1az+l (i — wit1) R;j‘ziﬂ (i — wit1)
for1<i<m-—1.

Proof. We use induction on m, with the basis case provided by (3.3). Assume the result holds for m — 1
excitations. There are two cases to consider, depending on the spaces a;, a;+1 on which Ry,q, (Ui — wit1)
acts nontrivially. Consider first the case where i < m — 1 and use the recursive relation (3.13):

1
/Bdlalniinlam (u) = ﬁ&1a1...&m71am71 (ul? . um 1)/3(1771@771 um H Ra anl — Um — p)
j=m—1
= Barar.imram—1 (Wl -y Wit 1, Uiy -+ o Uin—1) Rayanyy (W5 — ig1)
1
X joiiﬂ (i = wit1) Banam (Um) H Ra]am — Um — p).
j=m—1

Notice that the matrix Ra Y +1(ui — u;4+1) commutes with all matrices to the right of it, so it can be moved

to the very right. The matrix Ram +1 (i — ujp1) may be moved through the product of R-matrices using
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the (braided) Yang-Baxter equation:
Raiai+1 (ui - ui+1)Rai+15«m(_ui+l — Um — p)Rai&m(_ui - Um — p)
= Rai+15«m(_ui — Um — p)Raidnl (_U‘H—l — Um — p)Raiai+1 (ul - ui+1)'

This then gives (3.15) for ¢ < m — 1. For i = m — 1, we factorise the excitations as follows:

Baras...amam (W) = Bayar...dm—sam—2Uls s Umn—2) Ban _1am_1dmam (Um—1, Um)
1
x ( ajam— L (Zuj = umy _p)Raj&m(_uj — Um _p))
Jj=m-—2
= Barar.im—zam—2(Uls -3 Um=2) Bap_1am—1dmam (Um, Um—1)

X Ram 1am (um 1— um)R_ lam( m—1— Um)

X H (a]am : uj—um71—p)Raj&m(—uj_um_p))_
Jj=m-—2

The matrix R~ 4, (Wm—1 — um) may be moved through the product of R-matrices using another variant
of the Yang—Baxter equation,

R (Um—1 — Um) Raj&mfl(_uj — Up—1 — p) Raj&m (_uj — Uy — P)

Am—10m

= Raj&ma(_“j - Um — p)Rajdm(_uJ Um—1 — p)R ! (Um—1 = Um).

Am—10m

Then, rearranging the commuting matrices in the expression, we reconstruct the full excitation vector and
arrive at (3.15) for ¢ = m — 1. This completes the induction. O

Remark 3.7. By definition, the operator $z,q,...4,,a,, (%) in (3.12) is an analogue of the fused boundary
operator of Theorem 4.1 in [BaRe] for the twisted reflection equation. More precisely, it is a solution to a
fused analogue of twisted reflection equation (2.35) in the sense of loc. cit.

3.4. The AB exchange relation for multiple excitations. We want to move {p(v) A,(v)}" through the
operator Bz, a; .. a,a,, (@), Each time {p(v)A,(v)}" is moved through one of the excitations Bz,q, (u;) using
(3.6), we obtain a term, where the parameter v of {p(v) A, (v)}" is unchanged. We will call this term the
wanted term. All the additional terms will be called the unwanted terms; we will denote them by UWT and
consider their exact form in Section 4.3. Focussing on the wanted term at each step, {p(v) A4 (v)}" accrues
R-matrices as it moves through the excitations. In the following lemma, we will show that these R-matrices
may be moved through those appearing in the operator Sz, a;...a,,a,, (&)

Lemma 3.8. The following exchange relation holds

1

<H RE, o (up —v ) (HRala —u—v— P)) Aa(v) Basa; (ui) H Raja,(—uj —u; — p)
k=1

j=i—1
= Basa; (wi < H Raa,(—uj — ) <H RE o (uk — v)) (HRZZG(—W —v— p)) As(v) + UWT.
j=1—1 =1

Proof. We begin by using (3.6) and focus on the wanted terms only:
1

1—1 1—1
( 11 Rbyo s — U)) <H Ry o (—up — v — P)) Aa(v) Baa; (i) [] Rajai(—u; —ui—p)
Pt -

=i
i—1
<H Raka U — v ) (HRala U —v— ))ﬂ&iai (UZ)REM(UZ - ’U)
=1
1
Xszia(u H *Raju,7L z—p)—i-UWT

_711
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yielding

i—1
ﬂfliai(ui)<Hnga U — v ) <HRala —Uup —v— ))tha( ’U)

k=1

X < H Roja,(—uj —u; — p)) R (u; —v)Aq(v) + UWT.
j=i—1
All that remains is to rearrange the product of R-matrices in the centre of the expression. The matrices can
be reordered using the Yang-Baxter equation
Ry, yo(~uim1 —v = p)RZ a(ti = V) Ra,_ya,(—tim1 — ui — p)
= R, ya(~uim1 — ui — p) Ry o (ui = 0) Ry, o(—uim1 — v = p).

Thus the product of R-matrices becomes

<HRala —Uup—v = )) tha ( H ]%a]aI j — Ui — p))

Jj=1—1

= <HRZZ‘1(_U’Z -V — p)) Raiflai(—uifl — Ui — p)Réia(ui — 1))
=1

1
foll 1a( U1 —V—p ( H Raja, (— -—ui—p)>

Jj=t1—2
1—2

= Ra,_ya,(—uio1 —ui — < aja\"UL — UV — )>Rf~zia(ui_1})

=1

Rl
1
><< [T Rejan(—uj —ui - ))RZZ La(—Uim1 —v —p)

Jj=i—2
1 1—1
= < H Raj&i (_uj — Ui — p)) Rfiia(ui - 1)) ( H szla(_ul — U= p)) ’
j=i—1 =1

where the last equality is achieved by inductively applying the same argument. Putting this together, and
noting that the R*-matrices all commute with the R-matrices, we arrive to

< 1:[ Ri,o(ug, —v ) <HRala —up—v = P)) Aa() Basa; (wi) [T Rayai(—u; —wi = p)
k=1

j=i—1

= Ba,a, (i) < H Raa,(—uj — ) (H Raka Uk — v)) <HRZLa(_“l —v— p)) As(v) + UWT
j= =1

-1

as required. O

Applying this result to the product of m such excitations in (3.12) yields

Aa(v) Baray.amam (W) = Barar..aman (W) ( H Rfika(uk —-v ) <H Rala —Up— U= p)) Aa(v) +UWT.
k=1

We define the matrix on the right side to be the nested monodromy matriz,

(3.16) To(v;u) := <H RE o (uk — v ) (HRaza —u;— v — p))Aa(v).
k=1

Its matrix entries will be denoted by t;;(v;u). The matrix T, (v;u) allows us to write the above identity
more compactly,

Aa(v) Barar.amam (W) = Barar..aman (W) Ta(vsu) + UWT,
which leads to the following result.
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Corollary 3.9. The AB exchange relation for the creation operator of multiple excitations has the form
{p(v) Aa (’U)}U ﬁalalnjimanl (u) = /Bdlalniinlam (u) {p(v) Ta (U7 u)}v + UWT' D

3.5. Exchange relations for the nested monodromy matrix. In this section we introduce a vector
space M’ called the nested vacuum sector, on which the nested monodromy matrix T'(v;u) satisfies the
usual RTT relation, viz. (2.7). This allows us to identify T'(v;u) as the monodromy matrix for a residual
Y (gl,,)-system. The space M’ is then interpreted as the full quantum space of this residual system. We start
by introducing certain subspaces of the evaluation modules M () and L(A®),. that will be building blocks
of the space M'.

Denote by M°(u) the subspace of the evaluation module M (y) of the twisted Yangian Y *(gl,,,) consisting
of vectors annihilated by the operator C(u) of the matrix S(u), namely

MO(p) :={¢ € M(p) : ¢ij(u){ =0 for 1<4,5<n}.
The subspace M°(u) corresponds to the natural embedding gl,, C go, With go, = 502, or 5p,,, (generated
by Fi; with 1 < 4,5 < n, viz. (2.1-2.2)) and is an irreducible gl,-representation of the highest weight
= (p1,...,pn). The space M%(u) is stable under the action of the operator A(u) of the matrix S(u).
Moreover, A(u) satisfies the usual RTT relation on this space. Indeed, applying equality (2.37) to M°(u)
yields Cy (v) Ag(u) M°(1) = 0. Applying (2.36) instead we obtain
R(u —v) Ay (u) A2 (v) ¢ = Az(v) As (u) R(u — v)¢
for all ¢ € M°(u). We thus have the following.

Lemma 3.10. The mapping

Y(gl,) = Y*(gly,),  T(u) = Alu)
equips the space M°(u) with a structure of a lowest weight Y (gl,,)-module with the lowest weight given
by (2.19). O

Note that the operator A(u) of the matrix S(u) acts on the space M°(u1) via the Lax operator
(3.17) LEOw) =" ey @ (8 — Fa(u+ (p+1)/2)71),
ij=1
which is the restriction of £¥(u) defined in (2.23) to the operator A(u).
Next, we denote by L°(A(®). the subspace of the evaluation module L(A*))., of Y (gl,,) consisting of
vectors annihilated by the operator C(u) of the matrix T'(u), namely

(3.18) Lo, = {¢ce LOAW®),., : Tij(u)¢ =0 for 1<i,j<n}.

The subspace LO()\(’“))C,c corresponds to the natural embedding gl, @ gl,, C gly, (generated by E;; with
1 <i,7<nandn < ij < 2n) and is isomorphic to a tensor product of irreducible gl,,-representations
LV ®)) @ L ®) with the highest weights X'® = (A . AF) and X7 = AF . A%). Indeed,
applying equality (2.31) to LO(A(¥)),, yields C(u) Az(v) LO(A®)),, = 0. Applying (2.32) instead we obtain
C1(u)Do(v) LO(AHF)),, = 0. Moreover, applying (2.33) to LO(A®).. we get [D;(u), Aa(v)] LO(AR),, = 0.
This, together with (2.29) and (2.30), implies the following.

Lemma 3.11. FEach of the mappings

Y(gl,) — Y(aly,), T(u)r A(u) and T(u)+ D(u)
is a homomorphism of algebras. Moreover, these mappings equip the spaces L(N ) and L(N'®)) with a
structure of a lowest weight Y (gl,,)-module with the lowest weight given by )\;C(k) (u) = /\gﬂ) (u) and )\Z(k) (u) =
)\fﬁk(u), respectively, for 1 < k <n. O

Denote the corresponding Y (gl,,)-modules by LO(XN )., and LO(\’())., | respectively. The operator
A(u) of the matrix T'(u) of Y (gly,) acts on the space LO(X”(*)),,as the identity operator, and on the space
LO(N(®)., via the restriction of the Lax operator (2.12),

n

(319) ,CO(’U, — Ck) = Z eij @ (5” — Eji(u — Ck)il).

ij=1
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Likewise, the operator D*(u) of the transposed matrix T%(u) acts on the space LO(N (®). as the identity
operator, and on the space L°(\’ (). via the transposed Lax operator (£°(u — cx))t.
We are now ready to introduce the vacuum sector M° C M by

(3.20) MO =L\, @@ L°\O),, @ MO(u).
Lemma 3.12. The space MY is stable under the action of the operator A(u) of the matriz S(u).

Proof. We start by showing that operator C'(u) of the matrix S(u) annihilates the space M%: ¢;;(v)-M° = 0.
We use induction on ¢. For £ = 0 we have M° = M%(p) and ¢;;(v) M°(u) = 0, by definition (3.20). For any
¢>1denote M1 := LOOND), @ @ LOAED), | @ MO(u). Let ¢ € M¥ D and ¢' € LO(\®D),, be
any nonzero vectors. Using (2.20) and the notation (2.24) we find

NE

<ij(u) - (('®() = ( Cik(u)d;(—u—p) ¢ @ ap(u) - ¢ £ T (w)C(—u— p) ¢ @ br(u)-¢

k=1

o+ D () dyr(—u = p)¢' @ opa(u) - € din(w)T(—u = p)¢’ @ da(u) ¢ )

NE

( Eik(u)gﬂ(_u -p) C’ ®ap(u) - ¢+ i (U)Eﬂ(—u -p) C’ ® cpi(u) - ¢ )7

k=1

by definition (3.18); here we used the notation 7 = n — i 4+ 1. Assuming induction, ¢ (u)¢ = 0. Finally, by
(2.32) and (3.18), we have that

S0y~ = )¢ = gl = p) T ()¢’ =0.

Hence ¢;;(u) - (¢’ ® ¢) = 0, as required. Next, we need to show that ;;j(u) - MY C M°[u~']. The base case
is given by Lemma 3.10. For £ > 1 we have

WE

( @it (u) dji(—u—p)¢’ @ ap(u) - (£ @i (w)T5(—u—p) ¢ @ b(u) - ¢

+ 6k (u) dy(—u— p) ¢’ @ cp(u) - ¢ £ bi(w)Cy(—u—p) ¢’ @ dpa(u) - ¢ )

aij(u) - (('®¢) =

k,l

NE

@ik (u)dyi(—u—p)¢' @ ap(u)- ¢,
1

k.l

by definition (3.18) and the result above. Assuming induction, @ (u) - ¢ € MY~D[u~1] and, by Lemma
311, @ig(u)d-j(—u — p) ¢’ € LOAD),, [u™!]. Hence ;(u) - (¢’ ®¢) € M°[u~"]. This proves the claim. [

The last ingredients we will need are the auxiliary spaces V;, and V,,. They are vector representations of
al,, of weight A(@) = \(¢) = (1,0,...,0). Denote by L*()\). the evaluation module of Y (gl,,) obtained from
the gl -representation L(\) by composing the evaluation map ev. in (2.9) with the algebra automorphism
T(u) — T'(—u). The spaces Vi, and V,, can thus be viewed as evaluation modules L*(A(@))_, and
LY(A@)),,. of Y(gl,), respectively, with the lowest weights given by

/\;&i)(u) = /\;ai)(u) =1 for 1<j<n-1 and
A@) () = w7 A (p) = w

" v — U v+ u;

(3.21)

In particular, the matrix 7, (v) of Y (gl,) acts on the space L*(A@))_, as R!; (u; —v) and on the space
Lt(A@)),,, as R, (—u; — v); here note that R’ (u) = R}, (u).
We define the nested vacuum sector as a tensor product the auxiliary spaces and the vacuum sector MP:

(3.22) M =WaM’ W=V -V, eV, -aV,,.

m

Proposition 3.13. Let T'(v) be the generating matriz of Y (gl,,). Then the mapping
Y(gl,) = End(W) @ Y*(gl,),  T(v) = T(viu)
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equips the space M' with the structure of a lowest weight Y (gl,,)-module with the lowest weight given by
(3.23) A (031) = Ni (1) Aan—isn ( H)\ ) () A% ()

for 1 < i <n with \;(v) defined in (2.13), p;(v) in (2.19) and )\gaj)(v), )\gaj)(v) in (3.21).

Proof. Tt follows from the definition (3.16) and Lemma 3.12, that the space M’ is stable under the action of
T.(v; uw). Moreover, for any ¢ € M’, we have that

Rap(v —w) To(vsu) Ty (w;w) - ¢ = Ty(w; w) Ta (v u) Rap(v — w) - €.

Indeed, we can interleave the matrices on the Lh.s. of the equality above, then use the transposed Yang-Baxter
equation to reorder the product of matrices:

Rap(v — w) Ty (v; uw) Ty (w; u)

= Rap(v — < H Raka akb(u;C - w)) (HRZW(—W - U)szlb(_ul — w)) Aq(v)Ap(w)

=1
( T RE.o(ur — w)RE,  (ur — v)) <H Rep(—u — w) Ry, o (—w — v)) Rap(v — w)Aq(v) Ap (w).
=1

From here we use (2.36) to obtain the result, plus additional terms. However, C'(u) appears as the rightmost
operator acting nontrivially on M? C M’ in each of these additional terms. Since C(u) annihilates all vectors
in M?, these additional terms vanish. Its lowest vector is

(3.24) nNi=ezsy R Ve, Veg, @+ Qeg, QMO QN ®E,

where ¢ is a lowest vector of M%(p), each 7; is a lowest vector of L(A®)2 for 1 < i < ¢, and each eg,

(resp. e,,) is a lowest vector of Vi, (resp. Vj,) for 1 < i < m (viewed as an evaluation module L*(A(@))_,
(resp. Lt(A(@))_,)). Finally, acting with t;;(v;u) on 5 for 1 <4 < n and using (2.13), (2.19) and (3.21)
yields (3.23). O

Remark 3.14. (i) Recall that LO(A\()., = LON @), @ LO(N" @), with A(u) (resp. D*(u)) acting non-trivially
on the first (resp. second) tensorand only. We may thus rewrite the space M as

MO o~ LO()\/(l))Cl Q- ®LO(A/(E))C@ ®MO(/L) ®LO()\N(E))03 Q- ®LO()\//(1))C1.

By Proposition 3.13, we may view this space as a lowest weight Y'(g[,,)-module. Provided the binary property
holds, it is an irreducible Y (gl,,)-module, see Theorem 6.5.8 in [Mo3]. (ii) Enumerate the tensorands of M°
above by 1,2,...,2¢,2¢ + 1. Then the matrix T, (v;u) acts on the space M’ = W @ M? via the operator

< [T i, (- v)) <H R (—u —v — P))
k=
<H£ )Ea(éH( )(H (52,22i+1(—U—P—Ci))t>7

i=¢
where the Lax operators are those defined in (3.19) and (3.17).

We end this section with one more technical lemma which will assist us in finding the explicit expressions
of the unwanted terms in Section 4.3.

Lemma 3.15. The following identities hold:

Raany (wi — i) Ry g (wi = wigr) b (w; w) = b (05 @iesig1) Ragag sy (0 — wip1) Ry g, (i = wiga).

Ragapg, (wi —wip1) Ry (ws = wig)n =1,
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Proof. The first identity is achieved by moving the R-matrices through each matrix in the definition of the
nested monodromy matrix. Indeed, the R-matrices each commute with all but a pair of adjacent R-matrices
in (3.16), for which we use the Yang Baxter equations,

Rasarp, (ui — uip1) R, (—us — )RL, | (—tig1 —v) = R, (—uit1 — 0) R, o(—ui — V) Raja,y, (ui — wiga),
Rg’i%i+1 (wi — wip1)RE 4 (u; — U)Rf‘ii+la(Ui+1 —v) = RE (w1 — u)Rnga(ui - ’U)Rgi%Hl (u; — Uit1),
and the result follows.
To see why the second identity is true, notice that the lowest weight vector n (3.24) is an eigenvector

of Py,a;.,, and therefore also of Rg,a,,,(u; — u;41). This is true also for Ps,s,,,. Thus, acting with both
Ram”l (u; — ui41) and R(ilaiﬂ (u; — ui11), the eigenvalues cancel, which gives the result. |

4. NESTED ALGEBRAIC BETHE ANSATZ FOR Y *(gl,,)

We are now ready to consider the nested algebraic Bethe ansatz for a one-dimensional spin chain with open
boundary conditions and having twisted Yangian Y *(gl,,,) as its underlying symmetry. The full quantum
space is the lowest weight Y ¥ (gl,,, )-module M defined in (2.21):

M =LY, @ L), @ - @ LA?D),, @ M(u).
The generating matrix S(u) of Y+ (gly,) acts on this space via a product of Lax operators (2.22):

¢ 1
S,(v) - M = (Hﬁai(v - cl)> Eie+1(v) (Hﬁfu-(—v —p— cl)> M.
i=1 i=¢

Taking the trace of the generating matrix we obtain a double-row transfer matrix
(4.1) 7(v) := tr S(v) = tr A(v) + tr D(v) = tr A(v) + tr D*(v).

One can show using the usual methods that [7(u),7(v)] = 0; see Section 2 in [ACDFR1], also [Sk]. We
seek an eigenvector of ¥ € M of 7(v), which we will refer to as the Bethe vector. The problem of finding
an eigenvector of the transfer matrix (4.1) can be substantially simplified with the help of the symmetry
relation (2.38) which allows us to write the transfer matrix 7(v) in a symmetric form

7(v) = p(v) tr A(v) + p(=v = p) tr A(=v = p) = {p(v) tr A(v)}",
where p(v) is given by (3.1). Here we used the notation introduced in (3.9). It will therefore be sufficient to

focus on the action of A(v), without needing to consider D(v).
The last ingredient we will need is the nested transfer matriz, see (3.16):

t(v;u) :=tr T'(v;u).
It will play the role of 7(v) at the nested level of the ansatz. Since we will only consider the action of T'(v; u)
on a finite-dimensional vector space, we can thus specialize the parameters u; of m-tuple u to nonzero

complex numbers. Hence we will further assume that w € C™ is an m-tuple of distinct nonzero complex
numbers.

Remark 4.1. Recall from Section 2.2 that K € End(C*") satisfying K = ¢K withe = +1lore = —11isa
matrix solution to the reflection equation. The dual reflection equation is obtained by redefining u — —u —p
and v — —v — p and therefore has the same set of solutions, denoted by K e End(C?"), satisfying Kt =K
with € = +1 or € = —1. The transfer matrix for an open spin chain with generic (invertible) boundary
conditions is then given by 75K (v) := tr(KS¥ (v)), where S (v) is defined by (2.17) and both K, K
are assumed to be invertible. Write K = AI°A’ for some invertible A € End(C?"). By Proposition
2.4, we have that ' (77K (v)) = tr(GS(v)) =: 7¢I (v) with G = IF(AY"1KA~'. In other words, the
spectrum of an open spin chain with generic boundary conditions coincides, up to an isomorphism, with
the spectrum of a spin chain with generic left and trivial right boundary conditions. The nesting method
presented in this paper can be applied to the cases when G is a block-diagonal matrix, viz. (2.24). Denoting
S(v) := S(v)G we can then apply the decomposition (4.1). Moreover, the exchange relations for the blocks
of § (v) remain unchanged, thus allowing us to reduce the diagonalization problem of 7! (v) to that of
t%(v;u) := tr(T(v;u)[G]a), a transfer matrix for a gl,-symmetric spin chain with periodic twisted boundary
conditions; here [G]4 denotes the upper-left block of G. The residual diagonalisation problem for t&(v; )
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may then be solved by the nested algebraic Bethe ansatz only if [G] 4 is a diagonal matrix. For a non-diagonal
[G]4 some other methods, such as separation of variables or functional relations, need to be used; for the
six-vertex models see e.g., [BBRY, Gal, for the higher rank cases see [WYCS].

Remark 4.2. The open spin chains of this type (with “soliton non-preserving” open boundary conditions)
were first considered by Doikou in [Do]. Let ¢ € 2N. Then, for each i € {1...,£/2} let L(AZ~1),,. |
(resp. L(A®Y),,,) be the fundamental (resp. the anti-fundamental) representation of gl,,,. Fix the boundary
representation M (1) to be a one-dimensional representation of s09,, or sp,,,. Doikou showed that such a spin
chain can be equipped with a local Hamiltonian having interactions up to four nearest neighbours.

4.1. Bethe vector for a single excitation. To introduce the nesting technique, we start by constructing
the Bethe vector with a single excitation, i.e., m = 1, as this case allows us to expose the main idea of
our approach while keeping the technical difficulties to the minimum; for example, in this case we find the
unwanted terms without additional computations. Recall the definition of the vacuum sector M° (3.20) and
the nested vacuum sector M’ (3.22). For m = 1 we have M’ = Vi, @ V,, @ M. Let ® € M’, which we
will refer to as the nested Bethe vector. The vector ® may depend on u € C, hence we will write ® = ®(u).
Using the creation operators defined in Definition 3.1, we write an ansatz for the Bethe vector with a single
excitation

(4.2) U(u) := Baya, (u) - P(u) € M.
We now compute the action of the transfer matrix 7(v) on this Bethe vector. Using Lemma 3.4 we have
7(v) - W(u) = {p(v) tr A(0)}" Bayaq (u) - @(u)
= Basar () tra ({p(0) B0 (u = 0) Rlyu(—u—v = p) Aa(0)}") - ()
s (D ] Res ()R — ) Rl = 0= pAsw)} ) - (0

pu) lu—wv
= v (1) {p(0) (050} - ()
L) T Res o)t w) - B
(1.3 s 2 )} Re ()t} o)

The first term in the r.h.s. of the equality above is the wanted term, as the parameter carried by Sz, q, (u) is
unchanged. The second term has 3,4, (v) and is the unwanted term, which we will require to vanish.

Let us now make the additional requirement, which we will justify later, that vector ®(u) is an eigenvector
of the nested transfer matrix ¢(v; u) with an eigenvalue I'(v; u):

(4.4) t(v;u) - P(u) = T(v;u) D(u).

This allows us to rewrite (4.3) as

L
p(u)
— Aw;w) (u) + Res A(w;u) —— { p(v) ﬂalal(v)} LB (u),

w—u p(u) u—v

r(0) () = ()T 0} W)+~ Res (ol Twsn)}” { 2D g, 0] - 0w)

where A(v;u) = {p(v)T'(v;u)}’. We thus conclude that ®(u) is an eigenvector of 7(v) with eigenvalue
A(v;w) if
Res A(w;u) = 0.

w—u

This is the Bethe equation for u, solutions of which, by (4.2), give a set of possible eigenvectors of 7(v).

It remains to find a nested Bethe vector ®(u) satisfying (4.4): we seek an eigenvector ®(u) € M’ of
t(v;u). By Proposition 3.13, the nested monodromy matrix T, (v;u) and the nested vacuum sector M’ form
a Y (gl,)-system. The spectral problem of this system can be solved by means of the usual nested algebraic
Bethe ansatz presented in [KuRs|, which we have recalled in detail in Appendix A. For example, the ansatz
for ®(u) has the form

m/’

O(u) = ®(uu) = By (uy) -+ By (up,) - @' (w5 0),
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where v’ = (uf,...,ul,,) € C™ and B(’l,j (u’;) are creation operators taken from the Ty, (v;u). Continuing this

nesting procedure, we obtain an eigenvector ®(u;u’) with eigenvalue, see (A.22),

m’ 1 m( (n—1)
v—u; +1 v —u; -1
L(v;u) = A1 (v;u) H — 5+ M(viw) H — o
-1 VU =1 VT
n—1 mF—1 (k— 1) m( )
v — u + 1
S T S
k=2 =1 j=1

where A;(v;u) are given by (3.13) and the ul(-k) with 1 < k <n — 1 are parameters introduced at level k of
nesting when diagonalizing the gl,,-symmetric periodic spin chain. These parameters are fixed to be solutions
of their respective Bethe equations, given in (A.23).

The boundary eigenvalue A(v;u) and Bethe equation for u can then be found by substituting the values
for A\g(v;u) from (3.23) into the above expression. These are given explicitly for multiple excitations by
Theorem 4.3 in Section 4.4.

4.2. Bethe vector for multiple excitations. For multiple excitations the argument proceeds similarly
to the previous section. Recall that m € N is the excitation number and w € C™ is an m-tuple of distinct
nonzero complex parameters. Let ®, the nested Bethe vector, be a vector from the lowest weight Y (gl,,)-
module M’ defined in (3.22):

PeM =V3,0--- @V, Ve, ®@---0V,, @ M°.

The vector ® may also depend on the parameters u, and we will write ® = ®(u). From the nested Bethe
vector, we make the following ansatz for the full Bethe vector:

(45) qj(u) = /Bdla1~~~d7nam (u) : (b(u) € M'
We now act with the transfer matrix 7(v) on this Bethe vector. Using Corollary 3.9 we find
P(0) - (1) = Barar..amar, () {p(0) E(v; )} - ®(u) + UWT.
The unwanted terms UWT are less simple than in the m = 1 case, and will be discussed in detail in the

section below. With the expectation that the w may be chosen such that the unwanted terms vanish, the
Bethe vector ®(u) will be an eigenvector of 7(v) if we take the additional requirement, as for m = 1, that

(4.6) t(v;u) - (u) =T'(v;u) P(u).

We therefore seek an eigenvector ®(u) € M’ of ¢(v;u). This is found again by the algebraic Bethe ansatz
for Y (gl,,) with the full quantum space M’ and monodromy matrix T'(v, u).
From here, proceeding as we did in the m = 1 case, we have that

(4.7) T7(v) - V(u) = Alv;u)V(u) + UWT, where A(v;u)= {p(v)T(v;u)}"

4.3. Dealing with unwanted terms. In this section, we will find an exact expression for the unwanted
terms from the action of 7(v) on the Bethe vector and, by setting these terms to zero, we will obtain the
Bethe equations.

We begin by introducing some notation for the unwanted terms. Let U(v;u) denote the terms initially
excluded from the expression in

T(U)Bdlalmlimam (U) = ﬁ&1a1~~~&ma7n (u) {p(’l))t(’l); u)}v + U(U; u)
To find an expression for U(v; u), begin by acting on Sz, q,...4,.a., (4). By repeated applications of (3.10), as in
Lemma 3.8, we may move A, (+) through each of the remaining creation operators in 8z, a;...a,, a., (&), generat-
ing a sum of terms in which the rightmost operator is a matrix element of A,(u) for u € {v,u1, ..., um, —v—
Py —UL—p, ..., —Um—p}. To find a more concise expression for U (v; u), it will be useful to partition the terms
by the parameter appearing in A,(-). Let B denote the subalgebra of Y+ (gl,,,) generated by coefficients of

b;j(u) for 1 <i,j < n, the closure of which is guaranteed by (2.35). Then

Uv;u) = i (UJFJ(U;U) + U,,j(v;u)),

j=1
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where

n n
Us j(v;u) = Y By jaan(uy), E B_ jran(—u; — p)
k=1 =1

for some By j i € B® (C")®?™. Additionally, let us define U;(v; u) := Uy j(v;u) + U— j(v; u). We will now
proceed to find U; (v; w) using the standard techniques. Indeed, consider moving 7(v) through only the first
creation operator. From (3.10),

T(U) Bdl a1...0m am (U)

- (B (un) tr0 {p(0) Bl o1 — 0)RE, o (—1 — v — p)Aa(v)}"

L1 { p(v) e )}” Res tra {p(u) ala(ul—w)szla(—ul‘w_p)A“(w)}w>

p(’u,l) Uy — w—ruUl
1

(i) TT o)

j=i—1

X

.

I|
)

3

We focus on the second term here, which, upon taking the residue, contains A, (u;) and A,(—u; —p). As all
the entries of the m-tuple w are distinct, all contributions to Uy (v; w) must originate from moving A, (u1) and
Au(—u1 — p) through the remaining creation operators without any further parameter exchanges. Therefore,
by repeated applications of Lemma 3.8,

1

i) =~ L 2O g b TT (B TT Rags (s == ) ) Res (ottt}

p(ul) i—9 w—ruq

j=i—1

It now remains to find similar expressions for U;(v;u) for 2 < j < m. Recall Lemma 3.6. By repeatedly
applying such transpositions, we may apply an arbitrary permutation to the parameters w in the m-excitation
creation operator. For o € &,,, let u, denote the ordered set (uq(1), Uy(2), - -, Uy m)) Additionally, let o;
denote the cyclic permutation o; : (1,2,...,m) — (5,5 +1,...,5 —1). We have

/Bdlalniinlanl (u) = /BdlaLndnlam (uo'j ) Ral ceQm [0]] (u) ngll...dyn [0]] (u)

where R[o;](u) is the product of R-matrices that generates this permutation. Using this expression for
Baray..anan, (w) and following the argument above, we obtain an expression for U (v; u):

1 v om 1
Uk (1); 'U,) = {’U/I]:(i)’l} ﬂ&lal (U)} H <ﬂala1 Ug,, z) H ajal “Us(5) — Uok (i) — P))

p(ux) Pl i

x Res {p(uw)t(w bV Bar ool ]
k
By applying this to the nested Bethe vector, we obtain an expression for all the unwanted terms from the
action of 7(v) on ¥(u). However, in order to obtain the Bethe equations, we must assume one additional
property of the nested Bethe vector ®. We require ® = ®(u) such that:

Ra1a1+1(u UZ+1)Rai&i+1(ui — u1+1)<1>(u) = (I)(’UliHiJrl) for 1 S 7 S n— 1.

By Proposition 3.13 and Lemma 3.15, this is true for a vector generated by acting with the nested monodromy
matrix on the lowest vector

(I)(’LL) € spa’nC{t’iljl(wl;u)'"tinK(wK;u) N K > 07 1 < il;jla"'aivaK <n-— 1,'11) € CK}

The ®(u) constructed using the nested Bethe ansatz for Y (gl,,) will have this form, so we may simultane-
ously assume (4.6). Note that the action of R-matrices may be combined with (3.15) in such a way that
transpositions of the parameters u leave the full Bethe vector ¥(u) unchanged. Therefore, ¥(u) = ¥(u,)
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for all 0 € &,,. Acting on ®(u) with the expression for Uy (v; u) above, and summing over k, we obtain

m v om 1
U(v;u) - @(u) = Z ! { p(v) Barar (v } H <ﬂazaz Uy (i) H Raja, (o () = Uor(i) — p)>

k=1 pluk) Lup —v i= j=i—1

x Res {p(w)t(w;us,)}" ®(uy,)

e . w [ () :
=3 s s, G0N0} {2 o)}
1
X H (ﬁ&iai (U’Uk(i)) H Rajdi(_ugk(j) — Uy (i) — p)) '(I)(uUk)'
i=2 j=i—1

Note that we may use R-matrices to permute the parameters in (4.6) to show that T'(v;u,) = I'(v;u) for all
o € G,,. The Bethe equations are then extracted by demanding U(v;u) - ®(u) = 0. Since each summand is
independent, we obtain

Res {p(w)T(w;u)}" =0 for 1<k<m

wW—r Uk

or, more concisely

(4.8) Res A(w;u)=0 for 1<k<m.

w—rUE

4.4. Boundary eigenvalues and Bethe equations. From the algebraic Bethe ansatz for a Y (gl,,)-system,
we have explicit values for the eigenvalues of the nested system, see (A.22),

me v — u(l) +1 m v — u(" b1
L(v;u) = A(v;u) H — 5 T () H ﬁ
vy

i=1 VU i=1

mk=1) (k—1) 1 m )

s v —u, - v—u +1
+ Z )\k ('U7 ’LL) H v _Zu(.kfl) H t k)
k=2 i=1 i

i=1 VT U

where Ay, (v;u) are given by Proposition 3.13. (Note that the (i + 1)-th level of nesting for Y *(gl,,,) corre-
sponds to i-th level for Y (gl,,).) The parameters uz(-k) satisfy the appropriate Bethe equations of Y'(gl,,) given
n (A.23). The full eigenvalues A(v;u) = {p(v)T(v;u)}" of the Bethe vectors, cf., (4.7), are then obtained

by substituting our values for Ag(v; w) from (3.23). This leads to the following statement.

Theorem 4.3. The eigenvalues of the Bethe vectors for a Y *(gl,,,)-system are given by

2vl+p) L(v;u) + (1$ )F(—v—p;U),

(4.9) A(v;u) = (1 + 20+p

where

‘ , m
I(v;u) = lﬁ[v_cj—kgj),v+p+ca‘+kéﬁ) H“_“§1)+1 vt (pE1)/2 —m
7 - UG vtptg v—uz(-l) v+ (pt1)/2

j=1 i=1
n ﬁv—cj—)\glj) v—l—p—l-cj—l-/\n“ ﬁv—ui—i—l v+p+u;+1
e v —Cj v+ p+c g VT v+ p+u

m(—D n—
. Hl”—“‘ V1) (kD2
D vt (pE1)/2
! ﬁv—cj—)\(j) v+p+cj+A;Zl)_k+1
v —Cj v+ p+c

k:2

m*=1 (k=1) _ m® (k)
: (k 1) v —u® v+ (p£1)/2 '

i=1
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By (4.8), the Bethe equations for u are found by demanding that the residue of the eigenvalue (4.9)
vanishes at each of the uj, with 1 < k& < m. Evaluating this residue and using the fact that the Y *(gl,,,)-
system reduces to a Y (gl,,)-system we obtain the following.

Theorem 4.4. The Bethe equations for a Y *(gly,)-system are given by (A.23) and

uk+(P—1)/2.Uk+(P:F1)/2+/Ln Huk_ui_l.uk‘Fui"’p_l
(

we+ (p+D/2 un + (0 ED)/2 = o \ o ur —wi + 1wt ui +p+ 1
. . m=1 e o
(411) = Taum—ci =M ot + AT, II uptp+ul = a1
j=1 uk—cj_)‘gzj-?-l u;g-i-p—i—cj—i—)\%j) pale} Uk-i-p—l—ugn*l)_yl U]g—ugnil)

for 1<k <m.

Remark 4.5. The condition (A.21) is equivalent to the vanishing of the residue of A(v;w) in (4.9) at each of
the ugk), which is the expected Bethe equation for a system of equations.

Remark 4.6. The eigenvalue A(v;u) for a Y *(gl,, )-system, when the evaluation module M (1) of Y *(gl,,,)
in (2.21) is a one-dimensional, was calculated in [ACDFRI1] by means of the analytical Bethe ansatz. By
shifting the roots of the equations and introducing the assumption that the roots come in pairs, one can
recover the eigenvalue found in [ACDFR1] from (4.10) and (4.9). However, this assumption appears to be
unnecessary for the algebraic Bethe ansatz.

4.5. A trace formula for the Bethe vectors. Recall the trace formula for the Bethe vectors for the
closed gl,,-symmetric spin chain [BeRal, TaVa]. This formula allows us to write an expression of the nested
Bethe vector of the residual Y (gl,,)-system in terms of a trace of elements of the nested monodromy matrix
as follows:

1 n—1
q)al,...,am,dl,...,&m (U, u( )7 s 7u( ))

n—1m™ n—1k—1m®™ 1
ooy (T 70 TLITIT T )

k=1 1i=1 k=2 1=11=1 j=m©®)

(4.12) x (e21)®™" ® - ® (en,n1)®m(n1)] -7,

where the trace is taken over the space V := V1 ®--- ® Vanf(l = (C™)E™ with m = 27" m® and 5 is
m(n—1

the lowest vector (3.24) of the nested vacuum sector M’, c.f. (3.22). Our goal is to extended this formula for
Bethe vectors (4.5) of the Y*(gl,,, )-system.

Recall the notation from Section 2.3. The R-matrix (2.5) acting on C?" ® C?" is denoted by R(u) and the
matrix units of End(C?") (resp. Endy (C?)) by e;; for 1 <i,j < 2n (resp. z;; for 1 < 4,5 < 2). We will use
symbols W, (W,,, Wa,, W, ...) to denote copies of C2"; symbols V, (V,, Va,, Var, ...) will be reserved for
copies of C™. When necessary, we will write (e;;), to indicate that e;; € End(W,), and similarly for (z;;)q
and (e;;)q; here recall (2.25).

Proposition 4.7. The Bethe vector for the Y*(gly, )-system can be written as

U (u, u® . ,u("fl))

m =1 n—1m®
= tryy lH << [I R a (—uj = - p)) Sy (ur; u, ... ,u(”l))> < TT I S (uE’”))

=1 k=1 1i=1

n—1k—1m® 1
m m® (=1
(4.13) x(H IT II Rafa.wl(-’“)—u;”))<en+1,n>® @ (e21)"™" @+ @ (enn-1)® ]5
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where the trace is taken over the space W := W,, @ @ W, ® War @ @ W, > (C2m) @+ yith,

m(n—1)
m=y.., Ym®@ ) and

n—1m
(4.14)  Su(u;u®, .. uD) ( 11 H R, (—u—ul"—p ) <HHIR ““’)

k=n—1 j=mk) k=1 1:1=1
and & is the lowest vector of the Y*(gl,,)-module M defined in (2.21).

Proof. We start from (4.5), with ® replaced by (4.12),

\I/(uv u(1)7 cee 7u(n71))
m 1 n—1m®
k
= trV lH (Bdlal (Ul) H Rajdz(_uj —u; — ) ( H H T ( ) )

n—1k—1m® 1
(4.15) X ( H H Rafaé (ugk) - u;-”)) (621)®m(1) 2 ® (en.’nl)®m(7l1)‘| .

The proof shall proceed in two steps. First, we shall rewrite the above formula in terms of the B-block
operator, c.f. (2.24), rather than creation operators 8, which will allow us to introduce a trace over the
corresponding auxiliary spaces. Then, from this formula, we will argue that the n x n matrix operators B,
T and R may be replaced by their 2n x 2n counterparts to complete the proof.

Note that, by commuting matrices which act on different spaces, the creation operator and the product
of nested monodromy matrices may be reordered as follows:

m 1 m m 1
11 (Bdlal (w) [ Raya(—uj—w - p)) = (Hﬁfllal (m)) (H I Raja(—u; —uw - P))
=1 j=l-1 =1 =1 j=1—1
and
n—1m n—1m) m m
[T 7wy = TT T1 ( RL o (u —uE’“))(HRzma—ul—ui’“)—p>>Aa¢s<u§’“>>]
k=1 i=1 k=1i=1 L\i=1 ! =1 !

:<ﬁ( o)) )(ﬁ w (= — “)(ﬁnﬁ)m ’“)

k=1 i=1

where we have introduced
1 1
(4.16) Ryu)= [[ JI Raar(u—u™).
k=n—1 j=mk)

Dependence on uV), ..., u(™1) has been omitted for clarity. Note also that, as a product of R-matrices,
R, (u) satisfies the RTT relation

Rap(u — v) Ry (u) Ry (v) = Rp(v) Ro(u) Rap(u — v).
Including these new expressions in (4.15), we make the following reordering,

i o) o) )

1=1j=I—1

m 1
(H( [I Rea u-—ul—m)Réle <ul>> (HREL(—ul—p)).
=1 \j=Il-1 =1
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We now proceed to make repeated applications of the RTT relation, in a similar manner to the proof of
Lemma 3.8. For example we have, at the centre of the expression,

1
< H Ra;a — Um — p)) RZZR (um) Rflall (—u1—p) - RZZ” (—tum—p)
Jj=m—1
t t !
a U — ayn tam
- Rall (_u’l _p)'.'Ranlfll (_umfl _p) < H Ra _um _p)> Ranl (_um _p)
j=m-—1

Continuing inductively, we obtain the equality

() R LA
1=1 \\j=i-1
R

i)
=1

Therefore, (4.15) is equivalent to

U (u, uV . ,u("_l))

m 1 n—1m®
~try [H <ﬂ () B (ul>( I p>> R m) ( e (ugm)

k=1 i=1

n—1k—1m® 1
(4.17) X ( H H Rafa; (ugk) . u;l))(em)@m(l) Q- ® (emn_l)@m(nl)] .

To obtain an expression in terms of the B-block operator (as opposed to the creation operator ), we utilise
(3.7). Indeed,

U (u, ul . ,u("_l))

= trys > (H((HRW Ul—P)>Raz(—ul—P)Baz(uz)Rttﬁl(ul)))

51,T15--,8m Tm

n—1m®
®e:1®...®e:m®e:1®...®ezm (HHAaf(ugk))>

k=1 i=1

n—1k—1m® 1
g <H ITIT II Rera —UE-”)> (e2)®™" @+ @ (en-1)®™" | .

Recall that n = (e1)®™ ® (e1)®™ ® €. After contracting the dual vectors with the vector 7, the resulting
matrix element may then be written in terms of a trace over V :=V,, @ --- ® V,, = (C")®™, using the
identity (M);; = tr(Me;;). This gives the expression

\I/(u,u(l), e u("*l))

m 1 (O
=try [H((HRG]GL - '-W-ﬂ))Ral(—ul—p)Bal(ul )(H HA (k)>

=1 k=1 i=1
n—1k—1m® 1 o )
(4.18) x (HH II II Ra;.cagwi’“)—u§-l>>><eln>®m®<em>®m © - ® (enna1)®™ ]-5.
k=2 I1=1 i=1 j=m®

It remains to show that this expression may be rewritten in terms of the original monodromy matrix
S(u) and the R-matrix R(u). We will do this by showing that the expression (4.13) reduces to the above
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expression (4.18). We put S, := So(u; u®, ..., w(1) and rewrite the r.h.s. of (4.13) as
m -1
trW[(H ( szjal (_U’j — U — P)) ga;) (en+1,n)®m
=1 \ j=1
(4.19) ® (AR((em)@mm R - ® (en,n—1)®m(n1)))1 -&,

where operators A and R denote the products in the third line of (4.13). Recall (2.25) and write (e, 11.,)®™ =
($21)®m ® (eln)®m and
m) mn=1 ™ m® m(n=1
(e21)® ® @ (enn1)® = (211)®" @ (e21)® ® @ (epn_1)? .

From (2.27) we see that

Rrql (ut — ul) (@11) 00 (@110t = (@11) 0t (11) gt Rot

i J K3 J
Moreover,
Sor (W) (@11) 4 = (211) g A (™) + (w21) e Coe (u™).

Since Cx (ugk)) - € = 0, we can neglect the C' operator above. Therefore we can replace AR ((e21)®m(1) ®
. .®(en1n71)®m("71)) in (4.19) with (z11)" ® (AR ((621)®m(1) ®--® (en,n,1)®m(n4))), where operators A

and R denote the operators in the third line of (4.18). Now set U := (C?)®(m+7) and consider the expression

m -1
(4.20) try KH ( IR (—uy = — p)) S*al> (221)®™ @ (xu)m] :

1=1 \ j=1
To complete the proof we need to show that the trace above is equivalent to the operators in the second
line of (4.18). Observe from (2.27) that operators R and IR’ acting on tensor products of x11’s and xa1’s
preserve their numbers in the tensor product. Hence the trace (4.20) is only nonzero when each S,, maps
(221)q, t0 (211)q,- In particular, using (2.27), and the notation (4.16), we find that
A _ p— _ _ J— ta
Sy (21)%W @ (210)™ T = (221)2Y @ (211)" T Ry, (—wi — p)Bay (w) Ray' (w) + (),

where (...) denotes the terms that do not contribute to the trace. Moreover,

-1
( H Rfljal (—uj —w — P)) (I21)®(l) & (a:ll)m*”m
j=1

-1

= (291)%0 @ ()T ( H Rfljal(—uj —uy — p)) + (..,

j=1
where we have used the same notation as above. Hence the trace (4.20) is indeed equivalent to the operators
in the second line of (4.18). This completes the proof. O

The trace formula (4.13) allows us to obtain the explicit form of the Bethe vectors in terms of the matrix
elements of the monodromy matrix S (u).

Example 4.8. Letn>2, m>1 and mV) = ... = m»=1) =0. Then
m 1—1
wi+u; +p+ 1
U(U, ..., Uny) = = spmar(w) | €.
o = (L ([ 525 )

Example 4.9. Let n>2, m =mD =1 and mY) =0 for all j # i. Then

U(uy,uf’) = <Sn,n+1(ul)5i,i+1(ugi))

1 u —ul? —1 i
+ @ ( g Simr1 () Sn,2ni+1(ul)> Smyit (uf ))> 3

Uy — Uy UL+ Uy +p
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Example 4.10. Let n>2, m =2, m® =1 and mU) =0 for all j # i. Then

uy +us+p+1
Uy +uz +p

(@)

U (ur, ug,ui) = <Sn,n+1(u1)Sn,n+1(uz)5i,i+1(u1 )

1
- <7(Z) Snon+1 (ul) Sn,2n—i+1 (Uz)

Uz — Uq

(9) "
U —up —1 1 wpt 0l 4 p4 1
- 1 @ (0) Snont1(u1) Sinp1(uz) + 1 o
U2 — Uy U +uy’ +p o —
(9)
Uy — U —1 i
" 1# Sint1 (U1) = Sp2n—it1 (1) | $pnri (u2) | s () ] ] &
u1 + Uq +p

Remark 4.11. Note that in Examples 4.9 and 4.10 sn1i+1(u§i)) -&=0unless i =n — 1.

APPENDIX A. NESTED ALGEBRAIC BETHE ANSATZ FOR Y (gl,)

In this appendix we give, in full detail, the nested algebraic Bethe ansatz for the Yangian Y(gl,,), first
constructed by Kulish and Reshetikhin in [KuRs], to which the algebraic Bethe ansatz for the twisted Yangian
Y *(gl,,,) reduces. Many technical details are omitted in loc. cit. (especially the steps required to derive the
explicit form of the unwanted terms; these steps are also omitted in [BeRal]). Our aim is to fill in these
gaps and provide the reader with complete details. We assume that the full quantum space L of the system
is a tensor product of the evaluation modules of Y (gl,,), as defined in (2.10),

(A1) L:=LO\W), @ LA, ®...® LAY,

with the lowest weight A(u) given by (2.13) for 1 < ¢ <mn.

A.1. Exchange relations. Consider the Yangian Y'(gl,,), as defined in Section 2.2. The R-matrix is R(u) =
I —u='P € End(C" ® C")[[u"!]], and the generating matrix T, (u) € End(V,) ® Y (gl,,)[[u"?]]; here V, = C"
is an auxiliary space. We will refer to T, (v) as the monodromy matrix.

Let V! = C"! and Va(k) = C" % for any 0 < k < n, so that V, = Va(o) and V! = Va(l). We begin by
splitting the auxiliary space V, = C 4+ V. Accordingly, the monodromy matrix T, (u) splits as follows:

To(u) = a(u) | By(u) 7
Co(u) | Dg(u)
where «(u) = t11(u) and

Ba(u) = (ti2(w), ..., t1n(u)) e (V) @Y (gl,)[[u1]],
Ca(u) = (tar(u), ... tn1 (u))" eV, @Y (al,)[[u]],

tgg (u) e tgn(’u)
Dq(u) = : : € End(V;) @ Y (gl,,)[[u™"]).

tno(u) ... tan(uw)

In particular, B, (u) is a row-vector and C,(u) is a column-vector. It will be convenient to denote the matrix
entries of B,(u) by 6;(u) with 1 <14 <n —1, and similarly for C,(u) and D, (u). Additionally, we introduce
a reduced R-matrix R'(u) acting on C"~1 @ C"~ 1,

n—1
Ru):=1-u! Z e, @e; =I1—u'P.

ij=1
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The defining relations of Y (gl,,) imply the following exchange relations for «(v), B,(v) and Dy (v):
v—u-+1 1

(A2) @(v)Ba, (u) = ——— Ba(u)@(v) = ———Ba(v) @ (u),

(A.3) Da(v)Ba, (4) = Ba, (u) Da(v) R, (v —u) + ﬁBal (v) Da(u) Py, ,
(A4) Bu, (0) Bus (1) = ————Bus (1) By, (v) Rl 0, (v — w),

along with an RT'T relation

(A5) R:llllz (u - U) Dal (’U,) Daz (U) = Daz (U) Dal (u) R:llllz (u - U)'

In particular, the coefficients of the matrix entries of D,(v) generate a subalgebra Y (gl,,_;) C Y (gl,,) (note
that this is not a Hopf subalgebra). Two additional relations will be used, which can be stated more clearly
in terms of individual matrix entries of Ty, (u). For any 1 <4,5,k <n—1,

(A.6) or(u)dij(v) = dij(v)er(u) - (dij(w)ci(v) = dij(v)ci(u)),
(A7) [ (0), iy ()] = —— (B5(u) i(0) — 6;(0) s(w).

u

u—v

A.2. Exchange relations. We now use the exchange relations stated above to establish algebraic relations
that will be important in the nested algebraic Bethe ansatz.

Choose m € N and introduce an m-tuple w = (u1,...,uy) of formal parameters. Let V, ,..., V] be
copies of V|. The creation operator for m excitations is

%al...am (U) = Ba1 (ul) e Bam (um)

The operator By, .q,, () is a row-vector in (V, )*®...@(V, )* with entries in Y (gl,,)[u1, ..., wm)[[ui ", ..., u; 1]
The parameters carried by B, .4, (u) may be exchanged by the braided R-matrix defined by

(A.8) R (u) = —2

R'(u)P'.

u—1
This R-matrix allows us to rewrite (A.4) in a more elegant form,

Ba, (1) Bay (u2) = Ba, (u2)Ba, (1) R, . (u1 — us).
Consequently, for m excitations, we have that
(A.9) Bay..a,, (W) = Bay . a,, (uiHiJrl)R;mHl(ui —uip1) for 1<i<m-—1,

where we used the notation (3.14).
We now move the «(v) and D,(v) operators through the m-excitation creation operator. Consider first
the action of «(v) on B, .. .q,, (u),

@(v)Ba, .0, (1) = (w 1

By, (u1)e(v) —
v—uy al( 1) () v —uy
Note that we may repeatedly apply this relation to move «(v) through each of the excitations, resulting in
a sum of 2™ terms in which «(-) is the rightmost operator. From this sum we note that there is a unique
term in which «(v) retains its parameter each time we apply (A.2). We will refer to this term as the wanted
term, and the other terms as unwanted terms (UWT). Then,

Ba, (U)@(ul)> By, (u2) - -+ Ba,, (um).

Cv— w41
(AlO) O“(U) %m...am (u) = 1:]1: TUZ %m...am (u)a(v) +UWT.
The unwanted terms will be discussed in detail in Section A.4.
The wanted term for the action of D, (v) on By, .. 4, (u) is found similarly. From repeated applications
of (A.3),
Do(v)Bay..a,, (U) = By o, (W) Da(V)RLy (0 — )+ Ry (v —u1) + UWT.

A, aa

Here note that the rightmost matrix acting on the auxiliary space V is

(A.11) T, (v;u) := Do(v) Ry (v — ) - Ry (v —up).

a;al...am A, aay
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We will refer to this matrix as the nested monodromy matriz. The nontrivial action on the auxiliary spaces

Vi ..., V, will often be omitted for clarity, and we will write instead simply T}, (v;u). Using this notation
we get
(A.12) Do(v)Ba,y...a,, (W) = Ba,..a,, () Ty (v;u) + UWT.

The nested monodromy matrix satisfies the following properties.
Lemma A.1l. The matriz T.(v;u) satisfies the RTT relation,
Rl (o — )T (05 0) Ty w5 ) = T} (w3 0) T (05 ) Rl (0 — ).
Proof. Starting from the Lh.s. of the equation and using the definition (A.11) of T/ (v; u),
Lhs. = Ry (0 — 0) Dy (0) Ry, (0= tin) -+ Ry (0= 43) Dy(0) Rl (10 = tn) -+ Rl (0 — 1)
Ry (v = w) Do (0) Dy (w) Ry, (V= tin) Ry, (0 = ) -+ Rpg, (v — 1) Ry, (0 — 1)
= Dy(w) Da(0) Riy (v — w) Ry, (0 = tm) Riyy,,, (w0 = tm) - -+ Ry, (v = un) Ry (w —wa) by (A5)
= Dy(w)Dqa(v) Ry, (W —tum) Ry, (0= tm) -+ Ry, (w — u1) Ry, (v —ur)Ryy(v —w) by YBE

adm aa

= Ty(w;u)Th(v;u) R, (v — w). O

D
D

By the above Lemma, the matrix T (v;u) is a homomorphic image of the generating matrix 77 (v) of
Y (gl,,_1). We may use R-matrices R’ to exchange the ordering of the parameters in wu.

Lemma A.2. Matriz elements ti;(v;u) of Ty(v;u) satisfy the relation:
szlalﬂ( — uigp1) ty (v;u) =t (v; Umiﬂ)R;aM( — Uit1).

Proof. Moving Ra aips (Wi — uit1) from left to right through each of the R-matrices in the definition (A.11),
the R-matrices with which it does not commute will undergo parameter exchange u; <+ ;11 due to the
(braided) Yang-Baxter equation:

R/ ( — Uj+1 ) RI

Qi Qg1 adg41 (

v —Uit1) R, (v —ui) = R, (v —ui) Ry, (v — ui1) R,

a1 Qi1 (ul - U’H‘l)'

The required identity is now immediate. O

We now construct a finite-dimensional vector space, called the nested vacuum sector, which the matrix
T (v;w) will act on. Denote by L(A()2 the subspace of the Y (gl, )-evaluation module L(A®),, consisting
of vectors annihilated by all operators ¢;(u), namely

LD = {¢e LAD),, : ¢;(u)(=0for 1 <j<n-—1}.
This subspace corresponds to the natural embedding gl,,_; C gl,, and is an irreducible lowest weight Y (gl,,_1)-
module with the lowest weight given by
(A.13) Ni(w)? =Ny1(u) for 1<i<n-—1
and A;(u) defined in (2.13).
We define the vacuum sector L° C L by
0 1)10 2)\0 010
L= o LY ®...0 LAY,

By the initial assumption, the space L is an irreducible Y (gl,,)-module. Then, by Lemma 6.2.2 and Theorem
6.5.8 in [Mo3], the space L is an irreducible Y (gl,,_;)-module. In particular, the space L° is annihilated by
all operators <;(u),
LO={CeL : ¢i(u)-(=0 for 1<i<n-—1},
and is stable under the action of the operators «;;(u) for 1 <4,j <n —1, see (A.6).
Each auxiliary space V; is a vector representation of the Lie algebra gl, ; of weight \" = (1,0,...,0)
and may be viewed as an evaluation module L()'),, of Y(gl,,_;) with the lowest weight given by

u—u; —1

(A.14) N (u) = and Nj(u)=1 for 2<j<n-—-1.

U — U
In particular, the generating matrix T}, (u) of Y (gl,,_;) acts on L(X),, as R, (v — u;).
We have now all the necessary ingredients to define the nested vacuum sector

(A.15) L'=L"V, @& -aV,.



30 ALLAN GERRARD, NIALL MACKAY, AND VIDAS REGELSKIS

Proposition A.3. Let T'(v) denote the generating matriz of Y (gl,_,). Then the map
(A.16) Y(gl,_1) = Y(gl,) ® End(Va’m R ® Va/l), T (v) = T (v;u)
is a homomorphism of algebras. Moreover, it equips the space L' with a structure of a lowest weight Y (gl,,_1)-

module with the lowest weight given by

£ () m
AP —e -1 w1
A’l(v;u):”v 2 9 ”v el and
UV — Uk

(4)
1 v—= Ay —¢ _
(A17) j=1 ‘2 J o k=1
¢ v—)\(-J)—c-—l
)\;(v;u):H H'(lj) 2 for 2<i<n-1.
=1 VA TG

Proof. The homomorphism property follows from Lemma A.1. We already know that L° is an irreducible
Y (gl,,_;)-module. Tt follows from (A.11) and (A.15) that the space L’ is stable under the action of T/, (v; u).
Thus the map (A.16) equips the space L’ with a structure of Y (gl,,_;)-module with each tensorand a lowest
weight Y (gl,,_;)-module. The lowest vector is

n—1

(A.18) N=me--- e ey,

where each n; is a lowest vector of L(A(i))gi for 1 <4 < ¢ and each €] is a lowest vector of V, for 1 <i<m
(viewed as an evaluation module L()\'),,). Finally, acting with ¢, (v;u) on n for 1 < ¢ <n and using (A.13)
and (A.14) yields (A.17). O

Lemma A.4. For any vector ¢ € L' we have that «(u) - ¢ = A\ (u)C, where A1(u) is defined by (2.13).

Proof. By Proposition A.3 we know that L' = Y (gl,,_;)n for n defined in (A.18) and <;(u) - L' = 0. Using
(A.7) and definition of t};(v;u), we find that [ (u),t};(v;u)]-( = 0 for any 1 <4,j < n. Hence it is enough
to act with @ (u) on the lowest vector 1, which yields the required result. O
A.3. Nested algebraic Bethe ansatz. We are now ready to consider the nested algebraic Bethe ansatz
for a Y(gl,,)-system. The monodromy matrix T, (v) acts on the space L in (A.1) by

To(v) - L= (H Lai(v— ci)>L € End(C") ® L{[v™1]).

The transfer matriz is defined as
t(v) := try Tu(v) € Y(gl,)[[v1]).

Taking the trace of the RTT relation reveals that [t(v),t(u)] = 0, and so t(v) is a generating series for
conserved quantities. We diagonalise t(v) by means of the nested algebraic Bethe ansatz, adhering closely
to [KuRs]. In particular, we construct an ansatz for our eigenvector recursively, at each stage reducing
the diagonalisation problem to a similar problem with a smaller symmetry algebra, relying on the chain
of subalgebras Y (gl,) D Y(gl,,_1) D --- D Y(gly) and the irreducibility criterion of a tensor product of
evaluation modules.

Recall the definition of the full quantum space (A.1) and the nested vacuum sector (A.15). Let & € L'.
We will refer to this as the nested Bethe vector, imposing additional properties in a later section. The ansatz
for the eigenvector of the transfer matrix, the Bethe vector, is given by

(I)(u) = 93al..,am (’LL) -®' ¢ L.

Since L is a finite dimensional vector space, the parameters u; € uw can be evaluated to nonzero complex
numbers, hence from now on we will assume that w € C™ is an m-tuple of nonzero complex numbers. To
find the eigenvalues and Bethe equations, we act on the Bethe vector with ¢(v) = @ (v) + trg Dg(v). Using
(A.10) and (A.12) we write

t) - D) = Ba,...a., (u) (H VUit ) 4t T u)> -+ UWT.
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By Lemma A4, a(v)-® = A\ (v)®’'. We now impose that &’ is an eigenvector of the nested transfer matrix
t'(v;u) :=tr, T)(v; u), with the eigenvalue I (v; ), namely

(A.19) t'(vyu) - @ =T (v;u)d'.
With this condition, the full action of the transfer matrix is diagonal, plus unwanted terms,
v — w4 1 ,
(A.20) t(v) - ®(u) =T(v;u)®(u) + UWT, where TI'(v;u)= A(v) H — + I (v;u).
vV — Ug
i=1

Finding ®’ satisfying (A.19) defines another transfer matrix diagonalisation problem, namely for the Yangian
Y (gl,,_1). The monodromy matrix in this case is given by T, (v;u) and the full quantum space is the lowest
weight Y (gl,,_,)-module L’ defined in (A.15), so the problem may again be reduced by means of the nested
algebraic Bethe ansatz; this is ensured by Proposition A.3. For example, constructing the ansatz for the
nested Bethe vector, we fix m’ € N and introduce an m/-tuple v’ = (uf,...,u!,,) of distinct complex
parameters, so that

@ = @ (usw) = By (i) By (i) -2,
where, upon decomposing the nested transfer matrix 7/(v,u) in the same way as we did for T'(v),
il eL’0®Va’f/ ®-- V.

Here LY is the vacuum sector of L’ defined analogously to that of L, and each V’ ; is a gl,,_o-module of

weight M/ = (1,0,...,0). Repeating this process, we reduce the problem to a Y (gl,)- system the solution of
which is well known, see e.g., [FdTK].

The transfer matrix will therefore act diagonally on ®(w) if all the unwanted terms vanish. We will show
in the next section how this requirement leads to a set of Bethe equations for wu.

A.4. Dealing with unwanted terms. Recall (A.10) and (A.12). Introduce the following notation for the
unwanted terms:

v —u + 1
@('U) anl H U — U ag...am (u)@(v) + Ul (U7 u)?
i=1 v

tra Da(v)Bay .0y, (W) = Bay a,, (w) trg To(v;u) + Us(v;u).

By applying (A.2) repeatedly, we obtain an expression for U (v; u) as a sum of 2™ terms, in each of which
() is the rightmost operator. This inspires a further partition of the unwanted terms. Let B denote the
subalgebra of Y (gl,,) generated by the coefficients of the series 6;(u) for 1 < i < n — 1, whose closure is
guaranteed by (A.4). We decompose the unwanted terms U; (v;u) and Uz(v;u) by

u) = ZUl)j(v;u) such that Uy j(v;u) = By je(u;) and

n—1

u) = ZUg)j(v;u) such that Uz j(v;u) = Z Ba jikt A (uj)
= k=1

for some B j, B2 j.u € B® (Ct=H)®m[[v1]].

To find Uy 1(v; u), we begin by acting on By, .4, (v) with «(v). From (A.2), we have

v—up+1 1
———— Ba,(11) (v) -

UV — Uy vV — Uy

@ (v)Ba,..a,, (W) = ( Ba, (v) @(u1)> Ba,(u2) - Ba,, (tm).

Now, moving « (v) through the remaining creation operators, we note that the only contribution to U; 1 (v; u)
will be from the second term in the above expression, in the instance when there are no further parameter
swaps in the remaining commutations. Therefore,

1 v —uj+1
Uri(viu) = Tu—u JUQ p —Juj Ba, (v) Bay (u2) - -+ Ba,, (um) @ (u1).
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We can find Uz 1 (v;u) in a similar way. Acting with tr, Dy (v) on Bg, ...a,, (0),

aai (’U - ul)

try Do (0)Bay . a,, () = <Ba1 (u1) trqg Dy(v) R,

1

vV — Uy

Ba, (v) trq Da(u1) P(ial) Ba,(u2) -+ Ba,, (Um)-

As above, we move the D, (u1) operator through the remaining creation operators, and the only contribution
to UQJ(’L); ’LL) is

1

U211(’U;’u,) = _’U RS

Ba, (v) Ba, (u2) - - - Ba,, (um) tra (Da(ul)R:mm (1 — um) -+ Rl/laz (v— UQ)P(;al)-

Note that the operators to the right of D,(u1) act trivially on L, so this is indeed in the correct form. It
will be useful to rewrite this in terms of a residue as follows
1

UQ,I('U; ’LL) = v —uy Ba1 (U) Ba2 (UQ) e 'Bam (Um)

X Res trg (Da(w)wam (W — ) - Ry, (w0 — u2) R, (w — ul))

aa
w—ug 2

1
= Ba, (v) Ba, (u2) -+ - Ba,, (um) Res trg T (w;u).

vV — Uy w—uy

Proceeding this way we can find the remaining unwanted terms. Counsider the relation (A.9). We may use
this relation to transpose the parameters uw and, since the transpositions generate the symmetric group &,,,
we can apply an arbitrary permutation to the parameters prior to acting with «(v). Indeed for o € &,,,
let u, denote the ordered set (ug(l), Ug(2), -+ Uo(m))- Additionally, let o; denote the cyclic permutation
oj:(1,2,...,m)— (4,7 +1,...,5 —1). We have

Bay...am (W) = Ba,..a,, (udj )R:zl m [Uj] (u),

where R/, . [o;](u) is the product of R’-matrices required to realise this permutation. Acting now with
< (v) on the r.h.s. and following the argument above, we obtain an exact expression for U; ;(v; u), namely

1 u; —up +1 .
Upj(viu) = I H Ju‘ . Ba,...am (uoj,ujﬂv)@(uj)R:zl...am [o5](w),
ThAy T H

where Ba, ..a,, (Wo; uj—sv) = Ba, (V) Bay (Uj11) - - - Ba,, (uj—1). The expression for Uy j(v;u) obtained by the
same method. Indeed,
1 .
U2,j(U; u) = _v_—uj%al---am (uoj,uj—n)) wasl t/(U’; uaj)R:zl...am [Uj](u)'
Having found these expressions, the next step is to act with them on the nested Bethe vector to find the
full expression for the action of the transfer matrix on the Bethe vector. However, we will first make an
assumption about the form of ®'(u’; u), namely

o/

s (Wi — 1) @' (u'su) = ' (uswiipr) for 1<i<m—1.

This may be achieved if the nested Bethe vector is of the form

/

i (w17u) .. .tl

P’ (u';u) € spanc{t i Wiw) - D K >0, 1<y, 41, ik, jg <n—1,w e cHy,

where 7' is a lowest weight vector of L’. Indeed, for any such vector we may use Lemma A.2 to move
Raaiiy (Ui —uiy1) through the ti, j (wi; w), exchanging u; with u;1. Then, by definition and (A.8), 1" is an
eigenvector of Rg,q, 1 (ug — uiqr1) with eigenvalue 1. The nested Bethe vector constructed using the nested
algebraic Bethe ansatz is exactly of this form.

Note that this, combined with the relation (A.9), gives the parameter symmetry of the full Bethe vector

®(u) = ®(u,) for all o € S,,,. Applying the expressions for the unwanted terms to the nested Bethe vector,
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noting (A.19) and Lemma A.4,

;- 1
Urlosu) - @' (i) = ——— X)) [T 2000 G, (g, 0,0) - @' (0,

- j — Uk
k#j

Res I'(w; to,) Ba,...am (Uo, u;—v) - ' (U5 uq,).

V= Uy woYj

Uz j(v;u) - @' (u'su) = —

In fact, by acting with R’-matrices on ¢/ (v;u) - ®' (u'; u) = I (v; u) &’ (u'; u), we obtain I (v;u) = I’ (v; u, ).
Putting everything together, we have

w1
A1 ( uJ)H M+ Res TV(w;u)

u] — Uk w—ruj

Ui(v;u) + Uz (v;u) Z
j=1 k#j
X %a1...am (uaj,uj—w) : (I)/(’LL/; uaj)

m
Z v — U, wfgﬁi P(w;u)%al...am (uUj,uj—Vu) ' q)/(ul;ugj).

j=1

From (A.20), ®(u) is an eigenvector of the transfer matrix ¢(v) if the parameters u are chosen such that the
above expression vanishes. Since each summand is independent, we require

(A.21) Res D(w;u) =0 for 1<j5<m.

w—ruj

These are the Bethe equations for w.

A.5. End of recursion. Upon reducing to the residual Y (gl,)-system, we have the familiar 2 x 2 monodromy

matrix
(n—2) (n—2)
-2,y _ [ @ (v) & (v)
Ta (’U) - ( C(n72) (’U) d/(n72) (’U) :
Dependence on parameters wu, w0/, ..., u(" =3 has been suppressed. The RTT relation yields the relations
(n=2) () 62 (o) — L0 sy ) -2 () L g2 () o (D)
()60 () = LT (1) 6D ) = —— 60D (1) 0D ),
(n=2) (=2 () — LU L a2y (n-2) L -2,y 4 (n-2)
a (v)6 (u) = ﬁﬁ (u)d (v) + mﬁ (v)d (u),

(672 (v), 672 (u)] = 0.
The Bethe vector with m("~2) excitations is

(=2 () = 62 (" .. .{;(n%)(ui’;(ﬁ)m) =),

where 17("~2) is a lowest vector of the nested vacuum sector L("~2). The associated eigenvalue of the transfer
matrix t(*=2) (v) is

mn=2)

—u(r=2) 11
(n—2)/, .. (n—2)y _ \(n—=2), . (n—3) v-wm 7 +1
T (’U,’LL,..-,U ) )\1 (’U,’LL,...,U ) 1:]]; v_u(n72)
(n—2)
m —um=2) 1
(n—2) . (n—3) v-w T2
+ A5 (v;u,...,u ) H P =
=1 [

provided the u("~2) satisfy the Bethe equations

R(es . =2 (w;u,. .. u("_z)) =0 for 1<j5< m=2),
w—»u;li
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A.6. Full expressions for eigenvalues and Bethe equations. In this section, we unpack the recursion
steps to give the explicit expressions for the eigenvalues of the transfer matrix in terms of the parameters
of the Y (gl,,)-system. In order to match the notation used in the Bethe ansatz for the Y *(gly,) chain, we
begin by relabelling the spectral parameters as follows. For the initial step, relabel parameters u; — ugl
(k) 4D and m®) s mk+1)

i Yy
We use Proposition A.3 to rewrite the weights )\gk) (v;u,. .. ,u(k_l)) of the nested system in terms of the
weights of the initial Y (gl,,)-system,

and excitation number m — m), and for subsequent levels of nesting u

() &
m™ (k)

)\gk)(v;u(l), L u®) = Mg (v) H —JI — for 1<k<n-1 and
=1 UVTU
/\l(k)(v;u(l), cu®)y =) for 1>1, 1<k<n-—L
From the recursion relation in (A.20), a general expression can be found for T™*) (v;u™ ... w™=D), for
1<k<n-—2:
LR (™ w=D)

(n—2) m Y v—u" V-1 2 ) m v —ulth) 41
—\n=2) (1) (n—2) e S DD O] B D
=X (v;u', . ) H — oD —l—Z)\l (v;u', ... ut") H D
i=1 vy I=k i=1
(n—1) (1) (141)
m (n—1) n—2 m @) m (14+1)
v—u, -1 v—u, —1 —u, +1

= An(v) H W—FZNH(U)HW H R G

i=1 i I=k i=1 i i=1 i

We have thus shown the following.
Theorem A.5. The eigenvalues of the Bethe vectors for a Y (gl,,)-system are given by

W LN s B
I'(v) = Ai(v) H W + An(v) H W
i=1 i i=1 %
n—2 m® ( m{+D (1+1)
v—u; —1 v—u, +1
1=1 i=1 VU =1 VU

Recall also the Bethe equations (A.21) satisfied by parameters ug-k). In fact, comparing the above two

expressions, we note that equivalent Bethe equations can be obtained by demanding instead that the residue
of the full eigenvalue I'(v) vanishes at each ugk) for1 <k <n-—1,1<j<m®, Thisis exactly the condition
that the eigenvalue of the transfer matrix is analytic. We may now evaluate the residue to obtain the Bethe
equations in terms of \g(v) with 1 < k < n leading to the following statement.

Theorem A.6. The Bethe equations for a Y (gl,,)-system are

)\k(u;k)) m(lk_[m ug_k) D | u;k) —u® g | kD) ug.k) 4
Nepr(wf™) a1 e e Wl Y
2 o s a5
Ao(ui)) iLus) —ug) + 1wl — g
)\nf1(u§n_1)) mﬁz) u§n—1) _un? u§n—l) B
M) PR T T v ) R |

fori1<k<n-1 andlgjgm(k).
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