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Abstract. We consider XXX spin-1/2 Heisenberg chain with non-diagonal boundary con-
ditions. We obtain a compact determinant representation for the scalar product of on-shell
and off-shell Bethe vectors. In the particular case when both Bethe vectors are on shell,
we obtain a determinant representation for the norm of on-shell Bethe vector and prove or-
thogonality of the on-shell vectors corresponding to the different eigenvalues of the transfer
matrix.
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1 Introduction

The algebraic Bethe ansatz (ABA) [14, 15, 32] is a powerful method to study quantum integrable
systems. Besides the studying the spectra of quantum Hamiltonians, this method is also used to
calculate the correlation functions [18, 21, 25, 27]. The main tool for solving this problem within
the framework of the ABA is the calculation of scalar products of Bethe vectors. In this context,
it should be noted works [16, 17, 26] in which the norm of the Hamiltonian eigenstate (on-shell
Bethe vector) was computed, and also paper [31], where a compact determinant formula was
obtained for the scalar product of off-shell and on-shell Bethe vectors (OFS-ONS scalar product).

The results listed above concern models possessing U (1) symmetry. However, in real physical
systems this symmetry can often be violated, for example, because of non-trivial boundary
conditions. The study of quantum integrable models without U(1) symmetry has led to the
development of new techniques to perform the ABA [29]. Among the proposed methods such
as the off-diagonal Bethe ansatz [10, 11, 28, 33] or the separation of the variables [13, 22, 30],
the modified algebraic Bethe ansatz (MABA) allows one to understand this new method from
the ABA point of view [1, 3, 4, 5, 12].

This paper is a continuation of the series of works [6, 8, 9] devoted to the study of the MABA.

We consider closed XXX spin—% chain with the Hamiltonian

N
H:Z((ﬁf@ffﬁﬂ+Uz®gz+1+gi®ai+1), (1.1)
=1

subject to the following non-diagonal boundary conditions
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KR — R — K.+ RS K+ K"+ KL+ R o
YOy =1 5 - oy + 5 + o —i(Rky + kE_)o7, (1.3)
VoK1 = (kkq — Rk_)o] + i(Rk— + kk4)o] + (Rk + kyk_)o7F. (1.4)

The twist parameters {k, K, ky,k_} are generic complex numbers and v = Kk — kyk_. The
Pauli matrices' oy with o = z,y, 2 act non-trivially on the kth component of the quantum
space H = ®f€V:1Vk with Vj, = C2.

The main object of our study is the OFS-ONS scalar product. It was conjectured in [6] that
this scalar product admits a determinant representation similar to the one obtained in [24, 31]
in the case of the usual ABA. In this paper we prove this conjecture. The main tool of our prove
is an analog of Izergin—Korepin formula for the scalar product of off-shell Bethe vectors [20, 26]
(see (3.6)). This formula was generalized for the case of the MABA in [9]. In this paper we
specify it to the particular case when one of the Bethe vectors is on-shell. This allows us to
compute the sum over partitions of the Bethe parameters in the form of a single determinant.

In the particular case, the obtained determinant representation describes the norm of on-shell
Bethe vector. This representation also allows us to prove orthogonality of the on-shell vectors
corresponding to the different eigenvalues of the transfer matrix.

The paper is organised as follows. In Section 2 we recall basic notions of the MABA and
define modified Bethe vectors. We also introduce notation used in the paper. In Section 3 we
give definition of a modified Izergin determinant, which is one of the most important tools for
studying scalar products of the modified Bethe vectors. Section 4 contains the main results
of the paper. Here we give different determinant representations for OFS-ONS scalar product,
a determinant formula for the norm of the modified on-shell Bethe vector, and different forms of
the inhomogeneous Bethe equations. In the rest of the paper we present the proofs of the results
of Section 4. In Section 5 we prove alternative forms of the inhomogeneous Bethe equations.
In Section 6 we consider some properties of the on-shell modified Izergin determinant. Finally,
in Section 7 we present the proof of determinant formula for OFS-ONS scalar product. In
particular, we prove the equivalence of two determinant representations for OFS-ONS scalar
product in Section 7.1. Several useful formulas and auxiliary lemmas are gathered in appendices.
Appendix A contains a list of properties of the modified Izergin determinant. In Appendix B,
we give some identities for rational functions. Appendices C and D are devoted to the properties
of the on-shell modified Izergin determinants.

2 Basic notions

To describe the Hamiltonian (1.1) within the framework of the quantum inverse scattering
method (QISM), we first introduce a gly-invariant R-matrix acting in C? ® C?:

u—"v

R(u,v) =

I+ P. (2.1)

Here c is a constant, I is the identity operator, and P is the permutation operator. The R-
matrix (2.1) is called gly-invariant, because

[R(u,v), K® K] =0,

for any matrix K € gl,.
The key object of the QISM is a quantum monodromy matrix

t11 (u) t12 (u)

Tiw) = <t21(u) t22(u)) ' (22)
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This matrix acts as a 2 x 2 matrix in auxiliary space C2. The entries tij(u) are operators
depending on a complex parameter v and acting in the Hilbert space H of the Hamiltonian (1.1).
The commutation relations of these operators are given by an RTT-relation

R(u,0)(T(w) & 1) (I © T(v) = (I © T()) (T(w) & 1) R(u, v)

Here I is the identity operator in C2. Equivalently, these commutation relations can be written
in the form

[tij(w), tra(v)] = g(u, ) (tr; (V)ta(w) — ti;(w)tu(v)).
To obtain the Hamiltonian (1.1) we first introduce an inhomogeneous monodromy matrix
T'(u) = Ron(u,0n) - - - Ro1(u, 0h), (2.3)

where 6; are inhomogeneity parameters. Each R-matrix Rox(u,6)) in (2.3) acts non-trivially
in the space Vy ® Vi, where V is the auxiliary space of the monodromy matrix and Vj is the
quantum space associated with the kth site of the chain. The Hamiltonian of the XXX chain
with periodic boundary conditions can be obtained from the monodromy matrix (2.3) in the
homogeneous limit §; =0, j = 1,..., N (see [2]). In order to obtain the Hamiltonian (1.1) with
the boundary condition (1.2)—(1.4) we introduce a twisted monodromy matrix

Tw(u) = KT(u), K:(% ’""*).

K— K
Then, defining a twisted transfer matrix 7 (u) by
T (u) = tr Tk (u),
we obtain

H= 2c%(log (T(w))| N.

u—0,0;—0

It is convenient to present the twist matrix K in the form

K = BDA,
where
P2 P1
= VH ﬂ 1 ’ = VUK Q 1 ’ - 0 K — p2 )
Kkt kT
and the parameters p; and p enjoy the following constraints:
~ Lo 1
p1p2 — p2k — prk + kTR =0, W=D (2.4)
ktr—
Then we have
(DT T — _ (vu(w) viz(u)
T (u) = tr(DT (u)), T(u) = AT(u)B = <V21 W) () (2.5)

Thus, instead of the twisted monodromy matrix Tk (u) we can consider a modified monodromy
matrix T'(u) (2.5). Respectively, the transfer matrix 7 (u) now can be understood as the trace
of the twisted modified monodromy matrix 7'(u) with the diagonal twist D.
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2.1 Highest weight representation of the Yangian

Recall that the Hilbert space of the Hamiltonian (1.1) is H = ®}_,Vj, where V;, = C%. We
define a highest weight vector |0) € H as the state with all spins up

|0> = ((1))1®"'®((1))N-
Then the action of the monodromy matrix entries ¢;;(u) (2.2) on |0) is
tis(w)|0) = Ai(u)]0),  i=1,2,
ta1(u)|0) =0, (2.6)

where

1S 11
—NH (u— O + ), Ao(u) = N H(U—9k). (2.7)

The representation space of the Yangian is then spanned by the Bethe vectors B{(?)
m
p) = [[ti2(@i)0), m=0,1,...,N,

which provide a formal basis depending on the parameters v = {vy,..., v, }.
To study scalar products of Bethe vectors we also consider the dual highest weight vector
(0] = |0)T belonging to the dual space H*. This vector possesses the following properties

<0‘t“(u) = /\Z(u)<0|, 1= 1,2, <0|t12(u) = 0, <0’0> = 1,

where the functions \;(u) are given by (2.7). Dual Bethe vectors are constructed by successive
application of the operator t9; to the vector (0]

m
o) = (0| [ tar(vi),  m=0,1,....N.

Within the framework of the MABA the states of the space H (resp. the dual space H*) are
generated by the successive application of the operators v2 (resp. v21) to the state |0) (resp. (0]).
The modified Bethe vectors are given by

= H via(vi)|0),  C™(v) = (0] HVQI(Ui)~ (2.8)

In these formulas, © = {v1,...,v,} are generic complex numbers. They are called Bethe para-
meters.
Observe that despite of the new operators v;; satisfy the same commutation relations as

the tij(Z),
[wij(u), v (v)] = g(u, v) (Vi (V)i (u) — v (u)va(v)), (2.9)

their actions on the highest weight vector (2.6) change. It is easy to see that now they are given by

V11(u>‘0> = Al(u)‘0> + BQVIQ(U)’(»’
v92(u)|0) = A2(w)|0) + Biriz(w)|0),
vo1 (u)|0) = (BiAr(u) + Bada(w))[0) + B1Bavia(u)|0),

where 3; = p;/kT.

Concluding this section we would like to mention that the operators t;(u) are polynomials
in u of degree N, while t;;(u) with ¢ # j are polynomials in u of degree N — 1. This statement
follows from representation (2.3) and (2.1). Since for generic twist parameters, any v;;(u) is
a linear combination of all ¢4 (u), we conclude that the operators v;;(u) are polynomials in u of
degree N for all ¢ and j.
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2.2 Shorthand notation

Before moving on, we introduce a notation and several important conventions that will be used
throughout the paper. First of all, we introduce the following rational functions:

= =t < S
o f(u7v) _ u—v+c
M= ) T e o

Actually, all these functions depend on the difference of their arguments. However, we do not
stress this dependence, which will allow us to introduce special shorthand notation for their
products. It is easy to see that the functions introduced above possess the following properties:

X(uvv) = X(’U,u), X(_uv _U) = X(U, u)? X(u - C?”) = X(uav + C)7

c——cC
where x is any of the three functions. One can also convince himself that

1 1 1

g(u,v —c) = ——, h(u,v+¢) = —, flu,v+¢) = . (2.11)
h(u,v) g(u,v) f(v,u)

Let us formulate now a convention on the notation. We denote sets of variables by a bar, for

example, @ = {u1,...,u,}. Notation @ & ¢ means that +c is added to all the arguments of the

set . Individual elements of the sets or subsets are denoted by Latin subscripts, for instance,
u; is an element of %. As a rule, the number of elements in the sets is not shown explicitly in the
equations, however we give these cardinalities in special comments to the formulas, if necessary.

We also consider subsets of variables. We agree upon that the notation u refers to a subset
that is complementary to the element uy, that is, uy = @ \ ug. In all other cases, we denote
subsets by subscripts so that they can be easily distinguished from the elements of sets. In
particular, when dealing with partitions of the sets into subsets we mostly denote the latter by
the Roman numbers 4, @y, and so on. Notation {&;, @y} F @ means that the set @ is divided
into two disjoint subsets %; and %y. The order of the elements in each subset is not essential.

To make the formulas more compact, we use a shorthand notation for the products of the
rational functions (2.10), the operators vy (u) (2.2), and the vacuum eigenvalues \;(u) (2.6).
Namely, if a function (an operator) depends on a (sub)set of variables, then one should take
a product with respect to the corresponding (sub)set. For example,

Vi (1 H v (uj), (z, 1) = H f(z,uy), fug, ug) H fluj,ug). (2.12)
U EU U EUT U;EU
U AU

Note that due to commutativity of the vg-operators (which follows from (2.9)) the first product
in (2.12) is well defined. Notation f(u,v) means a double product over the sets 4 and v. By
definition any product over the empty set is equal to 1. A double product is equal to 1 if at
least one of the sets is empty.

In particular, using this convention we can write down the modified Bethe vectors and their
dual ones (2.8) in the form

B"(0) = v12(0)|0),  C™(v) = (O]vzu(v),
where v = {v1,...,v,}. The eigenvalues (2.7) take the form

_ _ A(u) "
ola) f(u,0), (2.13)
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2.3 On-shell Bethe vectors
Within the framework of the MABA the operator (2.5)

T(2) = tr(DT(2)) = (F — p1)v11(2) + (K — p2)vaa(2)

appears to be a generating function of the integrals of motion. Thus, the eigenstates of this
operator also are the eigenstates of the Hamiltonian (1.1). They are commonly called modified
on-shell Bethe vectors.

The on-shell Bethe vectors in the MABA solvable models were found in [6, 10, 12]. Here we
briefly recall this construction.

Let @ = {u1,...,un}, where N is the number of sites of the chain. Then a modified Bethe
vector BY (%) (2.8) becomes on-shell, if the Bethe parameters u satisfy a system of modified
Bethe equations

(5 = p2)A2(uy) [ (uz, 45) — (K = p)A(wy) f (45, u5)
+ (p1 + p2)g(uj, uj) A1 (uz) Az (u;) =0, (2.14)
for j=1,...,N. Then
T(2)B" (@) = A(z[a)B" (a),
where the eigenvalue A(z|a) is
A(z[a) = (F — p1) M (2) f (4, 2) + (5 — p2)Xa(2) f(z, 1) + (p1 + p2)A1(2)A2(2)g(2, @).  (2.15)
For further application, it is convenient to introduce a function (cf. [23])
A(z|a)
>\2(Z)g(z7 ﬂ) ‘
The explicit expression for this function reads
A1(z)
A2(2)

Then Bethe equations (2.14) take the form

V(z|lu) = (2.16)

Y(la) = (DN (7 = p1) 52 (@, 2) + (5 — p2)h(z, ) + (o1 + p2)Aa(2).

Y(u;le) =0, j=1,...,N.

Similarly, a modified dual Bethe vector CV (@) (2.8) becomes on-shell, if the Bethe parameters
u satisfy the system (2.14). Then

CY(@)T(z) = Alz|a)C™ (a),

with the eigenvalue (2.15).

The main goal of this paper is to study the scalar products of the modified Bethe vectors,
in which at least one of the vectors is on-shell. In fact, it is enough to consider the case when
the vector BY (@) is on-shell, while the dual state CV (%) is a generic modified dual Bethe vector
(see (3.7) below).

3 Modified Izergin determinant and scalar products

Within the framework of the ABA, the Izergin determinant allows us to obtain a formula for
the scalar product of Bethe vectors as a sum over partitions of the Bethe parameters [20, 26].
For the MABA, we should introduce the modified Izergin determinant. Then one can obtain an
analogous formula for the scalar product of the modified Bethe vectors [9].
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3.1 DModified Izergin determinant

Definition 3.1. Let @ = {u1,...,un}, v = {v1,...,vn}, and z be complex numbers. Then the
modified Izergin determinant Kff,)n (u|v) is defined by

= f(ﬂ,’l)')f(v‘ 1_}')
K = det  —29; 2 ) 3.1
ntalo) = det (2, + L2 (3.)
Alternatively the modified Izergin determinant can be presented as
z — | = m—n — f(u ) ’EL )
Kflm(u]v) =(1-2) dgt (6jkf(uj,v) — Zih(uj, Ui) . (3.2)

Recall that we use the shorthand notation for the products (2.12) in representations (3.1)
and (3.2). The proof of the equivalence of these representations can be found in [19]. It is based
on the recursive property (A.6).

It is also convenient to introduce a conjugated modified Izergin determinant as

f(%U)f(vj»Uj)) ’

Koo (@lo) = K32, (o) o)
» Vj

n,m

= det (—Zfsjk +

c——cC
or equivalently,
—) —n _ f(ug,uj)
K — (1 A NEWAC/ICAN
ontalo) = (1= et (8307(0,) = =1 0

In the particular case z = 1 and #u = #v = n the modified Izergin determinant turns into
the ordinary Izergin determinant, that we traditionally denote by K, (u|v):

K (ulv) = Ky (alv).

n,

This property can be seen from the recursion (A.6) and the initial condition (A.2). Let us recall
one more representation for the ordinary Izergin determinant [20]

alo) = (@, 5)A (@A) det [ I %)
K, (al) = .0} (A ) et (S202). (3.4
where
ARy = ] glwv), A@= ][] oguu) (3.5)
1<j<k<n 1<j<k<n

(2)

It is easy to see that the modified Izergin determinants K,(f)n(a\@) and Fnzm(ﬂh’)) are rational
functions of @ and v. They are symmetric over 4 and symmetric over ¥. Other properties of the
modified Izergin determinant are collected in Appendix A.

3.2 Scalar product

Definition 3.2. Let @ = {uy,...,uy}, © = {v1,...,v,}. The scalar product of two modified
Bethe vectors is defined as

S, (0, 1) = C™(0)B" (1) = (0[ra1 (v)r12(w)|0).

The function S;"" (v, 4) has several important properties. First, it follows from the commuta-
tion relations [v12(u), v12(v)] = 0 and [v2;(u), v21(v)] = 0 that the scalar product is a symmetric
function of v and a symmetric function of @. Furthermore, since any v;;(2) is a polynomial in z
of degree N, the scalar product is a polynomial in any v; and in any u; of degree N.
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Proposition 3.3 ([9]). Let #u =n and #v = m. Then

Sy () = g2 (e =DMy BT AR M e () A (Tn) Aa () M (@)

{6171_}]1}'71_)
{t1,ay }-u
X f (01, ) f (1 ) K29 (it [0 B2 (). (3.6)

Here p, = #0y, pr = #0u, ¢ = #uU;, and qu = F#uyg. The sum is taken over all partitions
{v1,0n} F v and {u;,uy} F w. There is no restriction on the cardinalities of the subsets. The

functions K&/ﬁn) and fgéﬁ) respectively are the modified Izergin determinants (3.1) and (3.3)
at z=1/p.

Equation (3.6) was derived in [9].
Proposition 3.4. The scalar product of generic modified Bethe vectors satisfies a condition

sy =(22) semao) (3.7
K+
Proof. Replacing in (3.6) @ <> v, n <> m, ¢ <> pr, and gy <> py we obtain
S (@, T) = M (p — 1)™ " Z BITPRBITPIN (1) A1 (T ) A2 (D) A1 (1)
{ﬁhﬁn}kﬁ
{ﬂLﬁH}Fﬂ

x (i, i) f (0, 00) K9 (ot K (). (3.8)

Using (A.1) we find

= () N~/ -
KRR i = (1= ) Rl K i),

and hence,

Sy @, o) = Wy BT BT g (@) A (@) A2 (T) A ()

{ﬁhﬁﬂ}Fﬁ
{17‘17&]1}}71_]‘
X ity ) f (00, 00) g e (i o) KL (2 ).

Relabeling the subsets as 4; <> 4y and v, <> vy (and respectively relabeling their cardinalities)
we finally arrive at

Sp (@, o) = (B Be) T Y BT BET M Ny () A (1) Ao (81) M (U )

{o1,0n}-v
{ﬂLﬁH}Fﬂ
X f i, ) (01, 00) g o 00 K380 G ). (3.9)

Comparing equations (3.9) and (3.8) we see that

S (v,u) _ (pBifa T
Sy (@, v) p—1 ’

and substituting here explicit expressions for ; = p;/ky and p (2.4) we immediately arrive
at (3.7). [
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4 Main results

In this section we give a list of the main results obtained in this paper. Most of the proofs are
given in the remaining part of the text.

4.1 Determinant representations for the scalar product

Theorem 4.1. Let #u = #v = N. Let the set u solve Bethe equations (2.14), while the set v
consist of arbitrary complex numbers. Then the scalar product SN (v,4) of the modified on-shell
Bethe vector BN (@) and generic dual modified Bethe vector CN (0) has the following determinant
representation:

N )N A@N @M @M () ¢ Mw)
S (v,u) = (Bt — 2N Ky ' (ulf) dNt <g(vk,a))\2(vk) o, > . (4.1)

Here A(v|a) is the eigenvalue (2.15), B = p1/p2, and A(v), A'(u) are given by (3.5) withn = N.

Representation (4.1) was conjectured in [6]. We also would like to point out that similarly
to the scalar products of on-shell and off-shell Bethe vectors in ABA [24, 31] this representation
involves Jacobian of the transfer matrix eigenvalue:

¢ OA(upla) _  j\N-1 oy A(ok) 9(ug,ve)
g(vg, u) A2 (vg)  Ou, = (=17 pl))\z(vk) h(uj,vk)h( %)
+ (K~ p2>mh<vk,u> + (1 + P\ (o)g(op,uy). (4.2)

Theorem 4.2. Under the condition of Theorem 4.1 the scalar product has the following deter-
minant representation:

_ _ N[ N — I a — YA
§Y(0.1) = Na(@a(0) (£) 7 KY D @) KR (a. 5110), (4.3)
where
Kk —=p2
= = . 4.4
o=z " (4.4)

The equivalence of representations (4.1) and (4.3) is proved in Section 7.1.

Corollary 4.3. Dual and ordinary modified on-shell Bethe vectors corresponding to different
etgenvalues are orthogonal.

Proof. Let
- 9(uj, ;)
7 g(uy,0)

Observe that if the vectors BY (@) and C (%) correspond to different transfer matrix eigenvalues
(i.e., w # v), then there exists at least one v; # 0.
Using formulas of Appendix B.1 we obtain

N
Cj aA(vk’ﬁ)__ 1 =_ Al(”k) B0 v
2 o) ouy ] GRS ISR
(5 — p2) (o) + (1 + p)g(un, wmw). (4.5)

If the set v satisfies the system of modified Bethe equations (2.14), then the r.h.s. of (4.5)
vanishes. Thus, the rows of the matrix (4.2) are linearly dependent, and hence, the Jacobian of
the transfer matrix eigenvalue in (4.1) vanishes. [
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Setting v = u in (4.3) we obtain an expression for square of the norm of on-shell modified
Bethe vector?. Another possibility is to set © = @ in (4.1). Then one should resolve singularities
in the diagonal elements of (4.2). The result is described by the following theorem.

Theorem 4.4. The square of the norm of on-shell modified Bethe vector has the following
determinant representation:

(BN A@)A (@)A3(a) 1/5 Y (ui|t)
Sl () = e S K @ |0)det< o )

where Y(z|u) is given by (2.16).

Proof. It suffices to substitute v; = u; in (4.1) and compare the result with the partial deriva-
tives c0Y (ug|n)/0u;. [ |
4.2 Alternative form of the Bethe equations

The initial form of Bethe equations (2.14) is not always convenient for applications. There
exists, however, various alternative forms of these equations. Two of them are described by the
following proposition.

Proposition 4.5. Inhomogeneous Bethe equations (2.14) can be written in the forms

;( (k—p1) Zf f(w,0;) =k +k&, j=1,...,N, (4.6)
or
N
~ fOk,0r) 1 .
(% —p)f(g, (K — p2 Zhe,ak g ~RE j=1,...,N. (4.7)
k=1 J

The proof of this theorem and other forms of Bethe equations are given in Section 5.

4.3 On-shell modified Izergin determinant

Determinant representations for the scalar product (4.1) contains the modified Izergin deter-
minant K](\f)N(ﬂ\é), where the set @ solves Bethe equations (2.14). We call it on-shell modified

Izergin determinant. This determinant enjoys an identity described by the following proposition.

Proposition 4.6. Let a set u consist of the roots of Bethe equations (2.14). Then

N
Ky (@) = T](di - 2), (4.8)
i=1
for arbitrary complex z. Here d; = d* fori=1,...,N, and

k+RE(k+R)2—4(k—p2)(E — p1)
2(k — p1) '

The proof of this proposition is given in Section 6.

d*+ = (4.9)

Remark 4.7. Similar property of the on-shell modified Izergin determinant holds for the XXX
spin chain with diagonal boundary condition (see (6.7)).

“Traditionally S (@,a) = CV (@)B" (@) is called the square of the norm even if CV (@) # (BN('E))T.
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5 Proof of the alternative forms of Bethe equations

In this section we prove Proposition 4.5.

Proof. Let us divide Bethe equations (2.14) by the product A (u;)Aa(u;):

flug,ug) (7 f(ag, uy)
A1 (uj) Az (u;)

Multiplying each of equations by a monic polynomial P, (u;) in u; of degree n < N and taking
the sum over j we obtain

(k — p2) —p1) + (p1 + p2)g(uj, ;) =0,  j=1,...,N.

N ~
(k= p2)f(wy, ;) (R — pu)f () ] _
;é; ( A1(uj)] 1) Ag(uj)J J +—(p1‘+—p2)g(uj,uj)> Py (uj) = 0.

The sums over j can be written is a contour integral

1 (/i_p2)f(z7ﬂ) (E_pl)f(ﬂv Z)
2ric fr(u) < NG )

Here anticlockwise oriented contour I'(#) surrounds the roots of Bethe equations @ and does not
contain any other singularities of the integrand. Substituting here explicit expressions for A;(z)
and A2(z) (2.13) we obtain

1 (’% - P )f(z7 ’L_l,) ~ - ) m —
i (M (R - )l 2)gl=.0) + (o1 + m)g(z,u)) Po(z)dz = 0.

+ (p1 + pz)g(z,u)> P,(z)dz = 0.

The integral can now be taken by the residues outside the integration contour, that is in the
points z =0, and z =0, — ¢, k=1,..., N. Taking into account that n < N we find

N

5 (e ) 50 D R (.00 P00) 900, = Do, (1)
k=1 ’

where we used (2.11).

This is the most general form of Bethe equations. It involves an arbitrary polynomial P, (6y)
of degree n < N. Now we can consider several particular cases.

Let us take a system of polynomials

N

PP () =Nz, 0) = [~k +¢),  j=1,...,N. (5.2)
=

Then equation (5.1) yields
N —
h(0, —c,0; ~ _ - ~ ~ .
Z ((F': - pQ)M + (H’ - pl)f(u7 ek)h(ekaej)) g(ekaek) =K+ K, J = 17 s 7N'
pt f(@, 0k)

Using h(0 — c,0;) = §jx/9(0k, Ox) we arrive at (4.6).
Similarly, setting in (5.1)

o) N-1 N
P = - _—|| —0 i=1,...,N 5.3
N-1(2) (2,0;) k:l(z ) J 1D (5.3)
k#j

we arrive at (4.7). [
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One can also consider a choice of P](Vj)_l(z) that interpolates between (5.2) and (5.3). Let 04

and 913 be two fixed disjoint subsets of the inhomogeneities such that {f4,0p} = . Assume
that 0 # @. Let

. _ h(z éA) -
PY (2) = N lg(z,0,) 22 0, cop. 5.4
N*l(z) C g(Z, ])Q(Z,HB), J €UB ( )

Then equation (5.1) takes the form

f(53279_31) 1 " _ ~ ~
(k p2){031,92}32}"93 h(0;,0s,) f(u,0p,) k+k—(k—p)f(a, J)f( s )

#0p,=1
+ (K = p1) Z g((gj,éAl)f(ﬂ, é/h)f(éAlvéAz)'
{0a,,04,}-04
#04,=1

Here in the Lh.s. the sum is taken over partitions {7531, Op,} - 0p such that #0p, = 1. In the
r.h.s. the sum is taken over partitions {64,,04,} F 64 such that #604, = 1.

Remark 5.1. The examples given above do not exhaust all possible forms of the Bethe equa-
tions. In particular, on the basis of the polynomial (5.4) we can construct

h(z, ‘?A)

G(04,0 6, €6 5.5
9(2703) (Aa B)7 ]e B ( )

PP (z) = AN > g(z.0))
{04,050

where G(gA, §B) is some function that depends on the subsets 84 and . An example of the
polynomial (5.5) is considered in Appendix D.2.

6 Proof of the on-shell modified Izergin determinant properties

In this section we prove Proposition 4.6.

Proof. Let us introduce two N x N matrices Q(f) and Z:

) f(ekaék) ~ _ .
Qir(0) = ———= Zir. = Qx(0 0 k=1,...,N.
Jk( ) h(@k,ej)7 jk Jk( )f(ua k)v I ’ 5
Then the system of equations (4.6) takes the form

K—p al

— Py B N '

— +(m—p1)§ Zi = K+ R, j=1,...,N.
f(u,6;) =

Multiplying each equation by Z;; we obtain

N
k=1

Taking the sum over j and using®

N
> o Q0) =1, (6.1)
j=1

3Equation (6.1) can be derived by the contour integral method described in Appendix B.1.
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we arrive at

N

Y (5= p2)di+ (R = p1)(2%),, — (R +7)Zix) =0, i
k=1

1,...,N.

Setting here Z = S~1DS, where D = diag(dy, . ..,dy), we find
N
> (5 = p2)dik + (7 — p1)(S7'D%S),, — (k+F)(S'DS),) =0, i=1,...,N.
k=1

Multiplying this equation from the left by S we arrive at

N

D (5= p2) + (&= p1)d; — (5 +R)di)Se =0,  i=1,...,N. (6.2)
k=1

Since S is invertible, we conclude that linear combination (6.2) vanishes if and only if
(R—p)d? —(k+R)d; +k—pa=0, i=1,...,N. (6.3)

Thus, the matrix Z has only two eigenvalues d* and d~ (4.9). It also follows from the

above consideration that the on-shell modified Izergin determinant K%)]V(H\G_) has the following
presentation:

N

i=1
for arbitrary complex z, provided the parameters u are on-shell. Thus, (4.8) is proved. |

In particular, setting z =0 in (6.4) we obtain

(u,0) = Hdz (6:5)

Using equation (6.3) one can find identities for the on-shell modified Izergin determinants
with different z. For example, (6.3) yields

M(d_1)<di+;>:di<di_ﬂ_ﬂgl>, i=1,...,N.

Taking the product over ¢ we obtain
N N
B(k — p2) )N < 1> < M—l)
— di— D) |di+=)=||di|di —p— .

(o250 [l =v{d+5) =11 S
Then, due to equations (6.4), (6.5) we find

< Bk — p2) )N ( ’9 1/5)( ‘(9) f(u 0’) (IH-(M 1) /5 ’9) (6.6)

Bk + K —2p1

Concluding this section we would like to mention that exactly the same method can be used
to transform Bethe equations of the XXX spin chain with diagonal boundary condition
RACTIL = AT S O V8
A1 (uy) Az (uj)
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where #u = M < N. Similarly to (4.8) we then obtain

N
Ky (ulf) = [[ (i — 2), (6.7)

i=1

where d; € {1,k/k}. Using definition of the modified Izergin determinant (3.2) we can write
down (6.7) as

(1= )% der (B (05,) 5200 ) = [0 o)

h(uj,uy)

7 Calculation of the scalar product

In this section we prove Theorem 4.1. First, we show the equivalence of representations (4.3)
and (4.1). Then we prove (4.3) starting with equation (3.6) and specifying it for the case

#o=H#0=N

SN@a) =N Y BB (0) M () Aa () Ay () £ (01, D) f (1w, 1)

{51,5]]})—5
{'&I/D'H}Fﬁ
_ =1 _
X K0 i) Ky o (). (7.1)

Recall that here the sum is taken over all possible partitions {o;, oy} - © and {a;, @y} - @ without
any restriction on the cardinalities of the subsets.

We have pointed out in Section 3.2 that the function Sy (v|@) is a polynomial in © of degree N
in each v;. Since this polynomial is symmetric over v, it has (2]<,V ) independent coefficients. Hence,
in order to find this polynomial, it is enough to compute it in (%{,V ) points.

Let us consider an arbitrary partition of the inhomogeneities 0 = {9 A,§B} with #9_ A =n4
and #60p = np. Suppose that © = {04,0p — c}. Clearly, there exists exactly (%{,V) choices of
this type. Hence, if we compute the scalar product for all possible v = {64,0p — ¢}, then the
polynomial is completely determined for an arbitrary set ©. This will be done in Sections 7.2
and 7.3.

7.1 Transformation of Jacobian

In this subsection we reduce the Jacobian of the transfer matrix eigenvalue to the modified
Izergin determinant. We thus prove Theorem 4.2.

Proof. Assume that representation (4.1) holds. Let

c O (vg|u)
g(vk, ’L_L))\Q('Uk) 8Uj ’

M (uj,vg) =

where A(vg|u) is given by (2.15). Then

M (uj, 00) = (—1)N"NE — o) fog B)h(i, v) 20470
h(uj,vg)
T (k= o)l @) 2 ) (o0 ) B, B)g (v ). (7.2)

h(vk, Uj)
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Recall that here the set v consists of arbitrary complex numbers, while the set @ solves Bethe
equations. Therefore, in particular, the matrix elements (7.2) have no poles at vj, = u;:

Res M (uj,vy) =0.
V=1
Indeed, it is easy to see that this residue is proportional to the Bethe equations (2.14).
Obviously, for any non-degenerated N x N matrix A, one has

dety H

dotu A where H=MA.
eln

det M =
N
Let

g(’U',’L_)')
A(vy, 01) = W

Then the determinant of this matrix is proportional to the Cauchy determinant

A(v

)
det A(vj, 0) = A(O)h(v,0)

and we obtain

A(O)h(v,0
det 1 — DOMO0) Gy
N A(v) N
N
Let us compute explicitly the entries Hj = ) M (uj,vi)A(vg,6;). Consider an auxiliary
k=1

contour integral

1 9(z,0)
I=—— 7{ M(u;, z)dz. 7.3
2mic Jj;1=r 00 N2, 01) (u5:2) (73)

It is easy to see that the integrand behaves as 272 as z — oo. Thus, I = 0. On the other hand,
taking the sum of the residues within the integration contour we obtain

NM(uj, 0, —c)

+ ———= Res M (uj;, 2)

1 > (61, 0)
c (916791)

—0
k=1 2Ok

Substituting here explicit representation (7.2) for M (u;,vy) we find

g(0y, w)h(v, 0)h(uy, 0p) h(

—~

N _
(Y = P )Y O (00, Bl 00) K
k=1 ’

(k5 — p2)g(uy, Ok) (5 K= p1 [0k Or)
g(eba)h(@aek)h(uj?ek)

I
WE

/(. ewfw,ek)) |

=
Il

1

Thus
det H = det HY det H(Q),
N N N

where

g (=p2) 9, 0)
Ik g0, w)h(v, 0k) h(u;,0k)
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and

k—p1 f(0;,0;)
K — p2 h(0;,0)

H](]z) = 5]‘]9 — f(ﬂa ej)f(’aa 0])

It is easy to see that dj\c;t H® is proportional to the ordinary Izergin determinant (3.4)

_ (r=p2 g(uj, 0k)\ (—D)N(k — p2)V 1) -7
det HD = @ — det (h(uj-,Qk)> = h(z‘;,é)f(a,é)A’(ﬂ)A(Q_)KN’NW‘H)’

while dj\c}t H®) is proportional to the modified Izergin determinant

~ N
@ _(_pN(EZP/ (@) (= 58 _ k= p2
dﬁtH (-1) (H—P2> Koy y({u,v}0), where o' R

Thus, we finally obtain

(F—p)™
f(@, 0)A'(a)A(v)

det M = K\ @) K55 ({3, 5}10). (7.4)

We would like to stress that we essentially used the fact that u satisfies Bethe equations (2.14).
Therefore, M(u;,vy) has no pole at vy = uj. Otherwise the contour integral (7.3) would have
an additional contribution. Thus, equation (7.4) holds only on-shell, that is @ satisfies Bethe
equations (2.14).

Substituting (7.4) into (4.1) we obtain

SN(Z_J ) = pB(k — p1) N AZ(E))‘%(ﬂ) K18 (ﬂ|§)K(1) (ﬂw_)K(a) ({a, v}|A).
v ’ ,BH+%—2P1 f(ﬂ,@) N,N N,N 2N,N ’
Using identity (6.6) we immediately arrive at (4.3). Thus, representations (4.1) and (4.3) are
equivalent. ]

7.2 Transformation of the scalar product for generic @

We now turn back to equation (7.1). Using equation (A.1) and A;(u;)/A2(uj) = f(uj;,0) we
obtain

SN, a) = i@ S g (1—}1)“ M@ (52) £ i, B)

{ﬁlvﬁﬂ}kﬁ
{t1,an }a
x f (o1, 0n) f (tn, UI)K&%) (ﬂH|T7H)K;(aII,/quL) (i)

Now we set © = {f4,0p — c} and denote the corresponding scalar product by Sap. Since
X2(0;) = 0 and A(fj —¢) = 0 for all j = 1,..., N, we see that the sum over partitions
{01, 0y} F 0 is frozen. The only non-vanishing contribution occurs for v, = Op —c and vy = 04.
Then we have

npB—q1
Sap =N A (W)Gap Y BT (1—1> f (@i, 0) f (1, 1)

{t1,an }-a H
x K QM) (] 0.4) K5 (0 — clu), (7.5)
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where we used ng +ng =q + ¢ = N, and

A2(0p — c)A1(024) Nnp h(0,05)h(024,0)

N R TN S (79)

Recall also that § = f1/82. Our goal now is to calculate the sum over partitions of the set .
Using (A.5) we rewrite (7.5) as follows:

Gap =

Sap=1#Va(@Gan 3 0 (1) fla ) (e

{ﬂlﬂn}l—ﬂ
X KU (@) KL, (10) &

The next step is to use the second equation (A.4) for both modified Izergin determinants in (7.7):

1 1 nA—q2—q4 1 q2 _
KA a) = (1- ) S (-h) s i),
{ﬂg,ﬂ4}|‘ﬁ]]
K (lfp) = (1 w2708 % " () f (s, O) f (W, us).
{t1,a3}ur
Here we use Arabic numeration of the subsets, in order to avoid too cumbersome Roman nu-
merals. We also set g; = #u;. Substituting these equations into (7.7) we obtain

N 1 N—q1—qa4 _ _
Sap=Pe@Gan 3 e (1) a0 o6
{ﬁl,ﬁg,ﬂg,ﬁzl}}—ﬁ

X f(ug,04)f (U, 04)f (U2, W) f (U2, Us) f (s, U1) f (s, Us) f (U2, a) f (U1, U3).  (7.8)

Here the sum is taken over partitions of the set @ into four subsets {uy, ug, U3, ug} b u.
Let uy = {u1,us}. Then (7.8) transforms as follows:

N—qo
Sap = 2N X\ (@)Gap Z praTe (—1) f(i0,04)

{ﬂo,ﬁg,ﬁg}kﬁ 'LL
X f(a37é)f(a%aO)f(1127ﬂ3>f(ﬂ07ﬂ3) Z B_q4f(ﬂ4>,a1)7
{ﬂl,’fm}l—ﬁo

where gy = #ug. The sum over partitions is now organized into two steps. First, the set u
is divided into three subsets {ug, 2, u3} F @, and then the subset g is divided once more as
{#1, 4} - 6. Obviously, the last sum over partitions of the subset g gives (1+371)% (see [7]),
and we arrive at

Sap = ()" N(@Gap Y (=p)P(1+ )T AT f (i, 04) f (3, 0)

{@o,u2,a3}+a
X f('fLQ,ﬂo)f(ﬁg,ﬂg)f(ﬁo,ﬁg). (7.9)

Now we combine the subsets @y and g into one subset. Let w1 = {ug, u2} with #u; = q.
Then equation (7.9) takes the form

Sag = (—p)"X(W)Gap Y B f(us,0)f (1, U3)

{ﬂl,ﬂg}Fﬁ

X > (=)L 4 B)% f(tig, 0.) f (tia, Tho).

{ﬂo,ﬂz}l—ﬂl
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The sum over partitions {ug,u2} F @; gives a new modified Izergin determinant due to the
second equation (A.4), and we find

Sap = ()" N (@)Gap Y f(us,0)f (i, us)
{ULUB}HL
B’nqul(_M_luB)nA . i B
(1—p—pp)ra-—a Kéh/n(ﬁ—i_um)(ulw,a;).

We now develop the modified Izergin determinant Ké},/éﬁ*“ 2 (w1|604) via the first equa-

tion (A.4), as a sum over partitions {04,,04,} F 0a:

Sap = (—1)"Xa(w)Gap RS > 2 (1;“ - M) ql f(us, 0)

_ ]_ nA
(ptps=1) (Oa, g 00 {0103 Mo

X <_M+1Mﬁ> 2 flar,u3) f(u1,0a,)f(04,,04,), (7.10)

where na, = #04,, na, = #04, = na —na,. Let {0p,04,} = 0c. Then (7.10) can be written
as follows:

S — (_ N)\ )G (M—f_#B)nA,BnA <_ 1 )nAQ 779, 7 79
A = (—p)N Ao (@) AB s 1y o %:MA . f(1,04,)f(04,,04,)

1—p o o
x> (-) fas, 0c) f (1, us). (7.11)
{u1,u3}tu g

The sum over partitions {1, u3} - @ gives again the modified Izergin determinant due to the
second equation (A.4):

1—p o o
> (B - u) f(us, 0c)f(u1,us3)
{1_1,1,’L_L3}F’L_L

1—p Nonp =y (u+(u—1) /B
_ (5 _M> YLV @i{a\ 0., )).

Substituting this into (7.11) we finally arrive at

SAB = ( ) )\2( )GABﬁ : Z gnAlf(ﬂa 9A1)f(éA179A2)

(L= p = pbyea {64,,04,}04
x KU D @l 0a,), (7.12)
where
= gw +1)%(p - 1). (7.13)

Thus, we computed the sum over partitions of the set u. However, instead of the original
partitions, we obtained a new sum over partitions of the inhomogeneities 6.
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7.3 Further transformation of the scalar product for « on-shell

Observe that up to now the parameters @ were arbitrary complex numbers. Now we require
them to be on-shell. Then due to Theorem C.1 we have

g1 f(a, 04, KA DD @H0 N 0a,}) = s KD @) KD (@lfa,),

NnA

where n = (“21 4+ 1) E=£L (see (C.1)). Then (7.12) takes the form
B H) &=p2

Sap = (_I(L)N)‘Q( )GABﬁ K (u+(p—1)/8) ( ‘9)

—p—pp)ra NN

X Z n"*4 f(éz‘h ) éAz)K](\},élnjl (ﬁ‘éAl) (7.14)
{64;,045}04

The remaining sum over partitions now can be computed via (A.8):
nAy g é K(l/ﬁ) —é — HAK(O) —é — A £ é
Yo S (0ar,00) Ky (@) ="K, (lfa) = 0" f (@, 0.).
(6,00, )0
Substituting this into (7.14) we immediately arrive at
Sap = (~1)""u" o™ Ny (@)Gap f (@, 04) K37 ()6), (7.15)

where « is given by (4.4). -
It remains to compare this result with representation (4.3) at v = {64,0p — c}. For this we

should calculate )\g(ﬂ)Kéi,) ~ ({1, 0}]0) for given values of . Replacing 64 with 64 + € we obtain

lim Ax(61 + €)Aa (6 — KN n({a,04 + €05 — c}1f)

~ () lim DN O5)

(a)
A K 0 0
e—0 g(QA,GA—i-E) (9,4,9 ) 2NN({U A+6}| A)

where we used representation (2.13) for the function \2(u) and reduction property (A.3). Using
now (A.7) we find

lim A2 (64 + €)a(f5 — K ({7, 04 + 05 — c}|6)

(o) (—1)Nth(_§, 91_9)h(§A,§A)f(a’ 04) = (—a)"8 G ap f (7. 0,).
9(04,0B)

where G 4p is given by (7.6). Substituting this expression for AQ(@)K&OJ\{I)’N({Q,@HH_) at v =
{04,0p — c} into (4.3) we arrive at (7.15).

Thus, for an arbitrary partition § = {f4,05}, the values of the polynomial S (v,u) at
v = {04,0p — c} are given by equation (4.3). As we discussed above, this means that S} (v, @)
is given by (4.3) for arbitrary complex o.

8 Conclusion

In this paper we proved the determinant representation for the OFS-ONS scalar product conjec-
tured in [6] within the framework of the MABA. Similarly to the known determinant formulas,
this representation contains the Jacobian of the transfer matrix eigenvalue. However, due to the
peculiarities of the MABA this Jacobian can be reduced to the modified Izergin determinant.
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This possibility arises due to the fact that the number of the Bethe parameters in the modified
on-shell Bethe vector coincides with the number of sites of the chain.

In spite of representation (4.1) formally looks very similar to the one obtained in [24, 31] for
the XXX chain with periodic boundary conditions, the proof is very different. Recall that the
determinant formula [31] for the ABA solvable models holds for the most general case when
the Hilbert space of the monodromy matrix entries is not specified. In particular, it can be
infinite-dimensional. On the contrary, the proof given in this paper is essentially based on the
fact that we work with a finite-dimensional representation of the RT"T" algebra. In its turn, this
yields a set of very specific properties of the on-shell Izergin determinant. The latter also is an
essential part of our proof.

All this does not mean, however, that there is no other proof of the representation (4.1),
which would be more general and would not rely on the properties of a particular model. The
are planning to publish such a proof in our forthcoming publication.

A Properties of the modified Izergin determinant

In this section we give a list of properties of the modified Izergin determinant introduced in
Section 3. The proofs can be found in [9]. In all the formulas listed below @, ¥, and z are
arbitrary complex numbers such that #u = n and #v = m.

We begin with a direct relation between modified Izergin determinant and its conjugated:

Ko (o) = (1= 2" K@, 00, K,(—al =) = K, o). (A1)
Due to this relation all other properties are given for Kﬁ%(a\@) only.
e For arbitrary complex w

K, (1 — wlo) = K&, (afo +w).

n,

e The modified Izergin determinant has the following initial conditions:
KQ@e) =1, KQ(@l0) = (1-2)" (A.2)
e If one of the arguments goes to infinity, then
K@), (ulv = K, (D),
U —> 00
K@, @) ==K, (alm).
VE—00 )

For arbitrary complex w

KX)o (a,w — e {o,0)) = —2K), (a]v). (A.3)

n,m

The modified Izergin determinant has the following representations as sums over partitions
Kr(zfm(a‘ﬁ) - Z (_Z)#T}Hf(aﬂ_jl)f(@hﬁﬂ),
{or,on}to

K@) (o) =1 —2)™™™ Y (=2)* f (g, 0) £ (1, ). (A.4)

{ty,an }a

Here the sum is taken over all partitions {v;, vy} F © in the first equation, while in the
second equation, the sum is taken over all partitions {uy, uy} F .
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e The order of the sets # and v can be changed via

—"(1 — Z)m—n
K@ @lo+ ) = T2 K12 (5]7). A5
(s + ) = S KD () (4.5)
e The modified Izergin determinant has simple poles at u; = v;. The residue at u, = vy, is
given by
K.@lo)| = glun,vm) f(n, un) F s ) K o1 (B + reg, (A.6)

where reg means regular part. It follows from (A.6) that if #w = #w’ = [, then
= f(a,) f(0,0)K), (@]o). (A7)

e Let w and v be sets of arbitrary complex numbers such that #u = n and #v = m. Then
{’T)[,’T)[[}}—U

Here Iy = #vy. The sum is taken with respect to all partitions {o;, oy} F ©. There is no
any restriction on the cardinalities of the subsets.
B Identities for rational functions

B.1 Sums of rational functions
To prove (4.5) we use the following summation formulas:
Z g(ug, vg) v = h(v, vg)
uj,vk h(a,vk)’
Z Q(Ukvuj)y‘ __ h(w, v)
= h(vk, uj) h(vg, @)’

> 9ok, uy)y; = —1. (B.1)

=1

=

All these formulas can be obtained by calculation of special contour integrals. For example,
consider an integral

- L 7{ 9(z, vy) g(z,z_t) &
2mic |z|=R—o0 h(Z,’Uk) g(z,v)

_ 1 cdz Hz—vz
271 J)2)=Roo (2 — ) (2 — vk + ©) 1z u;

The integration is taken over anticlockwise oriented contour around infinity. Clearly, I = 0, as
the integrand behaves as 272 at z — co. On the other hand, the integral is equal to the sum
of residues within the contour. The residues at z = u; give the sum in the Lh.s. of the first
equation (B.1). One more contribution comes from the residue at z = vy, — ¢. Thus, we obtain

N N
Z uj,vk ' Hvk—vi—c
UJ,Uk Z_lvk—ui—c

J=1



22 S. Belliard and N.A. Slavnov

This immediately implies the first identity (B.1). Other identities can be proved exactly in the
same manner.
Using now representation (4.2) we obtain

a j Vi |U v
Z g(vy, 2’)7;2(%) 3Aéu/;| ) = (—1)N~ 1(Ii—Pl))\l( k)h(ﬁ,vk)
j=1 9\

— (k= p2)h(vk, ) = (pr + p2) A1 (ve),
leading to (4.5).

B.2 Matrices with rational elements

Let £ = {z1,...,2,} and let Q(x) be an n X n matrix with the elements
 _ S(@k )
Qk(z) = .

Let us prove that the inverse matrix has the following entries:

670 = iy =

For this we consider the product of these two matrices. Let

Z [z, 21) f(xg, Tr)

jvx ) h(xk’a $l)

Consider an auxiliary contour integral

1 f(Z,2) f(zg, 2k)
I = d
%ZI R—o0

27ic h(zj,z) h(zg, z) =

where the anticlockwise oriented integration contour is around infinite point. Since the integrand
behaves as z~2 at z — 0o, we have I = 0. On the other hand, this integral is equal to the sum of
the residues within the integration contour. The contribution of the poles at z =x;, I =1,...,n
gives —G ;.. One more contribution comes from the pole at z = x; +c at j = k. Thus, we obtain

I=0=—Gji+ 6 f(xp, ) f(Tr, 2k + ¢) = —Gjg + I,

where we used (2.11). Thus, G = 0, what ends the proof.

C Relations between on-shell modified Izergin determinants

Theorem C.1. Consider an arbitrary partition of inhomogeneities {04,605} + 0 such that
#04 =n4 and 0p = N —ny. Let u be on-shell, that is the set u satisfies Bethe equations (2.14).
Then

n\"
f(@ 9>K$#n?”%\m»:(g) YD) @lf) K (3] ),

:<Ng1+M>E—M. (C.1)

K= p2

and & is given by (7.13).
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The proof of Theorem C.1 is based on two preparatory lemmas.

LemEna C.2. Let 04 and Op be two fized partitions of the set 0 such that #0g = ng > 0. Let
0; € 0. Then for arbitrary complex v the following identity holds:

f(0B,,08 13
{05,.08,}F08 At
#0p,=1

— (F@0) Ky (Wl \651) ~ K, (al0)).

Here @ and 0 are arbitrary complex numbers. In particular, we do not require the set @ to be

on-shell.

Lemma C.3. Let 64 and Op be two fized partitions of the set 8 such that #04 =ns < N. Let
0; € Op and u be on-shell. Then

y S 0 On) KNl (164 0.))
1, Goyrap \Osr081) F(1,08,)
#9_3121

154 o
= g (N {00,0.0) — €K @) ). (©2)

The proofs of these lemmas respectively are given in Appendices D.1 and D.2.

Proof of Theorem C.1. The proof partly uses induction over n4. For ny = 0 the statement
of the theorem is obvious. Assume that it is valid for some n4 > 0:

e f(a,04) K8 D @)ag) = pra kG @) K G (alfa),

Here 64 and A are arbitrary subsets of § with cardinalities #04 = n4 and #0p =np = N —n4

(lH‘(M 1)/8) (uw )

respectively. We assume that Ky # 0 for generic inhomogeneities  and generic

twist parameters. - - -
Now we make new subsets. We fix some 0y € 65 and consider subsets {64,6,} and {0p \ 0s}.
Let us introduce Y (6;) as

Y (0) = € f(a, 04) K D @l {05\ 0))
K\ (@){04,60})
f(uaef)

Obviously, if we prove that Y (6y) = 0, then we prove Theorem C.1 for n =n4 + 1.
Let Q be an np X ng matrix with the entries

1O, 0¢)
h(65,07)

nnA+1K(#+(# 1) /B( |0)

Qi =
Here we temporary used a superscript for the subset g = #%. Respectively, 95 is k-th element
of the subset 6. We also used §5 = 05\ #5. It can be easily checked (see Appendix B.2) that

L[0B85
(@7, = 1(0P.0;)
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Let us compute the action of Q2 on the vector Y (C.3). Obviously

np = -
f HB 76B n
S v = % WY(QBJ.
= {6, ,_532}"9_3 77
#0p, =1

Thus, we can use the results of Lemmas C.2 and C.3. Simple straightforward calculation gives

55,6 e
Z‘W 0) = 1Y )~

{gTLAf( A) ]\l;;r}(gﬂ 1)/5)( WB) nAK(lHr(M 1/5( ‘9) (1/77( ’9 )}

The term in the second line vanishes due to the induction assumption. Hence,

0;
o0 - 21580 v

or equivalently,
npg
p—1 _
Z <<,u + 5) Qje — 050 f (1, ‘93‘)) Y (0,) = 0.
/=1
Multiplying this equation from the left by (Q_l)ij and taking the sum over 0; € Op we arrive at
> (f(u, 0 (27, — <u + 5) 5z‘é> Y (6,) = 0.
(=1

It is easy to see that

det <f(u,0i)(91)w - <u+ ‘?) (m) KT (a)gp).

Due to the induction assumption K(’H(“ 2 /B)( |0p) # 0. Then Y (6;) = 0, and hence, Theo-
rem C.1 is proved for n =ny + 1. |

D Proof of preparatory lemmas

D.1 Proof of Lemma C.2

Let
f(éB véB ) —1n
F= 3 g Khnsa 0:)
{0, 08,108 7B
#0p,=1

Consider an auxiliary contour integral

1 f<§B7z) ()
I= K _
2mic 7|€| R—oo (05, 2) N1 ({82 = c}0p).
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On the one hand, this integral is equal to the residue at infinity:
I=-K{\_ (alfp). (D.1)

On the other hand, this integral is equal to the sum of residues within the contour. The sum in
the points z = ), € 0p gives vF' (due to (A.3)). One more pole occurs at z = 0;+c. Using (A.6)
we find

I=~F — f(w,0;)K\) _(al{fp\ 0;}). (D.2)

Comparing (D.2) and (D.1) we arrive at the statement of the lemma.

D.2 Proof of Lemma C.3

Let Op, = 0; in (C.2). Consider K](\}’/nnjﬂ(ﬂ]{éjq, 6;}) as a function of ;. Using the first equa-
tion (A.4) we have

W/n) 158 NN#r
Ky a(@{fa o) = > (—n) £(@,6:)f (6, 6n).
{61,0u}{6.4,0,}

Clearly, either 6; E_él or 0, € én._ In the first case we set 0 = {0;,04,} and Oy = 04,. In the
second case we set 0; = 04, and 0y = {6;,0.4,}. Thus, we obtain

A/m)  (=1rp 0
KN,n +1(u|{014a0l}) 1 #04; - _ _
= 2 () a0
(04,04, 104

X <f(9z,9A2) -

1f(§A1,01)>
n f(a’el) ‘

Substituting this to the Lh.s. of (C.2) we have

Z f(éBwéBl) K](\},{nn,z—l—l(ﬂHe_AaéBl})

! a = Ay + Ag,
1(0s,0,) £ (1,05, b

n
{6, L§B2 H-0p
#0p, =1

where

1 #éAQ _ _ _
Ay = n Z <_) f(ﬂv 0A1)f(6A170A2)

{64,,04,3H04

% Z f(éBz’ 9_31)!{(9_31 ) éAz) (D.3)

{0B,,0B,}+05 h(0s,05,)
#531=1
and
1 #éAQ _ _ _
A2 = - Z <_> f(aa 0A1)f(9A1a0A2)

{04,,04,3H04 K

% Z f(éBm éBl)f(éA1 ) §B1> ) (D.4)

AL GV AL

#9_31 =1
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D.2.1 First contribution
Consider the sum A; (D.3). Let

G = Z f(éBw éB1)f(§B1’§A2).

L CN
{0B,.08, 105 (05 65,)

#0p,=1
Consider an auxiliary contour integral

_ L 105.2) o 5
7= 2mic |z|=R—00 h(@s,z) f(z79A2).

Taking the residue at infinity we obtain J = —1. On the other hand, this integral is equal to
the sum of residues within the contour. The sum in the points z = 0y, € p gives —G. One more
series of poles occurs at z = 0 € 04,. Thus, we find

f0B,04,) . 2 2
G=1 o= 2 (04, 04). D.5
D S 05)
{9A3,9A12}|—9A2
#Q_A3:1

Substituting this into (D.3) we arrive at

Ar =Ky (@l0a) - Ay, (D.6)
where
- 1 #04, u, 0 _ _
A = Z <_) Mf(0A179A2)f(‘9A179A3)
= _ n h(QS, 9A3)
{0A1,9,472,9A3}|—9A
#04,=1
X f(e_Aw 9_A2)f(9_37 §A3)' (D'7>

Here, when substituting (D.5) into (D.3) we first set 64, = {045, éAé} and then relabeled éAg —
04,.
D.2.2 Second contribution

In order to compute the contribution Ay we should transform the sum over partitions of 6p
in (D.4). Let {0p,04,} = 0c. Then

Z f(éBzv §_B1 )f(éAl_v §B1) _ Z f(_g027 601 )_
P e CAL D VP R CRLER N CROS
#531:1 #éCIZI

f( B;§A3)f(§A’1>§A3)
h 087§A3)f(ﬂ7§143> .

- > (D.8)
{éAll 76A3 }l—éAl
#04,=1

In other words, instead of taking the sum over the subset 0, we take the sum over the subset
0c = {0p, 04, } and then subtract the sum over the subset f4,. In this case we can compute the
sum over the subset ¢ = {0p, 04, } via Bethe equations (4.7).
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However, we first consider contribution coming from the second term in the r.h.s. of (D.8).
We have

1 #04, B L f(éB,éA )f(éA/,éA )
A= Y <_> F@,04,)f(0a,,00,) > W és)f(alg )3.
{04,,04, )04 7 {041 0453F04, s s
#04,=1

Substituting here 04, = {9_,4/1,5143} and relabeling Q_A’l — 04, we find

1 #éAQ _75 _ _ — —
AP = > <—> Mf(HAu@Ag)f(HAg,@Ag)
2.\ 7y 105,04, )
{04,,045,0453H04
#04,=1
X f(0a,,045)f(0B,045)- (D.9)

We see that this sum is equal to the term Ay (D.7). Thus, common contribution of these terms
vanishes.
Consider now contribution coming from the first term in the r.h.s. of (D.8). We have

(1) 1) #042 _ _
A2 - Z (_77> f(ﬂ7 eAl)f(0A179A2)
{04,,04,}04
X Z f(9027 901) (Dl())

{00190, }-0c h(0s,0c,)f(a,bc,)

#0c, =1

Using Bethe equations (4.7) we find

1 (605, 0c,) Rtk 1, i
2 Jo) f (@, 00) — = (1,0,)f (0, 0,)
{0cy .00, }-0c h(Os,0c,)f(w,0c,)  K—p2  «

#0c, =1

1 _ _ o
+ a Z 9(987 9A3)f(a,9A3)f(0A379A’2)'
{§A3,§A/2}F9A2

#04,=1
Substituting this into (D.10) we arrive at
AY — CEER g gy Yog o) (D.11)
2 K — p2 N,na a ’
where
1 #éAQ _ _ _
Ml — Z (77) f(/l_j’a 0A1)f(9A170A2)7
(04,04, {0405}
eseéAl
and
1 #04, _ o
My = Z _77> f(ﬂv eAl)f(9A170A2)

{64,,04,}H04
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x> g(06,0a,) f(,0a4) f(Oay,0,). (D.12)
{éAg,éA/Q}FéAQ
#éA3:1

Presenting M; as

1 #Q_AQ _ _ _
M, = Z (_) f(ﬂv 0A1)f(9A179A2)

{64,045 }{04,0s}

- > <—1>#6A2 F(@,04,)f(0a,,04,),

{041,045 1-{04,0}

9569A2
we obtain
a/m (ot N#
Ml = KN,TLAJrl(a’{gA? 65}) - Z <_77) f(a79A1)f(0A170A2)-
(04,04, 104,05}
QSEéAQ

Setting here 04, = {0 Ay 05} and relabeling 0 A = 0, we arrive at

(1/m) _ 1 #§A2+1 B 3 B
M, = KN,nnAJrl(m{eA? 0s}) — Z <_77> f(@,04,)f(0a,,04,)f(0a,,65).
{04,,04,3H04

Consider now contribution M. Setting 64, = {6_?A/2, 4,} in (D.12) and relabeling §A/2 — 04,
we arrive at

1 #0a,11 B L o B
Ms = Z <_77> f(ﬂv0A1)f(914170A2)f(914179143)g(9879143)
{éAl ,97,4_275143}'—@,4
#9A3:1
X f(,0a5)f(0a,04,)- (D.13)

Let {04,,04,} = 04,. Then (D.13) takes the form

1 #0ay11 B o
My= ) <—> F(@,040)f (0aq,04,)

sz 5 n
{04,045 }04

x> g(0s,04,)f(0a,,04,). (D.14)
{9_A1,?_A3}F9_A0
#04,=1

The sum over partitions {04,045} - 04, can be easily computed by the contour integral

Z g(esae_Ag)f(éApO_Ag) - 1_f(§A0703)-
{éAUéAS}'_éAO
#04,=1

Substituting this into (D.14) we obtain

1 #9_A2+1 B B _ _
My = Z (_> f(aver)f(erveAz)(l - f(HA()?HS))

- = = n
{044,045 104
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#04y11 B L B
KZ\}/nnj(iw ) — Z <_1> J(,04,)f(0a,,04,)f(04,,05).

77 {04,046 K

Thus,

My — My = K7 (al{f4,0.}) + Kﬁ&@(we)

and due to (D.11) we arrive at

W _ (1 R\ am,. Licm g
A _<7704_/£—p2> Ky (@04) + L Kvniy (@{04,6}),

Finally, taking into account (D.6), (D.7), and (D.9) we obtain after simple algebra

B8 _(d _
Myt A = o (0 (31 (04,6,)) — €K (@16 ).

Thus, Lemma C.3 is proved.
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