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Abstract

We investigate the exact overlaps between eigenstates of integrable spin chains and a special class of
states called “integrable initial/final states”. These states satisfy a special integrability constraint, and they
are closely related to integrable boundary conditions. We derive new algebraic relations for the integrable
states, which lead to a set of recursion relations for the exact overlaps. We solve these recursion relations
and thus we derive new overlap formulas, valid in the XXX Heisenberg chain and its integrable higher
spin generalizations. Afterwards we generalize the integrability condition to twisted boundary conditions,
and derive the corresponding exact overlaps. Finally, we embed the integrable states into the “Separation
of Variables” framework, and derive an alternative representation for the exact overlaps of the XXX chain.
Our derivations and proofs are rigorous, and they can form the basis of future investigations involving more
complicated models such as nested or long-range deformed systems.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

One dimensional quantum integrable models are very special systems, where the exact wave
functions can be computed using analytic methods, even in the presence of interactions. However,
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the computation of composite objects such as correlation functions is a notoriously difficult task
even in these systems. In the last couple of years considerable effort was spent to study a special
class of objects: the exact overlaps between the eigenstates of the model and a distinguished set
of states, which are now called integrable initial states [1,2]. These overlaps display very special
features and they are important for a number of reasons.

First of all we mention the context of non-equilibrium dynamics of integrable models, where
the overlaps play a central role in the study of quantum quenches. In a quench one prepares
the system in an initial state, which is not an eigenstate of the Hamiltonian, and the goal is to
study the non-equilibrium dynamics, the emergence of steady states, and their properties [3]. The
overlaps with the initial state are intermediate objects for the exact computations, and they serve
as an input to the so-called Quench Action method, one of the main methods for the study of the
steady states [4]. Thus it was crucial to find initial states where exact overlaps could be derived.
The first exact results appeared for the Lieb-Liniger model in [5] and the Heisenberg spin chains
in [6,7]. The exact overlap formulas played a central role in the early studies of the Generalized
Gibbs Ensemble (GGE) in interacting integrable models, see [8,9].

It was found in these early studies that the overlaps are non-zero only if the eigenstate in
question is an eigenvector of the space reflection operator. Furthermore the overlaps were found
to possess a remarkable factorized form. It was later understood in [1] (see also [10,2]), that
these properties are tied to special integrable structures behind the initial states. Namely, the
solvable cases can be understood as integrable boundaries in time, and they are closely related to
integrable boundary conditions. This understanding was inspired by the seminal work of Ghoshal
and Zamolodchikov [11], which investigated integrable boundaries in integrable Quantum Field
Theories (QFT’s).

In QFT the overlaps between the eigenstates and some finite volume integrable boundary state
are called “exact g-functions”. The name “g-function” originally refers to the overlap between
the finite volume ground state and the boundary state, and this quantity has already a rather rich
structure [12,13]. Overlaps with excited state are then called excited state g-functions. We note
that the factorized structure of the excited state overlaps already appeared in [14], but this work
did not influence the later rigorous derivation of [7].

The exact overlaps also appeared in the context of the AdS/CFT duality: it was first found in
[15] that they describe one-point functions in defect CFT. To be more precise, in a co-dimension
one defect N'=4 SYM the tree-level one-point functions are given by overlaps between Bethe
states corresponding to single trace operators and special two-site states or Matrix Product States
[16-20]. On the string theory side the surface defect corresponds to a probe brane, where closed
strings corresponding to single trace operators can be annihilated. The dual quantity of the one-
point function is the annihilation amplitude of the strings. In the 1+1 dimensional sigma model
point of view this amplitude is an overlap between and eigenstate and a boundary state, which is
thus an excited state g-function. For these reasons the overlaps appear on both the gauge and the
string theory sides of the duality.

For the probe D5-brane, which preserves half of the supersymmetry it was showed that the
tree level boundary states are integrable in the S O (6) sector, and the corresponding overlaps were
also calculated in [18]. In [19] it was also showed that the one-point functions are integrable
at one-loop level in the SU(2) sector. Using symmetry considerations the asymptotic all loop
boundary state was proposed independently in [21] and [22] and its asymptotic overlaps was
proposed for the full spectrum in [22,23]. In [24] the authors took the weak coupling limit of
the asymptotic overlap and showed that this formula is covariant under the fermionic dualities
and it is compatible with the tree level overlaps in various subsectors [18,20]. This is a strong
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consistency check of the assumption that the integrability condition holds at the all loop level.
It is worthwhile to mention that integrable boundary states also appear in the investigation of
three-point function where two operators are of determinant type and third is of single trace type
[25,26].

Let us now discuss the various methods used for the derivation of the exact overlaps. The
first work [5] applied coordinate Bethe Ansatz in the Lieb-Liniger model to the overlaps with
low particle numbers, and a conjecture was made for the general case. The paper [7] actually
proved an exact formula for the Heisenberg spin chains, valid for arbitrary particle numbers. This
proof was based on an off-shell overlap formula, originally derived by Tsushiya [27] and adapted
to overlaps in [6] (see also [28]). However, this particular proof was valid only for a subclass
of states, namely those related to the so-called diagonal K -matrices. Afterwards a number of
works simply just assumed the factorized structure of the exact overlap, and determined the pair
amplitude of the overlaps using either coordinate Bethe Ansatz [16-20] or the so-called Quantum
Transfer Matrix (QTM) method [10,29,30].

A new approach was initiated in [31], where the exact formulas were proven regarding all par-
ticle numbers, based on the analytic properties of the coordinate Bethe Ansatz expressions. This
method is based on the ideas of Korepin, developed for the derivation of the norm of the Bethe
wave function [32]. It was shown in [31] that the method is applicable not only to the Heisen-
berg chain, but also to spin chains with non-compact local spaces such as the so-called s/(2, R)
chain. This method was already used in [33] to give an alternative proof for the overlap formulas
between the Lieb-Liniger Bethe states and the Bose-Einstein condensate state, originally derived
in [5] and first proven in [34]. However, the drawback of the method of [31] is that it is relatively
difficult to apply it to new cases, and it was not clear whether it could be useful for the models
solvable by the nested Bethe Ansatz.

It is desirable to develop further methods for the derivation and proof of exact overlap formu-
las. It is fair to say that none of the existing methods is convenient for actually proving the results
in the nested spin chains. Furthermore, it is desirable to find a formulation which would allow an
extension to long range deformed models, and in particular to the full AdS/CFT problem.

With this goal in mind we turn to two central methods used in integrability: the Algebraic
Bethe Ansatz (ABA) and the Separation of Variables (SoV). Remarkably, up to now neither
of these methods have been used for the systematic treatment of integrable initial states and
their overlaps. The original work [6] was based on some simple computations with systems with
boundaries in ABA, but the applicability of those results is very limited. In integrable QFT the
g-functions were considered in connection with SoV in [35], but that work did not treat the
integrability condition for the boundary states within SoV. It is worthwhile to recall that the
natural language of the AdS/CFT spectral problem is the so-called Q-system, which is a set of
relations for the so-called Q-functions [36]. On the other hand, the Q-functions are naturally
interpreted as the wave functions in SoV. This gives further motivation to apply the SoV method
to the boundary states. Nevertheless, a proper embedding of the integrable states into the SoV
framework was missing up to now.

In the present work we initiate a systematic study of the overlaps using the ABA and the SoV
approaches. We show that the ABA 1is capable of deriving new recursion relations for the over-
laps, which can complement the methods of [31], leading to a wider applicability. Furthermore
we show that the integrable initial states can be represented also in the SoV framework, and we
also derive new overlap formulas using this approach.
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2. Overlaps and ABA

In this section we review the construction of integrable two-site states for integrable spin
chains [1]. We focus on the XXX chain and its integrable higher spin generalizations.

We introduce a new relation (which we call the KT-relation), which is very useful for the
derivation of overlap formulas: it leads to a new recursion relation for the off-shell overlaps. This
recursion can be solved in certain cases and we obtain the off-shell overlap as a Vandermonde-
like determinant. Using the argument of [31] we derive the on-shell formula of general two-site
state for inhomogeneous chains with arbitrary quantum space. We close this section by calculat-
ing the overlaps for descendant states.

2.1. Integrable states and KT relation

Let us start with the definitions. Let us use the following convention for the R-matrix
Ruw)y=ul+P=ul+e;®ej;, 2.1

where ¢;-s are the 2 x 2 matrix units and P is the permutation matrix. Let El.(;) € End ((Cr“) be
the highest weight irrep of gl, with highest weight (r, 0). The basis vectors are |p, ¢)"” € C"+!
for which p+¢=r,0<p,q <r and

O ER ) =qlp, ). 2.2)

Using these representations we define the Lax operators

EQp, )" =plp,q)

RO@) =ul+e; ®E,  LOw)=R"w—r/2). 2.3)
The R- and L-matrices have crossing symmetry:
Rix(u) = —0oi R}5(—u — Doy (2.4)

1w =0 [LR0]" of =5 [LF 0] 53", (2.5)
, 0 —i . . .
where 0 = i 0 and the X is a matrix for which

") _ g™\ s-1_ g0 _ g
E(E“—E )= =R - EYY,
(r) 52— ) (N y-1 Q)
TES YT =—Ey, TE) LT =—E);. (2.6)

Using the Lax operators we can define the monodromy and transfer matrices and their space
reflected versions as

Tou) = L3, (0 — &2r) Lo 25w — Ea-1) ... L3 (w — ) LYY (u — &)

.7)
TE ) =LY+ EDLYY @+ &) ... Ly (u+ s 1)L (u + 21)
and
t(u) = TroTo(u), Tz (u)TT = Tro T (), (2.8)

where I is the space reflection operator. The matrix entries of the monodromy matrices are

4
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_(Aw) Bu) zoon_ [ AT@@) BT (u)
Tw = (C(u) D) ) W= (C”(u) D”(u)) : (2.9)

The T and T7 are not independent quantities. We can use the crossing symmetry of Lax matrices
to express

o) (TF ) 0 = Lopr(—u — 1) ... Lo, (—u — &) = To(—u). (2.10)
Therefore
o [ D(=u) —B(—u)
T7 (1) = (_C(_u) Ay ) 2.11)

We can construct the eigenvalues and eigenvectors of the transfer matrix using the algebraic
Bethe Ansatz. The eigenvectors can be built form the B-operators as

[u) = B(uy)...B(uy)|0), (2.12)
where |0) is the reference state:
10) =1r1, 0" ®1r2,0)" @ -+ & lrap -1, 007" @ |raz, 0) 7). (2.13)

Below it is understood that u is a set of rapidities with N elements, unless otherwise noted.
The action of operators A(u) and D(u) on the pseudovacuum can be written in the usual form

Au) |0y = AT (u)|0), D@u)|0) =2~ (w)|0), (2.14)
where
2L
At @w) = ]‘[(uirk/z—gk). (2.15)
k=1

The vector |u) is an eigenvector of the transfer matrix is the Bethe roots u; satisfy the Bethe
Ansatz equations

M) Q1w+ 1)

= ) (2.16)
A~ (uj) Qi(ui — 1)
and the eigenvalue A () reads as
Qiu—-1 _  Qiu+1)
Aw) =15 ) ——— + A" () ———, (2.17)
Q1(u) Q1 (u)
where we defined the Q-function
N
Q1) =] [ —up). (2.18)
i=1
We can also construct the left eigenvectors with the same eigenvalue as
(u] = (0[C(ur)...Clun). (2.19)

In this paper we do not use any inner product therefore the quantities like (v|u) are defined as a
natural pairing between a dual vector and a vector, but not as a scalar product.

It is well known that the Bethe states with N magnons are highest weight states and their
descendants are also eigenvectors of the transfer matrix with the same eigenvalue. Let us define
spin operators as



T. Gombor and B. Pozsgay Nuclear Physics B 967 (2021) 115390

L(u-v): —_—
u | pr—
v
K(u): : : -u u
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Fig. 1. Pictorial representation of the KYB equation (2.27), see on the right. The action of the Lax operator is represented
by the crossing of the straight and dashed lines, which correspond to two (potentially different) auxiliary spaces. The
thick horizontal line represents for the integrable final state (boundary in the time direction). The K-matrix connects the
physical spaces to the integrable boundary, and its two “legs” carry rapidity parameters (inhomogeneities) opposite to
each other.

ST =e, S” =ei, $3 =%(€11 —en), (2.20)
for which

[ST,57]=285,  [$3, SF]==£5% 2.21)
The asymptotic limit of the operator B is the spin lowering operator

ull)ngo MZL%B(M) =A(S7), (2.22)

where A is the usual co-product. Let us define the descendant states as
lu, M) := AS)M |u). (2.23)

Below we will construct integrable two-site states. The construction requires that the sites of
the spin chain are “paired” which means that for a pair of sites (2a — 1, 2a) the inhomogeneities
are opposite to each other i.e.

5211—1 = ea’ SZa = _Ga (224)

and the representations are the same i.e.
2a—1=1"2a = Sa- (2.25)

Two-site states can be built from K -matrices K (u). The K -matrices are given by their com-
ponents k;;, which can be arranged into a matrix or into a co-vector as

K=Y kijwej.  Knw =Y kjwe ®e. (2.26)
iJj i,j
These are two representations of the same quantity and we for simplicity we call them both

K -matrix.
The defining equation of the K-matrices is the following equation [1,2,22,23]

K@) KS) L) @+ o)L —v) = K@K L) e+ ) L) @ —v).  (2.27)

Following [22,23] we call it the KYB equation. We will see below that it is very closely related
to the Boundary Yang-Baxter (BYB) equation. A graphical interpretation of the KYB equation
is given in Fig. 1.
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Fig. 2. Graphical interpretation of the KT relation (2.29). The dashed vertical lines stand for the physical spaces of the
spin chain, and the horizontal line is the auxiliary space of the monodromy matrix. We assume that this space carries the
spin-1/2 representation, but the physical spaces can be higher dimensional. The main idea is to insert one more K -matrix
which acts on the auxiliary space, and then to use the KYB relations consecutively, to shift the action of the extra K
from the right hand side to the left hand side. Working out the details we obtain (2.29). It is important that the indices at

the left and right are free, thus we actually have a collection of 4 algebraic relations. The integrability condition (2.30) is
found by multiplying with the inverse of one of the K-matrices, and taking the trace in auxiliary space.

We can now define two-site states as
(W =KD ®--- @ K5 (@6y). (2.28)

We call such a state an integrable final state. We use the expression “final state”, because in our
conventions it is actually a co-vector which acts on the eigenstates of the model.

It follows directly from the KYB equation that such a two-site state satisfies the following
relation (see 2 for the graphical derivation)

(W] K12(u) Ty (u) = (Y| IEIZ(M)TZH ) <= (V'K WT )= (¥ T(—u)o"K u).
(2.29)

We call (2.29) the K T -relation; it can be understood as the “time”-boundary analog of the usual
RTT-relation'. Note that it is actually a collection of 4 equations due to the free indices in
the auxiliary space; specific components will be given below. Also, it is shown below that the
K T -relation allows us to embed the overlap computations into the framework of algebraic Bethe
Ansatz.

Let us assume that the K-matrix is invertible. In this case we can take the trace of the KT
relation in auxiliary space after multiplying with the inverse of the K-matrix on either side. This
leads to the integrability condition

(W] ¢ (u) = (V| Tt (). (2.30)

This condition was introduced in [1], and the equation (2.29) appears there as an intermedi-
ate step in the derivation (2.30). In this paper we point out that the equation (2.29) contains
more information than the integrability condition (2.30), and we use this extra information in the
derivation of the overlaps. We note that (2.30) is formally a relation for co-vectors.

It is known that the KYB equation is equivalent to the reflection equation [1,2,22,23]

LY@ =) (SKY (1) LY @+ v) (03 Ka(-v)
= (0 Ka(=0)) L u +0) (Z1K (=) ) L @ = v). 231)

For s = 1 the reflection equation can be written as

' The KT relation looks very similar as the twisted Yangian invariance of Baxter lattice with boundary, see (24) in [37].
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Riz = v =172) (o7 K{" (<)) Ria(ue +v = 1/2) (0] Ka(~v) =
(03 Ka(=0) Rizat +v = 1/2) (07 K{" (=) Rizu = v = 1/2). 2.32)

Using the definitions

KDO@w) = Ku+1/2),  Ki@) :=o0{K(~u) (2.33)

u+1/2
we obtain the usual reflection equation of XXX spin chain

Rio(u —v)K1(w)Ri2(u +v)K2(v) =Ko (v) Ri2(u + v)K1 () Ri2(u — v). (2.34)

The solutions of this equation are well known. We use the following parametrization

ki1(u) =au kio(u) =—b+cu (2.35)
ko1 () =b+cu koy(u) =du. (2.36)
We will also use normalized matrix entries
kpyw) b4cu  kip(w) —b+cu kp(u) d
Kk(u) = = , = =«(—u), &:= =—. 2.37)
ki1 (u) au ki () au kit(w) a

Using this matrix we can obtain the K-matrices for the higher representations by the fusion
procedure. It is more convenient to use the reflection equation (2.31) with the R-matrices. We
use the s = 1 equation

Ky @)K§) () Ria(u + v)Ri3(u — v) = K15 ) K{) @) Roz(u + v)Roau —v)  (2.38)
to construct the solution of the general KYB equation

Kl(;)(u)K(S)(U)L(é)(u +u+ 1/2)L(A‘)(u —v+ 1/2)
=KD @K LY +v+1/2)LE) —v+1/2). (239)

The L(1s4) (u F v+ 1/2) can be obtained from the original R-matrix using fusion [38]. We obtain

LO(uFv+1/2) o [P(l 2. s)] [H R (4 F (v — ﬂ))} [ U2 s):IT’ .40
k=1

((C2)®X. The K ®)(v) can be obtained in an analogous way [39]

s—2k+1
K(sz(v) |:1_[ sz 1. 2k 72 )i| X
|:s—l s—
=1

)
— T T
R2k+21_1,2k(2v —s+2k+1— 1):| I:P‘E]’S""’zsil):l I:Pé2,4,..-,25):| , (241
=1k=1

where

_ 1
Ru)=——R). 242
(u) p— (u) (2.42)
In Fig. 3 we present a graphical interpretation of the fusion, taking the example of I?a(f‘;(v).

8
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i | | O

Fig. 3. Graphical illustration of the fusion rule (2.41) for the K-matrices. Here we present the example K(4)(v). The
fused K-matrix is obtained by taking 4 copies of the original K -matrices with shifted rapidity parameters. Afterwards
we apply a projection, which is symbolized by the boxes.

Using this convention for the K-matrices the overlap between <\I/| and the pseudovacuum is

(w]0) = a”, (2.43)
where
L
L=Y s (2.44)
k=1

In this section our goal is finding and proving overlap formulas as

(¥u), (2.45)

where |u) is an on-shell vector i.e. an eigenstate of the transfer matrices. However, quantities
like (2.45) are not physical since they depend on our normalization conventions. Of course, for
physical system the Hamiltonian is hermitian and we have a well-defined norm on the Hilbert
space and we can divide (2.45) by the norm of the state. In this paper we do not introduce any
metric but we have an option to define normalized quantities as

() @)
(uu)
where |u) and (u| are the right and left eigenvectors with the same eigenvalue (and spin). The
advantage of this expression is that it does not depend on the normalization of the left/right
eigenvectors. The disadvantage is that we have to define a new initial two-site state |\IJ*> which
is independent from the final two-site state <\If’ (because of the absence of the metric). With the
asterisk we suggest that it would be a complex conjugated state in a physical situation.

In the general case we can also define the initial two-site states. We can use the vector rear-
rangement of the previously defined K -matrices

(2.46)

Ko’ =) kjwe ®e;. (2.47)
i

We saw that they satisfy the reflection equation (2.31)
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LY@ =) (SKY (0) LY @+ v) (03 Ka(-v)
= (3 Ka(=0)) L +0) (S1K (=) ) L @ = v). (2.48)
This equation can be written as
LYW —w)L) (—u —v)Kn(—u)T K (—v)7
=LY v —w LY (—u — v)Kio(—) KY) (—v)", (2.49)
which will be called KYB equation for right vectors. The initial two-site state is
|\I/> — [}(Sl)(_gl)T R ® E(SL)(_QL)T, (2.50)
for which the corresponding K T -relation can be written as
DK’ W) =T @K' |¥)
T WK (u)o? |¥) =K (u)o’ T (—u) |¥). (2.51)
In the following we concentrate overlaps with the final two site states but we emphasize that the
calculation for the initial two-site state is completely analogous.

2.2. The KT relation and the overlaps

In the following we will use the K T relation to calculate overlaps between the above defined
two-site states (V| and the off-shell Bethe states. The main advantage of this method is that it can
be applied even for inhomogeneous chains and it gives the overlap formula for all representations
of the quantum space simultaneously. This is remarkable, because in the higher spin cases it is
not necessary to know the explicit form of the K-matrices, it is enough to know they exists e.g.
given by fusion(2.41) 2. Nevertheless it is possible to derive the exact overlaps.

We start with the following component of the KT relations:

(W] (k11 () Bu) + ka1 ) D(u)) = (W] (ka1 () A™ () + koo () C” (w)) - (2.52)

Using the crossing relation for the space reflected monodromy matrix (2.11) we obtain

(W] (k11 (u) B(u) + k21 (u) D)) = (W| (ka1 ) D(—u) — ka2 (u)C(—u)). (2.53)

We can see that this equation can be used to replace B-operators with D- and C-operators,
therefore we can decrease the number of magnons iteratively. Using the normalized matrix entries
k(1) and § the equation (2.53) can be written as

(W B(u) =« (u) (W] (D(—u) — D(u)) — 8 (¥|C(—u). (2.54)

This will lead to a recursion relation for the overlaps, as we show below. We note that a different
type of recursion was earlier used in [41], where the recursion also involved changing the length
of the spin chain in each step. In contrast, the relation (2.54) does not change the volume, thus it
leads to a different recursion procedure.

Now we demonstrate the usefulness of the KT-relation by very simple and instructive calcu-
lations which give the off-shell overlaps for one and two magnons.

2 A closed form expression can be found in [40]. It is for the non-compact chain but should work for the compact case
too.

10
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N=1
We calculate the one magnon overlap as
(W] B(u) [0) =« (u) (Y[ (D(—u) — D(u)) [0) = A(W|C(-u)[0)
=aic ) (M) — 2 w)), (2.55)
where we used the identities
AE(—u) = AT ). (2.56)
N=2

Let us calculate the two magnon overlap

(W B(u1)B(u2)|0) =« (ur) (Y[ (D(—u1) — D(u1)) B(uz) |0) — & (W] C(—ur)B(uz) [0).

(2.57)
Using the commutation relations
PwBw) =" T By Dw) — — B D) (2.58)
u—v u—v
Cw)B(w)=BWw)C(u) + ﬁ (A()Du) — A(u)D(v)) (2.59)
we obtain the following expressions
— 1
(W D) Bw) 10) =225 5= ) (@] Bua) 10)
- A~ (u2) (W] B(u1) |0)
up —u
=a* [K(uz)wuul) (A 2) — A~ (w2)
Uy —un
—k(uy) AT () (M) — )»_(ul)):| (2.60)
up—up
and
(U] C(—u1) B(u) |0) = —a* (AT @A () =27 DA™ (1)) . (2.61)

Uy +un
Therefore the two magnon overlap can be written as
uy+uy—1 5 1
ui+uy up+uz

(V| B(u1)B(u2) |0) = aﬁ[ <K(M1)/<(M2) ) AT @) (u2)—

- 1
—K<u1)K(m)%r(m)muz)—

—uy— 1
—K(m)K(uz)%ﬂwl)ﬂum

1 1
+ (1« (1) (u2) “1;12; —0 uz) x(ul))\(uz)]. (2.62)

11
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2.3. Global rotation

The previous examples showed that the term in the K T-relation proportional to § causes
significant difficulty. This arises from the appearance of the C-operators, whose commutation
relations with the B-operators are more involved.

However, we can use a global rotation to eliminate the §-terms. Applying the following rota-
tion

Ky (u) = Kia(u) exp (% S+) , (2.63)
where

y2 =c?—ad (2.64)
the components of the rotated K matrix are

ky(w) = au L) =—=b+yu (2.65)
Ky =b+yu  khy(u) =0. (2.66)

At the end of the day we want to obtain on-shell overlap formulas and we know that the on-shell
Bethe vectors are highest weight states i.e.

St ) =0, (2.67)
therefore
(W[u) = (W] exp (% s+> lu) = (¥/]u), 2.68)

where the two-site state <\IJ| is built from the K -matrix K {,- The last equation shows that we can
work with this rotated K-matrix for which
b
=201 s, (2.69)

au

2.4. Recursion relation for the overlap

Let us continue with the derivation of a recursion formula for the off-shell formula

Sy, ...ouy) =(Vuy, ... uy). (2.70)

We only need the following commutation relations [42]

N
w1
D) B . Buy) = [ | B . Bluw) Dl -

k=2

al 1 N up—up+1 —
—Zu — ]_[ —————BG)... B ... Bn) D(w).
1= M T M Dy T

(2.71)

12
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Let us start with the KT relation

Sn(ui,...,un) =(V|Bu)Bus)...Buy)|0)
=k'(u1) (V| (D(—=u1) — D(u1)) B(uz) ... B(uy) |0). (2.72)

Substituting the commutation relations we can obtain the recursion relation:

Sn(i,...,uy) =
N up+up—1
K’(u1)<]_[71+(u1)81v1(uz,...,u1v)—
U+ ug
k=2
N
uy —ur+1
—Hik (u1)Sy-1(u2, ..., un)+
ur —ug
k=2
N N
1 up —up+1
+Z T 1_[ — AT (u)SN-1(—up, uy. SuN)F
1= ML oy M
N N
1 up —ug + 1
+Z 1_[ A" (u)SN-1(uy,up ... MN))
Uy — ug up — ug
1=2 k=21

(2.73)

We saw that the two magnon overlap is simplified as

—1 - 1
Sy(u, uz) =a‘1x/(u1)x/(uz)<%x+<ul)x+<uz> T — At () —
Uy +uy
B I L T L PSR (u2>) 2.74)
Uiy —up up+uy

Seeing this formula we may assume that the N magnon overlap reads as

N
Sn(@y...un) :aﬁ |:1_[K,(uk):|
k=1

N
x Z I1 Mnakk"k(uk) . 75)

oru olu
{0100, Ckd) <kel<y  ORMKTOUL

It turns out that this assumption is true: the formula above can be proved using the recursion
relation (2.73). We present the derivation in Appendix A.

The overlap formula (2.75) can be also written in a determinant form. After a simple rear-
rangement we obtain that

[Hllc\]:l K/(“k)]

Hl§k<l§N [”12 - “1%]

L > 11 [(“l - —) - (uk - %)2} ]f[lak)\ak(uk):| . (276)

----- ON k<l

L

Sy ...uny)=a

which can be written as

13
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N +

detVo(uy,...,un)

Sy ...uy) =d- |:1_[K/(uk):| N o @.77)
=1 [Tick<i<n [”1 _“k]

where we defined a Vandermonde-like determinant

(Vi@ .ouw)]y, = = 1722 720F () — e+ 1/2)% 7207 (). (2.78)

This result is reminiscent of the determinant formula found by Tsushiya in [27], which describes
the off-shell overlaps the diagonal K-matrices in the spin-1/2 chain [6]. However, the matrix
elements are different already in the spin-1/2 chain, with no direct connection to the formulas of
Tsushiya. Thus (2.77) seems to be a completely new result. We stress that it is valid not only in
the spin-1/2 XXX chain, but also in the higher spin integrable generalizations.

2.5. On-shell overlaps

In this subsection we review the connection between the integrability condition and the pair
structure of Bethe roots. Furthermore, we also derive the on-shell overlap formulas, which are
new in the higher spin cases.

We remind that the first derivation of exact on-shell overlaps of the Heisenberg spin chains
was presented in [7]. In that work the on-shell limit of the off-shell formulas of [6,28] was taken,
and the factorized structure was found. The only work after [7,43] which actually proved overlap
formulas was [31]. In [31] a new method was introduced, which derived the on-shell overlaps
based on the analytic properties of the of-shell cases. Below we review this method, and we use
it to derive new on-shell overlaps.

Let us first discuss the implications of the integrability condition on Bethe roots. Applying
on-shell Bethe vectors on the integrability condition (2.30) we obtain that

(W[t() u) = (Tt @)Tlw) —  (A@w) — A(—u)) (¥|u)=0, (2.79)
where A (u) is the eigenvalue of the transfer matrix
t(u) lu) = Au) |u), It ()T |u) =t (—u) lu) = A(—u) |u). (2.80)

We just obtained that non-vanishing overlaps can be found only if

A(w) = A(—u) (2.81)
The explicit form of the eigenvalue is
Qiw—-1) Q1w+
Aw) =1t ) =———= + 1 () =———=. 2.82
(u) (u) 01G0) +A" () 01G0) (2.82)

Using the formula for A(u) (2.17) we can convince ourselves that the condition (2.81) is equiv-
alent to

Q1(—u) = (DN 01 (w) (2.83)

This implies that the set of (finite) Bethe roots is parity symmetric. Generally the two possibilities
are

{ur, —ur,uz, —uz, ... unp, —unp}  or

u
u={uy, —ui, uz, —uz, ..., uN=1y/2, —UN-1y;2, 0} . (2.84)

14
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Let us now turn to the method of [31] for the derivation of on-shell overlaps. For simplicity
we focus on the case when all rapidities come in pairs. We also use the following notation for the
two halves of the set of Bethe roots:

uy = {u,ua, .. unpl, (2.85)
uy = lunjprt unjoga. .. unt. (2.86)

The key observation of [31] was that the non-zero terms in the on-shell overlaps are obtained
from apparent poles of the off-shell overlaps associated with the pair structure. The paper [31]
concentrated on homogeneous spin chains. Let us introduce the notation

wu) = e tPw (2.87)

where p(u) is the lattice momentum in the model under consideration. In [31] w(u) was denoted
as a(u), but we chose to change the notation to avoid confusion with the parameter a of the
K -matrix.
It was observed in [31] that the off-shell overlap has apparent poles of the type
wuw(ug) — 1
(u)w(u2) (2.88)
up +uy
where we selected for simplicity a concrete pair (u1, u2). In the on-shell limit such factors will
acquire some finite value (depending on L) if u1 4+ u» — 0. However, it was also shown in [31]
that the regular terms all add up to zero, and the finite on-shell overlap consists only of these
pole contributions. Thus it is necessary to understand the precise pole structure of the off-shell
overlaps.
Let us now turn to our new off-shell formulas. It is our goal to use the arguments of [31] to
derive new on-shell overlaps. In our case the w-variables are replaced by
A (u
Wi = M (2.89)
A7 (ug)
because we also treat the inhomogeneous cases. In the homogeneous case the original functions
are reproduced. In the on-shell limit the Bethe Ansatz equations

l_[f(uk_u_]) 1 (2.90)
f(u] —ug)
are satisfied where

—1
fluy="-—.

Returning to the representation (2.75) of the off-shell overlaps we see the occurrence of the
formal poles of the type (u1 + u>)~ L. However, our normalization is different from that of [31].
Let us therefore introduce the new normalization

2.91)

N

SN(ul,...,uN):l_[

k=1

k_(uk)SN(ul,...,uN) (2.92)

with the exact result given by

15
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N
Sy ... .uy) =a* |:l_[ K’(uk):|
k=1
oxup +ou; — 1 N
x 3 [T ————TJJowg""*|. @93

orU oju
(01 o ottt} 1<k <l<n kMK OUL

We can see that this overlap function depends only on the w; parameters, and the separate de-
pendence on A* (u;) disappeared.

Let us regard the off-shell overlap as a function of the u-variables and w-variables, which are
treated as formally independent variables. Taking the u + up — 0 limit we obtain the singular
piece

I—w

1w2
Sy @y ...uy) =——k"(u)k'(—uy)
up +uy

N N
up —up —luy+up+1
X (i)
r oy +oyu; — 1
xatl 3 [ T

(03 on) 3<kel<y KUk T 01U

N
(Mk +uy—lug —uy — 1)”"“/2 ort1/2
XHO’k Wy
plis up+ur+1lup—up+1

+ reg. (2.94)
Therefore the residue can be written as
wiwy —
Sn@uy...uylw, ..., wy) = ———— —— F(ul) x |:Hf(bt1 —uk) f(—uy —uk)i|
k=3

Sv—2u3...un|ws, ..., wy) +reg. (2.95)
where Sy_» contains the modified wy parameters

- S ux +ur) f(uk—u1)
w

(2.96)
T f—ug —un) f —un "
Above F(u) is a rational function which carries the dependence on the initial state:
b2 2
Fu) = —«' ()’ (—u) = =¥ # (2.97)
u

The structure of the residue in (2.95) agrees with Proposition 1 of [31]. Repeating the derivation
of [31] one can show that if the above residue property holds, then the un-normalized on-shell
overlap is equal to

N/2
Sy — at I1 Fu)) I1 fuh ) x det Gy, (2.98)
j=1 1<j<k<N/2

where GT are the so-called Gaudin-like matrices of size % X %, with matrix elements
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ot [ v+ v 2.99
jk= Mﬁ‘ﬁ(%) Mﬁ¢(uk) ) +, (2.99)
J J u; =—u;
with
S —uj)
¢u)=1lo (2.100)
& A()IIfw,—m
and
FOuw) = fO = fOA+ ) f(=h— ) f(=A+ ). (2.101)
Therefore we just proved that the overlap function has the following on-shell limit
N/2 N/2
(Vluy, ) = at ]_[ Fuh) ]—[ WF@hHA W) ]_[ fal uf) x detGy . (2.102)
Jj=1 j=1 1<j<k<N/2

To calculate the normalized overlap we need the pairing between left and right eigenstates

N

) =[[2T@pr— @) ] Fay—w)fu—uj) x detGy, (2.103)

j=1 1<j<k<N

where G is the Gaudin matrix

3
Gir= quﬁ(uk). (2.104)

For the pair structure the Gaudin determinant is factorized
detGy =detG;/2detG;,/2. (2.105)
We can then obtain the normalized overlap as

+ + N/2 +
(\Il|uN/2)(uN/2|\I/) p: / detGN/2 ) 106
|| ) ——= (2.106)

detGN/2

+ 1,7t
(wypluy )
where the one particle overlap function is

(Fw)* vyt @ —0*/y*?
fQu)f(=2u) a* u?w?—1/4)°
We observe the remarkable factorized form of the on-shell overlap. It is important that the
formula (2.106) is valid also in the integrable higher spin chains with SU(2)-symmetry. The
dependence on the spin representation is carried only through the Gaudin-like matrices, because
their entries depend on the functions A*(x), which on the other hand depend on the spin, see
(2.15). In contrast, the pair amplitude v(u) is completely independent of the spin. The algebraic
reason behind this remarkable separation and factorization is that in the higher spin cases the
K -matrices are constructed using the fusion relation (2.41), and they are completely determined
by the K -matrices of the defining representation.

An alternative interpretation of the factorized formula (including the higher spin cases) can
be given using the Quantum Transfer Matrix (QTM) method, see [1,2,30]. We do not pursue that
method here, nevertheless let us give a few comments. In the QTM method the fused K -matrices

V() = (2.107)

17
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describe the fusion of boundary transfer matrices, which belong to the same commuting hierar-
chy. It can then be argued using the methods of [10], that the pair amplitude v(u) has to be the
same for all spins. The argument using the QTM method can be applied only in the infinite vol-
ume limit, but our computations here reach the same conclusions, using rigorous computations
in arbitrary finite volume.

2.6. Descendant states

We close this section by calculating the overlaps for the descendant states
(\I/ u, M). (2.108)
Overlaps with (V|

Let us start with the two-site state (\Il/ , which is obtained from the rotated K-matrix (2.63) and
for which the off-shell formula is available. For an off-shell state we can continuously change
the rapidities, which means that we can obtain the descendant overlaps from a simple limit

M
1
<\I//|M1...,MN,M)= lim HmSN+M(M1s~~aMN+M)~ (2.109)

UNA1 e U N4 —> OO ] -
’ i=1 uN+l

Let us start with the case M = 1. Now

N+1
SN+1(M1,-.-,MN+1)=6Z£|:1_[ K/(”k):| > Inyi(or... ong1) |
k=1 {0'1,...,O'N+1}:{:|:,...,:|:}
(2.110)

where

orup + o — 1 N
Snv1(or...,on1) = 1_[ m nﬁkkgk(uk)' (2.111)
I<k<i<N+1 CKMRTOME

We can pair the terms as

N
oxuy +oju; — 1
fvneron, B+ (o on, o) = ] o Fom [ Towr i) x
I<k<i<y kMO
| N
1_[ (1 - 7) Ay — 1_[ (1 + 7) AT (un+1) | =
L<k<N UN+1 + Oklg 1 UN41 — OklUg

fwtor. o [2£ - M+ owy ] @)

where we used the following asymptotic expansions

u AT =14+ +Lu” + OW™), (2.113)
N 1
(1:F—) =1FNu ' +0w™?). (2.114)
il u £ opuy

18
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Substituting (2.112) to (2.110) we obtain that

) 1
lim L— ISN+1(u1"' uN+1)—2(£ N) SN(ul,...,uN). (2.115)
UN+]1—>00 [y N+1

Using this formula we get the following off-shell result

2]/ M M—1
<\I/|u1...,uN,M)=<7> ]_[ (L—=N—=0)Sy@ui,...,un). (2.116)
i=0

Therefore the ratio of off-shell formulas can be written as
(Wa, M) 2\ MM 22 \M (L= N)!
— = — L—N—-i)=|— _— 2.117
(w'[u) (a) E)( 2 (a> (L—N— M) .117)

This result holds also in the on-shell limit.

Overlaps with (V|
Let us continue with the general case. Since we have no off—shell formula we have to do some-
thing different as in the previous case. We can only use the on-shell formula

N/2
(wlu)=a“ [ Faui") x Gw 2. (2.118)
i=1
where Gy is independent form the two-site state

N/2
Gnjp = ]‘[ M@ W) ]_[ f@i uf) x detGy ., (2.119)
j=1 1<j<k<N/2
and
_ b2 2
F ) = =k (' (—u) = =~ % Eh), (2.120)
u
where
2 27.,2
—b
h(u):—%. 2.121)
u
Using these notations the overlap can be written as
N/2
(lu)=a“NyN T x Guya- (2.122)

i=1
Let us use the following expression for the descendant states

M

oM [u). (2.123)

a=0

lu, M) = exp («A(S7))

Applying it to the overlap

<

dM
)= 37 (¥|exp («AGST)|u)

(2.124)
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The rotated two-site state can be built from the rotated K -matrix

_ _ —b
Kip(ula) = K12(u) [exp (@S7) @ exp (aS7)] = <b ”:‘:L; . 021+uc““>, (2.125)
o o o
where
dy = a + 2ca + do? by =b (2.126)
o =c+da dy, =d. (2.127)

From this rotated K -matrix we can build a two-site state <\Da | ‘We observe that
yi:ci—aadazcz—adzyz, (2.128)

therefore y and the function 4 (u) are invariant quantities w.r.t rotations. The rotated overlap can
be written as

N/2

ﬂ(w )| = ar [aﬁ—N] yN[1rwi) x Gy (2.129)
daM' ™ daM L% a=0 J { /2 )
a=0 i=1
Using the expansion
a(f*N =(a +2ca +da®)* N
L—N | M/2] .
L—N\/L—-N-1i\ ; : :
M i M-2i L—N-—M+i
= d Q2 2.1
Y« Z(i)(M—2i>(c) a (2.130)
M=0 i=0
we obtain
d" oy LN
i [aa ]a=o:“ AN, M), 2.131)
where
[M/2] .
L—N\/(L-N-—i\ ; .
A(N, M) =M! d'(2c)M=2gi=M, 2.132
(N, M) ;(:‘)(M—Zi>(c) a (2.132)
Therefore the overlaps for descendant states are
N/2
(Wu, M) = AN, M)a*=NyV [ [ 7@ = Gupa. (2.133)

i=1
We can see that the overlaps with the Bethe state and its descendant states are the same up to a
numerical prefactor’:

(w|u, M)
L= AN, M). (2.134)
(W)
This is consistent with the previous result, since
L—N 2\"  (L-N)!
AN, M)| =M QoMgM = () _L=M' (2.135)
5—0 M a (L—N-—M)!

3 Fora special matrix product state it was already observed that the overlaps with the Bethe and their descendant states
are the same up to a combinatorical prefactor [44].
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3. Integrable final states for twisted spin chains

So far the integrable initial states and the exact overlaps have not yet been considered in spin
chains with twisted boundary conditions. The main reason for this is that the observed properties
of the integrable states, such as the “pair structure” for the overlaps seemed to be tied to the
periodic boundary conditions. Here we show that there is a natural generalization to twisted
cases, given that the twist is compatible with the K-matrix. Furthermore, we also derive new
overlap formulas. The computations in this Section will form the basis of the SoV treatment in
Section 4.

3.1. Twisted spin chains

The transfer matrix for the twisted case can be written as

t(u) = Tro [To(u)Gol , (3.1

where G is the twist matrix. For the simplicity we use a diagonal twist

_(z1 O
G_<0 Zz). (3.2)

The off-shell Bethe vectors have the same form as the untwisted ones

lu) = B(u1)...B(un)|0). (3.3)

The only difference is that now the eigenvalue of the transfer matrix is
Qi(u—1) _ 01w+ 1)
AQu) =2 AT () ———= + 220~ (W) ———. (3.4)
Q1(u) Q1(u)

There is an alternative way to build the eigenstates

[v) =C(v1)...Cvae—n) [0), (3.5)
where |O/ ) is the lowest weight reference state

|0)=10,51)V ®10,5)V ® - ®10,5.) ) ©10,5.) . (3.6)

The new vector |v) is an eigenvector of 7(u) with the same eigenvalue as |u) when the Q Q-
relation is satisfied

1 1 1 1
2201 <u+ 5) 0> (u - 5) - 2101 (u - 5) 0> (IH- 5) =(z2—z0)012w), @B.7)

where

Hy si— 1) 2 sk—3)°
le(bt)=l£[1 u —<9k+ 7 ) u —<9k~|— 5 ) X e
2 2
X (u2—<9k+_sk2+3> ><u2—<9k+_sk2+1> ) (3.8)

In summary, the eigenvalues can be expressed in two formally different ways
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Qi1(u—-1 Qi1(u+1)

A =z vt =———-2 AT 3.9

() =z1A" (u) 010 + 2247 (u) 01G0) (3.9)
Oo(u—1) _ QO+ D

=it =——2 A - 3.10

227 (1) 02(0) + 127" () 02G0) (3.10)

which are however equivalent if the Q Q-relation is satisfied.

Let us continue with the integrable states. In the untwisted case the intuition of the integrability
condition was that the action of the conserved charges and the space reflected conserved charges
on the integrable state must be equal. However, this argument implicitly assumed that the space
reflection is a symmetry of the system, or equivalently that the transfer matrix and the space
reflected transfer matrix are commuting. This is generally not true for twisted models.

On the other hand, we saw that we can also use ¢ (—u) in the integrability definition instead of
the space reflected transfer matrix (these are equal for the untwisted case but not in the twisted
one) and the 7(—u) generate the same set of conserved charges as #(u). Therefore the natural
generalization of the integrability condition is

(W1 () = (W[t (—u). (3.11)

Importantly, 7 («) is now the twisted transfer matrix. The natural question is: What is the impli-
cation of this definition on the Q-functions or the Bethe roots?
Applying the Bethe state |u) on the integrability condition we obtain that

(Au) — A(—uw)) (¥|u) =0, (3.12)
therefore the non-vanishing overlaps require that
A(u) = A(—u). (3.13)
Using (3.9)-(3.10) the left and right hand side can be written as
Oi(u—1) _ Q1w+ 1)
Aw) =72 (u)———> A () ———= 3.14
() =z1A" () 0100 + 2247 (u) 016 (3.14)
O2(—u+1) _ Qa(—u—1)
A(—u) =z AT () =———= A = 3.15
(—u) =212 (u) 02 (=) + 2207 (u) 02— ) (3.15)
We can see that the condition (3.13) is equivalent to
0x(—u) = (=D Q1 (w). (3.16)

This condition obviously requires that there is a selection rule for the number of magnons
N=L, (3.17)

and the set of u is the same as v but with opposite signs

{ul,u2,...,MN}:{_U1,_UZ,...,_UN}. (318)

This is the natural generalization of the pair structure to the twisted cases. In the original un-
twisted case the rapidities are paired with each other; here the rapidities from two different
representations of the same state are paired. Going back to the un-twisted case we get —v = u iff
the pair structure for u also holds, thus the different integrability conditions are indeed equivalent.
We stress that (3.18) is very restrictive and it does not hold for an arbitrary on-shell configuration.

Let us continue with the two site states which are solutions of the integrability condition
(3.11). For the two-site state
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(W =K0)®-- @ K@) (3.19)
we saw that it satisfies the KT-relation

(W] K120 Ty () = (W] K120 T3 (), (3.20)
or equivalently

(Vo K )T (u) = (Y| T (—u)o "K' (u). (3.21)
Using this equation the action of the twisted transfer matrix can be written as

(W1 = (e [ T ()0 K @)G (7K () '], (3.22)
which means that the integrability condition is satisfied if

a’K' (u)G = Go 'K (u). (3.23)

This is an important compatibility condition between the twist and the K -matrix.
Solutions of the KYB equation also satisfying this condition can be written as

kii(u) =0 kio(u) =—b+cu (3.24)
ko1 () =b+cu kop(u) =0. (3.25)

Let us continue with the determination of the off-shell overlap formula. Since the off-shell
Bethe vectors are completely independent from the twist we can apply the previous off-shell
overlap formula (2.77) for the twisted chain. Due to the compatibility condition we have to take
the limit @ — 0. In this limit the reflection factor « (1) goes to co. Taking the proper limit we
obtain that non-vanishing overlaps require that

N=L, (3.26)
and the final formula is
£ +
5 detV.(uy,...,ur)
Scuy...oug)=| [ &) L — (3.27)
k=1 [Ti<kai<c [“l - ”k]
where the Vandermonde-like determinant is given by (2.78) and
b
fu) = 27" (3.28)
u

The overlap formula (3.27) is also well-defined for on-shell states. Potential problems could only
appear from the poles, but in the twisted case the pair structure does generally not hold and
therefore generally ui - ”12 #0.

We can also see that ratio of overlaps with different integrable states only depends on the &
functions, namely

(3.29)

Let <\Ilo| be the two-site state corresponding to b = 1, ¢ = 0. The state <‘~I’0| is the generalization
of the Dimer state to arbitrary spins. Using this state as reference state we can obtain the general
overlap as
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L
(W]u)= l_[(cuk + b)(Wo|u) = (—c)[’Ql(—b/c)(\llo|u>. (3.30)
k=1

3.2. Untwisted limit

Here we investigate the limit when the model is tuned back the original untwisted case.

The twisted boundary condition restricts the possible two-site states radically, because the
components a and d are fixed to zero by the compatibility with the twist. Therefore one might
think that the integrability definition is too restrictive, as we loose a number of states which
were integrable for the untwisted model. It might appear that we have not found the proper
generalization of the integrability condition to the twisted case, and that the twisted case is not
very useful to study the original untwisted problem.

However, it turns out that the twisted overlap formula (3.27) already contains all the informa-
tion which is needed to reconstruct the most general untwisted on-shell overlap formula. This
happens because the general two-site state can be obtained from the restricted one by a rotation
and the twisted overlap formula gives all the non-vanishing untwisted overlaps for the Bethe
states, as well as their descendants.

Let us start with the behavior of the Bethe roots in the untwisted limit. It is common knowl-
edge that as the twist is tuned back to zero, the Bethe roots go either to the solutions of the
untwisted Bethe equations, or they approach infinity. We know that the non-vanishing overlap
requires the pair structure of the Bethe roots for periodic boundary conditions. This means that
for z1, zo — 1 the Bethe roots have the following limit

g+l +uzg —> 0, fora=1,...,N/2, (3.31)
uy,—> oo, fork=N+1,...,L, (3.32)
and the limit of the Bethe vectors reads as

L—N 1 L—N 1 B B

,20—1 . ,20—>1 .
21,22 o] Uni 21,22 i1 Una

u,ﬁ—N),

(3.33)
where (\11| is the two-site state which can be built from the K -matrix K (#) for which
kii(u)=0 kio(u) = —b+yu (3.34)
ko1 (u)=b+yu k2o (u) = 0. (3.35)
Taking the untwisted limit of the twisted formula we obtain that

L—-N

) 1 _
lim —r—Scur...up) = Q)N (L= NSy (ur, ..., ux) =
71,22~ 1 o1 YN

N/2
=25V (L= Ny E [ [ hw) x Gy, (336)
i=1
where we used the k’ =ik and M = £ — N limit of the equations (2.116) and (2.122) in the first
and the second rows. From (3.33) and (3.36) we obtained the on-shell untwisted overlaps for the
special state (V|
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N/2
u, L—N)=25"V (L= N)y“ [ h) x Gy ). (3.37)

i=1

(¥

The general K-matrix (2.35)-(2.36) can obtained from K as

Kia(u) = Kia(u) (exp(a@S™) ® exp(@S7)) (exp(BST) @ exp(B5T)) (3.38)
where
o= p=Y (3.39)
2y a

Therefore the general two-site state can be obtained by a rotation as

(W] = (V| exp(aA(ST)) exp(BA(ST)), (3.40)
which means that the general on-shell untwisted overlap can be written as

(W]u) = (U] exp(@A(ST)) exp(BA(ST))|u). (3.41)

The highest weight property of the Bethe state implies that S acts trivially, and we can use
simply the expansion of the exponential of S~ to obtain

L—N

o
(¥]u)= C =N

(W]u, £ - N), (3.42)
where it was used that the states with non-zero spin have vanishing overlap with <\1l |
Substituting (3.37) we obtain that

Ny L:N/z L-N NN/2
(¥u) = Z—g2 " L= MYy [ [P x Gy =a“NyN [ hw) x Gy ),

i=1 i=l1

(3.43)

which agrees with the result of the previous section.
4. Overlaps and SoV

In this section we embed the integrable initial states into the framework of Separation of Vari-
ables. We investigate the overlaps between the SoV basis and the integrable two-site states. We
will see that the SoV techniques can be used to derive the overlaps in question, but interestingly
we obtain a formula which is different from the previous result (3.27).

The SoV approach was pioneered by Sklyanin [45]. The idea of the SoV is to find a basis
in which the eigenvectors of the transfer matrix factorize into one particle blocks. It turns out
that the SoV basis can be found by diagonalizing the B-operator. However, in the periodic case
the B-operator is nilpotent, therefore one usually introduces a twist. For a diagonal twist the B-
operator is still nilpotent, therefore a non-diagonal twist is required. In the SoV construction it is
advantageous if the spectrum of the B operator is non-degenerate and this is the situation in the
XXX spin chain if the inhomogeneities are in a generic position.

There exist a number of equivalent realizations of the SoV construction, depending on the
conventions for the twists. For our purposes the most convenient choice is the set of conventions
of [46] which uses a rotated version of the transfer matrix. Following [46] we call it the “good”
transfer matrix.
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For simplicity we concentrate here on the case when the quantum space is in the defining
representation i.e. sy = 1 for k =1, ..., L. At first we review of the construction of the SoV
basis following [46]. This basis diagonalizes the “good” B-operator. Let us define the “good”
monodromy matrix

Tw)=U"'"Tw)GU 4.1
and “good” B-operator

Bu) =Tia(m), B)=

“4.2)

where we use the following conventions for the twist and U':

z 0 o o
GZ(O 1/z>’ UZ(O 1/a>' @3)

The operator 7T (u) in (4.1) is the original monodromy matrix defined in (2.7).
The left/right eigenvectors of B form the left/right SoV basis:

2L

(h1...hop|Bu) = l_[ (u — & + hi) (hy

i=1

2L
B@)|hy...hor) =] =& +hi)|h1 ... har), (4.4)
i=1

where h; = + % We choose the normalization as
(hjo)=1,  (0'|n)=1. (4.5)

These vectors and co-vectors are orthogonal and their “norm” is [46]

1 & —&i+h —
w(h) = (h’h> 4L(z el H(Zh )]_[ J ) (4.6)
l</
The off-shell Bethe vectors can be written as
N 2L-N
= HB(ui)|0), (v|= ]_[ (0'|B(vy). 4.7)
i=1 i=1
The overlaps are
2L 2L
w=[]oiE—n). (v =]] Qa6 — o). (4.8)

i=1 i=1

When the vector |u> and co-vector (v| are right and left eigenvectors of the transfer matrix with
the same eigenvalue then the Q-functions satisfy the Q Q-relation:

201 —1/2)Qa(u +1/2) = Q1 +1/2) Q2 (u — 1/2) = (2> = ) Q12 (w), 4.9)
where
2L
Q@) =] Ju—&). (4.10)

i=1
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The overlap between off-shell Bethe states can be written as

E&—&i+hi—h;
Zﬂ(h) |h h| 4L(Z _1)2L ZH/—

h i<j

1 1
x th,-Ql(s,- —hi) Qa8 = hi) = I1 det Wz, (4.11)
i=1 ’ i

<) §i—&
where the matrix W is
[Warli; = & +1/2)7 7107 ) 05 (&) — (& — 1/2)/ 71 0T &) 0F (&),
forl <a,b<2L. 4.12)

We are interested in overlaps with integrable final states. In accordance with the previous Sections
we require that the inhomogeneities are in pairs:

&i_1=6;, & =—6;. (4.13)

Similarly as before, non-vanishing overlaps can be found if the Q-functions satisfy the integra-
bility condition

01(u) = (=D Qa(—u). (4.14)

Let us use these restrictions to simplify the Vandermonde-like determinants. The rows with odd
and even indices can be written as

[Warhio1o =[ 6 +1/2"7' 07 )03 6) — 6, — 1/2"~' 0 69 0F 6] (4.15)
[Wakip = (=" [ @ +1/2"71 07 6005 6) — 6, = 1/ 0 6005 @) .

(4.16)
Subtracting the rows W;_; ;, from W»; , we obtain that the determinant is factorized as
Win Wi Wiz Wig
Wi Wip Wiz Wig
detWy, =| Waai Wiz Wiz Wig
W31 Wio —Wiz Wiy
ot
Wipn Wip Wiz Wig
0 2Wi .2 0 2Wi 4
—| W31 Wip Wiz Wiy
0 2W3 5 0 2W3 4
" larxor
Wii Wiz ... Wiz Wig ...
oL\ W31 W33 ... | W2 Wigq ... ) 4.17)
- LxL : : " LxL

Thus we find
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det W, =25 det W det Wy, (4.18)
where

(W), = Oa+1/2%7207 (02) Q5 (6a) — (0a — 1/2)* 2 QT (62) Q3 (6. (4.19)

(Wi ., = @+ 1/2%7107 (02) Q5 (Ba) — (Ba — 1/2)*° 71 0T (82) 0F (Ba). (4.20)

for 1 <a,b < L. Using the condition (4.14) we can express the matrices using only the Q;
function as

(W], = (D" [wa +1/2)*7207 (02) O (—0a) — (60 — 1/2)2”*2Q1+<0a)Q;(—9a>] :

4.21)
(W], = (D" [wa +1/2*71 07 (0) O (—04) — (0 — 1/2)"7! QT(%)Q((—%)] :
(4.22)
Substituting this to the overlap between two off-shell Bethe states (4.11) we obtain that
(- Lo 1
Vo) = ——————+ — —————— | detW;" det W, . 4.23
(v]u) L2 — 1)L |:£[1 9“i| [g 62 — 95)21| L L (4.23)

4.1. Overlap formulas

Now we want to calculate the overlaps with the previously defined boundary state. For s; = 1
this is the Dimer which can be written as

0 -1
@1
K _<1 O)’ (4.24)
and
(Wo|=KV®--®KD,  |w)=K"" @ -0k (4.25)

For the non-vanishing overlaps with on-shell Bethe states the Q-function have to satisfy the
integrability condition (4.14). Using the K T -relation (2.29) we can also check that the operator
B acts on the Dimer state as

(Wo|B(u) = (Wo|B(—u), B (u)| o) = B(—u) |Wo), (4.26)
which means the overlaps (\Ilo ’h) and <h’ \Ilo) are not zero iff
hyi_1 = —hy;, fori=1,...,L. “4.27)

We can see that the local degrees of freedom is halved, because for each pair (h2;_1, h7;) only
two possibilities give non-zero overlap. The vectors with hy;_; = hy; lead to zero overlap for all
i =1,..., L. This halving of the degrees of freedom in this particular case is the analogous to
the “pair structure” on the level of the Bethe roots.

It is now convenient to define a new notation for the independent degrees of freedom as

(fi... fo]| ={hiha...hop—1har, |fi... fo)=|hiha .. hap—1har), (4.28)

where
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1 1
(h2i71=+§,h2i=_5)<—>fi=+1 (4.29)
1 1
(h2i71:_57h2i=+5)<—>fi=_1~ (4.30)
Our goal is to calculate the overlap
(Wolu) Zu(h) Wo|h)(h|u) = Zu(f) Wo |£)(f|u). 4.31)

In the formula we already know the norm and the overlap (f|u):

1 L 20, + 1, 0y + £+ 1)\2
() = 1—[ + f, n(f + fvby + ) ’ 4.32)

a4L(ZZ - 1)2L ael 26, a<b faea + fbgb
L
(flu)= (D] Q160 — fa/2 0260 — fu/2). (4.33)
a=1
L
VIt = DT Q10 — fa/2) Q260 — fa/2). (4.34)

a=1
In the formulas above we used the integrability condition for the Q-functions (4.14). In the
Appendix B we derive that the overlap (¥o|f) can be written as

Ja204 fabu + f0Op
\Il fi=C , 4.35
0‘ rH29a+fa(ll:£ a9a+fb9b+1 ( )
fazea faea +fb9b
f\IJ =C : , 4.36
’ 0 ln29a+fa}:£fa9a+fb9b+l ( )

where the product of the normalization factors is

CiC, =t (2 — 1)L 1—[ (Oa + 1/2)(9 — 1/2)

4.37)

Substituting (4.32), (4.33) and (4.35) to the overlap formula we obtain that

G, (-D* faba + fiby + 1
(Volu) = 2oz 2 —U“;ﬂ, ot a]]fan(e — Jal2) Q204 = fu/2)
C, (=D
grzeseyed | e 93;]1(@,”1,/2) — O+ f/2)
L
x [T £0Q1a = £u/2)0204 = fu/2). (4.38)

a=1
We can see that this formula can be written in a compact form using the Vandermonde-like
determinant Wzr:

Cr(—DE 1 4
(Wolu)= Ty TeTs I1 g et W, (4.39)
a<b b a
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Similarly we can derive the overlap for the co-vectors:

(-t
(v|Wo) = 4L(IZ 1)2L]_[92 ezdetW{. (4.40)

Using these formulas the normalized overlap reads as

(Wolu)(v|wo) . I)Ll—[(e +q/2)(e —q/2) det W
(v|u) detWL_'

We used the “generalized pair” structure (or integrability condition) Q1 (u) = (— HE 0>(—u) in
the derivation of the factorization of det W (4.18) and in (4.33)-(4.34), but we did not use the
Bethe Ansatz or the Q Q-relations. This means that the above formula holds for both off-shell
and on-shell states.

In the previous Section we saw that the on-shell overlap of general two-site state can be
obtained from the overlap of the reference state (\Wy| as

(vl _ 9]
(olu) ~ ] %0)

Therefore the general normalized overlap can be written as

(¥u)fv|¥)
(v]u)

We emphasize that this formula is different from the previous result (3.27), even though some of
the ingredients might look similar. At this point the connection between these two results is not
clear, and it deserves further study.

Also, it would be important to compute the homogeneous limit of the final formula (4.43). It
is known that in SoV the computation of the homogeneous limit is often very challenging, and
usually it requires a separate study.* Thus we leave this task to a future work.

(4.41)

= () Q1(=b/c) = (©)F 02(b/c). (4.42)

L +
2L 2 0 +q/2)(6; —q/2) det W/
= (=c?) Ql(b/c)g ’ e (4.43)

5. Conclusion

In this paper we investigated integrable initial/final states and their overlaps using the Alge-
braic Bethe Ansatz and the Separation of Variables method. We obtained a number of results,
and we feel it is worthwhile to give here a list of them:

Our main results are a) the KT -relation (2.30) which leads to the recursion relations for the
overlap, b) the off-shell overlap formula (2.78) valid for all integrable final states of the higher
spin models, c¢) the corresponding on-shell formula (2.102)-(2.106), d) a generalization of the
integrability condition to twisted spin chains, see (3.16)-(3.18), e) the corresponding overlap
formula (3.27), valid on-shell and off-shell, f) the SoV representation (4.27) of the integrabil-
ity condition for the Dimer state, and g) the final overlap formula (4.43) within SoV, valid for
arbitrary integrable states of the spin-1/2 chain.

4 An interesting computation was presented in Appendix R of [26], where a known overlap formula was expressed in a
form that is reminiscent of the SoV results, for example it involves only the Q-functions. Connections to our results are
not yet clear.
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In our view the most important results are the KT relation, the generalization of the integra-
bility condition to the twisted chains and also to the SoV method. This opens the way to study
nested systems using Algebraic Bethe Ansatz (ABA) and SoV. Combining the K T -relation with
the techniques of [47] used in ABA one could get recursive equations and sum rules for the
overlaps, similar to those obtained for the scalar products of the Bethe vectors in the models
with gl(m|n) symmetry [48,49]. Focusing on SoV, our present results are expressed using the
Q-functions, which are the natural building blocks to treat the exact operator spectrum of the
N =4 SYM theory. The extension of our methods to nested systems and long range spin chains
is a promising direction. Thus our present results constitute an important step towards the exact
one-point functions in the defect CFT.

One of the interesting open questions is to what extent the present methods are helpful for
the overlaps in those cases, when the initial/final states are given by integrable MPS [16-20,2].
We believe that the K T -relation could be established also in those cases, but it would lead to
considerably more complicated recursion relations. At present it is not clear whether the methods
could be useful in practical computations.
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Appendix A. Derivation of the off-shell overlap formula (2.75)

In this section we prove the off-shell overlap formula (2.75). In the derivation the following
expression will appear

E ey
m(vlug up) I
k=1
i(/c(—v) 1 k() 1 ) vV —u; M wp—urp+1  up+ug (AD)
= k() v+u k() v—u v—u;—lk:#l up—up  up+up+1
where u; # 0 and uy # u; for k #1 and
b
ey = 2F< (A2)
au
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At first, we prove that the following identity holds

Eyluy,...,upy)=1. (A3)

To prove this identity we have to check that the Ey(v|ug, ..., up) as a meromorphic function
of v is equal to 1. In the v — oo limit, it is satisfied i.e.

lim Ey@lut, ... uy)=1. (A4)
vV—>00

Therefore the identity (A.3) holds if the meromorphic function E»s(v) has no poles in the v-
plane. The formal poles are v =0, u,,, —u,, u, + 1. It is easy to convince ourselves that residues
vanish

Res Eyr(vluy,...,up) =0 (A5)
v=u,

ResEy (v|uy, ..., up)

v=0

_Z( b/al b/a l) u; IA—/II up—up+ 1 wup+uyg —0 (A6)

k(uy) ug K(M])u] u1+1k I up —ux  up+ur+1
2u M —uy +ur—1 —u, —ug
Res Ey(viug,...,upy) =— 1 1 1 +
V=—Upn M( |ul M) zun—i_lk—l:!én un+uk —Mn_uk_l
M
2u, Up —ur+1  uy 4+ ug A7)
2un+1k In Up — U Uy +up+1 ’
Res Ep (vl tag) = 2uy lA—/[[ Up + U “n_uk+1+
ey ML BN 2un+1k:1#un+uk+l Up — Uk
<K(—u,, =) 1 K (uy, + l))
k)  2up+1 K (up)
1
« 1—[ Uy, — U + Uy + Uk _ (A8)
Up —up Uy +up+1

k=12

therefore the identity (A.3) is satisfied.
Now, we turn on to prove (2.75). Here we use induction. Let us assume that (2.75) holds for
SN—I ie.

N—1
Sn-1(ur, ... un-1) = > flor . .oon) [ oxr® o). (A.9)
{o1,...,on}={=%,...,£} k=1
where
N oxuy +ojup — 1
f1.....on)=a"| [ rp) [T ———— | (A.10)
k=1 l<keiey KUK T O

Using the formula of Sy _ and the recursion relation (2.73) we can obtain an expression for Sy:
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N uyp +ur—1
Sn(uy...un) =K(u1)[1_[ A u)Sy 1 (s . uy)—

2 uy+ ug
N
uy —urg+1__
—[]————» @Sy ua...un)+ (A.11)
k=2 U =tk

1 N u; —up+1
+Z A (u)SN_1(=uy,uz...uy...un)+

e L
N N
1 up—urp+1__ —~
—l—Z — 1_[ — A (u])SN_1(u1,u2...u[...MN):|=
i SV
N-1
= > for, .. on) [T oxr™ ).
(01N )=l ) k=1

The proof is complete if we show that the coefficients f and f are the same. Let us collect the
terms AT (u)AT (u2) ... A" (ua) AT (uars1) ... AT (uy). Dividing the coefficients f and f we
obtain that

f(+,—,...,—,+,...,+)_ﬁ w—w w1

JE == H) S —ue =1 uy Aug

+§: Kk(—uyp) 1 _K(Ml) 1 up —uj ﬁ up—ur+1 w4+ uyg _
> k() ur+u;  «@uy) up —u ul—ul—lk:#l u—ug utup+1°"

=Epy_1(uiuz,...,um)=1, (A.12)

where the last line we used the identity (A.3). Since the recursion relation is symmetry under the
permutations of u», ..., uy we just obtained that

f o2 ion-) = f(+,02,....on-1). (A.13)
Analogously we can handle the coefficients with o1 = +:

f(—,—,---,—,-i-,-..,-i-)_lﬁ—l[ U+ ug ul—uk+l+
f(_7_3'-'7_3+1"'1+) k=2ul+uk+1 Uy — Uk

+§:(K(—u1) 1 _K(ul) 1 ) uy + uy lA—/I[ up—up+ 1 wp+uy _
= k() ur+u; k() up —u u1+u1+1k=2# up—up up+ur+1

= Ey—1(—utluz,...,upy) =1, (A.14)

and using the permutation symmetry we just obtained that

f(=,00,....0n-1) = f(=,00,...,0N_1). (A.15)
Thus we proved (2.75).
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Appendix B. The overlap between the Dimer state and the SoV basis vectors

The calculation of the overlap (\Ifo‘f) is based on the integrability condition

(Wo |t ) |f) = (Wo |t (—u)|f). (B.1)

Therefore we need two to know how the transfer matrix act on the SoV basis. The transfer matrix
can be written as

tu)=Aw)+D(@u), (B.2)
where the operators A and D are the diagonal elements of the “good” monodromy matrix
Au) =T (), D (u) = Taa(u). (B.3)

Since the R-matrix is gl(2) invariant “good” monodromy is satisfy the RTT relation

R —v)T(@)T2(v) = To(v) T () Ri2(u — v), (B.4)
therefore

w—u+DAWBwW) =W —uw)Bw)AWw) + Aw)B(v) (B.5)

u—v+DDWBW) =W —v)Bu)D@) +Dw)B). (B.6)

Substituting v = &; — h; we obtain that
=& +hi —

B)A & — hi)|h)= Py Lan@A & — ho)|h) (B.7)
i+ h;
B()D (& — hi)|h) = ——égrg—nwm@ﬁwnm (B.8)

Therefore the A(§; — h;) and D (& — h;) are lowering and raising operator, respectively i.e.

AG 1D hi =172, )= FE2| b= —1/2,...),
AGE+1/D)]. .. hi=—1/2,.. )=0, (B.9)
D&+ 1/ b= =172, )= F P by =+172,.),
D& —1/2)|....hi =+1/2,...)=0, (B.10)

which means that at these special rapidities the transfer matrix acts on the SoV basis as
tE —h)|... hi,...)=

We can easily fix the parameters Fl.(h"). Let us consider the following expression

—hi,...). (B.11)

('] =R .. ki, )= FD. (B.12)
We also know the action of the transfer matrix on the pseudovacuum <0/ |
1
(0/|t(u)=ZQ12(u—1/2)+;Q12(u+1/2), (B.13)
therefore
Ol @ =kl iy o) =2 Qa8 = 2h0), (B.14)
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which means
FM =2 Qa8 — 2hy). (B.15)

Since the transfer matrix is a matrix valued polynomial with degree 2L we can use the following
interpolation

tu) =t lz_L[(M—f'—h')+22L:t(§-—h-) f‘L[ _u—fith (B.16)
i=l1 j=1 ’ ! i=14] sj_hj_éi'f'hi’

where f, is proportional to the identity. Using this interpolation formula and (B.12) we obtain
that

2L 2L 2L u—E +h;
@) = tooln) [Ta =& + 00+ 3 F o —hiv) [T o=~
i=1 j=1 i=1#£j >/ J i i
(B.17)
Substituting this into the integrability condition
(Wolt (o1 +1/2)| — 1, —l,...)=<\llo|t(—91 -1/2)| - 1, —1,...) (B.18)
27 2 27 2
we obtain that
-1 1 1 1 b 1 1
F, 2w — =) =——F 2 — ==, ...
1 (O|+2 2 ) 291 1 <0|+2 2 >
2L 1
20; +1 (-1 1 1 Or+5+& —h
S S (7 IR | [ [ RS N 1)
261 22 i3 01— +& —hi
Here we used the selection rules /5,1 = —hoy, for the non-vanishing overlaps (\IJO |h), see (4.27).

We can see that the quotient of overlaps can be written as

_1
(Wol +1.-1....) F 2)12—Ll91+%+&—h,'

<‘Ifo|—%,+%,...> B Fl_%) i:391—%+§1—h,‘ -

29i—1l£[91+%+9b—h2b—1 01 —5—0p—3

260i+1, 5 O+3+0+3 0—5—0+hy
Or+3—0Op+ho1 O1—53+60—3
x = 1 — 2 (B.20)
Or+5—6p+5 01— 5+0p—hawpi
Using the notation | fro.., fL) this equation is simplified as
(Wo|+1, fa, ..., fr) 20 =1 601+ fpbp —O01+ fpOp + 1 B21)

(Wo| =1, foreves fL) 200101+ fubp+1 —601+ fub
therefore the overlap between the Dimer state and the SoV basis vectors can be written as

L

_ 20, JaOa + fv0p
(Wl =c 1 2 faba + 1 all aba+ fo0p + 1 (522

a=1
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where C, is independent on the variables f,.
Analogously way we can calculate the overlap with the co-vector basis (f | \IJO). The only dif-
ference is the action of the transfer matrix on (

(cooshiv |tE =) =G =k, ., (B.23)
where
G =72 Qo & — 2h). (B.24)
Repeating the same calculation as above we obtain that
11 -3 2L 1 11
<+§,—§,...|‘110> G, 2 1—[91+§+§i—hi_(‘I—’o|+§,—§,...> (B.25)
T 1 1 - T 1 ’ :
(—3 450 [Wo) Gi D30 —s+E—h (Y| -3 +5....)
therefore
26, 6 0
a fa a+fb b (B26)

f‘IJ =C )
< | 0> laI:II 2fa9a+1a<b fa9a+fb9b+1

where C; is independent of f,-s. We can fix the product C;C, by calculating the norm <\Ilo | \IJO) =
L and inserting the full system

(Wo|Wo) =" 1u(h){Wo|h)(h|Wo) = Zu(f)\y0|f(f|\y0). (B.27)
h

Substituting (4.32), (B.22) and (B.26) we obtain that

CC,
<\I10|\I’0) 4L(Z _ 1)2L Z 1_[ 29a _|_ fa

CiCr L
=a4L(Z 1)2L l_[ 492 Z l_[(zga - fa)

f a=l1
L 2
CC, 49
=2L a_ (B.28)
atl(z2 — 1)L 1:[1 402 — 1
Therefore
0, +1/2)6, —1/2
CCr =a*t (2 - 1)2L]_[( + /)( /2 (B.29)
ll
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