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Abstract

We consider integrable Matrix Product States (MPS) in integrable spin chains and
show that they correspond to “operator valued” solutions of the so-called twisted Bound-
ary Yang-Baxter (or reflection) equation. We argue that the integrability condition is
equivalent to a new linear intertwiner relation, which we call the “square root relation”,
because it involves half of the steps of the reflection equation. It is then shown that
the square root relation leads to the full Boundary Yang-Baxter equations. We provide
explicit solutions in a number of cases characterized by special symmetries. These corre-
spond to the “symmetric pairs” (SU(N), SO(N)) and (SO(N), SO(D) ® SO(N — D)), where
in each pair the first and second elements are the symmetry groups of the spin chain
and the integrable state, respectively. These solutions can be considered as explicit rep-
resentations of the corresponding twisted Yangians, that are new in a number of cases.
Examples include certain concrete MPS relevant for the computation of one-point func-
tions in defect AdS/CFT.
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1 Introduction

In the past decade considerable effort was devoted to the study of non-equilibrium dynam-
ics of integrable models [1]. One of the main questions was equilibration and thermalization
in closed integrable systems [2, 3], and a common setting to study these problems has been
the quantum quench. By definition, quenching is a sudden change of certain parameters of the
Hamiltonian, and in the simplest case this means that the ground state of some other (inte-
grable or non-integrable) model is released to evolve according to the post-quench integrable
Hamiltonian. However, the condition of having a concrete pre-quench Hamiltonian can be
relaxed, and we can also study time evolution started from other well-defined states, which
are experimentally realizable.

Regarding global quenches one of the central questions was whether the system relaxes to
a steady state that can be described by the so-called Generalized Gibbs Ensemble (GGE) [4].
Whereas there is no model-independent answer to this question, the answer was found to be
positive in models equivalent to free bosons/fermions [5-10] and in the XXZ spin chain, which
is one of the simplest yet most important interacting solvable systems [11]. The status of the
GGE for models with higher rank symmetries has not yet been clarified.

The main point of the GGE is that it can describe the steady states arising after quenches
from initial states satisfying the cluster decomposition principle. However, its predicting abil-
ities are somewhat limited by its generality. In order to give exact predictions one needs to
know the Lagrange-multipliers associated to all conserved charges. These are independent and
need to be computed separately (for the precise statements in the XXZ chain see [11-13]).

On the other hand, a different approach was suggested in [14] (see also [15-17]): one
should study quenches from those initial states that show certain signs of integrability them-
selves, thus making the exact computation of the time evolution more tractable. This class
of states was called “integrable initial states”, and a number of unifying properties were col-
lected in [14]. Perhaps the most important one is that the overlaps between the eigenstates
and the initial states can be expressed in a simple factorized form [18-26]. This allows for an
exact treatment of the quantum quench, through the Quench Action [27-29] or the Quantum
Transfer Matrix [ 14] methods. In practice the exact solvability means that there is no need to
compute the Lagrange multipliers of the GGE (or Bethe root densities of the various particle

types) separately.
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The factorized overlaps with the integrable states are non-zero only for parity symmetric
eigenstates (to be more precise, for Bethe states which are eigenstates of the space reflection
operator). On the level of Bethe rapidities this leads to the “pair structure”: the set of rapidities
consists of pairs with opposite sign. Also, it follows that these initial states are annihilated by
all odd (under space reflection) conserved charges of the model. It was argued in [ 14] that this
annihilation property is the most general unifying feature of integrable states, and it should be
used as a definition. An important reason for choosing the annihilation property as a definition
was that it is relatively easy to check it for a specific state.

In [14] it was also shown that in spin chains there is a direct relation between integrable
initial states and the theory of integrable boundaries: every solution to the so-called Boundary
Yang-Baxter (BYB) relations can be used to construct a two-site product state which is inte-
grable according to the new definition. This relation can be considered the lattice counterpart
of a similar correspondence in integrable QFT, which was worked out in the pioneering work of
Ghoshal and Zamolodchikov [30]. The work [14] only treated models with crossing symmetry
(mainly the XXZ chain and its higher spin counterparts), where the elements of the so-called
K-matrices are translated into the real space two-site block using the crossing matrix. In the
XXZ chain all two-site states can be obtained this way. Our further papers [31, 32] studied
two-site states in the SU(3)-symmetric chain, which lacks crossing symmetry. In such models
there are two types of integrable boundary constructions, that are obtained from the conven-
tional (“untwisted”) and the twisted Boundary Yang-Baxter relation. In [31,32] we showed
that the local two-site states are always related to solutions of the latter.

An important consequence of the relation with boundary integrability is that the Loschmidt
amplitude can be computed using analytic methods [33-36]. On the one hand, this leads to an
independent method to find the rapidity distribution functions characterizing the post-quench
steady state [31,32,34]. On the other hand, it allows one to prove the validity of important
properties of the latter, such as the Y-system relations for the rapidity distribution functions
[34], which were previously only conjectured [37]. Furthermore, this correspondence can be
used to determine the thermodynamic part of the overlaps, which in the XXZ chain led to a
conjecture for the overlaps with arbitrary two-site states [20].

Integrable initial states have been studied also in QFT’s, see for example [15,38-42]. An
early finite volume overlap formula (having the same structure as the later results) already
appeared in [43].

In a completely independent line of development, integrable initial states were also found
in the context of the AdS/CFT conjecture [21-26]. One-point functions in theories with a de-
fect are given by overlaps with eigenstates of some local spin chain and certain Matrix Product
States (MPS) constructed from the generators of group symmetries. It was found that all cor-
responding overlaps display the pair structure, even in the higher rank models that are solved
by the nested Bethe Ansatz. Moreover, the overlaps have a factorized form: they are given
by polynomials of Q-functions and a ratio of the so-called Gaudin-like determinants. The pair
structure implies integrability of these states, which was proven by an independent method
in [26].

Despite the increasing amount of information about the new integrable MPS their relation
with boundary integrability remained unknown. In [14] it was shown that in the XXZ chain
all known integrable MPS are obtained by the action of transfer matrices on two-site states,
thus they fit into the framework of the BYB. However, in models with higher rank symmetries
this question remained unanswered.

This is the problem that we intend to treat in the present paper. We study the connection
between the integrability condition and the twisted BYB relation, and construct new explicit
solutions that produce the integrable states found in AdS/CFT. As a byproduct, we also obtain
new integrable MPS’s.
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Our solutions of the twisted BYB involve an additional degree of freedom corresponding
to the auxiliary space of the MPS, thus they are “operator-valued solutions”. The twisted
BYB relation (supplied with a certain symmetry relation) serves as the defining relation of the
twisted Yangian [44,45]. Our solutions are thus explicit representations of the twisted Yan-
gians of various types. The representation theory of these twisted Yangians has been studied
in detail in [46-48]. In the main text we explain how our results fit into this framework and
show that our explicit realizations are new in many cases.

The structure of the paper is as follows. In Section 2 we introduce the models and some
examples for the integrable MPS to be studied. In 3 we investigate the integrability condition
and show how it is related to the twisted Boundary Yang-Baxter relation. Here we also in-
troduce a new linear intertwining relation called the “square root relation”. In 4 we explain
the connection between our formalism and the defining relations of the twisted Yangian, and
we also discuss the known results about the representations of the latter object. Sections 5
and 6 include explicit solutions for the intertwining relation; these solutions describe the inte-
grable MPS introduced earlier. We conclude in 7, and two simple computations are described
in Appendices B and C.

2 Integrable MPS

In this work we deal with integrable lattice models associated to specific Yang-Baxter al-
gebras, possessing certain group symmetries. The central object is the fundamental R-matrix
acting on the tensor product of two vector spaces V; ® V,. We will be interested in cases
when the R-matrix is symmetric with respect to of classical Lie-group G, and the local physical
vector spaces carry the defining representation. We will consider the G = SU(N) invariant

case [49,50]
P+u

R(w) = 1+u

(D
and the SO(N) invariant case [50]

_ (u+c)P+u(u+c)—uK
R = oury @

Here P is the permutation operator, and K is the so-called trace operator with matrix elements
Kfl‘; =65,,6 and ¢ = N/2—1. We limit ourselves to these two series of symmetry groups,
because their relevance to quantum many body physics [51]! and to the AdS/CFT correspon-
dence [53].

Both R-matrices satisfy the unitarity condition

RWR(—u)=1 ()
and the Yang-Baxter relation
R23(V — Z)ng(u — Z)R]_z(u - V) = Rlz(u - V)R]_g(u - Z)RZB(V - Z), (4)

which is understood as an equation in End(V; ® V, ® V3) and Rj; acts on the spaces j and k.
We will also frequently use the matrix R(u) = PR(u), which satisfies

Ryp(v —2)Ry3(u — 2)Ry5(u—v) = Ryz(u—v)Ryp(u — 2)Ry3(v — 2). (5)

! Continuum models with SU(N) symmetry have been studied in experiments with cold atomic gases [52]. In
this paper we only treat lattice models, but they can be used as a starting point towards the continuum models,
which can be obtained by certain scaling limits.


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062

Scil SciPost Phys. 6, 062 (2019)

Our R-matrices also satisfy the permutation symmetry

PR(u)P =R(u). (6)

We put forward that our methods and results can be extended to models where (6) does
not hold, for example to the so-called Perk-Schulz model associated to the quantum group
U, (sI(N)). Nevertheless here we assume (6), which will imply some minor simplifications in
some of the computations.

Group invariance of the R-matrices means that for any G € G

(G1 ® G2)R(u) = R(u)(G1 ® Gy). (7)

Here it is understood that the group element G acts in the defining representation in the spaces
V; and V,. Sometimes we will loosely denote by G the defining representation as well.
A special role will be played by the partial transpose operation. In both cases (1) and (2)
we define
RT(w)=R" (W) =R"2(w), 8)

where T, , denote partial transposition with respect to the first or second vector spaces; their
equality follows from the explicit forms of the R-matrices. The group invariance properties of
RT(u) are obtained from (7) after partial transposition, for example

-1 -1

(G1e(6]) R =RTw)(G: ®(6)")- ©)
In the SO(N) symmetric case we have (GT)_1 = G for every group element, thus R" (u) is also
group invariant. Moreover, the matrix satisfies the following crossing relation:

(u+c—1u

T _
RW= oy

R(—u—c), c¢=N/2—1. (10)

This also implies that u = —c/2 is a crossing symmetric point, where
RT(—¢/2) =R(—c/2). (11)
On the other hand, in the SU(N)-symmetric case we get the group symmetry property
(G1®G)R" (u) =R (1)(G, ® G3), (12)

where the asterix denotes complex conjugation. We can thus interpret that R' (u) acts on the
tensor product of a defining and a conjugate representation of SU(N).
A further important property of the R-matrices is the initial condition

R(0)=1, (13)

which is satisfied in both cases.
We consider spin chains of length L with Hilbert spaces H = ®§:1 CN. We define the
monodromy matrix of a homogeneous spin chain of length L as an operator acting on H ® Vj,

T(u) =R (u)...Roa(u)Rg:1 (w). (14)

Here O refers to the so-called auxiliary space and V, &~ CN. The transfer matrix is the trace
over the auxiliary space:
t(u) = Tro T (w). (15)
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Figure 1: A pictorial representation of the Matrix Product State (21) built from the
one-site block w. Here the outgoing indices j, = 1,...,N, k = 1,...,L represent
the physical degrees of freedom, and the horizontal lines denote the action of the
matrices w;, . The matrices are assumed to act from the right to the left; the arrow
on the leftmost horizontal link signals this convention. The trace in the definition
(21) implies periodic boundary conditions.

Due to (5) the transfer matrices form a commuting family of operators, and they can be used
to define the local conserved charges of the model as

s j=23,.... (16)
u=0

d !
sz(a) log t(u)

With these conventions Q; is a sum of local operators spanning j sites at most, and specifically
Q5 can be identified with a local two-site Hamiltonian. With these normalizations we get in
the SU(N) case

H= Qz—Z( a1~ (17)

whereas in the SO(N) case
L
H=Q, ZZ(P]',]'H—KJ'JH/C—U, (18)
=1

and periodic boundary conditions are understood in both cases.
The behaviour of the charges under space reflection is

n=(-1yQ, (19)

where II is the space reflection operator. For further use we also introduce the space reflected
transfer matrix:
E(u) = Ht(u)H = Tro RO] (u) .. -ROL(U)- (20)

In this work we discuss translationally invariant Matrix Product States (MPS’s). Let us take
N d-dimensional matrices w;, j = 1...N, acting on a further, d dimensional auxiliary space
V, (not to be confused with the aux111ary space used in the definition of the transfer matrices).
The MPS is an element of the Hilbert space of the chain defined as

N

)= D0 Tra[w), .. 0,0 ]l 2 u)- (21)
J1seesjr =1

Here |j;,..., s, j;) are the real space basis vectors with j, =1,...,N, k=1...L. A graphical
interpretation of the MPS is given in Fig. 1. It is important that the vectors (21) are trans-
lationally invariant, and the same set of matrices {w;} are used for every finite volume L. In
the rest of the paper we will use the term MPS for both the set {w;} and the vectors (21), and
sometimes we will use the short-hand w to refer to the collection of matrices {w;}.
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An MPS is invariant under a subgroup G’ C G if for every G € G’

[(X) G,-] [Z) = 1%,,). (22)
j=1

This can be achieved by constructing a group invariant w. Let us assume that there is a repre-
sentation A,, of G’ acting on the auxiliary space V,. The building block w is group invariant,
if for all G € G’

Ao(GNWALG) =D Gy,  j=1,...,N, (23)
k

where Gj; are the matrix elements of G in the defining representation. This relation immedi-
ately implies (22) 2. In the following we will use the notation (G,G’) to denote classes of the
MPS, where it is understood that G and G’ describe the group symmetries of the spin chain
and the MPS, respectively.

The condition (23) puts a restriction on the representation A ,: it means that the scalar rep-
resentation of G’ has to be present in the decomposition of the triple tensor product
A, ® A, ® Ag/, where A is the conjugate representation to A and Ag is the representation
of G’ obtained from the defining representation of G after the restriction G’ C G. Examples for
such group invariant MPS are listed below.

In this paper we will be interested in cases where (G,G’) is a so-called symmetric pair®.
The reason for concentrating on these pairs is twofold. First, it is known that all solutions
to the (twisted or untwisted) Boundary Yang-Baxter relations are characterized by symmetric
pairs, or slight generalizations thereof (for the quantum deformed case, see [54,55]). Second,
the known integrable initial states are characterized by symmetric pairs. In this paper we do
not attempt a rigorous classification of all possible integrable MPS, instead we consider a few
examples for the symmetric pair (G, G").

In this work we focus on the special class of integrable MPS. The properties of integrable
states were reviewed in detail in [14]. It is a unifying characteristic that they have non-zero
overlaps only with the parity-invariant Bethe states of the system, which leads to the so-called
pair structure for the Bethe rapidities. This leads to the condition of annihilation by the odd
charges of the model:

Qzj+11¥) =0, j=1,.... (24)

It follows from (19) and (16) that (supplied with two-site shift invariance) this is completely
equivalent to
t(w) |¥) = £(u) |¥). (25)

This condition is stronger than simply parity invariance: the relation IT|¥) = +|¥) does not
imply (25). We stress that (24) and (25) are exact equalities that hold in every finite volume.

In [14] it was suggested that the relations (24)-(25) should serve as definitions of inte-
grable states. Also, it was shown there that in the spin-1/2 XXZ chains the known integrable
MPS can be obtained from solutions of the Boundary Yang-Baxter (BYB) relation. The connec-
tion between integrability of the state and integrable boundaries is the following.

When having integrable boundaries one usually means boundaries in space, and the goal is
to set up a set of commuting transfer matrices, where the so-called boundary K-matrices play

2It can be shown, that given some additional assumptions the converse is also true: If the MPS is such that the
group invariance (22) holds in any volume L, and the MPS is completely reducible (a property introduced below),
then Theorem 1 implies the existence of a similarity transformation which will form a representation of G’ on V,,,
thus proving the local group invariance property (23).

3A pair of Lie groups (G,G’) is called a symmetric pair if there exists an involutive automorphism 6 of G such
that G’ is the subgroup consisting of the 8-invariant elements. An alternative definition on the level of Lie-algebras
is that (g, h) is a symmetric pair if g can be split as a vector space into h®f such that [h,h] € b, [h,f] € fand [f,{] € b.
In this splitting b and f are the eigenspaces of the automorphism 6 with eigenvalues 1 and -1, respectively.
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an essential role. They encode the boundary conditions, and they need to satisfy the so-called
reflection equations [56], guaranteeing the commutativity of the transfer matrices. In contrast,
in our case the integrable initial states can be considered as boundaries in time. They can be
interpreted as integrable boundaries if we build classical 2D partition functions (corresponding
to a lattice path integral of some 1D quantum problem) and afterwards exchange the role
of space and time. This correspondence is a lattice counterpart of the picture in integrable
QFT [30]. It is the purpose of the present work (and in particular Section 3) to apply these
ideas of [14] to the MPS in the higher rank SU(N) and SO(N) invariant models.

Examples of integrable MPS were found in the context of the AdS/CFT conjecture [21-24,
26], and factorized overlap formulas were also derived there. The integrability of the MPS was
proven in [26] by a method similar to our work; nevertheless the relation with the boundary
integrability framework remained unexplored. This is the goal that we set in our paper. We
specifically focus on the following list of MPS, all of which are integrable according to the
definitions (24)-(25).

1. For the symmetric pair (SU(3), SO(3)) the MPS is given by the matrices

w; =S

=S, j=123, (26)

where S; are the generators of the SU(2)-algebra,
(S, Skl =iejuSi, @7)

in a finite dimensional irreducible representation. In the simplest case of spin-1/2 rep-

resentation we can choose simply w; = 0;/2 where o ; are the standard Pauli matrices.

The SU(2)-generators are in the adjoint representation, therefore they satisfy (23) with
respect to the SO(3) group.

This MPS appeared for the first time in [23], and the quantum quench started from this
state (in the spin-1/2 case) was investigated in [57].

2. For the symmetric pair (SU(N), SO(N)) with any N > 3 the MPS is given by the matrices

w]:Y]) j:]')"')N) (28)

where y; are the N-dimensional gamma matrices satisfying the (euclidean) Clifford al-
gebra relations

{rjsve} =26 (29)

The commutators of the gamma matrices can be used as generators of the SO(N) Lie-
algebra as

1
tixk = Z[Yj,Yk]- (30)
The generators constitute the adjoint representation of SO(N), and the set of Dirac ma-
trices satisfies (23) with respect to the spinor representation of SO(N).
For N = 3 this state coincides with the spin-1/2 member of the previous family. For

N > 3 it is new.

3. For the symmetric pair (SU(N), SO(N)) with any N > 3 the MPS is given by symmetri-
cally fused Gamma matrices
w;=T"/2, (31)

where T'™ are defined in the main text in (115). For N = 3 they are identical to the first
family listed above, for higher N they are new.

8
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4. Non-trivial MPS with a different type of symmetry breaking are found as follows. Con-
sider the symmetric pair (SO(N), SO(D) @ SO(N — D)) with some N >3 and 1 <D <N
and the MPS

. forl<j<D
] {Y] j (32)

0 forD<j<N,

where now y; are the D-dimensional gamma matrices.

Two examples of this (for N = 6,D =3 and N = 6,D = 5) were studied in [24-26], but
the generalization to arbitrary N, D is new.

This list does not exhaust all the integrable MPS that were found in the AdS/CFT liter-
ature. Symmetrically fused solutions associated with the pairs (SO(6),SO(3) ® SO(3)) and
(SO(6),S0(5)) were also studied there, but in the present paper we limit ourselves to the
cases given above.

3 Intertwining relations

In this section we analyze the integrability condition (25) and its relation to certain in-
tertwining relations and the twisted Boundary Yang-Baxter (BYB) relation. First we need to
introduce some mathematical properties of the MPS.

We call an MPS given by w irreducible, if there is no proper subspace V, C V, which is
an invariant sub-space for all w,, a =1,...,N. All examples listed at the end of the previous
Section are irreducible.

We will make use of the following simple statement, which is an analogue of Schur’s
lemma:

Lemma 1. If an MPS is irreducible, then any matrix U € End(V,) which commutes with all w,
is proportional to the identity matrix acting on V.

Proof. Any matrix U has at least one eigenvector with some eigenvalue A. The eigenspace
associated to A is an invariant subspace for all w, due to the commutativity, therefore it has
to be identical to the full V,. O

Taking two irreducible MPS w, and wp we can construct a new one simply by addition of
the auxiliary vector spaces:

— wA,a(u) 0 _
watpa(W) = ( 0 COB,a(U)) s a=1...N. (33)
For the physical vectors (21) we get

[Wpip) = Wa) + [¥5), (34)

due to the additivity of the trace in.

We say that an MPS is completely reducible, if it can be written as a direct sum of irreducible
pieces. Alternatively, it means that if there is a common invariant subspace V,. € V,, for all w;,
then there is a complementary space V), with V, = V, &V, which is invariant too. This property
means that if we have a triangular block diagonal form as

wj=(]gf gl) (35)


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062

Scil SciPost Phys. 6, 062 (2019)

then necessarily F; = 0. Note that if we are interested in the physical vectors, then the F; are
irrelevant, because they do not contribute to the trace. However, below we will be interested in
linear relations involving the full matrices without dropping any off-diagonal blocks, therefore
the complete reducibility will be crucial®.

Let A be the matrix algebra generated by the set of matrices {w;}. The notions of irre-
ducibility and complete reducibility naturally carry over to A. There is a well known statement
which usually goes under the name of Burnside’s Theorem on matrix algebras: the algebra A
is irreducible, if and only if .A = End(V},).

For any MPS we can define the associated transfer matrix® acting on V, ® V, as

N
T=) w,8w. (36)
a=1

It is known from the theory of matrix product states that the eigenvalues and eigenvectors of
T describe the periodicity properties, the half-chain reduced density matrix eigenvalues, and
the correlation lengths of the MPS [58].

It is shown in [58], that if the MPS is irreducible, then there is a non-degenerate leading
eigenvalue A, of 7 such that Ay, € RY, and |A;| < A,y for all other j. We say that
an irreducible MPS is pure, if A, is non-degenerate also in magnitude: |4;| < A, for all
other j (in [58] this was called the C2 property). If the MPS is not pure, then there are some
eigenvalues of the form A ; = Amaxe2 ™/, and the vector (21) can be written as a sum of g-site
invariant MPS with lower bond dimension. The purity condition thus says that the MPS can
not be decomposed into simpler blocks even if we lift the requirement of one-site invariance.

In the theory of Matrix Product States it is a general important question, how unique the
actual matrix representations are. Regarding this question we have the following theorem
[59,60]°:

Theorem 1. If two sets of matrices {A;} and {B;} are completely reducible, and they produce the
same MPS for all L:
[s(L)) = ¥p(L)), (37)

then there is a simultaneous similarity transformation S connecting the two sets as

—c¢1 L
AJ—S B]S, ]—1,...,N. (38)

The proof of the theorem is given in [60] (Theorem 1) using the representation theory
of semi-groups. The theorem also follows from Corollary 2.7 of [59]. This latter paper also
shows that it is enough to require the equality of MPS at some large enough length L*, the
precise value of which is not important for our purposes. A slightly different formulation of
the same statement can be extracted also from [58], but the theorem in this form is not stated
there.

It is easy to see that the complete reducibility is indeed needed. Let us consider for example
the simple case with N = 1 and the two matrices being

1 1
A= (O (1)) B, = (O ?): (39)

“There can be solutions to the Boundary Yang-Baxter relations that are not completely reducible and involve a
nonzero F; block. The treatment of these cases would need more detailed investigations.

SThis transfer matrix can be defined for any MPS, regardless of integrability. It is not to be confused with the
various transfer matrices built from integrable Lax operators and integrable boundary conditions. Nevertheless
the so-called Quantum Transfer Matrix defined later in (77) simplifies to 72 under a special choice of parameters.

5We are thankful to Ben Grossmann for his help in finding the relevant literature.
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k k
Ap: iu By : —ui
w w

Figure 2: Graphical representation of the dressed matrices defined in (41), which act
on the product space V, ® V,. The outgoing index k stands for the physical degree of
freedom. The dressing of the B; matrices includes a partial transpose, this is denoted
by the reversed arrow on the horizontal line. The spectral parameters associated to
the horizontal lines are u and —u, whereas the vertical line carries O rapidity. Here
and in the following the R-matrices at the crossings are such that their argument is the
incoming rapidity coming from the right minus the rapidity from the left. Therefore,
both crossings above are described by R(u), but with a different orientation.

with some constant a # 0. The resulting trace conditions TrAﬁ = TrBf are satisfied for all
L, but there is no similarity transformation connecting A and B. The reason for this is the
invariant subspace and the triangular structure, and that the algebra generated by B; is not
completely reducible.

Now we consider the integrability condition (25). Both sides of the relation (25) can be
described by a “dressed” MPS, where the dressing is caused by the action of the two transfer
matrices. This is made explicit by defining the corresponding MPS matrices A; and B; acting
on V, ® V,, where V) is the auxiliary space of the transfer matrix and V, is the space for the
action of w;. Here A; corresponds to the original dressing and B; to the reflected dressing of
the MPS. For a physical space V; let us decompose the R-matrix as

Ryo(u) = Z Eqp ® Lap(w), (40)
ab

where E,; are the basis matrices acting on V; and the matrices £,;(u) act on the auxiliary
space. Then we have

A] = Zﬁjk(u) ® wy
k

(41)
Bj= > LI u)ew,
k

where T denotes simple transpose for each j, k.

The w matrices satisfy the group invariance (23) under G’ € G. It follows that the matrices
A; act on the representation A ® A,, of G, where A, is the restriction of the defining repre-
sentation of G to G’. On the other hand, the B j act on Ay ® A, due to the partial transpose
and the group property (12).

The condition (25) says that {A;} and {B;} generate the same MPS for all L:

|W,(L)) = [W5(L)). (42)
This implies:

Theorem 2. If the dressed MPS {A;} and {B;} are completely reducible, then there exists an
invertible matrix K(u) which is a simultaneous intertwiner between {A;} and {B;}:

AK(u)=K(w)B;, j=1,...,N. (43)
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The matrix K(u) acts on V,® V,, and it is a function of the rapidity parameter used in the dressing
(41).

Proof. This follows immediately from Theorem 1. O

The intertwiner above can be identified with the object called “K-matrix” from the theory of
boundary integrability. Below we will show that (given some conditions) it satisfies the twisted
Boundary Yang-Baxter relation. K (u) intertwines the representations Ay ® A,, and Aq® A, of
G’. The representation changing property shows that this object always corresponds to “soliton
non-preserving” boundary conditions [61, 62].

It is important to analyze the reducibility conditions for Theorem 2 and their implications.
First of all, in those cases when the dressed MPS are irreducible, the K-matrices are unique
up to an overall phase. If there are invariant subspaces, but the MPS is completely reducible,
then the normalization factors of the individual blocks can be chosen independently, and the
K-matrices are thus not unique.

The above theorem requires complete reducibility, but this does not automatically hold for
the dressed MPS (41). A counter-example in the SU(N )-invariant case is simply the reference
state, which can be described by a one-dimensional (scalar) MPS given by

w =1, wi =0, for k > 2. (44

Let us denote by e, k = 1...N the standard basis vectors. We can see that span{e;} and
span{ey, e, ...} are invariant subspaces for {A;} and {B;}, respectively, but the complements
are not. In other words, both {A;} and {B;} have a non-trivial triangular structure. However,
even in this case there is a non-zero K-matrix satisfying (43), which is given explicitly as
Ky1(w) =1, Kj(u) = 0 for j > 1 or k > 1. This K-matrix is not invertible, and this reflects the
lack of the complete reducibility.

For these cases we have following theorem:

Theorem 3. If the original MPS is built from self-adjoint matrices w; = w!, then there is at least

one solution to the intertwining relation (43) with a non-zero K(u).

Proof. Let us take a real u parameter. The definition (41) together with the self-adjointness
property implies
Aj=B, j=1,...N. (45)

If there is at least one irreducible subspace V, for the set {A;}, then {A;} can always be brought
into an upper triangular block form, where the first block corresponds to V,. The self adjoint-
ness implies that in this basis the set {B;} will have lower triangular block form. The diagonal
block corresponding to V, is already irreducible, and the complementary block is either irre-
ducible or can be split up into irreducible blocks after further basis transformations. Only the
diagonal blocks contribute to the trace, therefore Theorem (1) implies a similarity transfor-
mation for each diagonal block separately. However, this does not mean that the full sets {A;}
and {B;} are similar. Nevertheless, we can find an intertwiner as

K(u) = P,K,(u)P,, (46)

where P, is the projector onto V, and K, (u) is the invertible similarity transformation within
V.. If V, is a proper subspace then K(u) is not invertible, nevertheless it satisfies the linear
relation (43).

The intertwining relation is analytic in u, therefore the solution K(u) can be extended into
the complex plane. O
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N — O ~ OO
P(u) Y (0) w w

Figure 3: Pictorial representation of the two-site block v(u) and its initial condition
(see Theorem 4).

This theorem obviously covers the case of the reference state, which was a counter-example
to complete reducibility.

The theorem can be extended to those cases when span{w;} is self-adjoint, but the matrices
themselves are not. This includes all cases listed at the end of the previous Section. We thus
conclude that there is a non-zero intertwiner in all of these cases.

The uniqueness of the intertwiner is an important question. We numerically investigated
the dressed matrices obtained from some examples of the MPS listed at the end of the previous
Section. It was found that in all cases the dressed MPS are irreducible for generic values of u.
The details of this numerical procedure are explained in Appendix B. We have thus established
that the intertwiner is unique for these MPS, but it would be desirable to obtain an analytic
proof too.

Let us write the K-matrix introduced above as

K(w) =" Egp ® (1), (47)
a,b

where E,;, are the elementary matrices acting on V;, and 1, (u), a, b =1...N are matrices act-
ing on V. The collection of matrices {1),,(u)}4 p=1. y Will also be denoted simply as v(u) and
it will be called the two-site block. It can be considered as an element of CN¥ ® CN ® End(V,,).
Later in this Section we will use v (u) to build inhomogeneous two-site invariant MPS. A pic-
torial representation is given on the left hand side of Figure 3.

Working out the indices the condition (43) can be written as

R (W wgtp o (W) = RE () gg (W, (48)

where a, b,c,d,e = 1...N are the physical indices and summation over d, e is understood. A
detailed derivation of (48) is presented in Appendix A. This relation can also be written in a
short-hand notation as

Ras(u)(@ - (w)) = Ryp(@) (@ (u) - w), (49)

which is a relation in V3 ® V, ® V; ® End(V,). Here and in the following we always understand
that the R matrices act on some of the physical indices (and the numeric indices label the
vector spaces), and the actual elements of the equations are matrices acting on V,. A pictorial
representation is given in Fig. 4, whereas the interpretation of the intertwiner relation (43)
is shown in Fig. 5. We call (49) the “square root relation” (abbreviated as sq.r.r.), because it
involves half the steps of the so-called Boundary Yang-Baxter relation, to be introduced below.
We stress that (49) is only a short notation for the full relation (48) containing all indices.

Theorem 4. For invertible w; the sq.r.r. implies the initial condition

Y ix(0) = wjwy, (50)

up to a scalar factor.
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c b a c b a
E : u —u u :i:’ :

w Y(u) YP(u) w

Figure 4: A pictorial interpretation of the “square root relation” (49), which describes
the exchange of the two-site block v(u) and the one-site block w. This is a relation
in V3 ® V, ® V; ® End(V,) and the outgoing indices c, b, a describe the basis states in
V,®V,®V;. Fixing c, b, a we obtain matrices acting on V,. The local R matrices acting
at the crossings are defined such that their argument is always the rapidity coming
from the right minus the rapidity coming from the left. Thus we get an action of R(u)
on both sides, but on different vector spaces.

a a
i u —u],j Z u —ui
w Y(u) YP(u) w

Figure 5: A pictorial interpretation of the “square root relation” as an intertwining
relation, see (43). Fixing the outgoing index a we get a relation in End(V ® V,),
where V, and V, are the auxiliary spaces of the Lax operators, and the w, respectively.
The intertwining relation holds for alla =1,...,N.

Proof. From (48) at u =0 we get
wji =Y Vi, j, k.
So we can write
Yik= ((wi)_lwi,j)wk = Wjwg,

where we have defined &; = (coi)_lwi, j» which has to be independent of i.
Substituting back we see that

Gt = (w) "y,
which is therefore independent both of i, j. Introducing U = (w;) ' &; we have

Using Lemma (1) U is proportional to identity. Up to a re-scaling of 1) (u) we conclude &; = wj,
thus completing the proof. O

We also remark that from an alternative point of view, the sq.r.r. can be used to define
integrable MPS:

Theorem 5. If there is a solution to (49) for some w, such that K(u) is invertible for almost all
u, then the MPS built from w is integrable.

Proof. This follows immediately from the construction: the K-matrix intertwines an arbitrary
product of the dressed matrices A; and B;, and after multiplying with K~ !(u) and taking the
trace this leads to the integrability condition (42). O
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This proof of the integrability of the states is the one-site counterpart of our earlier proof
presented in [14], which only treated two-site invariant cases constructed directly from the
K-matrices. This new proof can be used also in spin chains with odd lengths, where the earlier
method was not applicable. The integrability of one-site states at odd lengths was first observed
in [20].

If the intertwiner (43) is unique, then it is group invariant:

(Ao(G) ® A, (G)K(w) = K(u)(Ag(G™) ® A, (G)). (52)

This is easily seen by contradiction: Assuming a non-invariant K-matrix it can be seen that
after the group transformation it also solves the same relation, and by unicity it has to be
proportional to the original K(u). The proportionality factor has to be a one-dimensional
representation of the group G’, and in our cases all such representations are trivial.

For the two site block v(u) the group invariance property takes the form

Aw(G_l)wab(u)Aw(G) = Gachd'lpcd(u)- (53)

It follows from the Yang-Baxter relations that 1(u) = R(2u)y(—u) is also a solution to
(61), and (13) implies that it satisfies the same initial condition 1, (0) = ¢ ;5(0) = w,wy. If
the solution of the sq.r.r. is unique, then we obtain the condition

Y(u) = f@RuY (~w), (54

with some function f (u) satisfying f (u)f (—u) = 1.
Assuming uniqueness, we can always re-define the normalization of v(u) so that it satisfies

P(u) = RQu)p(—u). (55)

This will be called the “symmetry relation”. Note that this still leaves room for an arbitrary
re-definition 1 (u) = g(u)y (u) with any even function g(u) satisfying g(0) = 1.

This symmetry relation is closely analogous to the “boundary cross-unitarity relation” in
integrable QFT (compare (55) to eq. (3.35) in [30]). We note that relation (55) fixes the first
derivative v)’(0) as

¥’(0) =R'(0)y(0) =R'(0)(w - w). (56)

The R-matrices are polynomials of the rapidity parameter (apart from the normalization
factor), therefore it is natural to suspect that the relevant finite dimensional solutions to (49)
will be polynomials as well. Then the sq.r.r. has an immediate consequence for the asymptotic

behaviour of 1 (u).

Theorem 6. For a given solution let a denote the highest degree of u in y)(u), and let ¢, be the
coefficient of u®. If the MPS is irreducible then all ¢, are scalars.

Proof. Let us take the sq.r.r. and take the u — oo limit. The asymptotic value of the R matrices
is the permutation operator for both the SU(N) and the SO(N) case, therefore we obtain the
simple commutativity condition

¢abwc = wc¢ab- (57)
If there are no irreducible subspaces, then it follows from Lemma (1) that every ¢,; is pro-
portional to the identity matrix in V. O

It can be seen that the limiting values ¢; are either symmetric or anti-symmetric in the in-
dices a, b. This follows most easily from relation (55). We get a symmetric (or anti-symmetric)
¢qp if its degree a in ¢, (u) is even (or odd), respectively.
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In the simple case of the XXZ spin chain it was already shown in [14,20] that all one-site
product states (corresponding to an MPS with bond dimension 1) are integrable, and they
can be obtained from the well known K-matrices that solve the usual Boundary Yang-Baxter
relation. In Appendix C we show that the K-matrices associated to the one-site states indeed
satisfy the sq.r.r..

3.1 The Boundary Yang-Baxter relation

The twisted Boundary Yang-Baxter relation is
Ky(VR], (u + v)K; (WR5(v — 1) = Ryy (v — WK, (WR ], (u + VK (v). (58)

Eq. (58) is sometimes also called the BYB relation for soliton non-preserving boundary con-
ditions [61, 62]. The main difference as opposed to the “untwisted” BYB relation is the ap-
pearance of the transposition operation. Typically the twisted BYB relation is formulated with
different conventions: it might include additional shifts in the rapidities (which can be com-
pensated by a redefinition of K(u)), or a different transposition defined as

At=cA'c, (59)

with C € End(V}), C? = 1 being some crossing matrix. The action of C can be compensated
by a basis transformation, and this is discussed in Section 4. In the present work we use (58)
and (61) because these forms are most convenient to treat the MPS.

In those cases when the R-matrix itself satisfies a crossing relation of the form

R (u) = C;R(—u—0)Cy, (60)

with some crossing matrix C and crossing parameter o € C, the eq. (58) is equivalent to the
standard BYB relation. In our examples the SO(N)-symmetric R-matrix is crossing invariant
with C =1 (see (10)), but the SU(N)-invariant is not.

Making use of the identification (47) we can write the twisted BYB in the form

Rya(v —w)Ros(u+ v)(p(v) - () = Rys(v — t)Rp3(u + v) (% () - p(v)), (61)

which is satisfied by the two-site block (). This is a relation in V;® V;® V,® V; ® End(V,), and
it is understood that the R matrices act on the respective components in the tensor product.
For a graphical interpretation of (61) see Fig. 6.

The advantage of the representation (61) over (58) is that certain symmetry properties
are more easily identified. In particular, (61) involves the same R-matrix. This homogeneity
in the exchange relation is the reason why it is always the twisted BYB which is relevant for
integrable states of homogeneous spin chains.

In our earlier works [14,31,32] the BYB relations were used as a starting point to define
integrable initial states. Here we take a different approach, and show that the BYB relation
actually follows from the integrability condition under certain conditions. We intend to show
that the K-matrix, which is obtained as the intertwiner from (43)-(47) indeed satisfies the
twisted BYB.

First of all we note that for the special point u = 0 the twisted BYB in the form (61) is
equivalent to a double application of the sq.r.r.. This follows from the initial condition (50).
However, there is a more direct connection valid for arbitrary u, v.

Let us consider a double dressing of the MPS |, ) with two transfer matrices. As it was
already argued in our previous work [14] it follows from the integrability condition that

LWt ¥,,) = L) [¥,,) . (62)
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Y(v) P(w) P(u) Y(v)
Va®@ V3@ V3 @ V) Viae V3@ Vo ® V)

Figure 6: A pictorial representation for the BYB relation for the two-site MPS. V; 5 5 4
denote the physical vector spaces, and a, b, ¢, d are the physical indices. The matrices
in the MPS act in the auxiliary space from the right to left. The local R matrices acting
at the crossings are defined such that their argument is always the rapidity coming
from the right minus the rapidity coming from the left.

N —

My(u,v) = ~N /‘> M;(u,v) = *\ /7
< H - « H -

Y(u) Y(v) Y(v) Y(u)

Figure 7: The two intertwiners which are later identified as the two sides of the
twisted BYB. Note that the order of y(u) and (V) is reversed, but the upper (lower)
lines are always associated to the rapidities u and v, respectively.

Let us denote the auxiliary product space of the vectors above as V,, ® V,, ® V4, where V, and
V,, are the auxiliary spaces for the transfer matrices t(u) and t(v), respectively. We construct
the corresponding two sets of dressed matrices as

Aj= Z L) ® Lig(v) ® wy

k,l

(63)
Bj=> LLWeL(v)®w.
k,l
Our goal is to construct intertwiners for these doubly dressed MPS:
M(u,v)A; = B;M(u,v). (64)
We consider the following two candidates for the intertwiner M (u, v):

My (1, v) = Ky(VIR], (1 + V)K; ()R (v 1) )

M,(u,v) = Ryy (v —u)K; (WR], (1 + v)Ky (7).

Here it is understood that K; 5(u) act on Va,,» respectively. For a graphical interpretation of
these two intertwiners see Fig. 7.

Multiple use of the Yang-Baxter relation and the simple intertwiner relation (43) shows
that both M;(u,v) and M,(u, v) satisfy (64). The idea is that K;(u) always intertwines the
dressing with £(u), and K,(v) intertwines £(v), and the order of the exchange with K;(u)
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and K, (v) is just the opposite for M, (u,v) and M,(u,v). We also use that in the intermediate
steps the order of the dressings of the MPS can be exchanged as well, using the standard RTT
relation. For a graphical interpretation of the steps of the proof see 8.

If the doubly dressed MPS are irreducible then Theorem 1 states that the intertwiners are
unique up to normalization, which means that

Ml(uzv) = g(u,V)Mz(u, V), (66)

with some function g(u,v). Investigating specific components of the relation (61) it can be
seen that g(u,v) = 1. Thus, given the irreducibility property we have established that the
solution of the sq.r.r. also solves the twisted BYB relation (58).

Unfortunately we have not yet managed to prove the twisted BYB independently from the
irreducibility property. In our concrete examples we have checked numerically that the doubly
dressed MPS are indeed irreducible for generic u, v (see Appendix B), but it would be desirable
to establish this by purely analytic means.

Of course it can be checked by direct substitution whether a specific solution to (49) also
solves (61). We performed this in our concrete examples (presented later in Sec. 5 and 6) and
found agreement.

3.2 Implications of integrability: the Quantum Transfer Matrix

Here we show that the BYB relation (61) allows for the construction of commuting sets of
double row transfer matrices. The construction is essentially the same as in the papers dealing
with soliton non-preserving boundary conditions [62,63]. In the present context these double
row objects will be called Quantum Transfer Matrices (QTM’s), in analogy with the thermal
case [64].

Instead of the homogeneous chain it is useful to introduce an alternating sequence of
inhomogeneities (—uy,uy,—Uy, Uy, ..., U/, Ur o). The parameters u; will play the role of
spectral parameters for “double-row transfer matrices” to be constructed.

We define two inhomogeneous transfer matrices as

t(vlug,...,up ) =Tr T(v|ug, ..., ug 0),
T(vluy,...,up/3) =Ror(v —up/5)Ro 1 —1(v +up2) ... Roa(v —up)Ro1 (v +uq)
Evlug, .. up ) =Tr T(v|ug, ..., up ),
7~1("|ll1: ) uL/Z) =Rp1(v —up)Rpa(v +uq).. -Ro,L—l(V - uL/z)ROL(V + UL/2)~

(67)

Here the L inhomogeneities are of alternating signs, and in the notation we write them as

(us,- --:UL/z)-
We also define inhomogeneous initial states as

N

W (uy,uy,...,up ) = Z Tro[lpiL,iL,l(uL/z)---lpiz,i](uﬂ]|1'L,-~~;i1>' (68)

The physical states (21) are reproduced in the homogeneous limit u; — 0 due to the initial
condition (50).
Using the unitarity condition we can write (61) in the form

P(v) - () = Ryz(—u—v)Ryp(u—v)Ras (v — )Ros (u +v)(3p (1) - h(v)). (69)
This exchange relation can be extended to the full MPS, for example

[P (uq,uy, ..., uL/2)> =

y . . . (70)
Rys(—uy —up)Ryp(uy —uy)Ra4(uy —up)Ros(uy + up)|¥(uy, uy, .. ., uL/2)>;
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Figure 8: A graphical demonstration for the double intertwining using M;(u,v),
which is the object shown on the r.h.s. of Fig. 7. Here we intertwine multiple prod-
ucts of the doubly dressed MPS, by multiple use of the simple intertwining relation
(43) (see Fig. 5) and the Yang-Baxter relations (4). Essentially the same steps (al-
though in a different order) can be repeated also with M,(u, v), which is shown on
the Lh.s. of Fig. 7. If the intertwiner is unique then M; and M, have to be propor-
tional to each other. This intertwining relation thus establishes a connection between
the twisted BYB and the integrability condition.
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and similarly for other exchanges of the inhomogeneity parameters. It follows from the Yang-
Baxter equations that this exchange relation is also compatible with the inhomogeneous mon-
odromy matrices, and we have for example

t(vlug,uy,..., uL/2)|‘I’(u1,U2, e ,UL/z)) = Ivzzs(—ul _uz)élz(ul —uy)X
y y (71)
X Rgq(up —uq)Ros(uy + uz)[t(V|u2, Uy, .. up )| W(ug,ug, ..., UL/z))]-

Similar relations hold for arbitrary products of the transfer matrices’.

Let us consider partition functions involving two different MPS, that serve as initial and
final states. They will be denoted as |¥,) and (¥3|, and the different subscripts indicate that
they are not necessarily adjoints of each other. It is important that both two-site blocks v 4(u)
and 1 5(u) satisfy the same twisted reflection relation (61).

We define the inhomogeneous dual MPS vectors as

N

<‘I’B(u1,U2;---,UL/2)|= Z TrO[wB,iL,iL,l(_uL/Z)H-'lbi,iz,il(_ul)](iL;--~>i1|- (72)

ieni =1

It is important that the rapidity parameters are taken with a sign difference. As an effect these
states satisfy the dual exchange relation

(‘I’B(ub U, U3, s UL/2)| Rys(—uy — up)Ryp(uy — up)Rag(up — uy )Ros(ug +up) =

(73)
<\IlB(u2: U, Uz, ..., uL/Z) >
and similarly for exchanges of other rapidity pairs.
Let us consider the partition functions
ZAB(V].J .. .,Vm|ul, .. .,UL/z) =
(74)

m
<‘I’B(U1, . --,UL/2)| l_[ f(Vj|U1, . --,UL/z) |‘I’A(U1, . --,UL/2)>-
j=1

The Z,5 are completely symmetric in both the u- and the v-parameters. Symmetry with respect
to v;, j = 1...m follows from the commutativity of the transfer matrices, whereas symmetry
with respect to u;, j = 1...L/2 follows from the above exchange relations involving the initial
and final states. For a pictorial interpretation of the partition functions see Fig. 9.

In the physical applications it is usually required that the final state is the dual vector to
the initial state, which results in the requirement

Yp,ik(0) = (Y4, (0)), j,k=1...N. (75)

Generally this means that ¢ 4(u) and 1 5(u) are two distinct solutions to (61), unless all the
matrices can be chosen as completely real.

The Z,5 can be interpreted as the Loschmidt amplitude for some discrete time evolution:
in the homogeneous limit u; — 0 they can be used to approximate the physical Loschmidt
amplitude

Zup ~ (Wg| e HE [ 0,) (76)

For the details of this procedure we refer the reader to [14].

7Such exchange relations hold for any transfer matrix which is built from Lax operators satisfying the funda-
mental exchange relation dictated by the R-matrix. They are the so-called “fused transfer matrices”, and they also
include the space reflected fundamental transfer matrix £(v|u;,u,,...), see for example [31,32]. In this work
we don’t discuss the fusion hierarchy in detail, therefore the main discussion is limited to the products of the
fundamental transfer matrix.
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The partition functions (74) allow for an alternative evaluation, which leads to the intro-
duction of the double row Quantum Transfer Matrices, which act in the horizontal direction
in Fig. 9. It can be read off Fig. 9 (or it can be established by purely algebraic means) that
their explicit form is

TagWlvy, ..., vp) =
N

D Wby, (W) & Tayp, (—ul =V, =V T (Ul = Vi, o, =V) | @45 0, 0, (—10).

a;,as,b1,b,=1

77)
Alternatively this can be computed as

Tas(W) = Tr (MWK (—u)), (78)
where

M(u) = T(—wWKa@)T T (u) (79)

is the “quantum monodromy matrix”, and the products and traces above are to be understood
in the indices a; 5, b, 5 which originally label the states of the physical spin chain.
The partition function is then evaluated as

L/2

Zug(V1, s Vpltg, oo up p) = Tr l_[TAB(ujlvl, V) |- (80)
j=1

The symmetry properties of Z,5 are equivalent to the commutativity condition

[Tap(u1), Tap(uz)] =0, (81)

which can be proven directly using (61) and the Yang-Baxter relations.

We note that depending on the circumstances the double row transfer matrices (77) can
be used to define integrable boundary models with local Hamiltonians and additional degrees
of freedom at the two boundaries. For an example of such a model see [65]. In Sections 5
and 6 we present explicit examples for the integrable two site block ,;(u), which are new
in some cases and thus would lead to new integrable boundary conditions. However, it is not
the purpose of the present paper to investigate the Hamiltonians and/or the spectra of these
models, and this is left to further work.

4 Relation with the twisted Yangian

In the following we describe the twisted Yangians that are relevant to the integrable MPS.
Our goal is to establish a direct relation to the abstract algebraic setting; in this Section we
limit ourselves to the case of the symmetric pair (SU(N), SO(N)).

The twisted Yangian Y *(N) corresponding to the orthogonal Lie algebra o(N) is an abstract

,EJZ), j=12,...,00,k,l=1,...,N given by the following exchange
1

relations [44,45]. Let us define the matrix S(u) as a formal series in u™" as

algebra with generators s

N

S(u) = Z s ®E,  sp(u) =6y + ng)u_j- (82)
KI=1 j
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Yp(—up)  Ypl—uy) Yp(—us)

< H H -
V4
V3
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V1
Uy up Uy [up Uz [us
G H H =

Ya(wr)  Palwr)  Palus)

Figure 9: An example for a partition function with integrable boundaries. In the
original physical picture the bottom and top rows are interpreted as the MPS which
serve as the initial and final states for some discrete time evolution. Alternatively, the
partition function can be evaluated by the Quantum Transfer Matrix, which acts in
the horizontal direction: in this picture the two-site blocks play the role of integrable
boundaries, with an additional degree of freedom at the boundary.

Then the exchange relations are given by the formal equations

R(v —u)S;(V)R (—u—v)S; (1) = S;(w)R (—u — v)S,(V)R(v —u)
S(u)—S(—u) (83)

St(—u)=S(u) + o

Here the transposition is defined as in (59) with a charge conjugation matrix given by
Cjx = 0jN—k+1- The second relation is equivalent to our symmetry relation (55) specified
to the SU(N)-symmetric R-matrix.

The conventions of the relations (83) are different from the ones used in our (58). The first
difference is simply a sign convention for the rapidity parameter, which originates from the
convention R(u) = 1 —u"'P used in [46]. This can be compensated immediately. The second
difference is that our equations involve only standard transpositions. Nevertheless the two
sets of equations can be transformed into each other by a basis transformation: let Z € SU(N)
be a matrix satisfying

77" =cC. (84)

Such a matrix is easily found: in the case of N = 2 we can choose

1 (1 i
Z= E (1 —i)’ (85)
and for higher N we can build Z analogously using the block structure of C. If S(u) satisfies
the defining relations (83) then the transformed matrix defined as

K@) =Z"1's(-uw)z (86)

satisfies our (58). This can be checked by direct computation, using the group invariance
properties (7)-(9) and also Z —1 = 77 ¢ which follows from C2 = 1.
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The definition (82) itself can be interpreted as an asymptotic condition: it is equivalent to
the requirement that in S,;(u) (or Y4, (1)) the leading term in u should be 6,;. This require-
ment is invariant with respect to the basis transformation (86).

The finite dimensional irreducible representations of Y *(N) have been characterized in
[46]. Any such representation gives a concrete solution v ,;(u) to (61), which will result in
an integrable two-site invariant MPS. We will be looking for the subset of solutions which also
satisfy the factorizability condition (50). One possible strategy could be to survey all possible
irreps and to investigate the possibility of a factorization separately. Instead, we use a different
method: we construct concrete solutions to a given w by solving the sq.r.r., this is presented
in the next two Sections. Nevertheless here we review the main statements of [46], translated
into our framework through relations (86) and (47).

First we define Lax-operators that generate the finite dimensional representations of the
Yangian. Let A be a finite dimensional irreducible representation of sI(N) acting on the vector
space V,. For the representation of the E,; standard basis matrices we will use the notation
Eé\b' We define the Lax operator £ (u) acting on the product of a physical and auxiliary
space V; ® V, as

LEV(W) =us,y, +EP (87)

ba’

where a,b = 1...N are interpreted as the physical indices, and the E(/l‘b act on the auxiliary
space.

From any such Lax operator we can build transfer matrices in the usual way. In the inho-
mogeneous case discussed above

tM) = TrA[E(L’A)(v —up )Lt uy ). LMY —u) LN (Y + ul)]. (88)
These transfer matrices commute even for different representations:
(M), N ]=0. (89)

Let us denote by F,, = E p — E;b the generators of o(N) in the defining representation.
Let us take an irreducible representation Q of o(N) with the matrices ngb acting on the vector
space V. Then we can construct the irreducible solution 1)‘*(u) to the BYB with auxiliary
space V, as [46]

() =564 +F (u+1/2)7N. (90)

Such solutions can be called “root solutions” as they serve as starting points to construct all
finite dimensional representations of the twisted Yangian. They obviously satisfy the group
symmetry requirement (53) with G’ = SO(N). The MPS corresponding to a root solution
(1) will be denoted by |\I!Q>

Further non-trivial solutions can be obtained by “dressing” these root solutions with the
Lax-operators above. Taking any solution v(u) a new solution is constructed as

Pap @) = LOG =)L+ (). (91)
In terms of the K-matrices this dressing is given by
R(w) = L£OM0 —w)KW)(LONW +uw)), (92)

where 0 denotes the physical space for the action of the K-matrix. In terms of the algebraic
setting the dressing (92) describes the co-ideal property of the twisted Yangian within the
original Yangian with the usual co-product. For a graphical interpretation of this dressing see
the first figure of 10.
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u —Uu
e—i————{—-v
P(u) n Y 1

Figure 10: Examples for dressed solutions. The first example involves an “LKL’-type
dressing, which on the level of MPS corresponds to the action with a transfer matrix.
Generally we can perform multiple instances of these dressings, but the resulting MPS
might have invariant subspaces. Irreducible representations of the twisted Yangian
are then obtained using a projector IT onto an irreducible sup-space in the tensor
product of auxiliary spaces.

It is immediately seen that the MPS obtained from the dressed two-site block (91) will be
[¥) = D) ). (93)

This idea to construct new integrable MPS by the action of transfer matrices already appeared
in [14,22]. The commutativity of the transfer matrices can be used to obtain an immediate
proof of the integrability of the “dressed” MPS.

In principle any finite number of dressings can be performed leading to

n 1
kW) = (]_[ L£OM (v, — u)) K(u) (]_[(dO:Aﬂ(vj + u))f) (94)

j=1 j=n

and MPS’ of the form

n

[ [£90) [e). (95)

j=1
However, these MPS are not necessarily irreducible, even if we used irreducible representa-
tions ©2 and A; of o(N) and gl(N). A well known example for reducibility is when the product
of transfer matrices has invariant subspaces in the tensor product of auxiliary spaces: this
happens during the so-called fusion procedure. However, this is not the only possibility: the
dressed two-site blocks can have invariant subspaces even if a single product ]_[?:1 £$’AJ )(v —1)
constitutes an irreducible representation of the Yangian. The reason is simply that the double
product together with the root solution has less symmetries and thus can lead to additional
invariant subspaces.

It is proven in [46] that all finite dimensional representations of the twisted Yangian are
obtained by the projection method from dressed solutions like (94): to obtain irreducible
solutions one needs to project to the subspace generated by the so-called highest weight vector
within the tensor product of the various auxiliary spaces. In practical terms this means that
each irreducible solution is of the form

n 1
K@) =1 (]_[ LOM(v; — u)) Ko(u) (]_[(,c(o”\f)(vj + u))t) I, (96)
j=1 j=n

where II is some projector actingon V, ®---®V,, ® V. For a graphical interpretation see the
second figure in 10.
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An equivalent interpretation of this statement is, that the dressed MPS’ can always be
expressed as sums of irreducible MPS as

n

[ [e™on]e?) = lw), ©7)
j

j=1

and every finite dimensional irreducible MPS satisfying also (55) will be included in one of
these sums.

Our goal in this paper is to find those solutions to the BYB that describe our special one-site
invariant MPS, listed at the end of Section 2. One possible strategy would be to investigate the
general solution (96), to explicitly compute the initial values at u = 0, and to identify those
solutions that describe the MPS’ with a concrete one-site block w. However, in the present
paper we use a different method: we explicitly solve the sq.r.r. starting from a given integrable
w. By the arguments of Section 3 they also satisfy the twisted BYB and the symmetry relations,
and they will constitute an irreducible representation of the twisted Yangians.

5 Solutions for the symmetric pair (SU(N ), SO(N))

In this section we analyze the solutions of the sq..r. (49) in the case of the symmetric pair
(SU(N), SO(N)).
In this case the R-matrix is given by (1) and the sq.r.r. can be written in the form

wcwba _wcbwa = u[’{/)ca: C‘)b:l- (98)

We are looking for polynomial solutions of finite order:

Pap (1) = wgwy + Y Y. (99)

j=1
The leading coefficient needs to be a scalar with SO(N) symmetry, so we have
P = Bap. (100)

In the following we will assume that the « matrices are invertible.
Eq. (98) can be used recursively to fix the coefficients. We get

oy~ g =i el j=1..m, (101)

where it is understood that i,b((l%) = w,w; and the highest order equation corresponding to
j =m+ 1 is trivially satisfied with (100).

The linear operator on the Lh.s. of (101) has a null space, and according to Proposition
4 this space is one dimensional with a basis vector given by 1,0((33) = w,wp. It follows that if
we find a concrete solution nga) the inhomogeneous equation at order j then most the general
solution will be

Y9 +aw,w,,  aeC. (102)
Proposition 1. The linear term is
M _
Yy = W+ awawy, (103)

with some a € C.
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Proof. It is easy to see that the solution with a = 0 satisfies (101), thus we get the general
solution as given above. O

Simple solutions are obtained by restrictions on the highest degree m. In the linear case
we get:

Proposition 2. If the w matrices are invertible then the only linear solution is (up to overall
re-scaling) w, =y, and
Yap(W) =7aYp +2ubgp, (104)

where the y matrices satisfy the N dimensional Clifford algebra:
{ra, 7o} =264 (105)

Proof. In this case the linear term (103) has to coincide with (100), thus
Wpw, +aw wp = B0, (106)

The rh.s. is symmetric with respect to a, b, yielding a = 1. With a proper normalization of w,
we can set 3 = 2, and thus we obtain the Clifford algebra. O

In this case the solution can be written alternatively as

1.bab(u) = (211 + 1)1/;ab(u): J)ab(u) = 5ab + [Ya: Yb]/4(u + 1/2)_1- (107)

Here we recognize the generators of SO(N) in the spinor representation given by
Fup = [Ya» Yp1/4, thus this solution is equal to a “root solution” as given by (90). We remind
that the corresponding MPS is one of our main examples listed in Section 2.

Now we consider the quadratic case. If 1, (u) is of second order, then for j =2 in (101)

[wawc+awcwa:wb] :ﬂ[wc5ba_5cbwa]) (108)

with some a, 8 € C, where 8 # 0 is the coefficient of 6,;,. The rh.s. is anti-symmetric with
respect to a,c, therefore a = —1 or {w,, w.} commutes with all w;. The latter case leads us
back to the Clifford algebra, therefore we are free to set a = —1. After an exchange of indices
and setting 3 = —1 we obtain the exchange relations

[wa,[wb,wc]] = 0gpW. — O g Wp- (109)
In this case the second order solution is
wab(u): wawb_u[wa;wb]_u25ab' (110)

We construct explicit realizations of the algebra (109). Consider first any triplet of the
form {w;, wi, il w;, wi]}, j # k. It follows from (109) that they satisfy the SU(2)-algebra. In
those cases when the full set {w j} is a Lie-algebra (closed with respect to the commutator), it
is easily shown that the SU(2)-algebra is the only possibility, thus we obtain the solution for
N=3

Yap() =S,Sp —ulSy, Sp]1—u? 4, (111)

where the S, are the spin operators in a finite dimensional irreducible representation. This
solution describes the MPS given by w, = S,, which is one of our main examples listed at the
end of Section 2.
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In those cases when the set {w;} is not a Lie-algebra (the set is not closed with respect to the
commutator), we can consider the commutation relations of the matrices
tjk = _tkj = l[a)J, cok]:

[tk tim] = —[[wj, wil, [wy, wm]] =tj10km * tkmOji — tjmOx1 — k1O jm- (112)
We see that the tj; satisfy the o(N) Lie-algebra. Supplied with the additional conditions
[wj, tiy] =i[6w —6jwi],  [wj, w] =—ity, (113)

it can be seen that the only irreducible solutions are the “fused spinor representations”, which
are constructed as follows. Lety;, j =1...N be the N-dimensional Gamma matrices satisfying
the Clifford algebra. Denoting their vector space as V, we construct the symmetrized tensor

product spaces
n
Sym{@VY}. (114)
j=1

Let I, be the projector from ®;}:1 V, onto the symmetrized space. Then we construct the
matrices

V=1, |y;®18--@1+18y;@---8l+.. |, (115)
n n

Choosing w; = I‘j(n) /2 we see that the commutation relations are satisfied, thus we obtain a

solution el ) )
n n
wab(u) = Fa Fb _u[ra ,Fb ] _uzaab- (116)
4 4

Note that this solution has the same form as (111) with the identification S, = I‘é”) /2. The
reason is that the higher spin SU(2) generators are fused symmetrically from the spin-1/2
generators 0,/2, and the Pauli matrices satisfy the Clifford algebra.

It can be checked by direct computation that these solutions satisfy the un-normalized
symmetry relation (54). For example the solution (104) satisfies (54) with f(u) = %35

Whereas (104) is a known “root solution” to the twisted BYB, the explicit solutions (111)
and (116) are new.

6 Solutions for (SO(N),SO(D) ® SO(N — D))

In this section we analyze the solutions of the sq.r.r. (49) in the case of the symmetric pair
(SO(N),SO(D) ® SO(N — D)), assuming irreducibility.

In this case the R-matrix is given by (2), which is crossing invariant by (10). This poses an
additional constraint which is most easily derived from the intertwining relation (43). At the
special point u = —c/2 we have

RT(—¢/2) = R(~c/2), (117)
therefore the two sets of dressed MPS are completely identical, which by irreducibility implies

K(—c/2) ~1. (118)

Furthermore, the crossing and the intertwining relations also imply the inversion relation

KWwK(u—c)~1. (119)
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If K(u) is a solution to the BYB (58), then the crossed K-matrices defined as

k(u)=K(—u—c/2) (120)
satisfy the standard BYB,
ko(V)Ro1 (u + v)k1 (w)R12(v —u) = Ry (v —u)ky ()R 12 (u + vk (v). (121)
Condition (118) then translates into the usual initial condition k(0) ~ 1.
Instead of a systematic analysis of all possible solutions we construct a few particular ones.

6.1 One-site states

Here we assume an MPS with bond dimension one, i.e. a one-site product state given by
a vector wy.
We make the following Ansatz:

Yap(W) = f(Wwgwp + g(W)dgp, (122)

and we assume
wawg =1. (123)

The sq.r.r. reads:

(u + C)wcwba(u) + ll(ll + C)wbwca(u) - uacbwdwda(u) =

(124)
(u + C)'lpcb(u)wa + u(u + C)wca(u)wb - u5ba¢cd(u)wd'
This gives the solution
flw)=2u+c g(u) =—u. (125)
Allowing an arbitrary normalization for w we get
Yap(W) = u+c)wwp —u(wiwy)odyp- (126)

This shows that in the limit of wywy; — O the second term decouples and thus the first one
can be chosen as a constant.

After constructing the K matrix as (47) it is easy to see that the inversion relation (119) is
satisfied with the following proportionality factor:

KWwK(—u—c) = (—u)(u+-c). (127)

6.2 Two-site states

For sake of completeness we give here the general scalar valued solution of the twisted
BYB with the given symmetry properties. This solution describes a two-site state, therefore
the sq.r.r. can not be applied here.

The solutions of the BYB relation are classified in [66] and summarized for example in [67].
In our conventions the relevant solution can be written as

_((N—D—1+2u)I, 0
Kw) = ( 0 (-D+1— 2u)IN_D)’ (128)

where I, and Iy_p stand for identity matrices of dimension D, and N — D, respectively. It is
easy to see that the inversion relation (119) is satisfied.

In the special case of D = 1 we get (a scalar multiple of) the one-site state solution given
in (126) with the vector w =(1,0,...,0).
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6.3 Matrix Product States

To simplify notations we split the full vector space CV into a direct sum of C” and CN~P,
We will use indices a, b,... = 1...D describing the coordinates in the first component, and
I,J,...=1...(N—D) for the second.

We investigate the MPS given by

We =74 w; =0, (129)

where the y, are the D-dimensional Gamma matrices.
We make the following Ansatz for the solution of the sq.r.r.:
Yap = f(Wyarp +8W)dap
wal = 1/)Ia =0 (130)
Y1y =hW)dy.

We now investigate the different components of the sq.r.r. If all indices are in the first
subgroup then we get

(u+ C)COJP ba(u) +u(u+ C)wbwca(u) - u(scb(‘)(ﬂvbda(u) =

(131)
(u + C)wcb(u)wa + u(u + C)wca(u)wb - U5ba¢cd(u)wd-
Substituting our Ansatz and observing the cancellation of a few terms we get
(u+c)dapyc g +ulu+c)ypyeyaf W —udepya(f (Wyaya + 8Wbeg) = (132)
(u + C)5bc}/ag(u) + u(u + C)YcYaYbf (u) - U5ba(f (u)}/c)/d + g(u)5cd )Yd-
We can use y;y; =D to obtain
(Bap¥e = Bneta) ((2u+c)g(u) + Duf () - 133
+u(u+C)(ypYeYa—YcYaYp)f (W) =0.
Making use of the Clifford algebra relations we end up with
(OapYe—0beYa) ((Zu +c)g(u) + (—2u2 —2cu+ Du)f (u)) =0. (134)
A solution is
fw=2u+c  gu)=2u®+(-D+2c)u. (135)

For the remainder we only need to check cases when two out of three indices belong to I.J,
because the other possibilities are automatically zero.
When the indices are specified as cIJ we get

(u+C)y o h(w) = —ud;(f Wyeyq + 8Wdeq)rs = —udy(Df (W) + g(w))ye., (136)

giving
h(u) = —u(D + 2u). (137)

It is easy to see that all other cases are satisfied are well. The solution is thus

wab(u) = (2u + C)YaYb + (2u2 + (_D + 2C)u)6ab
Yar(w) =) =0 (138)
Yy (W) =—u(D +2u)dy,.

It is easy to see that the condition (118) is indeed satisfied.
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Setting D = N and substituting ¢ = N/2 — 1 we obtain the completely SO(N )-invariant
solution

Yap(W) = Qu+N/2=1)y,7p + (2u* — 2u)5 4p. (139)

In the special case of D = 3 (and arbitrary N) the Clifford generators are given by the Pauli
matrices. For N = 6 we get a particular solution

Yopw) =Qu+2)o,0p+ (2u? + u)o,p
Yo (W) =) =0 (140)
Yr(w) =—u(3+2u)d;.

This solution is relevant to one-point functions in AdS/CFT [24,26]. After the crossing trans-
formation (120) we get a particular solution k(u) to the untwisted BYB, which was obtained
earlier by DeWolfe and Mann in [65].

Direct computation shows that these solutions satisfy the un-normalized symmetry relation
(54). For example the simplest solution (126) satisfies (54) with f(u) = c+2u

c—2u"

7 Conclusions

In this work we treated integrable MPS and established a new linear intertwining relation
(43)-(49) called the “square root relation” which guarantees the integrability property. We
showed that under certain conditions the solutions to the sq.r.r. also solve the twisted BYB
relation (58). The sq.r.r. is only linear as opposed to the quadratic BYB, thus it is much easier
to solve. From the general point of view of boundary integrability, we can expect that any
solution of the twisted BYB which factorizes at the special point u = O (see the initial condition
(50)) also solves the sq.r.r. with the corresponding one-site object w.

The question of under which circumstances the three different relations (the integrability
condition, and the sq.r.r. and twisted BYB) are completely equivalent remains open. The
connection between these three properties is depicted in Fig. 11. We have shown that the
three conditions are equivalent if certain dressed MPS are irreducible. However, there are
solutions which satisfy all three conditions without the complete reducibility (for example the
reference state in the SU(N )-invariant model), so perhaps this condition can be weakened.
It would be desirable to clarify this issue. Also, it would be important to develop analytic
proofs for the irreducibility condition, which we confirmed only numerically in a few concrete
cases. The reducibility properties of the dressed MPS are related to the reducibility of the fused
representations of the twisted Yangian, for which there are no general results available. These
particular problems deserve further work.

In Sections 5-6 we have provided solutions of the sq.r.r. for the integrable MPS that were
listed at the end of Section 2. Moreover, in 5 we classified all solutions to the sq.r.r. having the
symmetry (SU(N), SO(N)) which are at most quadratic polynomials in the rapidity. The linear
solutions necessarily lead the Clifford algebra, whereas the quadratic solutions correspond
to symmetrically fused Clifford generators. On the other hand, this list does not exhaust all
known integrable MPS: the fused states for the pair (SO(N ), SO(D)® SO(N — D)) (see [24-26]
for details) were not treated here.

Having found our solutions to the sq.r.r.,, and having established that they also solve the
twisted BYB there are the following open directions.

First, one should establish the explicit fusion hierarchy of these solutions, which could lead
to an understanding of the physical overlaps using the combination of the Quench Action and
QTM methods. These computations would be analogous to the ones of [20,32].
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~
> Y o

BYB relation (61)

Figure 11: Relation between the different notions of integrability for a one-site in-
variant MPS. The thick lines stand for direct implication, whereas the dashed lines
show implication given the irreducibility condition of the dressed MPS, as explained
in the main text.

Second, one should understand better the explicit relations with the representation theory
of the twisted Yangian. In particular, it would be useful to understand the exact decomposi-
tion of the form (96), together with the projector II. Preliminary computations show that our
solution (111) can always be obtained by a single fusion of LKL type and a non-trivial projec-
tion. Determining the decomposition could also help in understanding the overlap formulas
obtained in [23,24,26].

Finally, it would be interesting to obtain the spectrum and the eigenstates of the double
row transfer matrices with the new boundary K-matrices. As we remarked, these transfer
matrices can lead to new integrable models with local Hamiltonians and additional boundary
degrees of freedom.

We plan to return to these questions in further research.
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A The different forms of the square root relation

Here we provide a detailed derivation showing that (48) follows from (43).
We start with the intertwining relation

AjK(u)=K(u)B;, j=1,...,N, (141)

which is a relation in End(V;, ® V) and it concerns the dressed MPS defined as

A] = Z [’]k(u) ® Wi
k

(142)

Bj= > L] ) w.
k
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Here the Lax operators L, (u) are defined from the expansion of the R-matrix as

Rio(w) = ) Eqp ® Lop(u), (143)
ab

where E,;, are the basis matrices acting on a physical space V; &~ CN and the matrices £ (u)
act on the auxiliary space V;,. This expansion also implies that the matrix elements of the
R-matrix are

RY () = (Lap(W)? = Tro(Ege Lo )- (144)

In our cases the R-matrix is symmetric with respect to an exchange of the two vector spaces,
and also with respect to the exchange of the in- and out-states, therefore

R (u) = R4 (w) = R> (w). (145)

We also expand the K-matrix as

K(W) = Eqp ® Yop (), (146)
a,b

where E,;, are elementary matrices acting on V; and ) ,;,(u) are matrices acting on V.
Then for every j =1...N we get

D (LiWEw) ® (@rpas @) = D (B L)) ® (apw)esy ). (147)

a,b,k a,b,k

We multiply this equation with E_; ® 1, where again E.; acts on V, and ¢,d = 1...N are
unspecified indices. Fruthermore, we take the partial trace over Vj to arrive at

> T Eeg £WEep ) @xap @) = D | Tr(EeqEap £])) (v ap @y, )- (148)

a,b,k a,b,k

This can be written as

Z Tr(ﬁjk(U)Ead)(wkwac(U)) = Z Tr(ﬁjk(u)Ebc)(wdb(u)wk), (149)
a,k b,k

where we also used E;rb =E,, foreverya,b=1...N.
Using (144) and the symmetries of the R-matrix this gives

> RE ) (wrt o)) = D R W) (1 ap (o). (150)
a,k b,k

Introducing also the matrix R(u) = PR(u) this is written as
SR ) 0 ) = D TRE@(ap(we ). as1)
a,k b,k

After an exchange of indices this is indeed equivalent to (48).
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B Numerical tests of the irreducibility condition

Here we describe our simple numerical procedure to test the irreducibility condition for
the dressed MPS defined in (41).

Given a set of d x d matrices {A;};_; y the goal is to test whether the linear span of all
matrix products of length L becomes End(C?) for L > L*. This can be tested recursively in L.
At L = 1 we investigate the matrices themselves and construct an orthonormal basis using the
scalar product

(A,B)=TrA'B. (152)

Let us denote this basis by {B](.l)} j=1..n,» where 1 < n; < N. Now we construct the basis at
length L = 2 by computing all products
1 .

ABY, j=1..N, k=1...ny (153)

and performing a new orthogonalization procedure. This gives a basis {B](.Z) }i=1..n,» where
typically n, > n;. We continue this procedure such that at each step we define

L+1 _ . L
{B](. * )}]~=1__,,1L+1 = basis of span{AjBIE )}j=1...N,k=1...nL' (154)

Generally we observe that n; is always increasing, and the MPS is irreducible if n; it reaches
the maximal value d? at some L = L*.

We performed this test for a few examples of the dressed matrices (41) constructed from the
integrable MPS listed at the end of Section 2; we took at least one example from each family.
We observed that the dressed MPS are irreducible for generic values of the rapidity u. On the
other hand, there are some special rapidity points (for example u = 0), when n; saturates
below d? and thus the MPS has invariant subspaces. This does not affect the applicability of
Theorem 1, because the existence of the unique integrable K-matrices is established for almost
all u, and the intertwiner relation (43) holds even at the special points by continuity.

We observed that the set of special rapidity points for which n; < d? always consists of
integers. The point u = 0 is always included in this set, which can be tied to the special value
of the R-matrix R(0) = P used in the dressing (41). However, depending on {w;} there can
be other reducible points. For example in the case of (SU(3),S0(3)) and w; = S; with the S;
being the spin-1 generators we find that the reducible points are u = {—2,0, 1}.

We also investigated the doubly dressed matrices (63). We observed, that for generic
rapidity parameters u,v the MPS are irreducible in all our examples. This implies that the
solutions of the sq.r.r. also solve the twisted BYB relation. Once again we observed special
points where the MPS have invariant subspaces, but this does not alter the conclusions.

C The square root relation in the XXZ chain

Here we prove that the known solutions of the BYB in the XXZ chain also satisfy the sq.r.r.,
given that we choose those solutions which describe one-site states after the crossing transfor-
mation. This way we can also prove that all one-site states are integrable in the XXZ chain,
even in odd volumes [20].

In the case of the XXZ chain the crossing transformation for the boundary two-site block
is [14]

ap () = (K(=n/2 =)0, ) (155)
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The K-matrices are given by a known 3-parameter family [68]. Choosing a particular parametriza-
tion with constants a, 3, 6 they lead to the following form of the two-site block v, (u):

Y1) =— e? sinh(n + 2u)

YP1(u) =2(—sinh(a) cosh(f) cosh(n/2 + u) + cosh(a) sinh() sinh(n/2 + u))
Yo7 (1) =2(sinh(a) cosh(f) cosh(n/2 + u) + cosh(a) sinh(f) sinh(n/2 + u))
Yoo (1) =e % sinh(n + 2u).

(156)

One-site states are obtained by choosing a = 0 and 8 = iw/2 + /2. Dividing by sinh(n) we
obtain the two-site block

O
1200) =y (1) = z% (157)
Vaala) =e P
satisfying the initial condition
W(O0)=w-w, with o= (éfz//zz) (158)

It can be checked by direct computation that this vy(u) solves the sq.r.r. with the w given
above.

References

[1] P Calabrese, E H. L. Essler and G. Mussardo, Introduction to ‘Quantum integrabil-
ity in out of equilibrium systems’, J. Stat. Mech. 064001 (2016), doi:10.1088/1742-
5468/2016/06/064001.

[2] L. Vidmar and M. Rigol, Generalized Gibbs ensemble in integrable lattice models, J. Stat.
Mech. 064007 (2016), doi:10.1088/1742-5468/2016/06/064007.

[3] E H. L. Essler and M. Fagotti, Quench dynamics and relaxation in isolated in-
tegrable quantum spin chains, J. Stat. Mech. 064002 (2016), doi:10.1088/1742-
5468/2016/06/064002.

[4] M. Rigol, V. Dunjko, V. Yurovsky and M. Olshanii, Relaxation in a completely inte-
grable many-body quantum system: an ab initio study of the dynamics of the highly
excited states of 1D lattice hard-core bosons, Phys. Rev. Lett. 98, 050405 (2007),
doi:10.1103/PhysRevLett.98.050405.

[5] P Calabrese, E H. L. Essler and M. Fagotti, Quantum quench in the transverse-field ising
chain, Phys. Rev. Lett. 106, 227203 (2011), doi:10.1103/PhysRevLett.106.227203.

[6] P Calabrese, E H. L. Essler and M. Fagotti, Quantum quench in the transverse field Ising
chain: I. Time evolution of order parameter correlators, J. Stat. Mech. P07016 (2012),
doi:10.1088,/1742-5468/2012/07/P07016.

[7] P Calabrese, E H. L. Essler and M. Fagotti, Quantum quenches in the transverse field Ising
chain: II. Stationary state properties, J. Stat. Mech. P07022 (2012), doi:10.1088/1742-
5468/2012/07/P07022.

34


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062
http://dx.doi.org/10.1088/1742-5468/2016/06/064001
http://dx.doi.org/10.1088/1742-5468/2016/06/064001
http://dx.doi.org/10.1088/1742-5468/2016/06/064007
http://dx.doi.org/10.1088/1742-5468/2016/06/064002
http://dx.doi.org/10.1088/1742-5468/2016/06/064002
http://dx.doi.org/10.1103/PhysRevLett.98.050405
http://dx.doi.org/10.1103/PhysRevLett.106.227203
http://dx.doi.org/10.1088/1742-5468/2012/07/P07016
http://dx.doi.org/10.1088/1742-5468/2012/07/P07022
http://dx.doi.org/10.1088/1742-5468/2012/07/P07022

Scil SciPost Phys. 6, 062 (2019)

[8] B. Blass, H. Rieger and E Igldi, Quantum relaxation and finite-size effects in the XY
chain in a transverse field after global quenches, Europhys. Lett. 99, 30004 (2012),
doi:10.1209/0295-5075,/99/30004.

[9] M. Fagotti and E H. L. Essler, Reduced density matrix after a quantum quench, Phys. Rev.
B 87, 245107 (2013), doi:10.1103/PhysRevB.87.245107.

[10] S. Sotiriadis and P Calabrese, Validity of the GGE for quantum quenches from inter-
acting to noninteracting models, J. Stat. Mech. P07024 (2014), doi:10.1088/1742-
5468/2014/07/P07024.

[11] E. Ilievski, J. De Nardis, B. Wouters, J.-S. Caux, E H. L. Essler and T. Prosen, Complete
generalized Gibbs ensembles in an interacting theory, Phys. Rev. Lett. 115, 157201 (2015),
doi:10.1103/PhysRevLett.115.157201.

[12] E. Ilievski, E. Quinn and J.-S. Caux, From interacting particles to equilibrium statistical
ensembles, Phys. Rev. B 95, 115128 (2017), doi:10.1103/PhysRevB.95.115128.

[13] B. Pozsgay, E. Vernier and M. A. Werner, On generalized Gibbs ensembles with an infinite
set of conserved charges, J. Stat. Mech. 093103 (2017), doi:10.1088/1742-5468/aa82c1.

[14] L. Piroli, B. Pozsgay and E. Vernier, What is an integrable quench?, Nucl. Phys. B 925, 362
(2017), doi:10.1016/j.nuclphysb.2017.10.012.

[15] D. Fioretto and G. Mussardo, Quantum quenches in integrable field theories, New J. Phys.
12, 055015 (2010), doi:10.1088/1367-2630/12/5/055015.

[16] G. Delfino, Quantum quenches with integrable pre-quench dynamics, J. Phys. A: Math.
Theor. 47, 402001 (2014), doi:10.1088/1751-8113/47/40/402001.

[17] D. Schuricht, Quantum quenches in integrable systems: constraints from factorisation, J.
Stat. Mech. P11004 (2015), doi:10.1088/1742-5468/2015/11/P11004.

[18] B. Pozsgay, Overlaps between eigenstates of the XXZ spin-1/2 chain and a class
of simple product states, J. Stat. Mech. P06011 (2014), doi:10.1088/1742-
5468/2014/06/P06011.

[19] M. Brockmann, J. De Nardis, B. Wouters and J.-S. Caux, A Gaudin-like determinant
for overlaps of Néel and XXZ Bethe states, J. Phys. A: Math. Theor. 47, 145003 (2014),
doi:10.1088/1751-8113/47/14/145003.

[20] B. Pozsgay, Overlaps with arbitrary two-site states in the XXZ spin chain, J. Stat. Mech.
053103 (2018), doi:10.1088/1742-5468 /aabbel.

[21] M. de Leeuw, C. Kristjansen and K. Zarembo, One-point functions in defect CFT and inte-
grability, J. High Energ. Phys. 08, 098 (2015), doi:10.1007/JHEP08(2015)098.

[22] I. Buhl-Mortensen, M. de Leeuw, C. Kristjansen and K. Zarembo, One-point func-
tions in AdS/dCFT from matrix product states, J. High Energ. Phys. 02, 052 (2016),
doi:10.1007/JHEP02(2016)052.

[23] M. de Leeuw, C. Kristjansen and S. Mori, AdS /dCFT one-point functions of the SU(3) sector,
Phys. Lett. B 763, 197 (2016), doi:10.1016/j.physletb.2016.10.044.

[24] L. Buhl-Mortensen, M. de Leeuw, A. C. Ipsen, C. Kristjansen and M. Wilhelm, Asymptotic
One-Point Functions in Gauge-String Duality with Defects, Phys. Rev. Lett. 119, 261604
(2017), doi:10.1103/PhysRevLett.119.261604.

35


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062
http://dx.doi.org/10.1209/0295-5075/99/30004
http://dx.doi.org/10.1103/PhysRevB.87.245107
http://dx.doi.org/10.1088/1742-5468/2014/07/P07024
http://dx.doi.org/10.1088/1742-5468/2014/07/P07024
http://dx.doi.org/10.1103/PhysRevLett.115.157201
http://dx.doi.org/10.1103/PhysRevB.95.115128
http://dx.doi.org/10.1088/1742-5468/aa82c1
http://dx.doi.org/10.1016/j.nuclphysb.2017.10.012
http://dx.doi.org/10.1088/1367-2630/12/5/055015
http://dx.doi.org/10.1088/1751-8113/47/40/402001
http://dx.doi.org/10.1088/1742-5468/2015/11/P11004
http://dx.doi.org/10.1088/1742-5468/2014/06/P06011
http://dx.doi.org/10.1088/1742-5468/2014/06/P06011
http://dx.doi.org/10.1088/1751-8113/47/14/145003
http://dx.doi.org/10.1088/1742-5468/aabbe1
http://dx.doi.org/10.1007/JHEP08(2015)098
http://dx.doi.org/10.1007/JHEP02(2016)052
http://dx.doi.org/10.1016/j.physletb.2016.10.044
http://dx.doi.org/10.1103/PhysRevLett.119.261604

Scil SciPost Phys. 6, 062 (2019)

[25] M. de Leeuw, C. Kristjansen and G. Linardopoulos, One-point functions of non-protected
operators in the SO(5) symmetric D3-D7 dCFT, J. Phys. A: Math. Theor. 50, 254001
(2017), doi:10.1088/1751-8121/aa714b.

[26] M. de Leeuw, C. Kristjansen and G. Linardopoulos, Scalar one-point func-
tions and matrix product states of AdS/dCFT, Phys. Lett. B 781, 238 (2018),
doi:10.1016/j.physletb.2018.03.083.

[27] J.-S. Caux and E H. L. Essler, Time evolution of local observables after
quenching to an integrable model, Phys. Rev. Lett. 110, 257203 (2013),
doi:10.1103/PhysRevLett.110.257203.

[28] J. De Nardis, B. Wouters, M. Brockmann and J.-S. Caux, Solution for an in-
teraction quench in the Lieb-Liniger Bose gas, Phys. Rev. A 89, 033601 (2014),
doi:10.1103/PhysRevA.89.033601.

[29] J.-S. Caux, The Quench Action, J. Stat. Mech. 064006 (2016), doi:10.1088/1742-
5468/2016/06/064006.

[30] S. Ghoshal and A. Zamolodchikov, Boundary S-matrix and boundary state in two-
dimensional integrable quantum field theory, Int. J. Mod. Phys. A 09, 3841 (1994),
d0i:10.1142/S0217751X94001552.

[31] L. Piroli, E. Vernier, P Calabrese and B. Pozsgay, Integrable quenches in nested spin chains
I: the exact steady states (2018), arXiv:1811.00432.

[32] L. Piroli, E. Vernier, P Calabrese and B. Pozsgay, Integrable quenches in nested spin chains
II: fusion of boundary transfer matrices (2018), arXiv:1812.05330.

[33] B. Pozsgay, The dynamical free energy and the Loschmidt echo for a class of quantum
quenches in the Heisenberg spin chain, J. Stat. Mech. P10028 (2013), doi:10.1088/1742-
5468/2013/10/P10028.

[34] L. Piroli, B. Pozsgay and E. Vernier, From the quantum transfer matrix to the quench ac-
tion: the Loschmidt echo in XXZ Heisenberg spin chains, J. Stat. Mech. 023106 (2017),
doi:10.1088/1742-5468/aa5d1e.

[35] L. Piroli, B. Pozsgay and E. Vernier, Non-analytic behavior of the Loschmidt
echo in XXZ spin chains:  Exact results, Nucl. Phys. B 933, 454 (2018),
doi:10.1016/j.nuclphysb.2018.06.015.

[36] C. Rylands and N. Andrei, Loschmidt amplitude and work distribution in quenches of the
sine-Gordon model, Phys. Rev. B 99, 085133 (2019), doi:10.1103/PhysRevB.99.085133.

[37] E. llievski, E. Quinn, J. De Nardis and M. Brockmann, String-charge duality
in integrable lattice models, J. Stat. Mech. 063101 (2016), doi:10.1088/1742-
5468/2016/06/063101.

[38] D. X. Horvéth, S. Sotiriadis and G. Takdcs, Initial states in integrable quantum field
theory quenches from an integral equation hierarchy, Nucl. Phys. B 902, 508 (2016),
doi:10.1016/j.nuclphysb.2015.11.025.

[39] G. Delfino and J. Viti, On the theory of quantum quenches in near-critical systems, J. Phys.
A: Math. Theor. 50, 084004 (2017), doi:10.1088/1751-8121/aa5660.

36


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062
http://dx.doi.org/10.1088/1751-8121/aa714b
http://dx.doi.org/10.1016/j.physletb.2018.03.083
http://dx.doi.org/10.1103/PhysRevLett.110.257203
http://dx.doi.org/10.1103/PhysRevA.89.033601
http://dx.doi.org/10.1088/1742-5468/2016/06/064006
http://dx.doi.org/10.1088/1742-5468/2016/06/064006
http://dx.doi.org/10.1142/S0217751X94001552
https://arxiv.org/abs/1811.00432
https://arxiv.org/abs/1812.05330
http://dx.doi.org/10.1088/1742-5468/2013/10/P10028
http://dx.doi.org/10.1088/1742-5468/2013/10/P10028
http://dx.doi.org/10.1088/1742-5468/aa5d1e
http://dx.doi.org/10.1016/j.nuclphysb.2018.06.015
http://dx.doi.org/10.1103/PhysRevB.99.085133
http://dx.doi.org/10.1088/1742-5468/2016/06/063101
http://dx.doi.org/10.1088/1742-5468/2016/06/063101
http://dx.doi.org/10.1016/j.nuclphysb.2015.11.025
http://dx.doi.org/10.1088/1751-8121/aa5660

Scil SciPost Phys. 6, 062 (2019)

[40] J. Cardy, Bulk renormalization group flows and boundary states in Conformal Field Theo-
ries, SciPost Phys. 3, 011 (2017), doi:10.21468/SciPostPhys.3.2.011.

[41] D. X. Horvath and G. Takdcs, Overlaps after quantum quenches in the sine-Gordon model,
Phys. Lett. B 771, 539 (2017), doi:10.1016/j.physletb.2017.05.087.

[42] M. Lencsés, J. Viti and G. Takacs, Chiral entanglement in massive quantum field theories in
1+1 dimensions, J. High Energ. Phys. 01, 177 (2019), doi:10.1007/JHEP01(2019)177.

[43] M. Kormos and B. Pozsgay, One-point functions in massive integrable QFT with boundaries,
J. High Energ. Phys. 04, 112 (2010), doi:10.1007/JHEP04(2010)112.

[44] G.I. Olshanskii, Twisted Yangians and infinite-dimensional classical Lie algebras, in “Quan-
tum Groups”, Springer Berlin Heidelberg, 104, (1992).

[45] A. 1. Molev, Yangians and their applications, in “Handbook of Algebra”, Elsevier, 3, 907,
(2003), d0i:10.1016/S1570-7954(03)80076-1.

[46] A. L. Molev, Finite-dimensional irreducible representations of twisted Yangians, J. Math.
Phys. 39, 5559 (1998), d0i:10.1063/1.532551.

[47] N. Guay, V. Regelskis and C. Wendlandt, Representations of twisted Yangians of types B, C,
D: I, Sel. Math. New Ser. 23, 2071 (2017), doi:10.1007/s00029-017-0306-x.

[48] N. Guay, V. Regelskis and C. Wendlandt, Representations of twisted Yangians of types B, C,
D: II, Sel. Math. New Ser. 23, 2071 (2017), d0i:10.1007/s00029-017-0306-x.

[49] C. N. Yang, Some exact results for the many-body problem in one dimension
with repulsive delta-function interaction, Phys. Rev. Lett. 19, 1312 (1967),
doi:10.1103/PhysRevLett.19.1312.

[50] A. B. Zamolodchikov and A. B. Zamolodchikov, Factorized S-matrices in two dimensions
as the exact solutions of certain relativistic quantum field theory models, Ann. Phys. 120,
253 (1979), d0i:10.1016/0003-4916(79)90391-9.

[51] M. T. Batchelor and A. Foerster, Yang-Baxter integrable models in experiments: from
condensed matter to ultracold atoms, J. Phys. A: Math. Theor. 49, 173001 (2016),
doi:10.1088,/1751-8113/49/17/173001.

[52] X.-W. Guan, M. T. Batchelor and C. Lee, Fermi gases in one dimension: From Bethe ansatz
to experiments, Rev. Mod. Phys. 85, 1633 (2013), doi:10.1103/RevModPhys.85.1633.

[53] J. A. Minahan and K. Zarembo, The Bethe-ansatz for N' = 4 super Yang-Mills, J. High
Energ. Phys. 03, 013 (2003), doi:10.1088/1126-6708/2003/03/013.

[54] A. Mudrov, Characters of U,(gl(n))-reflection equation algebra, Lett. Math. Phys. 60, 283
(2002), doi:10.1023/A:1016283527111.

[55] V. Regelskis and B. Vlaar, Quasitriangular coideal subalgebras of U,(g) in terms of gener-
alized Satake diagrams (2018), arXiv:1807.02388.

[56] E. K. Sklyanin, Boundary conditions for integrable quantum systems, J. Phys. A: Math.
Gen. 21, 2375 (1988), doi:10.1088/0305-4470/21/10/015.

[57] M. Mestyan, B. Bertini, L. Piroli and P Calabrese, Exact solution for the quench dy-
namics of a nested integrable system, J. Stat. Mech. 083103 (2017), doi:10.1088/1742-
5468 /aa7df0.

37


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062
http://dx.doi.org/10.21468/SciPostPhys.3.2.011
http://dx.doi.org/10.1016/j.physletb.2017.05.087
http://dx.doi.org/10.1007/JHEP01(2019)177
http://dx.doi.org/10.1007/JHEP04(2010)112
http://dx.doi.org/10.1016/S1570-7954(03)80076-1
http://dx.doi.org/10.1063/1.532551
http://dx.doi.org/10.1007/s00029-017-0306-x
http://dx.doi.org/10.1007/s00029-017-0306-x
http://dx.doi.org/10.1103/PhysRevLett.19.1312
http://dx.doi.org/10.1016/0003-4916(79)90391-9
http://dx.doi.org/10.1088/1751-8113/49/17/173001
http://dx.doi.org/10.1103/RevModPhys.85.1633
http://dx.doi.org/10.1088/1126-6708/2003/03/013
http://dx.doi.org/10.1023/A:1016283527111
https://arxiv.org/abs/1807.02388
http://dx.doi.org/10.1088/0305-4470/21/10/015
http://dx.doi.org/10.1088/1742-5468/aa7df0
http://dx.doi.org/10.1088/1742-5468/aa7df0

Scil SciPost Phys. 6, 062 (2019)

[58] D. Perez-Garcia, E Verstraete, M. M. Wolf and J. I. Cirac, Matrix product state representa-
tions (2006), arXiv:quant-ph/0608197.

[59] A.Freedman, R. Gupta and R. Guralnick, Shirshov’s theorem and representations of semi-
groups, Pacific J. Math. 181, 159 (1997), doi:10.2140/pjm.1997.181.159.

[60] Yu. A. Al'pin and Kh. D. Ikramov, On the unitary similarity of matrix families, Math. Notes
74, 772 (2003), doi:10.1023/B:MATN.0000009013.89673.0a.

[61] G.W. Delius, Soliton-preserving boundary condition in affine Toda field theories, Phys. Lett.
B 444, 217 (1998), doi:10.1016/S0370-2693(98)01384-7.

[62] A. Doikou, Quantum spin chain with ‘soliton non-preserving’ boundary conditions, J. Phys.
A: Math. Gen. 33, 8797 (2000), doi:10.1088/0305-4470/33/48/315.

[63] D. Arnaudon, J. Avan, N. Crampé, A. Doikou, L. Frappat and E. Ragoucy, General bound-
ary conditions for the sI(N) and sl(M|N) open spin chains, J. Stat. Mech.: Theor. Exp.
P08005 (2004), doi:10.1088/1742-5468/2004/08 /P08005.

[64] A. Kliimper, Integrability of quantum chains: Theory and applications to the spin-1/2 XXZ
chain, in “Quantum Magnetism”, Springer Berlin Heidelberg, Lecture Notes in Physics,
645, 349 (2004), doi:10.1007/BFb0119598.

[65] O. DeWolfe and N. Mann, Integrable open spin chains in defect conformal field theory, J.
High Energ. Phys. 04, 035 (2004), doi:10.1088/1126-6708/2004/04/035.

[66] M. Moriconi, Integrable boundary conditions and reflection matrices for the O(N) nonlinear
sigma model, Nucl. Phys. B 619, 396 (2001), doi:10.1016/S0550-3213(01)00527-2.

[67] T. Gombor, Nonstandard Bethe Ansatz equations for open O(N) spin chains, Nucl. Phys. B
935, 310 (2018), doi:10.1016/j.nuclphysb.2018.08.014.

[68] H. J. de Vega and A. Gonzalez Ruiz, Boundary K-matrices for the six vertex and the
n(2n—1)A,,_; vertex models, J. Phys. A: Math. Gen. 26, 1.519 (1993), doi:10.1088/0305-
4470/26/12/007.

38


https://scipost.org
https://scipost.org/SciPostPhys.6.5.062
https://arxiv.org/abs/quant-ph/0608197
http://dx.doi.org/10.2140/pjm.1997.181.159
http://dx.doi.org/10.1023/B:MATN.0000009013.89673.0a
http://dx.doi.org/10.1016/S0370-2693(98)01384-7
http://dx.doi.org/10.1088/0305-4470/33/48/315
http://dx.doi.org/10.1088/1742-5468/2004/08/P08005
http://dx.doi.org/10.1007/BFb0119598
http://dx.doi.org/10.1088/1126-6708/2004/04/035
http://dx.doi.org/10.1016/S0550-3213(01)00527-2
http://dx.doi.org/10.1016/j.nuclphysb.2018.08.014
http://dx.doi.org/10.1088/0305-4470/26/12/007
http://dx.doi.org/10.1088/0305-4470/26/12/007

	Introduction
	Integrable MPS
	Intertwining relations
	The Boundary Yang-Baxter relation
	Implications of integrability: the Quantum Transfer Matrix

	Relation with the twisted Yangian
	Solutions for the symmetric pair (SU(N),SO(N))
	Solutions for (SO(N),SO(D)SO(N-D))
	One-site states
	Two-site states
	Matrix Product States

	Conclusions
	The different forms of the square root relation
	Numerical tests of the irreducibility condition
	The square root relation in the XXZ chain
	References

