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Abstract

Yang-Baxter integrable vertex models with a generic Z,-staggering can be
expressed in terms of composite R-matrices given in terms of the elementary
R-matrices. Similarly, integrable open boundary conditions can be constructed
through generalized reflection algebras based on these objects and their repres-
entations in terms of composite boundary matrices K*. We show that only two
types of staggering yield a local Hamiltonian with integrable open boundary
conditions in this approach. The staggering in the underlying model allows for
a second hierarchy of commuting integrals of motion (in addition to the one
including the Hamiltonian obtained from the usual transfer matrix), starting
with the so-called quasi momentum operator. In this paper, we show that this
quasi momentum operator can be obtained together with the Hamiltonian for
both periodic and open models in a unified way from enlarged Yang—Baxter
or reflection algebras in the composite picture. For the special case of the
staggered six-vertex model, this allows constructing an integrable spectral flow
between the two local cases.

Keywords: boundary conditions, vertex models, integrability, Bethe Ansatz,
finite-size scaling, spectral flow, staggering
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1. Introduction

Integrable lattice models based on representations of the Yang—Baxter algebra have proven to
be extremely useful in the understanding of non-perturbative phenomena in one-dimensional
many-body systems. Given a particular R-matrix, it is possible to consider variations in the
spectral parameter leading to local inhomogeneities preserving the integrability of such mod-
els. This has first been used by Baxter in the context of the six-vertex model [1]. In particular,
models with periodically repeating inhomogeneities (or staggered models) have proven to be
applicable to a wide range of problems. Apart from the construction of integrable spin chains
with larger unit cells [2, 3] inhomogeneous vertex models have been used, e.g. to formulate the
Potts model as a Z,-staggered six-vertex model [4], for the lattice regularization of field the-
ories such as the principal chiral model [5, 6], in the quantum transfer matrix approach to the
thermodynamics of integrable models [7], and to study integrable perturbations of conformal
field theories [8]. Alternatively, the staggering can be realized by choosing alternating local
representations of the underlying symmetry algebra. Such a staggering appears quite naturally
in the superspin formulation of network models describing the disorder induced plateau trans-
ition in integer quantum Hall systems [9, 10] which can be made integrable by fine-tuning
of the coupling constants [11, 12]. Extensions of such staggered models to open boundary
conditions with their integrability encoded in representations of the corresponding reflection
algebra [13, 14] allow for the construction of spin chains with soliton non-preserving bound-
ary conditions [15]. Similar algebraic structures emerge in the study of certain AdS/CFT-type
integrability theories [16, 17].

Interestingly, finite-size studies of certain staggered models based both on variations of the
spectral parameter or the local representations have revealed that their continuum limit—in
spite of the compact formulation as a spin chain—is described by conformal field theories
with a non-compact target space [12, 18-20]. Among these the most studied example is the
periodically staggered six-vertex model whose low energy effective theory has been identified
to be the SL(2,R)/U(1) black hole conformal field theory (CFT) [18, 21-25]. More recently,
the influence of open U, (s/(2))-invariant boundary conditions in this model has been studied,
both for the self-dual staggering related to the Potts model [26, 27] and also away from the
self-dual line [28]. These studies have shown that boundary conditions have a profound effect:
depending on their choice the symmetry of the ground state may be spontaneously broken or
the continuous component of the conformal spectrum disappears completely.

A conserved quantity existing in these models which has been particularly useful for the
identification of the conformal field theory is the so-called quasi momentum operator. Its role
in staggered models without a non-compact continuum limit, however, has not been studied
yet. The definition of the quasi momentum relies on the possibility to introduce a staggering in
the vertical direction of the vertex model which is compatible with the horizontal one [21, 23,
28, 29]. That such an operator cannot be defined in the homogeneous case has impeded pro-
gress in the analysis of the spectrum other models where indications for a continuous spectrum
of conformal weights have been observed, namely the aj(\,zzl models and a family of orthosym-
plectic superspin chains [30-36].

In this work, we will use a different perspective on the staggered models to address the
question of whether the quasi momentum can be constructed in an alternative approach which
may be applicable for homogeneous models, too. After a brief review of the construction of
integrable models with periodic and open boundary conditions based on an ‘elementary’ R-
matrix solving the Yang-Baxter equation (YBE) and corresponding boundary matrices, we
construct ‘composite’ R-matrices using the co-multiplication property of the Yang-Baxter
algebra. These R-matrices satisfy a generalized YBE (2.18) and depend on the staggering
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parameters through additional arguments. For periodic boundary conditions this allows to
define a homogeneous transfer matrix generating both the local integrals of motions such as
the Hamiltonian and the quasi momentum operator.

In section 3 we generalize this procedure to the open case, where we express compos-
ite boundary matrices in terms of the elementary ones. Depending on the properties of the
elementary R-matrices (and unlike in the periodic case) we identify two different choices of
the staggering parameters leading to a transfer matrix constructed from the composite R- and
boundary matrices which generates a Hamiltonian with local interactions in the bulk (similar as
in references [37, 38]). For one of these choices a second homogeneous transfer matrix with
boundary matrices satisfying a different reflection equation generates the quasi momentum.
The commutativity of these objects is guaranteed by a set of intertwining relations between
the two sets of boundary matrices.

Finally we apply our findings to the self-dual staggered six-vertex model. Based on this
construction the spectral flow between the models with compact and non-compact continuum
limits can be studied in a family of integrable models. Although one has to give up locality
at the intermediate steps one finds that the two endpoints of this scheme are separated by two
first-order transitions where massive degeneracies lead to a reordering of levels. Based on the
numerical solution of the Bethe equations we provide some insights into the role of the quasi
momentum in the model with compact continuum limit.

2. Basic ingredients

2.1 Yang-Baxter integrable models

LetV=1y®V;® ®jL:/1 V; be the tensor product of 2 4+ L’ copies of a vector space V. Given
an operator A acting on the space V®" we define A;, ., to be the operator on V which acts as A
on @) _,V;, = V%" and as the identity on all the other factors (assuming implicitly that all ji
are different). We will use this notation throughout the study. Denote by R(«) a linear operator
depending meromorphically on u € C and acting on the twofold tensor product V ® V which
satisfies the YBE

RiJ(u — V)R,‘7k(u)Rj7k(V) = Rj7k(v)R,~7k(u)RiJ(u — v). (21)
In the following we will call R the R-matrix. We assume it to satisfy the initial condition
R;;(0) =Py, (2.2a)

with the permutation operator P; ; on V; ® V;. Note that initial condition guarantees that R; j(u)
is differentiable near u = 0. In addition to this regularity condition we require several properties
of the R-matrix throughout this paper, namely unitarity, PT-symmetry, crossing symmetry and
crossing unitarity'

Rij(u)Ryi(—u) = ()1, (2.2b)
R (u) = Ry i(u), (2.2¢)
Rij(u) = ViR! ,(—u—n)V;! (2.2d)
R (MR (—u—2M; " = (u+n)1, (2.2¢)

! The stated properties are not independent from each other. The initial condition paired with the Yang—Baxter equation
gives unitarity. In turn, the combination of (2.2b)—(2.2d) imply (2.2e).
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with the crossing parameter 1 € C, a scalar function £(u) and some invertible matrix V €
End(V) and M = V'V = M’ being a symmetry transformation of the R-matrix

M; ' Rij(u)M; = MR, j(u)M; " (2.2)

The first study of such type of R-matrix in the context of open spin chains was carried out
in [39].
In a later section we will assume that the R-matrix is quasi periodic i.e.

Rij(u+p)=£,GRij(u)G; ", (2.3)

where p € C is non-zero constant. Using the properties ( 2.2) of the R-matrix, we find that
fzp =1 and G is an invertible matrix, in fact G=!  V~'GV. Further, one concludes that G
must be a symmetric or anti-symmetric matrix. Using its (anti-)symmetry one deduces by
using PT-symmetry in the transposed version of (2.3) with i and j interchanged that R is G-
invariant, i.e.

GiGiR;j(u)G; "G = Rij(u). (2.4)

Trigonometric and elliptic R-matrices which obey the quasi periodicity condition (2.3) have
been constructed for example in [40, 41]. We will state explicitly whenever we use the quasi
periodicity assumption in addition to equations (2.2).

Based on the YBE (2.1) an algebraic structure equipped with a coproduct can be introduced.
This allows for the construction of a monodromy matrix

TQ(M, {M@}) = R(),L/ (u + ML/>RQ’L/,1 (M + uL/,l) .. -RO,l (M + Ml), 2.5)
which obeys the following equivalent (RTT-)relations
Rij(u =) Tiu, {ue}) Tj(v, {ue}) = Ti(v, {ue}) Ti(u, {ue})Ri j(u = v), (2.6a)

Ti(u,{ug})Rij(u+ V)T;-_l (=v,{ue}) = T}_l (=v,{ue})Rij(u~+v)Ti(u, {ue}), (2.6b)

Rij(u=v)T; (e {ue DT (v, {ue}) = T;7 (v, {ue DT (e {ue})Rej(u —v). - (2.6¢)

Each R-matrix in (2.5) acts on the auxiliary space V), and one of the factors in the quantum
space H = ®I-L: 1 V. The parameters {u,} are called inhomogeneities. Taking the trace of (2.5)
one obtains the transfer matrix

TP (u, {ug}) = trg (To(u, {uz})) , 2.7)

which, as a consequence of (2.6a), commutes for different values of the spectral parameter u.
Therefore, it generates integrals of motion for a model defined on the Hilbert space H corres-
ponding to an L' site lattice subject to periodic boundary conditions.
For models with integrable open boundary condition one needs, in addition, representations
K*(u) € End(V) of the reflection algebras [13]
Rij(u—v)K; ()R i(u+v)K; (v) = K; (V)Rij(u+v)K; (u)R;i(u—v), (2.8q)
and

Rig(—u+v) (K7 ()" M7 Ry~ (a4 v) =201 (K7 (09))
_ (1<j+ (V))"" MR j(—(u+v) = 2)M; " (K ()" R i(—u+v).  (2.8b)

For the six- and eight-vertex models (or spin-1/2 chains) the most general c-number solu-
tions to these equation have been constructed in references [14, 39, 42]. K-matrices for more
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general cases of quantum affine algebras have been constructed [43—45]. In the following we
will assume the unitarity property
K (K (—u) x 1, (2.9)

which can be shown to hold for a large number of K-matrices, see e.g. [46] and references
therein. Given the form of the reflection equation (2.8a) with a quasi periodic R-matrix (2.3)
we further assume that?

K (u+p) x GK™ (u)G. (2.10)
Finally, it is natural, especially with regard to local Hamiltonian’s discussed in section 3.5, to
assume that K~ (u) is meromorphic in u, too, and obeys

K (0)x1, K (g) xG. @2.11)

The corresponding properties for K™ follow from the isomorphisms of the algebras given in
[14]. Given representations of (2.8) one obtains the transfer matrix

7(u, {ug}) = tro(Kg () To (e, {ue})Ky () Ty (—u, {ue})), (2.12)
which can be shown [14, 39] to commute for different values of the spectral parameter i.e.
[T(u,{ug}),T(V,{ug})] =0. (2.13)

Hence, it generates commuting integrals of motion of a lattice model on H with boundary
conditions defined by K= (u).
Note that the unitarity relation (2.2b) allows to rewrite the inverse monodromy matrix TO_1
in (2.12) as
—1

L/
Ty ' (—u,{ue}) = Rio(u—w)Roo(u—w) .. . Ruo(w—up) | [[6(-u+w) | . (@214
j=1

In the following of this study we will consider lattices of even length L’ = 2L and restrict to a
Z,-staggering of the inhomogeneities, i.e.

uzj:(sl, uzj_l :52, j: 1,...,L, (215)

where §;,0; € C. The tuple of inhomogeneities {d,,4,.....02,0;} will be abbreviated by
{61,0,} below. Further, we define the function

(0, {01,02}) = [€(—u+81)E(—u+3)] " (2.16)

2.2. The composite R-matrix

Using the coproduct of the Yang—Baxter algebra a solution of the YBE (2.1) can be extended
to act as an endomorphism on W ® W with W =V ® V (or, more generally, n-fold tensor
products of the vector space V). Specifically, we define

R; jik,e (1, Ajj, Are) = Rio(u+ Aj)Rip (e + Ajj — Are)Rj o () R; 1 (u — De), (2.17)

2 Note that both conditions (2.10) and (2.11) are satisfied by the general K-matrices for the anisotropic spin-1/2 chains
[42].
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A A Wi A
u+0; — Ok u+0; — — A U"‘Aij
0; > 0; 5
U —u— (5j + dp
u+6; — 0k | ut0; —de u—Ap u
5j > 5j >
5k (5@ 5k 518
Figure 1. The composite R-matrix (2.17), where A; = §; — §;.
« 0 B8
(K*)5(u) = u L R(w) = a (K () = u
I3 «
B

GP=a—e— 3 (G VW=a——oe——38

Mi=a—x——p (M)j=a—x—f

Figure 2. R, G, G~', M, M~ and K-matrices in graphical notation.

where Ay, Ay are arbitrary parameters. The explicit form is motivated by a general choice of
inhomogeneities in both the horizontal and vertical direction as displayed in figure 1 using the
graphical notation introduced in figure 2.

The index notation implies that IR; ;. , acts on the tensor product of the two copies (V; ® V)
and (V; ® V) of W. We will use this notation throughout this paper. By construction this R-
matrix satisfies the generalized YBE

Ri.jlk,i(” -V, Aija Ak@)Ri,jlm,n(“a Aij, Amn)Rk,élm,n(vv A, Amn)
= Rk,f|m,n (V, Ak@v Amn)RiJ\m,n(uv Aija Amn)Riﬂk,Z(u -V, Aij7 Akl); (218)
and therefore allows to introduce commuting transfer matrices as in section 2.1. Since this

construction relies on the properties (2.2) of R(u) it is natural to ask which of these are inherited
to the R-matrix. It turns out that the R-matrix obeys the following properties

Ry jik,e(0, A, A) = E(A) Py e, (2.19a)
Ry i, (s Agjy Age) Ry g1 j (=1t Ao, Ay) = Z(u, Ay, Age) 1, (2.19b)
Ri;ﬁt/ﬁté(“» Ay, Are) = Ry gy (1, —Are, —Ay), (2.19¢)
Ry (0 Ay, A ) MRS (—u— 2, — Ay, — A )M = E(u 41,8y, Age) 1, (2.19d)

6
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M Ry e (0, A, Ak )M j = Mg Ry e (0, Ay, M) M, (2.19¢)
G Rijie,e (1t Agj, Are)Gij = G e Ry, e, Ayj, Are) Gy, (2.19f)
Riﬂk,f(u +pa Alp Ak@) = GiGjRiﬂké(u? Aij7 Akf)Gi_lGj'_l7 (219g)

which we discuss in the following order by order. Equation (2.19a) is a regularity property
(with a different normalization) where P, ;.  is the enlarged permutation operator acting on
the state (¢ @b) @ (c@d) e WAW =V, @ V) @ (Vi ®@ V) as
Pijike(@a®@b) @ (c®d) = (c®d) ® (a®Db).
Equation (2.19b) is the unitarity condition where the proportionality constant is given by
E(u, Ay, Age) = E(u+ D) & (u+ Ay — Age) § ()€ (u — Age).

The third property, equation (2.19¢), is a generalized PT-symmetry of R, where the parameters
in R change sign due to the reordering caused by the transposition:

Ry 90 (0 A, Age) = (Rie(u 4 D) R+ By — Dy )Ry e ()R g (1 — Dge) )"

= RV (u— Ao)RE (u+ Ay — M) RS ()R (u+ Ay)
= de'(u — Akg)Rk)i(u + Aij — Akg)RgJ(u)Rg)i(u + A,])
= Ry )i j(u, — Ao, —Ajp).

As the PT-symmetry is related to the crossing unitary, the R-matrix satisfies a generalized
crossing unitarity relation given in the fourth equation where M; ; = M;M;.

Finally, also the symmetry relation (2.2f) and the quasi periodicity (2.3) and its implica-
tion (2.4) can be directly transferred to the R-matrix, yielding the last three equations of (2.19)
where Gw' = G,’Gj.3

2.3. Staggered vertex models with periodic boundary conditions

These properties suffice to construct Z,-staggered models with periodic boundary conditions.
Here we show how their formulations in terms of the elementary and the composite R-matrices
are related. Consider the product of two transfer matrices (2.7) with different spectral paramet-
ers corresponding to a staggering in the auxiliary direction (0 and 0 label different auxiliary
spaces)

TP (1, {80, 5,61, 82}) = 77 (u + 8o, {61,62}) 77 (1 + 65, {61,82})

=try <R072L(u + (5() —+ 51)R0,2L_1(u + 50 —+ 52) .. .Ro)l(u —+ 50 —+ 52))

X try (Rﬁ,ZL(u + 56+ o1 )R6,2L71 (Lt + (56+ (52) .. .Ral (u + 66 + 52)) .
(2.20)

3 Note that the R-matrix, depending on the choice of the parameters in (2.17), may have an extended symmetry. This
has been discussed recently in the context of the antiferromagnetic Potts model where this construction leads to an
integrable model based on the affine D§2) Lie algebra starting from the U, [s[(2)] (or Agl)) invariant R-matrix of the
six-vertex model [47].
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By reordering the R-matrices we obtain

prC(u, {607 563 51 ’ 52})

= tryg (R072L(M + 0o+ & )R672L(u + 66 + 0y )R072L_1 (u+ 5o+ 52)R6,2L—1 (u+ 56+ 0)...

...R072<M+ do +(51)R6)1(u+ 56+52)R071<M+ do +(52)R6)1(u+ 50+52)> .

The products of four R-matrices appearing in each row can be expressed in terms of the com-
posite R-matrix (2.17). Shifting the spectral parameter as u — u — 5 — d; we obtain a homo-
geneous transfer matrix

prc(u, {A067A12}) = trgg <R0,0|2L1,2L(u7 Aoﬁ’ Ap).. 'RO,6|1,2(M’ AOO7A12)> . (221

For the physical interpretation as a lattice model with local (i.e. finite range) interactions addi-
tional conditions have to be satisfied. Typically, locality can be derived from the regularity
property of the R-matrix, i.e. that it becomes a permutation operator at a shift point u = ug. In
the present case, (2.19a), we have uy = 0 and need to tune the staggering parameters such that

AOﬁ = AlZ =A. (222)

With this constraint a Hamiltonian coupling the degrees of freedom from nearest neighbor
quantum spaces VV is obtained from

HP* o é1og(713"°(u,A,A)) , (2.23)
Ou u=0
where we have assumed, in addition, that R is differentiable at +A. The staggering in the auxil-
iary direction allows to construct another operator, generating a family of commuting integrals
deriving from (2.7): instead of (2.20) we can consider the so-called quasi shift operator, given
by the quotient of single row transfer matrices

prc(u + 56, {51 s 52})
TPbC(u + (5(), {51,52}) '

As done for the product of transfer matrices, we shift the spectral parameter u — u — d5 — 01,
leading to

TP (4 — 6§1,{61,6:})
prC(M+A06 — (51,{(51,(52}) ’

Restricting the staggering parameters d;,d,,dy and 5 to be compatible with (2.22) and taking
the logarithm of this operator at the shift point, ug = 0, we obtain the ‘quasi momentum’

7P (—61,{d1,6,})
TP (=5, {01,02}) |

This operator has proven to be particularly useful for the characterization of low energy effect-
ive behavior of several staggered vertex models, see e.g. [21-23, 28, 29] and has found recently
application as a Floquet Hamiltonian [48].

We now want to generate the quasi momentum from an operator constructed from the com-
posite R-matrix (2.17). It is straightforward to invert the single row transfer matrix (2.7) in the
denominator of (2.25) by using regularity and unitarity of the R-matrix:

(prc(—52, {(51,(52})) ! X tl"() (R]y()(O)Rzy()(—A) .. .Rszl’o(O)RgLﬁo(—A)) . (226)

Q"™ (u, {30, 65, 61,02 }) =

(2.24)

Q™ = log épm(o,{(sl,az})} zlog{ (2.25)

8
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With the definition of

O (1) = trg (R10(—u)Rpo(—u—A)...Rayp—10(—u)Ropo(—u— A))
X try (Ra,zL(M)Ra,zL,l (u—A)...R5,(u)Rg , (u— A)) ’

we obtain a product of R-matrices depending on a spectral parameter which after taking the
logarithm becomes proportional to (2.25) at the shift point. Using crossing symmetry (2.2d)
and expressing the result in terms of the composite R-matrices we find:

O (u) = trg (Roor(u+ A —m)Ropr—1(u—n)...Rop(u+ A —n)Ro, (u—mn)
X Rg o ()RG5, (u—A)...Rg ()R (u — A))
= tryy (R0,6|2L—],2L(M7 A — 1, A) .. 'Ro,ﬁu,z(“a A — n, A))
— JPbe (u, {A—n,A}). (2.27)

Note that this becomes the product of single row transfer matrices with arguments differing
by the crossing parameter 7 in the homogeneous limit, A — 0,

Ail_’[}lo QP (u) = trgy (Ro,o1 (u— )R 5, () ... Ro1 (u — )Ry ; (u))
_ prc(u _ n) TPbC(u). (2.28)

This product can be related to the higher-spin transfer matrices through the 7-system bilinear
functional relations [49].
In summary the transfer matrices

TP (u, {6, A}) = tr (RO,OZLI,ZL(M’G’ A).. -Ro,6\1,z(“7 9, A)) (2.29)

provide a unified framework generating both local integrals of motion such as the Hamiltonian
under the locality condition (2.22), i.e. # = A, and the quasi momentum (2.25) for 6 = A — .
Note that the third arguments of all R-matrices in (2.29) coincide. Therefore, commutativity
of TP (u,{0,A}) for different # and # (which includes QP*(u)) follows directly from the
generalized YBE (2.18). Moreover, let us note that QP*°, unlike the Hamiltonian, is a non-
local operator.

3. Integrable open boundary conditions for staggered models

3.1. Composite picture for open models

We now want to address the question to which extent this procedure can be applied to con-
struct staggered models with open boundary conditions. The strategy is the same: we begin by
considering the product of two transfer matrices (2.12) built out of generic R and K-matrices
satisfying the Yang—Baxter and reflection equations, respectively, i.e.

T(I/t, {50,56, 51,52}) =1ry <XO(M + 50)) tI'O(YO(M + 50))
:tr00<X0(u+50)Y(t)“(u—|—50)), (3])

9
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u+ 0o + 01 u+ 00+ 02 | u+do+ 01 u + 0o + 02 u+ 0o + 01 u + 0o + 02
u ~+ g U+ &
u+d —01 | u+do—02 | ut+do—01 | u+do— 2 u—+ g — 01 | u+ do A2
U405+ | ut+d5g+02 | ut+dg+do1 | utdg+o2 u+ 65+ 01 | u+t g+ 92
u + 0y u+ &y
u+05—01 [ u+dg—02 | u+d5—391 | u+td5g— o2 u+ 05— 061 [ u+d5 /02
2L 2L —1 2L —2 2L —3 2 1

Figure 3. Graphical representation of the product (3.1) of two transfer matrices with
arbitrary Z, staggering by using the conventions defined in figure 2.

where we have defined

XO(”) = Kg(”)TO(“a{51a52})K5(”)7§1(_”a{51»52})7
Yo(u) = Tg(u, {81,6:1)K5 () T3 (—u, {01,821 K ().

(see figure 3 for a graphical representation of 7 (u)). Inserting a crossing unitarity (2.2¢) and
using cyclicity of the trace and PT-symmetry we obtain

T (u,{00,05,61,62})E(2u + o + 5+ 1)
=ty <M0R070(—2u — 8 — 05— 2n)My ' Xo(u+ 60))Rg,0(2u + do + 5) Y (u + 50)>
= tr g (MORO,O(—ZM — 8 — 05— 2n)My 'K (1 + o)
x To(u+ 60, {01,02}) Ky (u+ 60)Ty ' (—u— b0, {61,82})Rg o(2u + 6o + &)

X Ta(lzt + 667 {61762})](5 (I/t + 66)751<—M — 667 {(51,(52})[(;(144— (50)) .

Now we use equation (2.6b) and rearrange the K-matrices to get:

T(I/t, {60766’ (51,(52}) = tr05 <K3_(M + 56)M0R075(—2u — (50 — 56 — 277>M0_1K3—(M + 50)

x To(u+00,{01,02}) T(u + 5, {61,02})
X KO_ (L{ + (50)R6’0(2M =+ 50 —+ 66)1(6_ (M —+ 66)

X T3 (== b, {01, )T (—u— 50,{51,52}))

x £ 2u+ 6o + 05 +1n).
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' w46 +0 | ud-do+02 | u+do+d1 | u+do+ o w400+ | u+do+ o2

1
1
1
1
1
1
U+d05+0 | uH-dg+d2 | utdg+dr | u+tdg+o2 u+d5+61 | ut o5+

1 I
1 1
u+ dp : u+ o :
1 1
1 | ]
I
1
1 1
N I . !
—2u — &y — 05 — 21 2u+do+d5 |
Ut Go—61 | utdo—02 | utdo—51 | utdo— 6 wt80—61 | utdofpn X
1
I
1
u+ g u+tdy |
1
1

U+ =01 | u+d5—02 | u+dg—01 | u+dg—0d2 U+ 65— 01 | u+d5—g

2L 2L -1 2L -2 2L -3 2 1

Figure 4. Graphical representation of the product of transfer matrix (3.2) after the mer-
ging procedure. The merged R-matrix here is given by four vertices as in figure 1 as
indicated as an example by the red box. Further we see we obtain some enlarged bound-
ary matrices as emphasized by the blue box.

Finally, using the expression for the monodromy matrices in terms of the elementary R-
matrices this transfer matrix can be represented graphically as shown in figure 4 (up to a scalar
factor). Clearly, this can be expressed in terms of the composite R-matrices (2.17) giving

T (14, {60,055, 01,62 }) = cr (u+ 00, {81, 62} )er (1 + 55, {61,6:1)€ ™" (2u + 8 + 65+ 1)
X trg <Kg (u+ 55)MoRy 5(—2u — 8o — 65 — 2m)My ' K (u+ do)
X Ry jor—100 (4 05+ 01, Agg, Arz) - Ry 5y 5 (u+ 05461, Agg, Arz)
X Ky (u+ 00)R5 (2u + 6o + 65)K5 (u+ J5)
X Ry .00+ 80 — 81, A12, Agg) .- Roy _y 3y 5.0+ 60 — 517A12,A06)>.
3.2)

3.2. Local interactions I: alternating staggering

As for periodic boundary conditions the staggering parameters {do,d,01,02} have to satisfy
constraints to generate local interactions from this open boundary transfer matrix. Nearest
neighbor interactions between the composite degrees of freedom of the staggered model are
obtained by taking the derivative (assuming all quantities to be differentiable at the corres-
ponding points) of 7 () with respect to the spectral parameter [14]

H x %T(u,{50,56,51,62}) . (3.3)

Again, locality derives from the regularity of R. To make use of (2.19a) three conditions are
needed to be met:

u=ug

(a) The R-matrices in (3.2) need to act on the same auxiliary space e.g. Wg.
(b) As in the periodic case the staggering parameters have to satisfy the constraint (2.22).

1
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u+8o+ 01 | utdo+ 82 L 285 280 [ -% {
(—\ <—o—

UG+ | ut g+ —26, —26, b
_ e
w80 — 0y | ut S0 — 28 J 280 b W,
r—> ~ r—)
05— 01 | ut G5 — 6 —28) -2 -5
2% —1 2 2 —1 2j 2 —1 2j 2% -1 2 21 2
(a) (b) (c) (d) (e)

Figure 5. (a) To establish bulk locality at u =0 the parameters &y, g, d1,52 have to be
fine tuned such that the conditions (a)—(c) hold. The diagrammatic schemes of the bulk
elementary cells at the shift point # = 0 for all possible non-trivial choices of staggering
are displayed in (b) & (c) (alternating case (3.4)) and (d) (quasi periodic case (3.8)).
Using regularity (2.2a), unitarity (2.2b), and in (d) quasi periodicity (2.3) of the ele-
mentary R-matrix gives the identity (e) in the bulk.

(c) The staggering parameters have to be chosen such that all R in (3.2) can simultaneously
be evaluated at the shift point uy = 0.

For (a) we use the identity R; o0 = P0,6Ri J\o,6P0,6~ Conditions (b) and (c) are achieved by
choosing the staggering parameters to be opposite and equal in both the horizontal and the
vertical direction, i.e.

8o = =05 =01 = —b (3.4)

(depicted in figure 5(c)) or the equivalent choice of parameters obtained by changing o — —do
(see figure 5(b)). These constraints on the staggering parameters imply A5 = Ay = 25y with
do remaining as a free parameter. The resulting transfer matrix is

T(uv {607 7607 503 750}) = C.,-(I/l + 507 {5Oa 760})67' (“ - 507 {5Oa 750})
X tryg (Kofo(u, 200)Ry 5121, 1,22 (#:280,200) ... Ry 511 5 (11, 280,20
X K(Ia(u, 25())Rl ,2|0,6(”7 25(), 250) .. 'RZL—I,ZL\O,ﬁ(u’ 25(), 25())) s

where we have introduced

K;;(,260) = PijK; (u+ 0)R;j(2u)K; (u— do), (3.5a)
1 -
K1, 280) = mpizjlff(u — 60)MR; j(—2u — 2n)M; 'K (u + &9). (3.5b)

In terms of the monodromy matrix built from the composite R-matrices,
To 5, Aggy A12) = Ry 5o 1 2. (4, Ay Arz) - Ry gy o (4, A, Ara),  (3.6)

12
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the transfer matrix for alternating staggering (3.4) is brought into standard form (2.12)*

Talt(uv 250) = T(M, {607 _5()7 50a _50)

=1tryp (K (bt 2(50) Oo(u 2(50,2(50) (bt 2(50) ( u 260,260)) 3.7

3.3. Local interactions II: quasi periodic staggering

Interestingly, there exists a second choice of the staggering parameters leading to a local

Hamiltonian (3.3) when the elementary R-matrix is quasi periodic (2.3), namely
p p
do=7=, 05=0, 0,=0, == 3.8
0 2’ 0 ) 1 ) 2 2’ ( )
which is displayed in figure 5(d). Again, we have to implement three steps to bring the transfer
matrix into a form generating a local Hamiltonian: for step (a), i.e. switching the auxiliary space

We o to W 5. we use the YBE (2.1) for v = —p/2 giving

p PP PN_o, (P B P p
Rij|6,0 (M +5 2 2 2) R0,6 (_§> - RO,O <_2) IRi‘j|070 (M, 2; 2) . (39)

For step (b), i.e. preparing R such that the regularity (2.19a) can be exploited, we use the quasi
periodicity of R which implies

p P p
Romw.(m?—E):GOROQM(, p 2) (3.10)

Together with the unitarity condition R, 5(—5)R5 o(5) = £(5)1 these identities allow to rewrite
the transfer matrix (3.2) such that also condltlon (c) is satisfied, i.e.

T(ef5005)) =e (e 305} e ({051 (5)
X g (K-;G (M, *g) Roojaz—12c (”: *g,*g) - Rogia (”: *g,*g)

— p P P p p
X Ko,ﬁ (“7 _E) Rl,z\o,ﬁ (”7 5 —§> "'RZL—1,2L|O,6 (“7 T _5) )’ G.11)

with
Ky (0-5) =67 'K (ut 5) R (20+ 2) K7 Ry (<5), (3.120)
K (u-2) = m&i (B) K My (~2u =2 —20) M &F (w2 G 3.12b)

Using the monodromy matrix (3.6) for the composite R-matrices the transfer matrix for the
quasi periodic staggering (3.8) can be written as

v 77)7 ( {77 77})
] (u, 2 =T (u, 2,0,0, >
=t P T P P\ p T p P
- tr06 <K070 <M7 _E) 0’6 <u7 _57 _§> 0’6 (u’ _5) Ové (u7 _i’ _E) )

! (g) (3.13)

4 If one drops the constraint 3.4, a shift in the of the spectral parameter in (3.2) leads to a transfer matrix with a moving
boundary [37]. This transfer matrix does not lead in general, however, to a local Hamiltonian.

13
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Iu—ﬁ-(ﬁ IU+5QU—>u—61 Iu IU+52—51

(a)

u + 01 u + d2 U u+ 02 — 01

u—u—0
_

u—51 u—ég u—261 u—52—51

(b)

Figure 6. In the periodic case (a) a shift in the spectral parameter allows to adjust one
inhomogeneity to zero e.g. 4; = 0. This is not possible in the open case (b) where each
inhomogeneity appears twice with different signs.

Note that the composite monodromy matrix T (3.6) enters in the transfer matrices (3.7)
and (3.13) with identical arguments for the particular choice of 2, = —%. Hence, the bulk
of these models coincides while the reflection matrices K (3.5) and K (3.12) correspond to
different boundary conditions. This has been discussed recently in the context of a staggered
six-vertex (orAgl)) model [37, 38, 47]: for 26y = *% the resulting composite model is a vertex
model based on the twisted affine Lie algebra Dgz). The Dgz) boundary matrices corresponding
to K and K were known previously [50] and can be factorized into objects of the six-vertex
model subject to U,[sl,] boundary conditions.

3.4. Associated reflection algebras and composite K-matrices

We are left to prove that the reflection matrices (3.5) and (3.12) are indeed representations of a
reflection algebra associated with the R-matrix. We define the following generalized reflection
algebras:

Ri,ﬂk,f(u -V, 97 Q)K;}(l’h Q)Rk,f\i,/'(u + v, 07 Q)Kk_j(vv 0)
= K,:e(vﬁ)R,-ﬂk’g(u + vﬁ,&)K;(uﬁ)Ruw(u —v,0,0) (3.14a)

3 This does not lead to different models in the case of periodic boundary conditions where different choices of the
horizontal staggering can be related by a shift in the spectral parameter (see figure 6).

14
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and

titj _ tkte
R; jik,e(—u+v,—0,-0) (K;(u, 9)) MiJle,é\iJ(_u —v—2n,—0,—0)M; (K,‘:Z(V,H))
4 1727/ 1 + 1itj
= (K&,0)) MR (—u—v—2n,-0,~0O)M;,! (K (u,0))
X Ry gij(—u+v,—0,-0) (3.14b)

Note that the sign of the free parameter 6 in the arguments of the composite R-matrices
differs between (3.14a) and (3.14b). One of the main results is that for given K* satisfying
equations ( 2.8) the matrices K (3.5) and K@3.12) obey the equations ( 3.14) with the composite
R-matrix R(u,0,0) for § = 25, do arbitrary, and § = —5, respectively. The proof for (3.5b) is
given in appendix. The one for (3.5a) works along the same line, for (3.12) one needs to use
multiple times the quasi periodicity in addition.

Based on the reflection algebra it is straightforward to show the commutativity of the trans-
fer matrices for both alternating and quasi periodic boundary conditions. i.e.

[T (u,€), T (v,e)] =0, e=0,1.

3.5. Boundary terms in the Hamiltonian

Above we have identified two types of staggering, (3.4) and (3.8), allowing for the construction
of a local bulk Hamiltonian from the corresponding transfer matrix of the composite model.
For a compact presentation we define
—+
p

Rijo(u,~5,~2) €=0 Ki(u,~2) e=
Rel,e) = 4 kel =3 79) €=0 g R =5) e=00 g )
RiJ|k,((u726072§0) e=1 KiJ(u,Zéo) e=1

where e =1 (0) corresponds to the alternating (3.7) and the quasi periodic staggering (3.13),
respectively. Note that 7 (0, €) o< 1 by (2.9) for e = 1 and by (2.11) for e = 0. Hence, we obtain
a local® Hamiltonian [14] via (3.3) whose bulk contribution is found to be

L—1
) 2
Hour: = (A) > Py 22101132271 (0,€)- (3.16)
j=1

Here and in the following the prime indicates the derivative with respect to the first argument
where we assume that all quantities are differentiable at the corresponding points. The bound-
ary contributions read

o5 (5%07*0(0, 5)) 2trgy (ﬁofo(o, 6)P0,6|2L—] ,2L%6,6|2L_172L(07 6))
leeft = +
tr05 (R(JJF,O(O’ 6)) troa (R{{O(O, 6)> f(A)

g R, (0,¢)
right RIZ (07 6) .

)

(3.17)

Note that, to obtain the spectrum of the above Hamiltonians it is sufficient to use the Bethe
Ansatz for the single double row transfer matrix 7(u) (2.12). Knowing the eigenvalue A(u) of

6 It is noteworthy, that for K~ (0) ¢¢ 1, inducing an alternating staggering is sufficient to define a local Hamiltonian.
See also [15] for a similar approach.
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7(u) the energies can be calculated via equations (3.1) and (3.3) with operators replaced by
their eigenvalues.

4. Quasi momentum for open systems

As pointed out for the periodic case above, there exist two families of conserved quantities for
the staggered models considered in this paper: in addition to the ones generated to the product
of elementary transfer matrices (3.1) (or equations (3.7) and (3.13) for the two cases discussed
above) one can consider operators such as the quasi momentum generated from the quotient
of elementary transfer matrices. For the staggered model with open boundary conditions built
from arbitrary elementary R- and K-matrices we replace (2.25) by

@ _ log |:7'(—5] s {51,52}):| .

7(—02,{01,02})
To express this operator in the composite picture, we adopt the idea from the periodic case:
we look for a generating function built out of a product of transfer matrices giving (4.1) as the
leading term.

“.n

4.1. Alternating staggering

For the alternating staggering case the quasi momentum operator can be directly related (up
to an additive constant) to a single double row-transfer matrix

Q¥ =log <7'2(—5o7{5o7—50}))- 4.2)

In this case the quasi momentum can be represented in the rotated geometry as displayed in
figure 7. Starting from 7(u — 8o, {do, —Jo } )* and repeating the steps in section 3.1 to reach (3.2)
and then the manipulations (a)—(b) in section 3.2 we obtain another generating functional for
the quasi momentum operator:

Q(I/t) = tryp (IC;:O(M, 250)T0,6(u707 260)IC0_76(M3 250)11‘0_7%(7(“ - 260)3 0, 250)) ’ 4.3)
where the C-matrices

IC;](M, 25()) = Pilil(ji (u - 50)Ri_j(2u - 2(50)1(; (I/t - 5()), (4461)

1 —
€2u—200+1) PijK" (u— 6o)MiR; j(—2u + 260 — 2n)M; !

obey the reflection algebras
Ry jik,e (0 —v,0,0)KC; ; (4,280 )Ry )i, (u + v —280,0,0) K, (v,260)
- IC,;E(V, 200) R jjk,e(u+v — 28,0, O)/lej(u7 260) Ry )i j(u —v,0,0) (4.5a)

K (1,200) = K (u— ), (4.4b)

and
it tite
R, .0 (—t+1,0,0) (/c,.j.(u, 250)) M Ry, g5, (—t — v+ 209 — 21,0,0)M; (/c,;fé(v, 250))
tt, tit;
_ (ng(vﬂéo)) MR, g o (—— v+ 255 — 2,0,0)M; ! (/cj;(u,zdo))
X Ry g)ij(—u+v,0,0), (4.5b)

respectively. Again, the proof is analogous to the one shown in appendix for K. Reflection
algebras are of this type were introduced by Nepomechie and Retore [37, 51]: they describe a
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—20¢

—20,
0 s

2L 2L-1 2L—-2 2L-3 2L-4 3 2 1

Figure 7. Graphical representation of the quasi momentum operator for alternating stag-
gering in the rotated geometry. One can see that the quasi momentum operator is acting
non-locally. The loops at the right and left ending are due to the influences of the bound-
ary matrices.

moving boundary where reflection of a particle at the boundary not only changes the sign of
its rapidity but also leads to the shift by 24, appearing in the argument of R-matrix containing
the sum of u +v.

These reflection algebras together with the generalized YBE (2.18) ensure the commutativ-
ity of the Q with itself for different arguments. Finally, we need to prove the commutativity
with the transfer matrix (3.7) in the composite picture. For the open chain with alternating stag-
gering this is not obvious because the boundary matrices K* and K* are representations of
different reflection algebras. Remarkably it turns out that they are intertwined by the following
relations

R jik,e(u —v,0,—260) K7 ; (ut, 200) Ry 13, (u +v — 20, 260, 0) Ky, (v, 200)
= Kk_,é(v’ 250)R[J‘k,g (M +v,0, —250)’C&(M,250)Rk’z|u(u e 2(50,250,0) (4.6a)
and

tit;
R e~ +v,0,250) (IC;;(M,Z%)) "M R g (—tt — v + 269 — 217, ~260,0)

x My (K7 (,200) ) = (K7, (v,260))

titj
x M (/cjj(u,zao)) Ry g1 (—+ v+ 260, —260,0).
(4.6b)

3

te
M jR; jik,e(—u —v —21,0,26)

Again this can be proven as in appendix. Using these algebras one can show on the com-
posite level that

O(u) T (v,280) = T (v,280)Q(u). 4.7

We want to stress that the intertwining relations (4.6) ensure the commutativity of transfer
matrices with different boundary matrices. It would interesting to address whether similar
relations between already other known boundary matrices exists.

4.2. Quasi periodic staggering

For the quasi periodic staggering the single ingredients 7(—%,{0,%}) and 7(0,{0,5 }) become
trivial in the bulk, see figure 8. Under the assumptions (2.11) the quasi momentum operator is
trivial

QP 1. 4.8)
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Figure 8. The two double row transfer matrices defining the quasi momentum as in (4.1)
for quasi periodic staggering evaluated at the shift point. We see that both at their own
become trivial in the bulk and if one assumes that K~ (0), K~ (’5’) o< 1 then the whole
transfer matrices become essentially the identity leading to a trivial quasi momentum.

Instead of constructing a generating functional in the composite picture for this trivial quasi
momentum we consider the next to leading term in the expansion of the corresponding quasi
shift operator, i.e.

4P d T(”v{O,g})
O G-z (0.0 9

where we assume that 7 is differentiable at u = 0,—p/2. Below we study the properties of

@qp in the special case of the staggered six-vertex model with quasi periodic staggering in the
following chapter.

5. Example: the staggered A{" (or D{”) model

In this last section we want to apply our findings to the staggered six-vertex model with ele-
mentary R-matrix

sinh (1 +1v) 0 0 0
B 0 sinh () sinh (iv) 0
Ru) = 0 sinh(iy)  sinh () 0 .1
0 0 0 sinh (4 + i)
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Up to different normalizations of the regularity and crossing symmetry this R-matrix obeys
the characteristic equations (2.1)—(2.3) with

. 0 1
le? n=11y, fp:_17 V= <1 0)’

! 5.2)
p=im, G =%, &(u) = 5(005(27) — cosh(2u)).
Moreover, we restrict ourselves to the case of U,(sl(2))-invariant boundary conditions
_ e” O + _ . t
KW=y ) K=K (-u-iy). (5.3)

The double row transfer matrix (2.12) can be diagonalized by means of the algebraic Bethe
Ansatz [52]. For the Z,-staggering (2.15) its eigenvalues are given as

sinh(2u + 2iy)

L
A(u) = Sinh(2u + 1) <s1nh(u — 0y +1iv)sinh(u — 6, +i7y) sinh(u + §; +iy) sinh(u+ 6> + 17))

ll—W[ inh(u — vy, — %)s h(u—l—vm—i%)

>< T
gdet(T( sinh( ufvar%)s h(quvar%)
sinh(2u) . . ] . L
sinh(2u + i7) (Slnh(u + 01)sinh(u + &) sinh(u — ;) sinh(u — 62)>
M . 3 3
x 1 T Sl = S sinh (v ) (5.4)

gdet(T(—u—"2)) = sinh(u — vy + Z) sinh(u + v + )

in terms of the parameters v,,, m = 1...M, solving the Bethe equations

(sinh(vm — 01+ '%) sinh(v,, — &, + '7“’) sinh(v,, + &; + %) inh(v,, + 6 + 3 ‘"/))L 55
sinh(vy, + 61 — %) sinh(v,, + 2 — %) sinh(v,, — §; — %) sinh(v,, — & — 3 ) '

B ﬁ sinh(v,, — v +1iv) sinh(v,, + v + 1)
N sinh(v,, — v — i) sinh(v,, + v, — iy)

k=1#m

In (5.4) the quantum determinant reads

gdet(T(u)) =sinh” (u +4) — > ) sinh” (u +, + 3;)

5.6
-’ v\ . g 3iy ©0
X sinh u+6273 sinh™ ( u+ 0, + —

2

From our discussion above we know that only the alternating or quasi periodic staggering
leads to a local Hamiltonian. Both cases have been studied extensively in [27, 28] and [26]
respectively. Using the vertex representation of the Temperley—Lieb generators ¢; ;1 1:

0 0 0 O
- 0 — ™ 1 0 -
g =)@ T g | ®@Ue)®F (5.7)
0 0 0o o0
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obeying
2
€1 = —2c0s(7)€jjt1,
Cy+1€j+1j+28)j+1 = €+ (5.8)
j+1,j+2€)j+1€j+1,j+2 = €j+1,j+2,
Clk+1€jj+1 = € j+1€k k+1, |k —j| > 1.

the Hamiltonian with alternating staggering (3.4) can be written as

2U—1 21

1 Z . . . i

H"(26,) =  sin(7)€(20) ( 2¢(280)ejj+1 — sinh(280) > _ sinh(200 +i(—1Y"'y)ej 1 1€5-1
= =2

2L—1

— Sinh(25o) Z sinh(250 + i(—l)j’y)€le€jJ+1> .

j=2

As discussed in section 3.3 the model where the free staggering parameter is related to the
—p_i

quasi period as 20y = § = 7 deserves special attention. In this case the Hamiltonian of the

staggered model becomes

. 2L—1 201

im 2

At <2> = — m 2cos(’y) Z € j+1t Z ¢jr1€j—1jte—1€jr1 | - 5.9
j=1 j=2

This expression coincides with the Hamiltonian of the model with quasi periodic stagger-

ing (3.8) up to boundary terms

i 2
goer — gt (N &2 ). q
( > + sin(27) cos(7) (e12+ex—121) (5.10)

As mentioned earlier, the staggered model for 26y = % has an extended underlying Dgz) sym-

metry. In this context the boundary matrices (3.5), (3.12) are different representations [50, 53,
54] of the corresponding Déz) reflection algebra.

5.1 Spectral flow between the integrable points

Remarkably, the choice of boundary conditions has a profound influence on the low energy
properties of the staggered models: the effective theory of (5.9) with anisotropy v < 2§y <
7 — v has been identified to be the SL(2,R)/U(1) sigma model at level k = 7/~ with a non-
compact spectrum of conformal weights [27, 28]. On the contrary, Robertson et al found that
the continuum limit of the model (5.10) is compact [47]. The boundary RG flow between these
two critical fixed points has been studied numerically: based on finite size estimates of the gap
between the ground state and the lowest excitation when the amplitude of the boundary term
in (5.10) is varied between the two integrable points it has been concluded that the fixed points
corresponding to (5.9) and (5.10) are unstable and stable, respectively [27].

In the setting established in this paper both (5.9) and (5.10) originate from a staggered ver-
tex model with the Agl) R-matrix (5.1). This allows to study the spectral flow between (5.9)
and (5.10) in an integrable setting with a fixed choice of the boundary matrices under the vari-
ation of the bulk inhomogeneities. The price to pay for integrability is giving up locality of
the Hamiltonian at the intermediate points. Using the same staggering in the vertical and hori-
zontal directions of the vertex model, i.e. {dy,d5} = {01,0,}, we tune 6; and 05 to interpolate
between the integrable models with local interactions. We choose the following normalization
of the non-local ‘Hamiltonian’
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ade(r(c0-8))atn(7(-: %))

2if(61)f(02)
d
X (d T (u,{01,02,01,02}) — — f(u+51)f(u+52)) (5.11)
Uly=0 du u=0
with
sinh(2u+2ivy) . ., CN L .
= ——————>sinh"(u— h™(u—
flu) Snh(2u 1 17) sinh™(u — §; 4+ 1iv) sinh™(u — 6, + i)
x sinh”(u + &) + i) sinh” (u + 6, + i7). (5.12)
Specifically, we choose for the remaining inhomogeneities the parameterization
i ir i im T
_w 1w - _ —- <9< .
o1 st ) R 2\19\0, (5.13)

resulting in alternating (quasi periodic) staggering for ©# =0 and — /2, respectively.
The eigenvalues of the ‘Hamiltonian’ (5.11) in this parameterization are given in terms of
the Bethe roots {v,,} solving (5.5) as
2sin(29) B 2sin(v) 2sin(¥)
sin(2y)sin(2(y+1))  cos(y)cos(y+1) = cos(2v)cos(2y+ )

E= ( —4Lcot(2y)+L

+2tan('y)> " (ﬁ cos(2(y — 1)) + cosh(4v,,)

cos(2v) it cos(2(y + 9)) + cosh(4v,) 1) —4sin(27)

u cos(27y) + cos() cosh(4vy) ud cos(2(y — 1)) + cosh(4v,,)
% Z { (cos(2(y+ 1)) + cosh(4vy))? } 8 1;[1 cos(2(y + 1)) + cosh(4v,,)
m#£k

k=1

(5.14)

As expected, this expression reduces to a sum of bare quasi-particle energies € (v,,) for ¥ =
0,£7/2 where the Hamiltonian becomes local. Away from these points, the normalization
of (5.14) leads to singularities at particular values of the flow parameter: the one at ) = 7 — 2~y
can be removed by multiplying the Hamiltonian by the ¥J-dependent factor cos(2y + ) while
v = % — v > 0 does not lie on the spectral flow (5.13). The remaining singularity at J.; = —
depends on the state considered. In terms of the corresponding Bethe root configuration this
can be related to the low energy root configurations of the quasi periodic model (5.10). These

consists of pairs of complex conjugate roots with imaginary part +7 and an additional root at
iT
RS {xm + X —

= for M odd [47]:
Jpaper ;
;. 4xmeR>o,m1,...,{ . J}u{lj} (5.15)

Here |...] denotes the Gaussian bracket. Exact diagonalization of the Hamiltonian for small
systems together with the determination of the corresponding Bethe roots shows that root pat-
terns of this type persist throughout the interval ¥ = —7/2...9.. At 9.1, however, several
roots become purely imaginary, v,, = im /4, changing the order of the pole in (5.14). This sin-
gularity can be removed by renormalization of the spectrum by a factor sin” (¢ + ) with an
appropriate choice of an integer v.

The spectral flow starting from the alternating model (5.9), ¢ =0, can be studied in a sim-
ilar way: here a class of low energy states (including the ground state) is known [27, 28] to

im
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Figure 9. Rescaled real parts E of the eigenenergies of the staggered six-vertex Hamilto-
nian with 2L = 8 sites, anisotropy = 0.9 for the charge sector S; = 2 for the spectral
flow (5.13). Energies have been multiplied with — cos(® 4 2+) sin® (¢ + ) to regular-
ize the singularities as described in the main text. The mapping between low and high
energy states in the local models is clearly seen. In the lower plots the level crossings at
¥ = Y1,V of low lying states evolving from the respective ground states are resolved
within the J-intervals indicated in the upper image details.

be described by configurations consisting of real roots and ones having an imaginary part
of 2:
2

palt — {xm,yn + %T Xmy,Vn € Rso,om=1,... My, n= 1,...,Mi;}. (5.16)
Configurations of this type exist in the interval ¥ = 9, ...0 where roots with vanishing real
parts appear for 9., = v — /2. These do not, however, lead to singularities in the eigenvalues
of (5.14).

Both at 9.1 and 9., the appearance of purely imaginary Bethe roots leads to degeneracies
involving many states, as shown in results from exact diagonalization for a spin chain with
2L = 8 sites, anisotropy = 0.9 for the charge sector S; =2 shown in figure 9. Under the
spectral flow low energy states of the local Hamiltonian (5.9) are mapped to high energy ones
for (5.10) and vice versa. The crossing of a large number of levels indicates the presence of
first-order transitions when the flow parameter is 9., or 9.
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Support for this interpretation is obtained by studying the spectral flow within the root dens-
ity formalism [55]: in the thermodynamic limit the densities of roots in the configuration (5.16)
of the alternating model are found to be

1
pv) =)+ 1), a=xy, (5.17)
with bulk and surface contributions
T
cos ( o ) |
(V) =o’(v) = T ,
-2 27 27y T
Ty cosh ( VW) ( ) cosh ( 2»y) sin (m)

oo o oo o smh( )
T<v>_7y<v>_ﬂ/_ dwe® Smh( oo (55

Similarly, the density p(x) of root configurations (5.15) of the quasi periodic model is found
to be

4 cos (3713 coh (257 | |
a(x) = , T(x)= . (5.18)
™ =27 cosh (475 ) + cos (732 ) ™= 27 cosh (25

That the bulk densities o™ (v) (&(x)) vanish at ¥, (J;) indicates a transition into a different
state in accordance with our results for small system sizes.

5.2. Role of the quasi momentum in the quasi periodic model

As mentioned above the continuum limit of the alternating model (5.9) is described by a non-
compact conformal field theory. In the lattice model this is manifest in the finite size gaps
closing as

alt

alt alt alt it TVF ( m)z
AEY =E] —Lé, —fol ~ o const. + const. log(L)? ) (5.19)

where Lel' and £ are the bulk and surface contributions to the energy and v is the Fermi

velocity. On the level of the Bethe configurations (5.16) logarithmic corrections arise when
the numbers My (M ) of roots with Im(va') = 0 (%) are different, i.e. dN*" = M, — Mz #0.
For large L the eigenvalues of the quasi momentum operator are proportional to dN*" /log(L),
which allows a direct identification of the underlying CFT [21, 23, 28].

In this section, we reconsider the finite-size analysis of the quasi periodic chain using the
definition (4.9). Motivated by the insights gained in the alternating model we consider Bethe
configurations (5.15) with different numbers M_ ix of roots on the lines Im(vy') = +%. To
investigate the scaling behavior of those states, we ‘consider the rescaled energy gaps

et = W (B — LeX —fX) - (5.20)
TV
The energies eX, f&¥ and Fermi velocity of the quasi periodic model are obtained in the root
density formalism using (5.18) with J = — %
1 [ sinh (&2 2
622=2f§£=—f/ dw——— (f) Y . (5.21)
2 J_«  sinh(Z2)cosh (;(m —27)w) T—2y
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Figure 10. Scaling of energy gaps (5.20) of the quasi periodic chain in the sector S; =7

weighted by 1/ (dN%)? obtained by solving the Bethe-Ansatz equations for various N
and L and fixed v=0.9. We see that the scaling dimensions of those state depend on

(dN‘"’)2 and display a clear logarithmic divergence as L — co. While solving the Bethe
equations numerically, we found that the dN® needs to be smaller than S for numerical
convergence.

Using the Bethe-Ansatz we have calculated 7y for states with various dN® =M _ix —Mix
as displayed in figure 10. Differing from the alternatmg model, we see that the A7 dlverge
logarithmically with an amplitude proportional to (quP) . We interpret these dlvergmg scaling
dimensions in the quasi periodic case in the manner that states with N =£ 0 disappear from
the low energy sector in the thermodynamic limit. Only states with N9’ = 0 stay in the low
energy regime as L tends to infinity which have been extensively studied in [47].

To parameterize this behavior in terms of the quasi momentum we consider (4.9) (recall
that the lowest order term in the expansion of the quasi shift operator (4.8) is trivial for the
quasi periodic model). For the staggered six-vertex model this operator can be expressed in
terms of Pauli matrices as

22
oF = + + + 4+ -
Q —{2005(7) Y (07 0105 — 0 07105 + 00 0, — 0o 0 70)
=
22
) | 2V ((oant+ aper) 4o
U g oiot
sm 1 %42% 9420 2 (5.22)
]:
+g — o+ o
_215111(7)( o0y —oy o)) +2isin(y) (0,05 | — 03105 1)
—iol +iol +io}, | —io} 1
1 2 2L—1 2L iCOSz(’y)
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Figure 11. The quasi momentum of Bethe states having a non vanishing quantum num-
ber dNP.

Note this this a sum of local operators in contrast to the alternating case, see figure 7. The
normalization of in (5.22) is chosen such that its eigenvalue Q™ can be expressed in a simple
form in terms of the Bethe roots:

_16isin(y)cosh(2v))
~ cosh(4u) — cos(27)

9P = "qo(v;) with go(u) (5.23)
J

Note that @qp measures the difference of the number of Bethe roots on the lines :I:%r:

40 (H ID =—qo (x— lj) . (5.24)

This is similar to the role of (4.2) in the alternating case. In the present case, however, the
0" o dNWP as L — oo, see figure 11. Hence, 0™ does not capture the L-dependence observed
in figure 10.

6. Conclusion

Starting from an elementary solution R of the YBE (2.1) we have constructed the composite R-
matrix (2.17). In addition to the spectral parameter the composite matrix depends on two free
parameters related to the staggering of the elementary vertices (see figure 1). PT-symmetry,
unitarity, regularity and crossing unitarity are inherited from the elementary R-matrix. Most
importantly, the composite R-matrix obeys a generalized YBE (2.18). In this picture the com-
muting transfer matrices of arbitrary Z,-staggered models can be rewritten as homogeneous
ones where the staggering parameters enter through the additional arguments of the compos-
ite R-matrices (and reflection matrices in the case of open boundary conditions). Integrals of
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motion (including the quasi momentum operator) whose natural definition relies on the stag-
gering of the model have been described in the homogeneous picture based on the composite
R-matrix. In the case of open boundary conditions the Hamiltonian and the quasi momentum
are defined in terms of different representations of the reflection algebra intertwined by (4.6).
This construction may provide insights into a definition of this operator in homogeneous mod-
els (lacking a known factorization of the transfer matrix). This is of particular interest for
such models featuring a continuous component of the conformal spectrum at criticality [30,
31, 34, 35]. Knowing the quasi momentum operator in these models is expected to foster the
identification of the CFT describing the low energy regime.

Demanding locality in the Hamiltonian limit leads to constraints on the staggering paramet-
ers: in the case of periodic boundary conditions they have to be tuned to satisfy (2.22). For open
boundary conditions the staggering has to satisfy equation (3.4) for ‘alternating staggering’.
Moreover, for quasi periodic R- (and R-) matrices the inequivalent choice of ‘quasi periodic
staggering’ (3.8) leads to a different Hamiltonian with local interactions. For both cases we
have identified the corresponding composite boundary matrices which generalizes the findings
of the factorization [38] for the Déz) boundary matrices [50, 53, 54] to arbitrary algebras.

Applying our construction to this model we have studied the spectral flow between the
alternating and the quasi periodic model. Following this flow along a line of integrable models
we find that the endpoints are separated by two first-order transitions which is consistent with
the different properties of the corresponding spectra observed previously. The different role of
the quasi momentum operator in the alternating and quasi periodic model are briefly discussed.
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Appendix. Proof of the reflection algebra (3.14b) for K™

Using the definitions of the composite quantities in the LHS of the reflection algebra (3.14b)
we obtain (we omit the prefactor of KT and set ijk¢ = 1234 for notational clarity):

1314

i _
Ry j34(-u+v,—0,-0) (Ktz(uﬁ)) M1,2]R3,4|1,2(—M —v—2n,-0,-0)M » (KL(V’@))
= R174(—u +v— 9)R1,3(—u + v)R274(—u + V)R2’3(—u +v+ 9)

L
X (PLZK; (uf g) MRy 2(—2u—2n)M; 'K (u+ g)) M Myt
XR3o(—u—v—2n—0)R3 1 (—u—v—2n)Rap(—u—v—21Rs1(—u—v—2n+0)

1ty
x MM, <P3,4Kj (v - g) M;R; 4(—2v —2n)M5 'K <v+ g)) }
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Resolving the transpositions and reordering the permutation operators gives:
n nn + 131y
R172‘374(—u +v,—0,—-0) (K172(u,9)) M172R3,4|1,2(—u —v—2n,-0,-0)M » (K3,4(V79))
=P3 4R 3(—u+v—0)Ria(—u+v)Ro3(—u+v)Rya(—u+v+0)

131 153
X (Kl+ <u+ g)) M 'Ry (—2u — 2n)M, (K; (u— g)) MMy

XRa1(—u—v—2n—0)Ryr(—u—v—20)R3 1 (—u—v—21)R32(—u—v—2n+0)

x MM, (Kj <v+ g)) 4]\/[4*1R374(—2v—277)M4 (K;F (v— g)) 3P1,2~

We present from now on also the graphical proof for maximal clarity:

=P R 3(—u+v—0)Ria(—u+ v)Ry3(—u+v)

2
0\ \"*
X Ro1(—2u — 2n)M; (K; <u - 5))

X M My Ry (—u — v — 20— 6)

ty
x Roa(—u+v+0) (Kf <u + Q)) M1

X Ryo(—u—v—2n)R31(—u—v —2n)

0\ \"
X R3a(—u—wv —2n+ 0)M; M, <K4+ <v + 5))

AN
x My Rs 4(—2v — 2n) My (K; (1) - 5)) Pis.

Canceling the operator insertions gives:

= P34Ri3(—u+v —0)Rya(—u+v)Ra3(—u+v)

AN
X Ryg(—u+v+6) (Kfr <u+§)> M

AN
X Ro1(—2u — 2n) (K;’ <u - 5))

X My 'Ryq(—u—v—2n—6)

X Ryp(—u—v—2n)R31(~u —v —2n)

O\ \™
X R3o(—u—v — 21+ 0) M M, (KZr (v + 5))

AN
X ]\1471R3,4(72’U — 2’!])]\14 <[(§r (’U — 5)) P1,2.
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Using the YBE to pass the weight —2u — 27 to the right side gives:

0.\"
= PyaRi3(—u+v—0)Ria(—u+v) (Kf(u + 5))

X AMfleu(fu —v—2n—0)R31(—u—v—2n)

X Ro1(=2u —2n)Ro3(—u + v)Roa(—u+v +6)
AN
X (K;’ (u - 5)) My Ryo(—u—v —27)

tq
X R3a(—u—v — 2n+ 0)M; M, (Kj <u + g))

ts
x My Ry 4(—2v — 2n) My (K; < - g)) Pisy.

Using the reflection algebra (2.8b) move the K™ -matrix with weight v+ 6/2 upwards we
obtain:

6.\"
= P34Ri3(—u+v—0)Ris(—u+v) <K1+(u + 5))
X ]Wl_lR471(—u —v—2n—0)R31(—u—v—2n)
0\\"
X Rg’l(—Q’u — 277)R213(—’u + v) <I(4+ <1) + 5))
0\ \ "™
x MRy 4(—u —v — 2n) My " <K2+ <u, - 5))

X Ryo(—u+v+ 9)M2_1Rg?2(—u —v—=2n+0)M

0 t3
X MoM ;' Ry 4(—2v — 2n7) My <K3+ (u - 5)) Pis.

o\ \"
= P3,4R173(7U +v—- 9) <Kj (’U + 5)) ]\11

N\ \"
X Ryg(—u—v—2n—0) M <Kfr (u + 5))
X Ry1(—u+v)M; Ry 1 (—u — v — 27)
X Ry 1(—2u — 2n)Ra3(—u +v)

AN
X MaRo 4(—u— v — 2n) My <K; <u - 5))

X Ryo(—u+v+0)My 'Ry o(—u —v — 25 + 0) M,

i3
x MM Ry 4(—2v — 21) My (K; <7; - g)) Po.
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Reshuffling the operator insertions via (2.2f) we get

tq
=Py Ri3(—u+v—0) <K4+ <v + g)) M

ty
X Rig(—u—v—2n—20) (Kfr <u+ g)) M1

X Ryp(—u~+v)Rs1(—u—v—2n)Re1(—2u — 2n)

0

X My 'Ryo(—u+v+0)Rza(—u—v—2n+6)

ts
x My MaR3a(—2v — 2n) My (K; <v - g)) Pis.

By using the YBE to bring the weight —2v — 27 to the top we obtain:

AN
=Py, <K4+ <v + §>> My 'Ry a(—2v — 21)
X Ria(—u—v—2n—0)Rig(-u+v—0)
0.\"
X <K1+(u + 5)) M Ry 1 (—u— v —2n) Ry (—u +v)
x Ra1(—2u — 2n)Ra.a(—u — v — 2) Ra3(—u +v)

ta
X <K;r <u - g)) My 'Rso(—u—v—2n+10)

AN
X Ryo(—u+ v+ )M MMy (K; <1) - 5)) Po.

Similar as above we use the reflection algebra (2.8b) twice to get

AN
=P34 (Kzr (U + 5)) ]Lf;lR;;A(fQ'U —2n)

ts
X <K§r <L - g)) Ria(—u—v—2n—0)M

'R
X Ryg(—u—v— 27])]\11_1(Kf'(u + 5)) 1R3,1(—u +v—10)
X ]WflR“(—u +v)Ra1(—2u — 2n) Ry 4 (—u — v — 21)

0\ 2
X MRy 3(—u—v —2n+ 0)M, " (K; (u - 5))

X Ry o(—u+v)My 'Ryo(—u+v + )My MyMyPy 5.
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We reshuffle the operator insertions again to obtain:

o\ \"
=Ps4 <Kzr <’U + 5)) M R34(—2v — 2)
0\\"
X (K? <U — 5)) Ria(—u—v—2n—0)M;
O\ "
X Rig(—u—v— 27])]%{1 <K1Jr <u + 5)) ]Ljfl

x M3 Ry 1(—u+v — 0)Ra1(—u+ v)Ro1(—2u — 2n)

X Roa(—u—v—2n)Raz(—u—v—2n+0)
0\ 2
x My <K; <u - 5)) Ryo(—u+v)My*t

X R4,2(*U +v+ 9)]\{1]\12]”4131‘2 .

Now we can use the YBE to bring the weight —2u — 27 back to left.

o\ \ "
=Py (Kj <v + 5)) M Rz 4(—2v — 21)
0\ "®
X <K§r <v — 5)) Rya(—u—v—2n—0)M
o\ \"
X Ryg(—u—v—2n)M;? (Kf (u + 5)) M?

X M’3_1R274(7u —v—2n)Reo3(—u—v—2n+0)

X Ry 1(—2u—2n)Rs31(—u+v—0)Ry1(—u+v)
o\ "
x Ms (K; <u - 5)) Rya(—u+v)My*

X R4‘2(—U + v+ 9)]\11]\/12]W4P1’2 .

Now we reshuffle the operator insertion a last time (2.2f) to obtain finally:

0\ "
=P34 (KZ' ('U + 5)) ]\1[4_le14(72’1) —2n) My
0\\"
x (K; <1 - 5)) MiMyRy4(—u —v —2n —0)
X Ry3(—u—v —2n)Roa(—u — v — 2n)
o\ \“
X Ro3(—u—v—2n+ 9)]%{“/1{1 (KlJr (u + 5))
0\\"
X My Ro1(—2u — 2n) My (K; <u - 5))
X Rz 1(—u+v—0)Ra1(—u+v)MsRs2(—u +v)

X Rya(—u+ v+ 0) My MaMyP 5.
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Now we proceed algebraically. We reorder the permutation operators

1314

nt
IRl,z\s,zx(*qu v,—0,-0) (Ktz("»e)) M1,21R3,4|1,2(*” —v—2n,-0,-0)M » (KL(‘%G))

= (K;_ (V—‘,— g)) 3M3_1R4,3(—2\/—2,’17)M3 <K2— <v— g)) 413374]\411‘42

XRia(—u—v—=2n—0)Ri 3(—u—v—2n)Ra(—u—v—2n)Ry3(—u—v—2n+10)

n %)
leflMgl (K?L <u+ g)) M;leyl(_zu—zn)Ml <K2+ <u— g)) P>
X R32(—u~+v—0)Ras(—u+v)M3R3 1 (—u+V)Rs 1 (—u+v+0)Mi MMy,

and reintroduce the transposition, while using (2.2¢) to obtain
Ry opsa(—u-+v,-0,-9) (K (,0))

G - AR
= (P374K2_ (V— E) M3R3,4(—2V — 27])M3 1K;_ (V+ E)) M1M2

XRia(—u—v—=2n—0)Ri3(—u—v—2nRya(—u—v—2n)Ry3(—u—v—2n+0)
1,k
x My ' My <P1,2K2+ <u - g) MRy »(—2u—2n)M; 'K (u + g))
X R32(—u+v—0)Rsp(—u+v)MsR3 1 (—u+Vv)Rs 1 (—u+v+0)M MM,
4 1314 1 4 tity
= (K ,4(":‘9)) M1,2R3,4|1,2(*” —v—2n,—-0,—0)M, (Kl,z(“’e))
X Ry 4(—u+v,—0,-0),

ity

—1 + 13ty
M1,2R3,4|1,2(*“ —v—=2n,-0,-0)M, , (KM(V’@))

which completes the proof.
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