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Open boundary conditions of the D§2) spin chain and sectors of

conformal field theories

P. Rigas

Abstract

We study open boundary conditions for the D§2) spin chain, which shares connections with the
six-vertex model, under staggering, and also to the antiferromagnetic Potts model. By formulating a
suitable transfer matrix, we obtain an integrable, open Hamiltonian, hence allowing for us to classify
different regions of the underlying conformal field theory from eigenvalues of the Hamiltonian.

1 Introduction

1.1 Overview

Spin chains have long been objects of study across the fields of quantum physics, high-energy physics,
and statistical physics, for connections to computations of finite-size spectra [1], staggered vertex models
[2], integrable boundary conditions [3], quantum R-matrices [4], the Bethe ansatz [5], integrability, either
through being able to completely solve spin chain models, or through boundary conditions, [7,8], and
conformal invariance [9]. To further explore avenues of interest at the intersection of all of these fields,
in the following we study the D§2), and D§2) spin chains. Despite having different rank, each of the two
spin chains share similarities, not only from the fact that R-matrices can be constructed which satisfy
the Yang Baxter equation, but also from the fact that open boundary conditions can be encoded from
K-matrices satisfying variants of the Yang Baxter equation at the leftmost and rightmost endpoints of a
finite volume. To determine which sections of the underlying conformal field theory (CFT) are selected
depending upon the encoding of open boundary conditions, we introduce the lower, and higher, rank spin
chains, from which we distinguish different sectors of the CF'T depend on open boundary conditions. From
an expansion of the Hamiltonian into a local Hamiltonian, we characterize the ground state with open
boundary conditions about the point (hl, hg) = (0,0), and proceed to characterize other sectors of the
CFT for hy =0, ho # 0, and for hy # 0, he = 0.

The root density approach has previous been applied for investigating several aspects of systems in the
high-temperature limit, in which one often studies more general aspects of low temperature expansions
of probability measures in the presence of different contributions to interactions term of the Hamiltonian.
In the presence of different interactions, the root density approach for the Bethe equations implies that
there is a change in the density of the roots of the Bethe equations, which not only has connections with
conformal field theory, but also with interpretations surrounding excitations to the ground state.

1.2 Spin chain objects

We begin by providing an overview of the higher rank spin chain, and then proceed to describe its relations
to the lower rank spin chain. To introduce such a model, define the 36 x 36 R matrix, with,

R(u) = exp( —2u — Gn)RJ(x) ,
as a function of the single parameter u, where R (Jc) denotes the Jimbo matrix [4], and z = exp (u) and

k = exp (277). The R matrix satisfies the Yang Baxter equation,

R12 (u — Q}) R13 (u) R23 (U) = R23 (’U)ng (u) R12 (u — U) s
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for the anisotropy parameter 1 = iy, and another parameter v. Besides the R matrix satisfying the Yang
Baxter equation, it also possesses a U (1) symmetry, which is captured by the condition,

[R(u),h; @ T+TI®h;] =0 ,

for j =1 and j = 2, with,

hy = M(1,1) — M(6,6) ,
hy = M(2,2) — M(5,5)
for the matrices M (1, 1), M (6, 6), M (2, 2) and M (5, 5), which are respectively given by the 6 x 6 matrices

with nonzero entries at (1, 1), (6, 6), (2, 2), (5, 5), and the identity matrix I. The R matrix also satisfies
Parity-Time (PT) symmetry, in which,

Ry (u) = P12Ri12 (U)Plg = R?Q’tz (u) ,

for the permutation matrix P, for the transposition t. Additional properties, including braiding unitar-
ity, regularity, crossing symmetry, quasi-periodicity, and Zs symmetries are also satisfied [1]. From the
quantities introduced since the beginning of the section, the transfer matrix of the model takes the form,

T(u) = trg (KOTO (u)) = tr(Ko 1<I£L Ro; (u)) ,

for the twist diagonal matrix,

K= diag(exp(i(bl),exp(id)g), 1,1, exp( — i¢2),€XP( - 2@51)) )

given two angles ¢1 and ¢9, and product of R matrices for 1 < j < L. The angles ¢1 and ¢o determine
the boundary conditions of the higher rank spin chain, as opposed to the open boundary conditions of the
lower rank spin chain that is introduced in the remaining parts of this section.

To work towards introducing the higher rank spin chain and open boundary conditions for it, we start with
defining the following R matrix, and similar components, for the lower rank spin chain with the following.
To construct the R matrix, consider the 6 x 6 matrix, of the form,

sinh( — % +1n) 0 0 0
(XXZ) _ 0 sinh(%) exp( — %)sinh (17) 0
r (u) o 0 exp(%)sinh(n) sinh(%) 0 ’
0 0 0 sinh( — % + )

from the R matrix for the Agl) (XXZ) spin chain, which is related to the R matrix of the lower rank spin
chain from the fact that,

E(U) o B12B3yRY 34 (u) BiaBsy = B12Bsy <R14 (u) Ri3(u) Roa(u) Ros (u)> Bi2Bsy

and matrices B, which are given by,

1 0 0 0
0 cosh(%) B sinh(g)
\/C.OSh((Z% \/cosk(lg]?S) ’
0 - \/cosh zn) B \/cosh zn) 0
0 0 0 1]

satisfying,
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Figure 1: A depiction of the thirty eight possible configuations for the D[22]

[8].

spin chain, reproduced from

B>=1 |,

and R-matrices solving the Yang Baxter equation,

R12 (U — U)ng (u) R23 (U) = R23 (U) R13 (u) R12 (u - 7))

In contrast to the higher rank case, the R matrix above for the lower rank spin chain satisfies,

12.34(1) = Raz( — 0) Riz(u) Ris(u + 0) Ros(u — 0) Roa (u) R34 (0)

which in turn implies,

E(U) x B12B34 (R14 (u) Rz (u) Roa (u) Ras (U)> B19B34 = B12B3y (343 (= 0)Riz(u)Ria(u+ 6)
< R (11 — 0) Roa (u) R (9)) BisBas .

To encode open boundary conditions of the lower rank spin chain, we must further describe properties of
the K matrix, which was introduced earlier in the section with the definition of the transfer matrix T(u)
for the higher rank spin chain. In particular, in addition to the R matrices which satisfy the Yang Baxter
equation for the lower rank spin chain, open boundary conditions of the chain are enforced from the fact
that two other matrices, given by K_ (u) and K (u) below, satisfy, [8],

R (o v) Ky (u) Ron -+ ) K (0) = K (u) Bra -+ ) K1 — (1) B (1~ 0)

corresponding to the first, and second, boundary conditions which are reflected through the addition of
the terms K _ (u) and Ko _ (v), as well as, [2],

Rl’g(—u—l—v)Kff_F(u)RLg(—u—v—2i’y)K§?+(v) :K? ( )ng(—u—v—Qw) ( )ng(—u—i—v) ,



corresponding to the Yang Baxter equation for parameters ¢; and to from the PT symmetric property of
the R matrix satisfied by the higher rank spin chain, for the anisotropy parameter -y, where each matrix
is respectively given by, [8],

—exp( — A) (exp(2X) + k) 0 0 0
K_(\) = 0 2(1+exp(2)\))exp()\) (1+k) %(exp(2)\) —1)(1=Fk)exp(A) 0
a o 8 %(ex (2X1) — 1())( k)exp(\) ( —|—exp(2)\[)))exp( )(1+k) 0

where the last entry along the diagonal is given by,

—exp (3)\) (exp (2)\) + k) ,
which is equivalent to the matrix with symbols,

Yi(})

o O O
Ier
O~ O
> >
Nl N

from the R-matrix basis,

{20} o {2000}

With such an encoding of the boundary conditions of the spin chain with K_ (u) and K, (u), the transfer
matrix takes on a similar form, in which,

TDéz) (u) = tr, (K+7a (u)Ral (u) <o X Ryr (u)K_@ (u)Rla (u) <X Rpa (u))

=t (Kea() TT Ru(@E-ale) T[ Ryu(w)

1<j<L 1<5'<L

With TDgg) (u), which satisfies the condition [TD§2) (u)’TD§2> (v)] = 0, we also stipulate, in order to

properly construct open boundary conditions for the lower rank spin chain, that,

Kia(N) =K (=p=XNM |,

where t denotes the transposition of the matrix, and p = —log(k), and M = diag(k, 1,1, i) Explicitly,
the entries of K, from K_ and the parameters p and M, is given by,

ViA)(—p—A) 0 0 0 k000
0 VoM (=p=A) Ys(A)(—p—2A) 0 0100
0 Vs(A)(—p—2A) Ys(A)(—p—2A) 0 0010
0 0 0 ) (—p=N] o 0 0}

1.3 Paper overview

Equipped with the overview in 1.1 and definitions of lower, and higher, rank spin chains in 1.2, in the
remaining sections of the paper we apply the open boundary framework to the higher rank spin chain, in
an effort to determine how the boundary conditions determine the CFT sector. From information on how
open boundary conditions are encoded in the Yang Baxter equation, and transfer matrix, for the lower
rank spin chain, we incorporate open boundary conditions in the higher rank spin chain. In the higher rank
case, we obtain an expansion for the local Hamiltonian, and provide a formulation of the Bethe equations
whose roots are analyzed to study the ground state.



2 Encoding open boundary conditions in the higher rank spin chain

2.1 Obtaining the higher rank spin chain Hamiltonian from an expansion of the
derivative of the transfer matrix about u =0

In comparison to twisted boundary conditions encoded with the angles ¢; and ¢2, open boundary condi-
tions for the higher rank spin chain can be encoded by introducting a K matrix for the 36 x 36 R matrix,

from the basis,

{rl>,r2>,rs>,\4>,\5>,|6>}®{u>,r2>,3>,\4>,\5>,16>} ,

in which the trace would then take the form,

TP () = tro (K 4.0/(u) .0 (1) Ko (u) T_o (1)) = txo <K+ o(w) [ Riosu

1<5<L

= trg (Kj_pen H R+ aO Kopen
1<5<L

for the higher rank spin chain transfer matrix,

T )

= Topen (u) ,

with open boundary conditions enforced through the K matrix,

Kepen (u) =K_ (u)

O OO OO

o) ;

0 0
ko (u) 0
]{1 u) k‘g (u)

(
0
0

——~N OO O O O O

0
0
0
0 kg (u) k4
0 0
0 0

from the fact that the K matrix is a special n = 2 case of the matrix, [6],

ko (u) |

which amounts to the matrix,

ko (u)Iax2

for arbitrary boundary parameter £_

ko (u)

N =

k‘l (u)

kg (’U,)

ks (u) =

k?l (u) ]432 (u)
ky(u)  ka(u) ’
]{35 (u) Ian

, and functions,

(exp(2u) + 1) <2§_exp(2m7) (exp (2u) - 1) - exp(u) (1 — §3exp(2nn) 1+ exp 2m7

N |

(exp(2u) + exp (2m7) (5 exp (u + 2m] — exp —u

Koo(w) T Reou))

1<j'<L

>Hmmy

1<5'<L

).
)

ex p( )(exp(2u) — 1) (1 + §2 exp(2n77)) (1 — exp(2m7)) ,

ky (u) = %(exp(Qu) + 1) ( — 2§,exp(2nn) (exp(Zu) — 1) — exp(u) (1 — 5 exp(2n7] 1 + exp 2m7 ,

ks (u) = (exp (2u) + exp(2n77)) (f exp (u + an) — exp (3u)) ,



for a real parameter n. The trace of the product of matrices enforcing open boundary conditions, and the
R matrices, is obtained by setting a = 0 from,

o (K270) [T Rews(K2 (@) TT Regulu)

1<5<L 1<5'<L

From the transfer matrix with open boundary conditions, one can introduce an open integrable Hamilto-
nian, which can be obtained from rearranging the expression above. To obtain the desired expression for
the open, integrable Hamiltonian, we analyze the derivative of the transfer matrix above, upon set u = 0,

<Topen(0)>/5 (tr0<K+,0(0) II Ripo(0)K-o(0) I R—,j’0(0)>)/ ;

1<j<L 1<j'<L

from solutions to the Bethe equations, which can be formulated by observing that the transfer matrix, with
open boundary conditions for the higher rank spin chain, satisfies, along the lines of arguments presented
in [1],

T(0) 1A) = AW 1A} .
hj [A) =Ry |A)
for 1 < 7 <2, where |A) denotes the normalized eigenstate of T(u) From the two relations provided above,
in the presence of twisted boundary conditions parameterized by the angles ¢; and ¢, the eigenvalues
take the form, [1],

A(u) = [4sinh (u — 21’7) Sinh(u — 4i’y)}LeXp (qul)A(u)

[ (dsinh (u — 4i)sinh ()] - (exp(msg)gl (u) + By (u) + Ba(u) + exp( — i) By (u))

+[4sinh (u — 2i7)sinh (u)] “exp( — i¢1)C (u)

for quantities exhibiting the dependencies,

(1]

J

(2]

, and u;, respectively. In

for the parameter v € (0, %), and Bethe roots of the first, and second types, u
the presence of twisted boundary conditions, the Bethe equations are,

[Smh(uy} _ i,y):|L ﬁ ﬁ[ [sinh(ugll - 21’7)} [Sinh(ugl] —ul? +w)] ]
sinh (ugn + iy) sinh (ug-l] — ug] + 21’7) sinh (ug-l] — Uy — iw)

k#j k=1

For the higher rank spin chain of the same length L with open boundary conditions, the normalized
eigenstates, |A°P°") would satisfy,



Topen (u) ‘Aopen> — Aopen (u) ’Aopen> ,
hj ’Aopen> — hj ’Aopen>

Irrespective of an explicit form of the eigenstates from the first equality above, asymptotically the Hamil-
tonian takes the form,

I

(1o ) )

from the logarithmic derivative of the higher rank spin chain transfer matrix with open boundary condi-
tions, [6],

u=0

1 B /
MoK =1 S e o (150)) + el s
1<k<N-1

for the two-site Hamiltonian appearing in the first term,

1 /
hig+1 = @’Pk,k—f—l (Rk,k+1(0)> ;

and another Hamiltonian term appearing in the third term,

b
£(0)

for some parameter x and a permutation P, given by,

hNO =

Pn.o (RN,O (0)> / ;

P = Z €as @ €ga

1<a,f<d

over the basis for the tensor product of d-dimensional vector spaces, V ® V, and the function,

f(u) = 4sinh (u + 277) sinh (u + 477)

2.2 The open, integrable Hamiltonian

Equipped with the transfer matrix under open boundary conditions, and the corresponding Hamiltonian,
we identify eigenvectors of the Hamiltonian obtained in the previous section. To do this, observe,

B (470(0))"
from which we write, [1],

2 sinh?(2i)

1]

F=—
1<k<m; cosh(2u£/, ) — cosh(2i'y)

corresponding to the energy of the eigenvalues, termed the eigenenergies. To establish the connection
between the transfer matrix, integrable Hamiltonian, and boundary CFT, the summation for F above can
be expressed as, [8],



for the length L of the chain, which coincides with the system size, the central charge, conformal weight
of the field, the bulk energy density fy, surface energy fs, and Fermi velocity,

27 sin(ﬂ — 2’y)
R

Furthermore, observe from the equation,

h] |Aopen> — h] ‘Aopen> ,

that the eigenvalues are given by,

open __ —
hl :hl:L_ml 9

open __ _
h2 :hQ:m]_—mQ 5

for parameters m; > mo > 0. The expression for the summation over k given for E above is obtained
from the leading term of an expansion of the transfer matrix,

TP (0) & [4sinh (2i7)sinh (4i)] “exp(iP) ,

where the term multiplying the L th power is given by,

b .
IT ot

1<i<L

the translation operator under open boundary conditions, under the equivalence, for some j > 0,

(apyivj)mod L = aiyj
(bL+i+j)mod L= bH—j y
ar, = b

In turn, substituting the leading order term for the natural logarithm of T°P" (0) into the expansion for
the Hamiltonian,

HOP" ~ —sinh(2i7) [dci <log(T°pen (u))) } + L sinh(?i’y) [coth(%’y) + coth(4i'y)]I®L ,

u=0

yields an expression for a local Hamiltonian,

—sinh(2i7) [;L <log[tro<ngn(u) ] R0 (W) ] R_,jfo(u))]Lsinh(Qz’fy) [coth (2i7)

1<j<L 1<y’<L
~+coth (4i’y)]I®L

which is equivalent to, after collecting like terms,

sinh(2i") Li <1og[tro<1<$jgn(u) ] R0 (w) ] R,jfo(u)ﬂ + L [coth(2i7)

1<5<L 1<j’<L
tcoth(4i7)] 1®L] ,
in terms of the site translation operator. Computing the derivative of the natural logarithm of the transfer

matrix for the lower rank spin chain under open boundary conditions, and evaluating at v = 0, yields
approximately to first order,



OM(K$#1 [T Roao(u)KPe(w) ] Rﬂﬂﬂ@>>1<H$ﬂﬂ%7ﬁmhMMﬂpr@PO

1<5<L 1<5/<L

implies the approximation,

_Smh(m)Ktro<Kfje“ T Rowo()K @) T RJ/O(u)>)_1([4sinh(2i’y)sinh(4i'y)]Lexp(iP))

1<j<L 1<j'<L

1L [coth(2i7) + coth(4i7)]I®L]
for the open boundary Hamiltonian.

2.3 Statement of the Bethe equations for anisotropy parameters approaching 0, and
the root density

For anisotropy parameters that are very close to 0, the Bethe equations,

[Sinh(u?] _w)]L - ﬁ ﬁ[ {sinh(ugﬂ —ul - 2@'7)] {smh( 51} — ul? +z’7)] }
sinh (ug-l] + iv) ktj k1L Lsinh (ugl} [1] + 227) smh( El] — uf} — i'y) 7

can be approximated with the relations,

1] mma ey W gyl B

J J
] - T ] ()]

J k#j k=1 ] + 24 ’U,J —Up —1

From the fact that the spin-chain has rank two, there exists a mapping between pairs {)\j, —)\j}, and two
possible solutions to the Bethe equations,

take the form,

Aj—i - — 27 [N — N +i
] =0 ] ]

k£j k=1
under the assumption that,
sm( EH — i’y) R~ ug-l] -1,
sm( gﬂ + w) [1] +i
for v = 0. Under the identification, [1],
]—>xj+5[] Z(’}/—EH) ,



of the first and second roots of the Bethe equation, for sufficiently small parameters,

1 <21 [1] [2]
53,5],j,j eR ,

whose complex conjugates satisfy,

il 1 T 1
’U,E-]—>I'j+5y[']—l§+l(’y—€£~]) ,
2 2] T 2
ug.]—>xj+5j[.}—z(§+e£.]) :

one can substitute these expressions for the first and second root types appearing in the Bethe equation,
with the following rearrangements.

Given the two possible root types for solutions to the Bethe equation, for even L,

o[22 |

= L{ log[|z; + 65" +zg —i(y— )] = log[|z; + 5 +l(2 + )] }

1 1

f

u[-l] +1

xj + (5][-1} +iZ —i(y— eg-l})

2+ 00 +i (5 + )

sinh( 2)

[
U
1
J

smh(u ] + z)

- L[ log[x; + 61 +i% —i(y — )] —log[z; + 6. +i(g +e)] } )

2

corresponding to terms on LHS of the Bethe equations, and,

miom2 sinh(ugl] — ugﬂ — 2i) smh( El} — uf} + z) miom2 sinh( [ _ ugf] — 22‘)
oo LT [ ran | i) =l L]
k£j k=1L LS (uj + z) sin ( Uy — Uy z) k£j k=1 sin ( u; U+ z)
mim2 smh(um —uf] —I—i)
Ao I TS |
,};‘E kl;[l smh(ugl] — u,[f] — 1)
mi ma [1]_ []_2~ mi mo o (1] [2]+-
<uoe [T [ ] | sl L [ |
ki k=1 _uk V12 kAj k=1LU; — U —1

corresponding to terms on the RHS of the Bethe equations, which can be expressed as,

IR —ap 6 e i1 T) —i(y - -7 )
08 H H 5[1} s i 1am) iy _x_
kAj k=1 LTj — Tk + pori(—1+5) —i(v—¢ — 5 —¢)

m ma [:cj—xk+5j[.1}—5,[€2]+z'(—2+g) —i(’y—eg-l]—g—ef])] ]

+log[
I g -0 -5 )

Hence,

il = ] —toglay + 6+ (5 + )] |

g m2[xj—xk+6£-”—65]+z< B il eé”—;—e%”

~ log {H 1 Tz _ )

Py :Uj—xk—i—(SJ[.”—d,[f}—i-z( 14+ %) - '(’Y—ej -3
R [wj—xwéﬁ”—émﬂ( 5) —ily —65-1]—’5—651)”

+log {H 11 i o)

1 2
ki k=1 xj—xk+5][-] 5”—1—2(24— ) - (w—ej -5 =€

L[ log[:nj + 5][-1] + L

In terms of A; and A, the approximate relation for the Bethe equations for anisotropy parameters that
are approximately 0 reads,

10



Aj —i o T = A =201 [N = A+
L1 ~1 J J ,
Og[A ] Og[,g,}_ll“Aj—/\kJr%] [M-Ak—i”]
under the identification,

)\j — fj +5][-1] +

A —>xj+6[2] (2 + el
for sufficiently small parameters,

J 2
S R

Under invariance of solutions to the Bethe equations, in which solutions come in pairs {/\j, —)\j} and
{)\k, —)\k}, the Bethe equations also take the form,

L[log[— <:cj + ol +ig —z’(y—eg.”)ﬂ —log{— (:zj+5][.2] +i(72r+e£»2})>} }

ma ma —<q;j — +5J[1} _ 5][62] +i(1+ %) —i(y— 65,1] T EEA))

~1og| [T

kit jk=1 —<:nj a0l P (14 D) —i(y - T ef})ﬂ }

J
—<m]~ -z + 5][-1} - (5,[3] +i(2+ %) —i(y— eg»l] -5 6?))

from the fact that the identification from [1] also takes the form,

—<a:j — T —|—5j[.” - 51[3} +i(—2+%)—i(y— M 5 — 622])>

+log [ﬁ ﬁ[

k£j k=1

—ugl]—> (xj+5H 12—2(7—621]0,

—ugz} — = (93] + 5[2] (2 + 652})> )

for pairs of solutions, {ugl], —ug.l]} and {ug], —ugcl} } From the set of relations above for the Bethe equations
after taking natural logarithms, one obtains the density for roots of the Bethe equations which can be
used to study the ground state, [1],

1

(o) = 5 (om0

2(7?— 2% m— 4y

from the expression for the centers of the counting function, [1], from the root density approach,

zx(:z:) = 217r<¢($727) +% Z X(fU—fL‘k:AV)) )

1<k<L
for roots of the Bethe equation. For the counting function above, the two functions are given by,
X(m, y) = 2 arctan <tanh(m)cot (y)> ,

¥ (z.y) = 2 arctan <tanh(x)tan(y)>

Altogether, the density approximation of the roots to the Bethe equation for anisotropy parameters which
almost vanishes falls into the following characterization:

11



Ground state: hy = ho =0

Type I excitation to the ground state: h; >0, hg =0 ,

Type II excitation to the ground state: hy =0, hea >0 ,

Type III excitation to the ground state: hy,hg >0 .

Under each set of possible choices for hi and hy provided above, one can characterize solutions to the
Bethe equations from the density provided earlier with , similar to the arrangement of roots provided in
Figure 1, Figure 2, Figure 3, Figure 4, and Figure 5 of [1].
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