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How to fold a spin chain:
Integrable boundaries of the Heisenberg XXX and Inozemtsev hyperbolic models

Alejandro De La Rosa Gomez, Niall MacKay, Vidas Regelskis

Department of Mathematics, University of York
York, YO10 5DD, United Kingdom

Abstract

We present a general method of folding an integrable spin chain, defined on a line, to obtain an integrable open spin chain,
defined on a half-line. We illustrate our method through two fundamental models with sl Lie algebra symmetry: the Heisenberg
XXX and the Inozemtsev hyperbolic spin chains. We obtain new long-range boundary Hamiltonians and demonstrate that they
exhibit Yangian symmetries, thus ensuring integrability of the models we obtain. The method presented provides a “bottom-up”
approach for constructing integrable boundaries and can be applied to any spin chain model.

Keywords: Heisenberg spin chain, Inozemtsev spin chain, Yangian, boundary symmetries

1. Introduction

The standard picture of boundary integrability of 1+1D
spin chains and quantum field theories in the quantum in-
verse scattering method, due to Sklyanin [1], contains an im-
plicit idea of “folding”. It begins with bulk and boundary Yang-
Baxter equations, and their associated R- and K-matrices, and
uses the latter to construct a boundary transfer matrix from its
bulk parent. This process contains an implied folding of the
infinite line (or chain) back on itself to create a half-line, and
thereby a boundary-integrable model on this half-line. This
folding is only rarely made explicit in the physics literature
[2] but has been studied in the context of Temperley-Lieb and
blob algebras [3, 4, 5].

However, this process can be difficult to implement in ex-
plicit cases. It does not begin with the Hamiltonian but rather
extracts it, together with other conserved quantities and sym-
metries, from the transfer matrix. If we instead begin with a
bulk Hamiltonian and wish to discover integrable boundaries
and their symmetries, a different, “bottom-up” procedure is
needed. This procedure, which we refer to as “folding”, is a
map denoted by f (and f in the double-row case — see be-
low) which sends the spin operators and conserved charges
of a model defined on an infinite chain to those defined on
a semi-infinite chain. The purpose of this letter is to detail
this procedure and apply it first to a classic and then to an
overarching new case.

We begin with the elementary examples of the classic Heisen-

berg XXX spin chain and a “double-row” model of two XXX
chains uncoupled except by the boundary. The latter is mo-
tivated by a similar structure which emerges in gauge/string
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(“AdS/CFT”) duality [6] and also serves as a toy model for the
open Hubbard chain with an achiral boundary [7, 8]. We then
go on to construct integrable boundaries for the Inozemtsev
long-range infinite spin chain [9] and its doubling. In each
case we emphasize the Yangian symmetry of the bulk model,
and from it derive a twisted Yangian symmetry of the model
with an integrable boundary.

The XXX and Inozemtsev spin chains are the natural choices
to work with. The former is the most famous, prototypical spin
chain in the physics literature. It allows us to check that the re-
sults obtained in this paper are in agreement with well-known
ones, and also introduces the reader to our procedure through
arelatively simple example.

The Inozemtsev chain, by contrast, is less well-known, but
may be the more fundamental. All famous sl, spin chains
are limiting cases of it (see Section 4). It also possesses strik-
ing thermodynamic properties of its own [10]. But most im-
portantly for modern fundamental physics, it appears in the
context of AdS/CFT - in particular, the expression for the di-
latation operator of A" =4 SYM in the planar limit coincides
with its conserved charges up to three loops [11, 12].

The main motivation for our folding procedure is that, to
construct integrable boundaries for long range spin chains
like Inozemtsev’s, one cannot use the boundary Yang Baxter
equation in the usual way and must instead rely on Dunkl
operators [13, 14]. This is where our bottom-up approach be-
comes useful: starting with a long range Hamiltonian defined
on the infinite line, our folding procedure allows us to system-
atically construct integrable boundaries without the use of a
monodromy matrix.

This letter is organized as follows. In Section 2 we set up
the chain and explain its folding. In Section 3 we study folding
of the infinite XXX spin chain. The methods obtained are then
used in Section 4 to fold an Inozemtsev hyperbolic spin chain.
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Section 5 contains concluding remarks and a discussion of
relevant open questions. The appendix contains details of the
Yangian algebras studied in this letter.

Most of the results presented were computed using the
Wolfram Mathematica computer algebra system. For read-
ers’ convenience we have detailed explicitly some of the com-
putations that explain the folding of the Hamiltonian and Yan-
gian operators.

2. Setting up the spin chain

Lattice. Fix L €N and consider a one-dimensional lattice with
2L sites that can be occupied by spin-1 particles. Each lattice
site is identified with a two-dimensional vector space V; = C?
spanned by vectors

Vi =spanc{|h;, 11)i}, 2.1

where —L < i < L is the index of the site in the lattice. The
entire lattice is the 2 L-fold tensor product V:= @ _;.;<1 V;.

To describe dynamics of such a lattice, we employ Pauli
matrices U;C , U;’ , Uf and the identity matrix o(i’ that satisfy the
usual (anti-)commutation relations

{04, a?} =258;i6ap0°, [0, a?] =218 € 4pc0° 2.2)
where 1 = /-1 denotes the imaginary unit, a,b,c € {x, y, z}
and ¢ gp is the Levi-Civita symbol normalized so that &5, =1
and we have used the Einstein summation rule of the repeated
indices. Then, upon introducing ol?’ = %(0;‘ + 10{ ), we require
that, for i # j,

ailhi=IDi ofDi=I1Di
o/ I0i=1n oflli=—IDi

aflhj=I10jof,

a
i 2.3)
aflhj=1jof

Matrices o provide a unitary representation of the univer-
sal envelope U(sl,) of the sl, Lie algebra

- = + z
pr:x*— ) oj, h— } o
—L<is<L —L<is<L

(2.4)

where x*, h are the standard generators of the sl, Lie alge-
bra satisfying [x*,x”] = h and [k, x*] = +2x*. The map (2.4)
together with (2.3) turns the vector space V into a left U(sl,)-
module.

Folding. We fold the lattice by identifying sites labelled by
indices 1 < i < L with those labelled by 1 —i as shown in Figure
1 (a). We say that the lattice is folded over a link.

Let us explain how the folding acts on the matrices o7.
Recall that

which imply that any polynomial in ¢¢ can be written as a
linear combinations of monomials

[ of with a;e{+,z0}
—L<i<L

(2.5)

f .
(a) 00--0000--00 — m i
“L4l-L+2 -1 0 1 2 L-11 --

0—0 - - 0—0—0—0

(b)
*—o--0090o
—L+l1-L+2 -1 0 1 2 L-1L

—L+1-L+2
Figure 1: Folding: (a) Single-row lattice, (b) Double-row lattice.

or in other words the monomials (2.5) provide a vector space
basisof X} = (a? ra€f{+,z}, —L<i=<L)over the field of com-
plex numbers C. Note that elements of Z are also elements of
EndV; the element []_; ;<1 a(l.) is the identity map.

SetX; = (0:.’Z ca€{+,zl, —L<i<0). We define the multi-
plicative folding f: ; — X} acting on monomials (2.5) by

£o I ot T Keiotioh,

—-L<is<L —-L<i<0

(2.6)

where k% %-i € C are model-depending folding constants that
will be specified in the examples studied below.

Double-row lattice. We will also consider folding of a double-
row lattice, shown in Figure 1 (b), which is a 2L-fold tensor
product of two copies of spaces V; additionally decorated by
oand e, thatis V =®_; ;<1 (Vio® V;.). The dynamics of such
alattice is described by decorated Pauli matrices (c.f. (2.2))

0
ia’

a

[U'm; U]bﬁ] = 216ij6aﬁ€ubcal¢a; {U?a’ U?ﬁ} = 26ij6ab5aﬁ0

where @, € {o, o}.
Any polynomial in matrices g, can be written as a linear
combinations of monomials (c.f. (2.5))

. b .
H 0'?’0 g, with a;, b; € {£, 2,0},
-I<i<L ’

2.7)

that provide a vector space basis of the double-row analogue
of 1, namely X} = (U?a raef{t,z},1<i<L, a€{oe}).

Let 27 be a double-row analogue of ;. We define the
multiplicative folding f : £; — Z; acting on monomials (2.7)
by (c.f. (2.6))

T Tl ool ] kool ohiigh oo
—-L<i<0
(2.8)
where k%b1-i kbi®1-i ¢ C are model-depending folding con-
stants that will be specified in the examples studied below.
Note that folding constants are labelled by indices +, z,0 only.
We treat both rows, labelled by o and e, on an equal footing.

3. Heisenberg XXX spin chain

Infinite chain. It is well known that the Hamiltonian of the
Heisenberg XXX spin chain

_ + - -+ 1l 2z 2z
Hixx==A ), (o]0, +0;07,+30707,) @.1)
—L<i<L



commutes with the Lie operators 5 = py (x*) and EF = py(h).
We say that the Hamiltonian Jxxx exhibits a U(s[) Lie algebra
symmetry.

When the chain is infinitely long, i.e. L — oo, the Hamil-
tonian Hyxx additionally exhibits a Yangian symmetry. More
precisely, it commutes, up to the terms at infinity, with the
operators

1z _ + _—
&l —AZaiaj,

i) -
l<] l<]
nt _ —A z _+ nz _ - _+ 3.2)
EF=F3 ) ojoj, &F=-A) oj0],
i<j i<j
which, combined to
Er=&r+elr,  &f=ef+ers (3.3)

satisfy the defining relations of the Yangian % (sl,) [15], see
AppendixA.1. We will say that £] and €% are Yangian operators.
Note that the sum }_;; in (3.2) is understood as }_ _so<i<j<co-
We will use a similar notation in further sections; for example,
Y i<o will be understood as ) _,,<;<o-

Magnetic boundary. Let us now focus on a semi-infinite spin
chain with a boundary magnetic field described by [16]

Hivxx = Hixx + 1O, (3.4)
where H5,, denotes the XXX spin chain Hamiltonian with
sites labelled from —oo to 0 (we will use the notation ()¢ for
all operators restricted to a semi-infinite chain) and po{ is the
boundary term with u € C being the strength of a boundary
magnetic field.

The presence of the boundary term in (3.4) breaks the
% (sl3) Yangian symmetry down to the &% (sl,) twisted Yan-
gian. In particular, the Hamiltonian 3%, , commutes with
()¢ and, up to the terms at infinity, with Yangian operators
X* defined by [17, 18]

X*= €D £FENEH+51FHEDT, 65

that are elements in X and satisfy the defining relations of
A+ (slp), see Appendix A.2. It is worth noting that operators

X =€) F L €D,

(3.6)
X' =(E€H £ 2EHTEH +21

F 5, (€5,

satisfying X* = X'* + X%, are also symmetries of HY . They
can be views as analogues of the symmetries (3.2) of Hyxx.
Our goal is to demonstrate the method of obtaining the
Hamiltonian 3%, , from Hyyy and Yangian operators (3.5)
from those in (3.3) by employing the folding (2.6). The first
step is to impose the following constraints on the folding con-
stants:
kiO — _k0+ kzO ka kiz — kZi, (3.7
which ensure that Lie symmetries of JHxxx are projected to
those of 3(k .. Recall that U(sl,), as a vector space, is linearly

spanned by the monomials f!h™e" with I, m, n € Zsq. Thus
we must make sure that any monomial (86)1(85)’"(83)" for
any [, m,n € Z5, each being a symmetry of Jxxx, is folded
into a symmetry of (%, which exhibits a U(gl;) c U(sly)
symmetry only. The first constraint in (3.7) yields

FE5) = F(Lop) = (4 k) L oF =0,

i<0

f€H= f(Zcr )= (kP +k0%) Y oF=2) oF =2(ED)F,

i<0 i<0

while second constraint in (3.7) additionally ensures that any
monomial (£5)!(E£)™(E()" is folded into a symmetry of .
In particular, for any [, m, n € Z5(, we have that

FEN EH™EN =61 Y.

O<r<l+m

cr (€PN

for some c, € C. Note that k** do not play a role in the fold-
ing, since ol.ia;—r = 0. We also set k% = 1, so that f(pL(hl)) =
floL(K™) f(pr(W™) for any [, m, n € Z, satisfying [ = m + n.
(We will comment on this property in Section 5.)

Next, using (3.7) and splitting the sum }_; into three terms
asY.; =Y ;«0+0i0+> >0, we fold the Hamiltonian Hyxx of the
infinite chain:

f(j'fxxx) =
=-AM Y (k" 7o

i<0

+UU l)+ (kZO)Z z z )

i+1 i1

+k*"ogoy +k Tog08 + 3k 0of
+ ) (KK (007, + 0100 ) + 5 (K%)?0f_0%))
i>0
=205 — A (KT =k ol + L+ kT +k7h). (3.8)
Choosing k=" — k*~
to a constant term.
In order to fold the Yangian operators (3.3) we first split
the sum };; into four terms

= 47” we have that f(JHxxx) = zg{gxx up

Yicj<0t0i4j#1 Xi<o<j0i+j=1Li<0<j+ Lo<i<j- (3.9

By doing so for (3.3) and folding each sum individually we find

fEH=21 ¥ (k% 0fo; -k k07 07)
i<j<0
+ (€ (€)= L o7 o7)
i<0
K (ENENT-Y 070
i<0
+Y (k" otor -k o707l
i<0
+ 2 '(k0+k0_af_ial__j -k ko7 07 )
0<i<j
=AU -k - AT+ ETTEDS (3.10)



which commutes with f(Hxxx), and

fEn==3| Y (k*°kPo;o%-k*k*0f07)
i<j<0
+k% (€D EH - oFo?
i<0
_ kOi((Sg)e(eg)e_ ZUfUi
i=0
+ ;)(kizafaf —-k**ofo7)
1<

0+ 7.0z 0z7.0+ _z
+ ) (K*k%%07_ 07 j- kK o] 0T ])
0<i<j

=2(EHT+2EHEH +L0-EHEDT), 61D
which commute with f(Hyxx), up to the terms at infinity,
only if

prog 2 A

e Ty 3.12)

in which case we obtain f(€]) = 2X*, as expected. We also
have that f(€7F) = 2X'* and f(E]*) = 2X"*, so that the sum-
metries (3.2) of Hxxx are folded into the symmetries (3.6) of
H$ < x- Thus we have demonstrated that with a suitable choice
of the folding constants, which were deduced from the sym-
metry arguments, the Hamiltonian Hxxx of the infinite spin
chain and its symmetries can be folded into the Hamiltonian
Hk ., of a semi-infinite spin chain with a magnetic boundary
and its symmetries.

In the remaining parts of this section we will demonstrate
how to obtain the semi-infinite spin chain with an open bound-
ary and a semi-infinite double-row spin chain with a diagonal
boundary. The obtained results will then be used in Section
4 to obtain the corresponding boundary models for the In-
ozemtsev hyperbolic spin chain.

Open boundary. Setting the boundary magnetic field strength
to 1 =0in (3.4) we obtain a semi-infinite spin chain with an
open boundary, namely

0
Hiyxx = Hixx (3.13)
This Hamiltonian exhibits a U (sl;) symmetry by commuting
with operators (83’)" and (£5)°, but does not commute with
those in (3.3) viewed as elements in ={_. However, upon defin-
ing higher-order Yangian operators

&5 =+11E5,E71, &5 =1&7,€7] (3.14)
the Hamiltonian HY,, commutes, up to the terms at infinity,
with the operators !

G =EDNT-A(ENTENT-ENED) -4 T (8 )5,

(3.15)
G = (€N FA(EHEH - (EHENH) - LD,

L1t seems likely that these symmetries were observed before; however, we
have been unable to locate them in the literature available to us.

instead, that, together with (83’)" and (€§)¢, satisfy the defin-
ing relations of the &~ (sly) twisted Yangian, see Appendix
A.3.

We now use the folding to obtain the Hamiltonian H9,
and its symmetries (83)" and G% with a € {+,z}. Since the
model exhibits a U(sl,) symmetry it is natural to choose kb =
1forall a, b € {#, z,0}. This gives

fE; )—f(ZU )= (K0 + k%)Y oF=2) oF =2(65)°,

i<0 i<0
f(SZ)—f(Za )= (k0 + k%)Y of=2) of=2(EHF.
i<0 i<0

In a similar way one can check that with this choice of folding
constants any monomial (86)1(85)’” (83)” foranyl,m,ne Z»
is folded into a symmetry of HY, ..

By folding the Hamiltonian Hxxx we get (c.f. (3.8))

FHxx) =2H5yy — Alogog +og05 +10§0f),  (3.16)

which equals to 2%, — /l and thus agrees with (3.13) up to
the constant term.

Folding Yangian operators (3.3) we find f(£{) = -A(E),
which can be easily deduced from (3.10) and (3.11), and is
in agreement with the fact that %~ (sl,) twisted Yangian has
elements of even grading only. Finally, we want to obtain
the operators (3.15) using the folding. By folding the higher-
order Yangian operators (3.14) we obtain symmetries of HY
folded operators f(E;) and f(€%) commute with ngXX, up to
the terms at infinity. However, the obtained operators do not
coincide to those in (3.15). It turns out that we need to fold
the following operators

& = &5+ §(IEF. 11+ (€77, 6771) + (€5 €0 €5 - §€5),
& =& - L€ eI+ 1E15, 1) + A (€g g € - 3€5),
Ei=Z+ 2(1E, 1+ 18y, €N + A (€8 - Teg), B.17)

instead. The additional terms in the expressions above are
symmetries of Hyxx and are tailored in such a way that the
operators E; and Eg fold precisely to those in (3.15), up to an
overall scalar factor,

fEH=85% [fEH=389~ (3.18)
The explicit form of computations in (3.18) is very similar to
those presented in (3.10) and (3.11), only the expressions are
much more lengthy, thus we have not written them out explic-
itly. It will be shown in Section 4 that long-range analogues
of ’é% and Eg fold into Yangian symmetries of the long-range
open boundary model.

As the final remark, we note that the open boundary model
also exhibits a number of additional symmetries that are ob-
tained by folding quadratic combinations of the operators in
3.2).

Double-row chain with a diagonal boundary. Our third exam-
ple of an integrable boundary model arises in the context of



the double-row model consisting of two uncoupled XXX spin
chains. The Hamiltonian of the latter is given by

}C?(.XX =-1 Z Z (o-z-aai_Jrl,a + O'i_ao';l,a + %Ul%ao'zil,a)‘
a=o,¢ [<i<L
(3.19)
In the L — oo limit it exhibits a %, (sly) ® &, (sly) = % (s04) sym-
metry expressed in terms of the Lie operators £, and ¢,
with a € {#, z} and « € {o, ¢} that are the natural analogues of
&g and & for the double-row model.
Introduce linear combinations of Lie operators
Ap=En.+En. Bn=E&n.—En. (3.20)
for all a € {+, z} and n € {0, 1}. Then the semi-infinite double-
row Hamiltonian with a diagonal boundary

A oe ¢ + - -+ 1l z _z
Hixx = Hx) - A(aoyoaoy, +00,00.+ 500,000’,) 3.21)

exhibits a diagonal U(s13) < U(s13) ® U(sl;) symmetry; it com-
mutes with operators (A{) only. The boundary term couples
the two, otherwise uncoupled, spin-chains and can be viewed
as a permutation operator; a similar boundary in the context of
the Hubbard model was studied in [8]. Moreover, the double-
row model with a diagonal boundary can also be viewed as an
infinite spin-chain with a defect located at the middle of the
chain.

In the infinite limit, when L — oo, the Hamiltonian H%, ,
additionally commutes, up to the terms at infinity, with the
Yangian operators

Y = (BHT £ 2(BHUAH - UAH(BHY),

o mae A e goe g rmae (3.22)
Y2 = (B - 2 (B (Ag) — (A (B

that, together with (A{), satisfy the defining relations of the
@A (sl,) twisted Yangian, see Appendix A.4.

As for the open boundary case, we set k% =1 forall abe
{#, z,0}. Then a straightforward computation shows that the
folding f acts on the operators defined in (3.20) by

FAD =2A0¢, fBH=0,
and on the Hamiltonian (3.19) by

?(g{;’xx) =

— _ + - - ot 1 2z z
=-1 Z Z (Ui,a0i+l,a +Ui,aai+1,a + ZUi,an+1,a)
a=o,¢j<(0
+ - - .t 1l z -z
—2M03,,00,. + 00,06, +506,.,0¢.)
+ - - + 1.z z
A Y (01100 it O a0 i T 30100 )
a=0,%j<()

_ oe & + - - o+ 1 2z z
=2(H3x) " —2A(04,00. + 00,00 + an,of’o,-)

thus exactly reproducing (3.21).
Applying the folding to the operators B{ we recover the

ones defined in (3.22). In particular

Tty _ 4 A + z z * + _z z _+
f(B) = 3 Z (UiYon,o 700007070195, +Ui,.0j,.)
i<j<0

+2((€5 ) (EF - (EF I EF ¢
—Z((j? ot —g% ot ))

1,7 1,0 1,07 1,e
i<0
+ z + _z
+2) (07,07.-07.0;,)
i<0

+ z z +
+ Z Z (Ul—i,aal—j,a_Ul—i,aal—j,a))
a=o,*0<i<j

=2BT + A((E5)T(EF )T - (€5 (EF)T) =2YF

and

r + - -+ + - -+
f(BDH :)L( > (07.070=07,07,-07.0;,+0;,07)
i<j=<0

+2((€5,0) (€5, = (€505 (€50
- ;)(0{,.0,-*,0 ~0;,07.)

1<
+ZZ(UT o, —O'Z- o)

1,07 1,0 ;0 1,0
i<0

+ - - +
+ Z Z (Ulfi,agl—j,a_Ul—i,aal—j,a))
a=o,%0<i<j

=2B7 -2A((€5) (€g ) = (Eg) (Eg,)T) =2Y~
Repeating the same steps for A{ we find

fAH=fAH =0, (3.23)

as expected. We conclude this section with a remark that the
double-row model also exhibits additional symmetries that
are natural analogues of those in (3.2).

4. Inozemtsev hyperbolic spin chain

Infinite chain. The Inozemtsev elliptic spin chain is the long-
range analogue of the XXX spin chain with Hamiltonian de-

fined by
9—[,(:—% > gJL(i—j)(Ui*UT+crlTU;T
—-L<i,j<L

i#j

1
+3070%), 41

where g; is the Weierstrall elliptic function with periods L
and 7/« for x € R>g. This model exhibits a U(sl,) symmetry
identical to its nearest neighbour counterpart. By taking an
appropriate limit of the parameter x and the length L this
model specializes to the Haldane-Shastry, XXX and Inozemtsev
hyperbolic (also called “infinite”) spin chain. To see this, we
need to rescale the hopping matrix of (4.1)

(S’«’L(Z)+ f—;h(g)),

where (7 is the Weierstral3 {-function with quasiperiods L and
1/x. In the x — oo limit one has

sinh? (k)

P1(2) = ez 4.2)

lim @L(Z) = 52 mod L,1» (4.3)
K—00



which recovers the XXX spin chain [19]. One can also take the
k — 0 limit to obtain the Haldane-Shastry hopping matrix [20]:
lim §.(2) - 4.4)
im )= —————. .
ey ®L I2sin?(nz/L)
The limit we are interested in is when the length of the chain
becomes infinite. In this case,

sinh? (k)

_ 4.5
sinh?(x z) *5)

pz:= lim @r(z) =
L—oo
and the U(sl,) symmetry can be enhanced to the % (s[,) Yan-
gian by introducing the operators

g =+= Zw, o7 0], (4.6)

K1~ =

=AY wi_joio;
ij ij

where w, = —coth(xz) when z # 0 and wy = 0. These opera-

tors commute with the Hamiltonian, up to the terms at infinity,

and satisfy the defining relations of the % (sl,) Yangian.

The Hamiltonian also commutes, up to the terms at infin-
ity, with operators £/, and £ defined analogously to ¢ ,,
e*KZ eKZ
and w)=——7—

e—KZ — eKZ
respectively. We also set wy = wy = 0, so that w, = w/, + w;.
These operators are the long-range analogues of those in (3.2).
In particular,

lim w =08,<0,
K—00

lim w) =—-6,50.
K—00
In the remaining part of this section we will use foldings
f and f studied in Section 3 to obtain integrable long-range
boundary Hamiltonians and operators that commute with
them. From now on, H, will denote
A + - ot 1
J—Ckz—EZpi,j(aiaj+a +30707%),

T+307 4.7)
i

so that lim H, = Hxxx when L — oo . It is worth noting that
K—00

the Haldane-Shastry model on the circle also exhibits a % (sl,)
Yangian symmetry [21] and thus the folding could be applied
to its Hamiltonian to obtain integrable boundary long-range
Hamiltonians on a segment. Symmetries of the latter model
using the transfer matrix techniques were studied in [13].

Magnetic boundary. Our goal is to construct a long-range
analogue of the Hamiltonian (3.4), which exhibits a & * (s[,)
twisted Yangian symmetry. We will achieve this by applying
the folding f to 3, and setting folding constants to the same
values as for the semi-infinite XXX spin chain with magnetic
boundary, i.e. those given by (3.7) and

KF=1, K-kt =, okt =gl (4.8)
Introduce the operators
f]{,?:% > p,-+j_1(crl.+o;-+a J++ fog U]) 4.9)
i#]j
i,j<0
—% Y pirj10f05 1Y p2ica0}, (4.10)
i#] i<0
i,j<0

satisfying hm H2=0and hm ME =
putations to those in (3.8) y1eld

pog. Then similar com-

FO6) =20 +HR+MO) + 21+ +k7) Y paicr. (4.11)

i<0

Let us explain the meaning of operators listed above: H{
is the Hamiltonian (4.7) restricted to a half-line, H-Cf-? is the
open boundary operator describing the long-range interac-
tion between the sites labelled i and j via the boundary, i.e.
at the distance i + j — 1, and MY is the the long-range mag-
netic boundary operator; for both H2 and M¥ their numerical
values decay exponentially moving away from the boundary.
Hence, by neglecting the constant term in (4.11), we conclude
that

FHE = HE+FH2+ME (4.12)

is the Hamiltonian of the open Inozemtsev hyperbolic spin
chain with a magnetic boundary. It will be shown below that it
is integrable, i.e. exhibits a Yangian symmetry, only if 4 = +A.

We already know that f(€§) = 204.(E{)*, which remains
the only Lie symmetry of 3(£. Under f, the operators (4.6) are
mapped to

f(gk 1)_
A +07.20 + z 0z 7.0+
=+35 Zk kK wi- 1010]+Zk kK wi— 1‘71 101]
i,j<0 i,j>0
0z ., .+ 2z 0+ =+ z
+ ), KFwijoioi_;+ Y kKFwi-joi 0%
i<0,j>0 j=<0,i>0
i#l-j j#1-i

+z + _z 2+ z, _+
+Zk w2i—10i0,~+zk W1-2i0;0;

i<0 i<0

+ + + + +
=287 £1 ) wi+j_10i—0§—%(kz—+k—z)z Wi 107

iz i=0
i,j<0
and
f(e 1)_
_ 0,0 4+ 0-,0+  _+ -
=M X Kk wijoio;+ 3 kK wiojoy_o
i,j<0 i,j>0
0— . .+ - 0+ .+ -
+ ) K wi-jo; o+ Y ok Wi-j0y_;0;
i<0,j>0 Jj=<0,i>0
i1 ] j#1-i

+— + - —+ -+
+Y kT wpi0fo; + ) kw07 0}
i=0 i=0
At o At g
=Sk Y woi10f - 5T k7)Y waia.

i<0 i<0

The folded operators f (8;;”1) satisfy the defining relations of
the & * (sl,) twisted Yangian for any L > 0 provided (4.8) holds.
It remains to verify if they are symmetries of ¥, It is straight-
forward to see that [HE, f (€5 P1=0. By computing the com-
mutator [HY, f(£X w1l we ﬁnd that it equals to zero in the
L — oo limit only and provided (3.7) and the following con-
straints hold

K*T=—kTt=2%2, K =-k =71 (4.13)



In other words, f(Ef ) are symmetries of HE only if u = +1
thus implying the aforementioned integrability condition for
the long-range Hamiltonian 3¥. In particular, its Yangian
symmetries are

(8+1) ; Witj-107 UJ—ZuZ;f)WZ’ 10 , (4.14)
i#] i<
i,j<0

with u = A or p = —A the two cases being related to each other
via the Lie algebra automorphism 6 : 6* — 07, 0% — —0*.
This automorphism leaves the Hamiltonian 3, (and 3, J{,?)
invariant, but maps 3} to 3(z* and X to X7.

We conclude this section with two remarks. First, by ap-
plying the same folding procedure to the symmetries 8’ =
and €] of 3, we obtain operators i = f(€)) and DC”* =
f(E%) that are symmetries of H} provided (4.13) holds. They
are long range analogues of the operators (3.6). Second, as-
suming that p € C is arbitrary and taking the x — oo limit, op-
erators X' and X}, X/* specialize to their nearest-neighbour
counterparts given in (3.5) and (3.6).

Open boundary. We want to construct a long-range analogue
of the Hamiltonian (3.13), which exhibits a %~ (sl,) twisted
Yangian symmetry. We will achieve this by applying the folding
f with k% =1 to 3. In particular, we find that

FOH) =2 +H =31 paic1,

i<0

(4.15)

which, after dropping the constant term, is the open boundary
Hamiltonian as expected from (4.11).

To obtain Yangian symmetries of the long-range open
boundary model we need to fold the long-range analogues
of the operators (3.17):

522 =&+ 3 (185 &L +[E5,E051) + %(538683 -3¢

- - - 2 0o - -
€ 2= o 3185 EL1 +1E5,E0]) + %(80 €50 —7€0)s
€ra= ot 58, Eal +IEXL E051) + %((82)3 3€5)-
By doing so we find

f(gx 2) = 2 (€+2)
LY aip (070%0% +40]0;0%) +
i,j,k
f(pgiv IG(EZZ)
l;kal]k o a]0k+40 o ak)

21 Zbl

Zbua

where

Aije=2—Wi—j(Wj_f + Wisk-1— Wi—f— Wji+k-1)

Wit j 1 (Wi + W)+ Wirf—1+ Wjtk-1),

2 2
bij=5+w;_; - 7Wi-2i” Witj-1(Wiyj-1—4wi-2)

—2Wi-j(Wiyj-1+2W1-2j).

The operators G¢ = 8f(S 2) together with (8“)" satisfy the
defining relations of the - (slp) twisted Yangian and com-
mute with the Hamiltonian % = 3¢ + 32, up to the terms at
infinity.

We also have that Kh_g)lo G4 = G% and there are a number
of additional symmetries of 30 that are obtained by folding

quadratic combinations of the symmetries /%, and £/9 of
H.

Double-row chain with a diagonal boundary. Let us now fo-
cus on the model consisting of two uncoupled Inozemtsev
hyperbolic spin chains described by the Hamiltonian

-3 2 Y pi-jlo

a=o,e [#]

HY = +07,00,+50%,0%,). (4.16)

;'aaj a ia” ja ia” ja
As the double-row XXX model this model exhibits a % (s04)
Yangian symmetry generated by the Lie operators £, and the
double-row analogues 81‘51 « of the ones defined in (4.6).

We use the folding f with k% = 1 to obtain an integrable
long-range analogue of the Hamiltonian (3.19) exhibiting a
%A (sl,) twisted Yangian symmetry.

Introduce the operator

De==% ), Y pisjalo
a#p i,j=0
a,ﬁ:o'o

+0’(T+O’(T

ia” jp ' 27 ia ]/3) (4.17)

+
iaU]ﬁ

Proceeding in a similar way as for the double-row XXX model
we have that

FO =2(@)+Dy).

The operator Dy is the long-range diagonal boundary operator
for the semi-infinite long-range double-row model; it can also
be viewed as a double-row analogue of the open boundary
operator 2. In the x — oo limit D, specializes to boundary
term in (3.21).

Next we fold the the long-range analogues of the operators
(3.20). Similarly as before we have that T(Afj,l) =0and

f(B+1)_2(3+1) +A ZOwH'] 1(010 Jre U].UZ )
]<

f(BZ ) =2(BZ ) -2A ZOwH] 107,07.-07.07,)-
i,j<

The operators Jy | = %7(31‘("1) together with A{ satisfy the
defining relations of the & A(sly) twisted Yangian and com-
mute with the Hamiltonian H2 = (H$%,)¢ + Di up to the
terms at infinity. In the x — oo limit HK, specialize to those
given in (3.22).

We also remark that there exists a number of symmetries
of H2 that are obtained by folding the double-row analogues
of the operators £, and €;. These additional symmetries
also specialize to those of the double-row XXX model.

5. Conclusions and Outlook

In this letter we have presented a method for constructing
integrable boundaries for sl,-symmetric spin chains and their



doublings without relying on the boundary Yang Baxter equa-
tion. This method, which we refer to as “folding”, consists in
amap denoted by f (and f in the doubled case) which sends
the operators of a model defined on the infinite line to those
on the half-line.

More precisely, given a Hamiltonian J{ of an infinite spin
chain and a family of operators {Q,}4c; indexed by a set I and
commuting with the Hamiltonian, [J(,Q,] =0 for all @ € I, the
folding identifies the positive half-line with the negative half-
line in such a way that, for a suitable choice of the “folding con-
stants”, the folded Hamiltonian f(J), which now describes a
semi-infinite spin chain, commutes with the folded operators,
namely [f(J(), f(Qq)] =0foralla € I.

The choice of the folding constants is dictated by the sym-
metry properties of the Hamiltonian J{ and the would-be sym-
metries of the folded Hamiltonian f(J). Integrability is then
ensured by the existence of an infinite number of conserved
quantities, i.e. operators commuting with the Hamiltonian
and satisfying the defining relations of an infinite-dimensional
algebra [22]. In the case when the Hamiltonian exhibits a
% (sl,) Yangian symmetry there are three non-equivalent bound-
ary integrable models that can be obtained: a spin chain with
a magnetic boundary, a spin chain with an open boundary,
and a double-row model with a diagonal boundary. These
models exhibit & * (sl2), & ~(sl,) and ¥ 2 (s1,) twisted Yangian
symmetries, respectively. For the Heisenberg XXX spin chain
the corresponding models are well-studied. However, this is
not the case for the Inozemtsev hyperbolic spin chain. Inte-
grable boundary Hamiltonians for the latter were constructed
in [13, 14] using the Dunkl operators and, although similar
in form, the results obtained in loc. cit. differ from ours. It
remains to be shown whether folding can yield those bound-
ary Hamiltonians and if they exhibit any Yangian symmetries.
This is natural to expect, since Hamiltonians of such type were
shown to obey infinite dimensional symmetries [23, 24].

The method presented in this letter can be easily applied
to any integrable spin chains. Let g be any simple Lie algebra
of rank(g) =2 and let H ¢ be a spin chain Hamiltonian exhibit-
ing % (g) Yangian symmetry. Let 6 : g — g be an involutive
automorphism of g. Denote by h = g? the 6-fixed subalgebra,
so that (g, ) is a symmetric pair. For such a pair there exists
an infinite dimensional algebra, the % (g, h) twisted Yangian,
which is a coideal subalgebra of % (g) [25, 26], and there exists
a boundary-integrable spin chain exhibiting such a symmetry,
which can be constructed using the folding method presented
in this letter. While this might be rather straightforward for
spin chains with nearest neighbor interactions only, since the
boundary term for such models in many cases is a symmetry
breaking term exhibiting h-symmetry only, this is no longer
true for the long-range spin chains, as we have shown in this
letter. Moreover, obtaining long-range Hamiltonians using the
techniques of the inverse scattering method is a rather chal-
lenging task, as it was shown in [13, 14], thus the “bottom-up”
approach provides a short-cut for constructing such models.

It is important to note that the folding f is generally not
an algebra homomorphism. It can only be so if f is a commu-
tative subalgebra of g. The only symmetric pair satisfying this

requirement is (g, h) = (slp, gl;), which we have studied in this
letter. In all other cases the map f is effectively a projector.

Another important thing to note is that folding is only a
good method of constructing boundary-integrable models if
itis defined over a link. If we instead fold at a site, symmetry
arguments force the folding constants associated with that
site to be zero, thus effectively turning folding over a site into
folding over a link.

We finish by noting that a very interesting subject for our

folding method would be the Hubbard model [27] and its long-
range analogue [28]. It would be interesting to see if one can
gain further insight into the unusual structure of the Hubbard
model’s known integrable boundaries [8, 29, 30] and perhaps
obtain new ones.
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Appendix A.

We briefly recall the necessary details of the Yangian % (s[,)
and twisted Yangians & * (sl,) and % ~ (sl,) (adhering to (31,
Sec. 5.1]; see also [32]), and the diagonal twisted Yangian
A (sly) (called “achiral” in [6]). All the representations de-
scribed below are related to the Heisenberg XXX spin chain. In
case of the Inozemtsev hyperbolicspin chain the operators £,
X*, etc. are with their long-range counterparts; that is, 5,‘5,1»
Xz, etc.

A.1. Let A € C*. The Yangian % (sl,) is generated by the ele-
ments x*, h and J(x%), J(h) satisfying
[h,x*]=+2x*, [x*,x]=h,
Uh), x*1=[h,J(x)] = 2] (x*), U5, x 1=+J(h), A.1)
U, [J(xM), J(x )] = A? (](x‘)x+ —xJ(xh)h.

The representation on the infinite spin chain is given by the
map Poo : ¥ (slp) — 2 defined by

xE— 85, h—&f JH—EF, JW—E&f  (A2)

A.2. Let ¢ € C. The one-parameter twisted Yangian % * (s(y)
for the symmetric pair (sly, gl;) is generated by the elements k
and B(x*) satisfying

[k, B(x®)] = +2B(x%), (A.3)
[B(x*), [B(x*), [B(xT), B(x)1] = 12A%B(x¥) (k + ¢) B(x™).

Let a® € C be such that a* —a~ = 2c¢. The embedding
@t W (sly) — W (sl,) of algebras is given by

k—h, B(x®)—JxH+ixth+latxt. (A4

Set ¢ = —A/u. The representation on the half-infinite spin
chain is given by the map p}, : & * (sl;) — £ defined by

h— (D, B(x*)— X*. (A.5)



A.3. The twisted Yangian %~ (s[,) for the trivial symmetric
pair (sly,s5l») is generated by the elements x*, h and G(x%),
G(h) satisfying

[h,x*]=+2x*, [x",x7]=h,

[G(h),x*] = [h,G(x")] = £2](x¥), [G(x¥),x7]=%G(h),

[G(h), [G(x"),G(x)]l = 4/12({x+, G(x™),G(h)}

- {x7,G(x™), G(h)}), (A.6)

where {x1, X2, x3} = % 2. pes; Xp) Xp@ Xi(3) is the normalized to-
tal symmetrizer. The embedding ¢_ : &~ (sly) — % (sl,) of
algebras is given by

x=x, G U, IO+ AU, -Ex A7

forall triples (x,x', x") € {(h, x*,x7), (e, 3 h, x"), (f,x~, 3 )} and
all x e {x*,h}; here C=xTx" +x x* + %hz is the quadratic
Casimir. The representation on the half-infinite spin chain is
given by the map p, : %~ (slp) — =< defined by

= (€S h—(EHT, GuxH—G*, Gh)—G* (A8)

A.4. The diagonal twisted Yangian %2 (s[,) the symmetric pair
(sl ® 515, 51p) is generated by the elements h, x* satisfying the
usual sl Lie algebra relations and D(h), D(x™) satisfying

[D(h),x*] = [k, D(x®)] = £2D(x*), [D(x*),x*]==D(h),
(D(h),[D(x"), D) = A*(D(x)x" —x " Dx*)h.  (A9)
The embedding (pA Y B(slp) — WO (sly) Y * (sl,) of algebras,
where ° and * are used to distinguish two copies of % (sl,), is
given by
h—ho+h,, x¥—x+x7,
D(h) — J(ho) = J(h) = A((x3 — x3)(x7 +x7)
= (%3 +xD)(x7 - x0)),
D(x*) — J(x2) = J(xF) £ 4 ((xF - x5) (ho + ha)
= (xT +x3)(ho — h)).

(A.10)

The representation on the double-row half-infinite spin chain
is given by the map p5. : &2 (sl,) — ¢, defined by

h— (ADS, x*— AT, D) —Y* Dx*)—Y* A1)
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