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Abstract

We proceed to study the symmetries of integrable open boundaries in the one
dimensional Hubbard model, the Heisenberg XXX spin chain and Inozemtsev’s
hyperbolic spin chain.

For the Hubbard model, we show that when placed on the left half-line, the
known integrable open boundaries (a magnetic field and chemical potential) break
the bulk Yangian symmetry to a twisted Yangian corresponding to the (sly, uy)
symmetric pair. Furthermore, we consider two additional boundaries, corresponding
to the symmetric pairs (so4,5l2) and (sly, sly) and construct their twisted Yangian
symmetries. This provides a step forward in the classification of integrable boundaries
of the open Hubbard model. We conclude our study of this model by examining
the symmetries of its bulk and open SU(n) generalisation.

For the Heisenberg XXX spin chain and Inozemtsev’s hyperbolic spin chain we
construct a procedure to, given the integrable bulk models, systematically obtain
their integrable boundaries and corresponding Yangian symmetries for the symmetric
pairs (sly, uy), (804,8ly) and (sly, slp). We call this method ‘folding’, and it is
motivated by the wish to study integrable boundaries for long-range spin chains.
We test this procedure by first applying it on the Heisenberg XXX spin chain
and confirming it reproduces well known results. We then apply the folding to
Inozemtsev’s hyperbolic spin chain and classify its integrable open boundaries and

their twisted Yangian symmetries.
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Introduction

This thesis studies the symmetries governing the integrable structure of several
models in 141 dimensions. More specifically, we will be looking at the different
ways one can impose a open boundary condition which preserves integrability in
the Hubbard model, the Heisenberg XXX spin chain and Inozemtsev’s hyperbolic
spin chain.

The study of symmetries has always had a immense role in our attempt at understanding
reality. This role is explicitly stated in what is arguably the most powerful theorem
in mathematical physics: Noether’s theorem. Noether proved that for every continuous
symmetry of a physical model there is a corresponding quantity that is conserved
in time. The consequences of this theorem range across all of physics, from the
solution of the spinning top in classical mechanics to restriction and prediction of
particle interactions in the Standard Model of Particle Physics.

The ability to solve —i.e find the quantities of interest of, like energy or momentum
and the spectra of their values — any of these systems depends on how many
symmetries it possesses. The more symmetries, the more conditions in the equations
of motion, and if one has as many conditions as degrees of freedom, the system can
be solved, and it is known as a solvable, or integrable, system.

Integrable systems appear everywhere in physics and mathematics. The most
famous one in statistical physics is the Heisenberg XXX spin chain, which is used
to study the properties of materials at the quantum level. Bethe found a procedure
to solve this model in 1931, known today as the Bethe ansatz method. As expected,
this method has implications for the symmetry type of the model which, as we will
see soon, allows one to construct an infinite set of conserved quantities.

The study of integrable systems via algebraic methods flourished in the 1970s and
80s, when it was found that the existence of infinitely many conserved quantities
was deeply connected to the scattering (or R-) matrix of the model in question. This
enabled the unification of previous work started by Bethe and algebraic properties
studied in solvable systems by Yang, Baxter and many others into the Quantum
Inverse Scattering Method (QISM).

All these models possess a common algebraic structure derived from their R-matrix.
However, the slightest perturbation of their Lagrangian may have non-trivial consequences
so as to destroy integrability. Yet integrability is surprisingly frequent in fundamental

physics. The most natural of these perturbations is caused by the imposition of a



Contents

boundary. Which boundaries preserve integrability and their symmetries is the

focus of this thesis. It is organised as follows:

Chapter 1: The QISM and Yangian symmetries. In the first Chapter we will
introduce the QISM and several integrable models, all of which are relevant for the
results in the next two Chapters. Starting from the Yang-Baxter equation, we will
show how an integrable model is obtained, and present the XXZ spin chain as a first
example. We will then use the Heisenberg spin chain to show how the Algebraic
Bethe Ansatz works, and unravel the full set of symmmetries behind its solvability:
the Yangian. To conclude this Chapter, we will introduce the boundary QISM and
show how, for some special open boundary conditions, there is still a remnant of
such symmetry that ensures integrability: a twisted Yangian symmetry. We will
look at a specific integrable boundary for the Heisenberg spin chain, but leave the

additional possible cases for future Chapters.

Chapter 2: Twisted Yangian symmetry of the open Hubbard model. This
Chapter will deal with one of the most intriguing and rich integrable models in
condensed matter physics: the Hubbard model. Its exoticity comes with a price:
it exhibits a bizarre integrable structure, which is why its R-matrix took much
longer to construct than that of any other known solvable model. We will give an
overview of how the model was conceived, its symmetries and Shastry’s construction
of its R-matrix. We will then introduce the SU(n) generalisation of the Hubbard
model, which will be used to point out how special the n = 2 case is. Then, we
will make connections between the Hubbard model and AdS/CFT integrability —
in particular, the role of the partial particle-hole transformation. Until this point,
the vast majority of the material is not the author’s work, excluding the Yangian
symmetry of the SU(n) Hubbard model in Section 2.3 and the role of the partial
particle-hole transformation in connecting its R-matrix to that of the AdSs x S°
superstring in Section 2.4. Some introductory material aside, Sections 2.5, 2.6 and
2.7 are based on papers [121, 89] and some unpublished work by the author and
collaborators, where we constructed twisted Yangian symmetries corresponding to

three different open boundary conditions in the half-infinite Hubbard chain.

Chapter 3: Folding a spin chain. This Chapter closely follows the paper by
the author and collaborators [137]. We explore a procedure to obtain integrable
boundary Hamiltonians and their corresponding twisted Yangian symmetries for
integrable models in the bulk. This method is shown to work for known boundaries

of the Heisenberg spin chain and proves to be remarkably useful when applied to
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long-range spin chains, where no other clear treatment of integrable boundaries is

known.

Chapter 4: Conclusion and Outlook. In this Chapter we sum up our results and
list several directions this research could take next. This is based on the concluding
statements of the papers by the author and collabotators [89, 121, 137].
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Chapter 1

The QISM and Yangian symmetries

1.1 Integrability in classical physics

Before venturing ourselves into the world of quantum integrable models, it is useful
to briefly state how these arise in classical physics for motivational purposes. At the
classical level [1, 2], integrable models live in a symplectic manifold (M, w). This
is a manifold M of dimension 2n equipped with a closed, non-degenerate 2-form: a
map

W:TMXxTM — R, (1.1.1)

where T'M is the tangent bundle of M. In other words, at any point p € M, w
maps a pair of vectors in the tangent space T, M x T, M to a number. Locally, one

can assign coordinates (qi, ... @G, P1, .- . Pn) to each point in M such that

w=Y dgAdpy  i=1,.n (1.1.2)

i=1
Non-degeneracy of w implies there is a one-to-one correspondence of one-forms

and vector fields through the following statement: for every differentiable function

H : M — R, there exists an unique vector field Xy such that
dH(Y)=w(Xy,Y) VY e TM. (1.1.3)

We call Xy the Hamiltonian vector field of the Hamiltonian H. Using (1.1.3)
and writing Xy = Z?Zl (aia% + bi%)? where a; and b; are functions of the local
coordinates, we have that

OH | 1ry 4 OH
Op;

dp;(Y) (1.1.4)



Chapter 1. The QISM and Yangian symmetries
and
w(Xy,Y (Z dg; A dpl> (Xu,Y Z a;dpi(Y) — bdg; (Y), (1.1.5)

so that, in terms of the coordinates p; and ¢;, the Hamiltonian vector field is given
by

OH 0 O0H 0
Z

dp: Bq; g Opi (1.1.6)

If x(t) = (pi(t), qi(t)) is an integral curve of Xy for any ¢ then dH (Xy(z(t))) = 0,

so that Hamilton’s equations hold:

OH . OH

C_ o ~ 1.1,
Pi o = o Vi (1.1.7)

and thus the Hamiltonian H is constant along the integral curves. The physical
interpretation is conservation in time of energy of a system with n degrees of freedom
characterised by the positions ¢;(¢) and corresponding momenta p;(¢) on the phase
space M. Additionally, H determines how other functions on M evolve in time:
using (1.1.6) and (1.1.7), we obtain that for any function F' on M,

dF "aF ZaHaF OH OF

dt = o = Xy(F)={H,F 1.1.
it~ 2 0" op 00 oq op () ={HF o (LLS)

where {H, F'} is the Poisson bracket of H and F'. This is a binary operation on any
two differentable functions F' and G on M, given by

OF 0G OF 0G
tho)= Z Opi 0q;  Oq; Opi’ (1.1.9)

One can check this operation is skew-symmetric and satisfies the Jacobi identity,
thus the set of differentiable functions on M with the Poisson bracket is a Lie

algebra. The coordinates p; and ¢; are canonical, meaning they satisfy

{ri; 45} = 05, {445} = {pi, 0} = 0. (1.1.10)

The system described by the Hamiltonian H is Liouville integrable, or integrable
in the Liouville sense, if there are at least n — 1 quantities Fy, F5... F,_1 which

Poisson-commute with each other and with the Hamiltonian
{Fi,Fj}:O, {F,,H} =0 Vi (1.1.11)

12



1.1. Integrability in classical physics

and thus these quantities are not only in involution, but also conserved in time. If
one then constructs a canonical — (1.1.10)-preserving — transformation (p;,q;) —
(F;, ;) (details on how to do this can be found in [1]) then Hamilton’s equations

can be easily solved

Fi=0 = Fi(t) = F(0),
. OH
Y = oF, O, = ¥(t) =1;(0)+ O, (1.1.12)

the second equation being a consequence of the possibility of writing H as a linear
combination of all charges in involution.

From Noether’s theorem [3], the conserved quantities {F;} should be connected
to continuous symmetries of the system, and hence integrability is achieved due to
a large number of symmetries which highly constrain the possible solutions. An
illustrative example of a system with this property is the Kepler 2-body system,
which is actually ‘superintegrable’: due to the conservation of the Laplace-Runge-Lenz
vector, it possesses a number of conserved quantities higher than number of degrees
of freedom. In fact, it is ‘maximally superintegrable’: it possesses 2n — 1 conserved
charges for n degrees of freedom (where n = 3). This is a consequence of its so3
symmetry being enhanced by hidden symmetries of inverse square forces to so4 [6].

A considerable amount of work has been devoted, and still is, to the study of
classical integrable systems. Like the aforementioned example, these appear in
everyday classical models like the harmonic oscillator and the Euler top. In 141D
classical field theory, other relevant examples are the sine-Gordon model, Toda
field theory and the Korteweg—de Vries (KdV) equation [1, 4]. A variety of tools,
including Lax pairs and the Inverse Scattering Transform [1, 5], are employed to
find their conserved quantities and solutions.

At the quantum level, however, there are new things to consider other than simply
the usual procedure to transition from the classical to the quantum world, which is
given by the change of functions to operators and the Poisson bracket of functions

to the commutator of operators:

F — F
(F.G} %[ﬁ,@]. (1.1.13)

The problem we face in this transition is due to the infinite degrees of freedom
a quantum theory may possess, making it difficult to define what it means to

be integrable i.e. even in the case where the model possesses an infinite set of

13



Chapter 1. The QISM and Yangian symmetries

commuting operators, how can we use it to find solutions? The goal is to discover a
method of 1) finding and /or constructing a large — possibly infinite — set of operators
{F,} which commute with the Hamiltonian operator H and each other, and 2) such
that solutions of the system can be found. This is known as the Quantum Inverse
Scattering Method (QISM) [19, 21].

Starting in the next Section, we introduce the fundamental objects which play a
role in the QISM, beginning with its protagonist: the R-matrix. Many reviews have
been done in the subject matter, with their applications in high energy physics and
condensed matter physics [7, 8, 9, 10] and the introductory Section of [11]. We will
follow the common structure of these reviews and introduce additional concepts

when relevant.

1.2 The Yang-Baxter equation

The main subject of study in this Section is the R-matrix R(u,u'), which is a map
Ru,u'): V@V VeV (1.2.1)

Here V and V' are vector spaces and u, v’ € C are the so-called spectral parameters
[7]. When acting on the space V; ® Vo ® ... ® V7, where V; are Hilbert spaces for
i=1...L, we will denote by R;;(u;, u;) the object acting as R(u;,u;) on the space
V; ® V; and the identity everywhere else. For example:

Rm(Ul, Ug) = R(ul, UQ) X 1V3 XK...Q 1VL (122)

where 1y, is the identity map in End(V;). For computational and visualisation
purposes, it is convenient to represent R;;(u;, ;) pictorially [11], with different

spaces corresponding to different lines

I
o~
L 2
L 2

14



1.2. The Yang-Baxter equation

and the arrows specify the order in which the product of R-matrices act e.g.

u1 N N

ng(ul,U;;)ng(Ul,UQ) = 1 g > > (124)
Uz A Uus A
2 3

Although it is a priori not clear how to approach integrability for a 1+1D QFT with
an number of degrees of freedom which could be infinite, one can obtain quantum
integrable models from R-matrices that satisfy a special property. It was discovered
[13, 14, 15, 16] that, for one and two dimensional systems in statistical mechanics,
the ability to calculate every eigenvalue of the transfer matrix required an associated

R-matrix to satisfy the star-triangle relation, which is now called the Yang-Baxter
equation (YBE)

Ryo(ur, ug) Rys(uy, ug) Ros(ug, ug) = Ras(ug, ug) Ris(ur, us) Riz(ur, uz).  (1.2.5)

This is an equality between two maps acting on V; ® V5 ® V3, and can be expressed

pictorially as

U
Us

us s 3 (1.2.6)
Uz 1 Usg

2 2

The simplest R-matrix solution of the YBE for End (1 ®?) is the permutation operator
P

P:zy—yzr z,yeV (1.2.7)

As before, we denote P;; as the object acting as P on the i-th and j-th spaces in

the tensor product and the identity everywhere else. One can easily check that P;;
satisfies the YBE:

PioPi3Pas(v1 ® v2 ® v3) = (U3 @ U2 @ v1) = PagPi3Pia(v1 ® va @ v3). (1.2.8)

15



Chapter 1. The QISM and Yangian symmetries

In fact, if R(u, ') satifies the YBE, then R(u,u') = PR(u,u') provides an equivalent
way of writing the YBE acting on V®3 [§]

(R(u,u') @ 1y)(1y @ R(u, v")) (R, u") @ 1y) =
= (1y @ R(u/, u"))(R(u, v") ® 1y)(1y @ R(u,u)). (1.2.9)

Indeed, the two most trivial solutions of the YBE are the identity, where R = P,
and the permutation operator, so we denote by (ug,u() the pair of points in the

spectral parameters such that R(ug,u) = lygy or
R(ug,ugy) = P. (1.2.10)

Using all the concepts we have introduced, we will proceed to show that an R-matrix
which satisfies the YBE leads to an integrable model and a method of solving it:
the QISM [7, 19, 21]. We will assume that the R-matrix acts on a Hilbert space V

given by the L-fold tensor product of finite-dimensional vector spaces V:

V=RV, (1.2.11)

where the subscript denotes that the space V,, is in a representation p; of a Lie
algebra g. Thus Rjj(u,u’) € End(V,, ® V, ). In particular, the fundamental
representation will be denoted by the label p,. In the case where we are dealing
with more than one space in the fundamental representation, these will be labeled

Vs Vs €te. The Lax matrix, or Lax operator, is defined as
Lj(u) = Raj(u,uy) € End(V,, ® V,,.). (1.2.12)

Since
Rap(ur, ug) Rar (w1, ug) Rpr (uz, ug) = Rpr (ug, ug) Rax (wr, ug) Rap(u1, uz),  (1.2.13)

we have that the Lax matrix satisfies the RLL relation

R(u,u')(Lj(u) ® 1y, )(Ly,, ® L;(u)) = (1v,, ® Lj(w))(L;(u) ® Ly, ) R(u,u).
(1.2.14)

16



1.2. The Yang-Baxter equation

We can construct the monodromy matrix 7;(u) from Lax matrices

To(u) = Ly(u)Li—1(u)...Li(u) € End(V,, @ (X)V,,) (1.2.15)

J=1

Here the space in the fundamental representation is known as the auxiliary space,
and the L-fold tensor product to the right of it as the quantum space [7]. We
note that the auxiliary space could be in any other representation as long as it is
a common space in all Lax matrices. The pictorial expression of the monodromy

matrix follows from (1.2.4)

u
T,(u) = a —> > > e > (1.2.16)
uy & uy A uy A
1 2 L

Using this picture, one can easily show the defining relation of the Yang-Baxter
algebra (or the so-called RTT-relation)

Reap(u, u") T, (u) Ty (u') = Ty(u') Ty (w) Rap(u, u') (1.2.17)

by using the RLL relation [19] or, equivalently, proving the equivalence between the
diagrams corresponding to the right and left expressions using the picture of the
YBE [11].

At the special value u = ug, the trace of the monodromy matrix over the auxiliary

space becomes the shift operator U
U= traPa,LPa,L—l oo Pal == P12P23 oo PL—l,L (1218)

which shifts elements of the quantum space from positions ¢ to ¢ — 1 in the tensor
product, with periodicity 0 = L. Being a translation operator, we naturally define
the momentum operator p of the quantum model via the formula e? = U, where
i=+/—1.

We shall assume the R-matrix to be invertible. Acting on both sides of the RTT

relation by R_,'(u,u’), we have that

R u, o) Ty (w) T, (u') = T, (W) Ty (u) Ry (u, o) (1.2.19)

17



Chapter 1. The QISM and Yangian symmetries
and thus, for some scalar function p(u,u'), we see that
Ri_jl(ui,uj) = M(Ui,Uj)Rji(Uj,Ui>. (1220)

Since multiplying the R-matrix by a scalar factor does not affect the YBE, R(u,u')

can always be rescaled by a function v(u,u') such that

! ! = 1.2.21
v(u,u )v(u', u) ORY) ( )
and R(u,u’) satisfies the unitarity condition:
U; Uj U;
i i
Rji(ug, wi) R (ui, ug) = =1v,0v,
J J
U U; U
(1.2.22)

There is still freedom to multiply the R-matrix by an additional scalar function
k(u,u') such that k(u, u')k(u', u) = 1, so if one wishes to restrict its form even more,

we may require a condition which arises in 2d QFTs known as crossing unitarity
[12]
R (—ui, uy) R (ug, —ui) = Ly, @v,,- (1.2.23)

where tr; denotes the transpose of the i-th space.
If we act on the RTT-relation from the left (or right) by R_,'(u,u) and take the

trace over auxiliary spaces a and b, using the cyclicity of the trace, we obtain
[7(u), 7(u")] =0 (1.2.24)

where the operator 7(u) = tr,7,(u) is the transfer matrix [16]. Consider the power

series of 7(u) around the point ug

T(u) =) ta(u— up)". (1.2.25)

From the definition of the monodromy matrix, 7(u) is a polynomial of at least
degree L. Then, from (1.2.24), we have that there is a family of at least L operators

t,, that commute with one another

[t tm] = 0. (1.2.26)

18



1.3. The XXZ spin chain

Picking one of these operators to be the Hamiltonian with periodic boundary
conditions — induced by the shift operator U — the quantum model it describes
has at least as many conserved quantities ¢,, as degrees of freedom, and thus it must
be integrable. We pick the Hamiltonian of the model to be its logarithmic derivative

at the point u = ug, which is the linear term in the expansion of 7(ug) ' 7(u):

H= %1n7’(u)|uu0. (1.2.27)

Picking this Hamiltonian instead of the linear term in 7(u) does not affect the
number of conserved charges as [T (ug) ~'7(u), T(up) "7 (u’)] = 0 follows from (1.2.24).

From now on, if an R-matrix satisfies the YBE, we will say it is the R-matrix of the
model whose Hamiltonian appears in its the logarithmic derivative of its transfer

matrix.

1.3 The XXZ spin chain

Solutions of the YBE are, in general, difficult to find. To make life easier, we can
impose certain conditions on the R-matrix which come from the model itself. For
example, let the Hilbert space of a 14+1D quantum model be V = V®L with V = C2.
The basis for each of these vector spaces is given by ‘spin up’ |1) and ‘spin down’
|1}, which are eigenvectors of the spin operator S* = g”az with eigenvalues % and —g
respectively. These can be intepreted as the basis of spin % states. The R-matrix
is then a member of End(C? ® C?). Furthermore, let us assume the R-matrix is of
‘difference form’ i.e. R(u,u') = R(u—u')'. Upon setting u = u; —ug and v’ = ug—us,

the YBE becomes
Ris(u — u')Ry3(u) Rog(u') = Ras(u')Riz(u) Rig(u — u') (1.3.1)
and the RTT relation becomes
Rap(u — ") T, (w)Ty(u') = Ty(uw' )T, (u) Rap(u — ). (1.3.2)

In the system described, an orthonormal basis in C2® C? is given by [11), [11), [{1)
and |{{), where |jk) = |j) ® |k). Due to S* symmetry (conservation of spin), we

"'We shall make a note, however, that although very common, this is not true in general. For
example: the R-matrix of the Hubbard model does not satisfy this property.
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Chapter 1. The QISM and Yangian symmetries

have that the action of the R-matrix on this basis is

=
=g
S—
=
=
I
s}

(w) 1), R(u) 1) = b(u) [T) + c(u) I1)
R(u) [J1) = f(u) L), R(u) 1) = d(u) [T) + e(u) [11)

where a(u) through f(u) is a set of complex functions, and we have omitted the
subscripts of R(u) because we are considering its action on 2 spaces of our choice.
Since we picked one of two ways we could label the basis of C?, the system must
remain unchanged under the relabeling 1 < |, so we must have that f(u) = a(u),

d(u) = c¢(u) and e(u) = b(u). Thus, the form of the R-matrix acting on the column

vector ([11), [T4), [11), )T is

(1.3.3)

Having significantly reduced the number of independent entries, it is relatively easy
to check that R(u) obeys the YBE if

A(u) = A) = A(u —u') (1.3.4)

where
a(u)? 4+ b(u)? — c(u)?

2a(u)b(u)

Afu) = (1.3.5)

This implies that A(u) does not depend on u, and thus shall be from now on denoted

as A,, where ¢ € C. An elegant set of functions which satisfy (1.3.4) is given by

[u] 1]
a(wsg) =1, blusq) = oo, elwia) = o2 (1.3.6)
q q
where [z], = q;__qq:f. In this case, A, = 2 Hence the R-matrix
1 0 0 0
0 [ulq [Uq 0
R(U; Q) — 0 [ [Jlr}(qu [ [;Fﬁ]]q 0 (137)
[utl]g  [utl]q
0 0 0 1
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1.3. The XXZ spin chain

satisfies the YBE and is therefore the R-matrix of an integrable model [16, 27]. To

infer more about the model, let us derive its Hamiltonian. We have that

) = 3 (1 e o2 (1o ) e

2 u+ 1], u+1
(s

[+ 1],

+ (0" ®o +0 @0"), (1.3.8)

where the Pauli matrices, together with the identity form the fundamental representation

of gl,?
10 01 00 1 0
o' =1, = , ot = , o = , o° = ,
01 00 10 0 —1
(1.3.9)
and satisfy the usual gl, relations
(07,05 = £20%, [0T,07]=0%, {oT,07}=0". (1.3.10)

This R-matrix becomes the permutation operator at ug = uy = 0. The Lax matrix
L;(u;q) = Rqj(u; q) is obtained by mapping elements of the second space of (1.3.8)

to the set of spin operators

Y ={o,0;,07,0)i=1,...L} (1.3.11)
which satisfy
08,00 = 65505, {0} 05} = b0} (1.3.12)

where fup. are the sly structure constants in (1.3.10). More specifically, this map is

given by
'R0’ 0" ® 0;? (1.3.13)
Thus the Lax matrix is:
z [ulq _ 7 2[1]q -
Liuwg) = (7)1 i (1= ) oy %) C(13.14)
2 TSI O'j- (1-05)+ TP (1+0%)

2From now on, 1,, will denote the n x n identity matrix.
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Chapter 1. The QISM and Yangian symmetries

The monodromy matrix is then T,(u;q) = Lp(u;q)Lr—1(u;q) ... Li(u;q). Using
(1.2.27), we have that the Hamiltonian for this model is

d
H, = < nr(u;0)luso

L

4qlo A

_ qq__i(‘ql) (Z 0O+ 0T o + SO 1)) (1.3.15)
=1

with periodic boundary conditions o¢_; = of. This is the Hamiltonian of the XXZ
spin chain [15, 27]. The integrable structure of this model was one of the main
focuses in the introduction of the QISM, and it is used as an example in several
introductory reviews on quantum integrability [8, 23] and this thesis. Its physical
intepretation is that of a 1 dimensional chain of sites labeled 1 to L populated
by Spin-% particles that are allowed to interact between nearest-neighbouring sites.

Each site is occupied by a particle with spin up or spin down:

Note the interaction between spins in the z direction — if ¢ # 1 —is different than the
other two directions; hence the name of the spin chain. The quantity A, is known as
the anisotropy parameter, and measures how far the model deviates from the soon
to be discussed XXX model. We will drop the scalar multiplying the Hamiltonian
and the constant term in (1.3.15) and set the XXZ Hamiltonian to be

L
— — A z __Z
Hy = — (; 0} 05 +0; Oy Tqai Uz‘+1) . (1.3.16)

It is an easy exercise to check that the two site XXZ Hamiltonian eigenvector-eigenvalue

pairs [8] are

(), =58 {4, =528 (DI, —1+52), () —|1), 1+ 5} (1.3.17)
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1.3. The XXZ spin chain

and hence the ground state is ferromagnetic when A, > 1 and antiferromagnetic
when A, < 1. Furthermore, the system ‘prefers’ both unaligned ground states when
Ay < —1L

The main object governing the integrability of this model is the quantum group
U,(sly) [20, 22, 24, 25]. This is the ¢-deformed universal enveloping algebra of sl,,
generated by four elements K, K1, X* satisfying

K- K!

KK '=K'K=1 KX*=¢"X*K, [XT,X] -
q—q

(1.3.18)

A representation of these generators in terms of the pauli matrices is given by
Xt =0% K=¢, (1.3.19)

which act on V' = C2%. U,(slz) acts on C* ® C? via the coproduct A, which is a map
U,(sly) = U,(sly) ® Uy(sly) that preserves the relations (1.3.18) [24]. In particular,

AXNH)=XT@1+K®X™, AX ) =X @K '+1® X"
AK)=K®K, AKY=K'oK™" (1.3.20)

The generators act on the Hilbert space being V = (C?*)®% via the L-th coproduct
[27]

L
AMK) = K®, AL(XH) = ZK®(1'—1) 2 Xt ® 1%@)(L—z‘)?

i=1

L .
AFK™Y) = (KH)9E, AL(X) = Z 1;@(1—1) ® X~ @ (K HeE=)  (1.3.21)

=1

which in terms of the spin operators is given by

Tl a3 (T1).
AK(X")

j=1 j=1 \k=1
L L L

AYKE Y =T]a . => (aj— 1T q—f’i) . (1.3.22)
j=1 j=1 k=j+1

If we consider the XXZ spin chain Hamiltonian with the following open boundary

conditions

=1

L-1
A _ 41
HP" = — (Z ofor, +o;ol + 7q0f05+1> -4 (o7 —o7) (1.3.23)
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Chapter 1. The QISM and Yangian symmetries

then we have that [H", A¥(g)] = 0 for g = X*, K and K" [26]. Hence the XXZ
spin chain possesses an U, (sly) symmetry in this way. In addition, the symmetry of
the XXZ Hamiltonian can be enhanced even further to the affine quantum group
U, (E@) when the length of the chain is infinite

A
H® = — (Z of o, +oioh, + 7‘10505H> : (1.3.24)

i€z

This is only possible in the antiferromagnetic regime A, < —1 (-1 < ¢ < 0)
where one may neglect boundary terms at +oo over the antiferromagnetic vacuum
(27, 28, 29, 30].

Quantum groups and their connections to the YBE are very interesting in their
own right and a major subject of study by both theoretical physicists and algebraists
[24, 31, 32, 33, 34]. T will however abstain from giving a formal review of them as
one cannot do so briefly and properly at the same time. Thus details about them
will be brought up when necessary. The question remains though: why bring up
the symmetry of the XXZ spin chain in the first place? The answer is simple:
integrable systems have many conserved charges which, intuitively, should come
from extended symmetries. Thus the set of symmetries is a natural starting point
in our investigation of the integrable structure of these models. But first, let us

look at a method of solving these models using the Yang-Baxter algebra.

1.4 The Algebraic Bethe Ansatz

Integrability provides a set of techniques to find the spectra of quantities of interest

of 1+1D quantum models, i.e. solve the equation

Hlp) = El), (1.4.1)

where H is the Hamiltonian of the model. A standard method to do this, pioneered
by Bethe in 1931, is the Coordinate Bethe Ansatz (CBA) [36], which assumes the

form of the n-particle eigenfunctions of the Hamiltonian to be

|Yn) = Z Z A, exp(ikp(l)xl +...+ z'k;p(n)xn) |z12g .. xy)  (1.4.2)

1<zi<z2<..<zxn<L peP,

where x; denotes the position of the particle on the spin chain and k; its quasimomentum.
The second sum runs over all elements of P,,, the permutation group of n elements.

Alternatively, an R-matrix that satisfies the YBE can also be used to solve the
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1.4. The Algebraic Bethe Ansatz

underlying model through a technique known as the Algebraic Bethe Ansatz (ABA)
[7, 19, 40, 38]. In this Section we will review how to do this for the most famous
spin chain model in the physics literature: the Heisenberg XXX spin chain [36, 37],
which is the case in (1.3.16) when ¢ — 1:

L
FH — J(lli_r)I} H, = —JZ (afa;rl +o;0h + %afafﬂ) : (1.4.3)
i=1
In the future we will refer to this model as simply the Heisenberg spin chain. The
coupling constant .J does not affect the integrability of the model, but it is relevant
physically: depending on its sign, the lowest energy states of this Hamiltonian occur
when neighbouring spins are aligned or unaligned. Thus the Heisenberg spin chain
describes a ferromagnet when J > 0 and antiferromagnet when J < 0, giving an
explanation for the origins of magnetism at the quantum level. Additionally, one

can easily check that the operators

L L
Ef = Zaii, Eo = Zaf (1.4.4)
i=1 i=1

commute with K and satisfy the sl, defining relations [€Z,ET] = +£2€F and
[€4,€5] = €. Hence the Heisenberg spin chain possesses an sly symmetry [7]
3. Tts R-matrix, R¥(u), is obtained by taking the limit of R(u;q) as ¢ — 1 [34].
We set

u—+1

0

R (u) == (u+1) (11131% R(u;q) = =uly +P (1.4.5)

o = 2 o
S 2 = O

where P is the 4 x 4 permutation operator.
The existence of an R-matrix allows for a procedure to construct n-particle eigenvectors
|4),,) of this Hamiltonian. Since H# commutes with the transfer matrix, they share
the same eigenvectors, and we can thus diagonalise H using the latter. Let us write
the Lax matrix of the Heisenberg spin chain with a shift in the spectral parameter
so that LY (3) = Pu;:

gj U—30;

u+ 307 o,
Lf(u) = ( f I ’ Z) . (1.4.6)

This still leads to a monodromy matrix for the Heisenberg spin chain since, as we

3And the trivial symmetry, so that the actual symmetry of the model is gl,.
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Chapter 1. The QISM and Yangian symmetries

can see in (1.3.2), shifting the spectral parameters u and u' by the same value does

not change the argument of R(u — v’). Writing the monodromy matrix as

TH(u) = LHu) LT (u)... L (u) = (gig ]‘; EZ;) : (1.4.7)

the n-particle eigenvectors |¢,,) of H must also be eigenvectors of the transfer

matrix

H(u) = tr, 77 (u) = A(u) + D(u). (1.4.8)

Recall that in a QFT, |¢,,) are usually written in terms of creation operators acting

on the vacuum. Our choice of pseudo-vacuum for the Hilbert space V = (C*)® is

L

Q) =), =11...1) (1.4.9)

=1

where a flip of the spin 1 to | in the i-th space would represent a particle excitation

in that position. Recall the action of the spin operators on the Hilbert space

O-'L'+ |¢>7, = |T>Z7 O-f H\>7, = |T>Z7 0-;'1 H\>J = H\>J )

‘ (1.4.10)
o; [Ti=Wi» ailb)i=—W)i, ai ;=) ot

and o;" 1), = o; |); = 0. It is not difficult to see that the operatorial entries of

the monodromy matrix (1.4.7) act on |{2) as
A [9) = (u+DFIR), D) IR) = (- HFIQ), C@)=0. (1411

The Algebraic Bethe Ansatz (ABA) [7, 19] consists of assuming the C(u) are
annihilation operators and the B(u) are creation operators, such that any n-particle

eigenvector of the Heisenberg spin chain has the form?*
[Un) = u1, ... uy) = B(ug) ... B(uy,)|2) . (1.4.12)

To obtain the necessary conditions such that |¢,) is an eigenvector of the transfer

matrix, we have to study how A(u) and D(u) act on it. Using the RTT relation,

4This is equivalent to [36].
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1.4. The Algebraic Bethe Ansatz

we obtain the following commutation relations between B(u), A(u) and D(u):

AwBW) = L B Aw) - B AW),
DB = U B D() ~ L B)D(),
B(u)B(v') = B(u')B(u). (1.4.13)

Acting with the transfer matrix on |¢),), and using the above commutation relations,

we have that

() [n) = Alu) [n) + D(w) [n)

i=1 i=1 U= Ui
n i (u; + %)L ﬁ (u; —up — 1) _ (u ;)L ﬁ (u; —u + 1)
— \ (u—w) oy (u; — uy) (u—u;) oy (u; — uy)
XUy, o U1, Uy Uiy - Uy (1.4.14)

n

Alu {uikn) = (u+ D] (-w=1) (w—5H"T] (u-wtl) (1.4.15)

. U — U .
=1 =1

if the second line of (1.4.14) — called the ‘unwanted terms’ — vanishes i.e. if the

following equations hold

L n
U +l —u; +1
(’“ §> =[I2—2" k=1...n (1.4.16)

Up — 5 Z,#J‘uk—ui—l

which are the famous Bethe equations [36]. Using these it is possible to find an
exact solution to the Bethe roots u; and obtain the exact form of any quantity of
the model as function of these. Using (1.4.15) and that the shift operator is related

1), we have that the

to the momentum operator p by the formula e? = U = 7(5

momentum of an n-particle eigenstate is given by

Pn = —iln A( 2,{uZ n —12111(

5) . (1.4.17)
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Chapter 1. The QISM and Yangian symmetries

Similarly, its energy is given by

=—2JL—-2]) ! (1.4.18)

2 _1°
i—1 Wi 4

1
2

d
E, = —2J@ln Au, {uitn)| -

1.5 Yangian symmetries

A natural question to ask about the Heisenberg spin chain is the following: what
is the algebraic structure governing its integrability? To answer this question, we
have to take a look at the properties of the R-matrix that can be inferred from
the RTT relation. Let us direct our attention to the structure of the monodromy

matrix: can write T (u) as a power series in u

L-1
TH(u) = ub1, + u* Z 0" ® (Z u‘"‘%)ﬁ) (1.5.1)
a,b n=0

where the @Q7,a = 0,+,—,2 are operators built of the spin operators of. The

(a,b) in the expansion are (+,—),(—,+), (2,2) and (0,0). One can easily see that
Qat = 8?): and Qf = &, the sly representation in terms of the spin operators
introduced in (1.4.4). The relations between operators Q% with different values of
n can be obtained using the RTT relation [42, 55]:

Q5. Q) = f*.Qy, (1.5.2)

and

[ :—&—17 r_n] - [ TL’QT_YL—‘,-I] :%([ 27an] - [ %7@2])
(1.5.3)
Furthermore, if one collects terms of the expansion of T (u) ® TH (u'), taking the

tensor product in the quantum space and performing the usual matrix multiplication

on the auxiliary space [47, 48], we obtain the following properties:
Qi ®1+1®Q4 R (u)] =0 (1.5.4)
and

[(QF +uQf) @1+ 1® (QF +vQ§) + 5*.Qp @ QFIR" (u —v) =
=R"(u—0)[(QF +uQ}) ® 1+ 1® (Qf +vQ§) — 1 *,.Q0 ® Qf] (1.5.5)
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1.5. Yangian symmetries

for a = +,2,0. Hence the Heisenberg spin chain enjoys additional relations to
a standard gl, symmetry. One may recognise (1.5.2) and (1.5.3) as the defining
relations of the Yangian algebra of gl,, V(gl,), and the objects appearing in (1.5)
and (1.5.5) as the coproduct of its generators.

The Yangian )(g) of a Lie algebra g first appeared in Drinfeld’s work [24, 44]
and was also implicit in [45]. If an integrable model has classical symmetry g,
preserved in the quantum theory, then the Yangian )(g) (or U,(g) in the case g is
g-deformed by quantisation [25]) is responsible for its integrable structure. This has
been shown for a wide range of models, from the classical version in the Principal
Chiral Model (PCM) [46] to that of the AdS5x.S® superstring in the planar limit [43].
Several reviews have been done on their significance in the study of 141D integrable
models [42, 47, 48, 56], which we shall follow closely in the upcoming description.
Algebraically, it is defined as follows. Let the Lie algebra g be generated by {Qg},

a=1,...,dim(g) with structure constants f,;. and coproduct

A:Ug — Ug®Ug
Qe — Qr1+1®Q; (1.5.6)

where Ug is the universal enveloping algebra, i.e. the set of powers, polynomials
and series in ()§ subject to the Lie bracket. If g is the Lie symmetry of a 1+1D
quantum model living on V®* where V is a Hilbert space, the coproduct A defines
the action of the generators of g on V ® V' and induces a Hopf algebra structure on
g [44]. For the Lie generators, A is trivial; however in general the coproduct is a

map Ug to Ug ® Ug that is coassociative

(A®1A(z) = (1® A)A(z), Yz € Ug (1.5.7)
and a Lie algebra homomorphism:

A(lz,y]) = [A(z), Aly)] Vo,yeUg. (1.5.8)

The Yangian Y(g) [47] is the enveloping algebra generated by g and a second set of
generators {Q{} satisfying

[Q5, Q3] = f*.Q5 (1.5.9)
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Chapter 1. The QISM and Yangian symmetries

with non-trivial coproduct

AV — V() @Ve)
Qf = QOL+18QI+5f4Q8 ) (1.5.10)

where « is proportional to the coupling constant of the theory. These operators
obey the so-called Drinfel’d ‘terrible’ relations [44]:

2

Q3,124 Q1) — (@6 [QF, Q3] = T uneaes {25, Q5. Q5 (15.11)

and

Q1 Qll)]u [Qf); QY]] + [[le Q'] Q5 Ql{]] = O‘2(aabcdegfmlc + almcdegfabc){an Q0 Q1}
(1.5.12)

where

1
{@1, 29, 23} = Z TiTjTg,  Aabedeg = ﬂfadifbejfcgkfijk (1.5.13)
itk

The generators Qf and Q) are referred to as level 0 and level 1 Yangian generators
respectively, and level n operators K/ — which may be a linear combination of
generators up to order n — are obtained by computing the commutator of £ and
n — k level generators.

Finite dimensional representations of )(g) are realized in one-parameter families

via the automorphism

ou: V(@) — V(g)
Qy — Qg
QF — Q)+ uQj. (1.5.14)

This automorphism is of great importance. To illustrate this, let us remark that
for certain irreducible representations p of g, enumerated in [44], one can construct

a representation p of )(g)

PQY) = p(Q8). AQY) =0, (15.15)

which combined with the automorphism (1.5.14), leads to the so called evaluation

30



1.5. Yangian symmetries

representation of Y(g) with spectral parameter u, denoted p, := po Pua:

pul@3) = p(@5).  pu(@1) = Tp(Q5). (1.5.16)

This representation will become significant in the next Chapter, because in the
context of integrable boundaries, a reflection changes the sign of the spectral parameter.
Finally, let us state that )(g) is equipped with the additional Hopf algebra

properties: a co-unit, physically interpreted as a ‘vacuum’

e:Y(@g — C
Q" — 0 (1.5.17)

and an antipode (physically a PT symmetry)

s: V(@) — Vo)
G - -
Qo Q. (151

For each Yangian algebra there is an associated R-matrix which satisfies the YBE:
relations (1.5.2) and (1.5.3) are true iff the RTT relation holds. Given a Yangian
Y(g), one can obtain a suitable R-matrix R(u) (in this particular case, of difference

form) by requiring the intertwining relation [48, 55]
(A2)R(u) = R(u)(Az) Yz € Y(g). (1.5.19)

where A? = PA.
For the Heisenberg spin chain, even though the Yangian algebra should be Y(gl,),
we are going to restrict our study to its more interesting subalgebra )(sly). This is

because

V(gly) = Z(Y(sly)) @ Y(slo) (1.5.20)

where Z()(gl,)) is the center, which will not be relevant in discussing symmetry
breakings.

The form of the level 0 and level 1 Y (sly) generators can be easily extracted from
the expansion of the monodromy matrix of the Heisenberg spin chain. They are in
a representation py, : U(sly) — p given by pr(QF) = €5, pr(Q3) = &2, and, after

rescaling by the coupling constant —.J,
p(QF) = & + JET, pu(QF) = & + & (1.5.21)
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Chapter 1. The QISM and Yangian symmetries

where

= + Z (J;ta; — O';tO'f), E=1J Z (070 — o5 0)) (1.5.22)
1<i<j<L 1<i<j<L

satisfy all properties of level 1 generators of )(sly) The shift in level 0 generators

to get (1.5.22) from (1.5.21) does not affect the integrability of the model since it is

an automorphism of the Yangian (1.5.14). Furthermore, one can check that in the

evaluation representation (1.5.16) with p,(Q%) = o¢,

pu(AQS) = 0"® 1,+1,® o

J J
pu(AQY) = 5(uaa @1y + 1, @u'c") + 5 I b0 @ 0° (1.5.23)
satisfy the intertwining relation (1.5.19) with R (u — /).

The Yangian Y(g) can be obtained from the quantum affine group U, (5/[\2) in the
limit ¢ — 1 [50]. Hence we expect the Yangian generators to be symmetries of the

Hamiltonian. However, we have

J2 L—-1 ,]2
3,83 = £ D (0 — 0f) = £ (0 — 0f),
=1
L—1
(", €5 =T (07 —07yy) = J* (0] — 07), (1.5.24)

i=1

where H¥ is the Heisenberg spin chain Hamiltonian defined on the segment from
1 = 1 toi = L. Thus it turns out that, as in the case of the affine quantum
group symmetry of the XXZ spin chain [27, 29], Y(sly) is only a symmetry of
the Heisenberg spin chain Hamiltonian in the antiferromagnetic regime (J < 0)
if the length of the chain is infinite and we impose antiferromagnetic boundary
conditions at +o0o, as only then we can neglect the boundary terms (1.5.24). In
addition, as seen above, one may neglect these terms when working on asymptotic
states as one can intepret them the result of integrating discretised total derivatives
over the infinite interval [49]. In this case, commutators of the Yangian generators
will produce an infinite tower of symmetries of the Hamiltonian, thus ensuring

integrability.

1.6 The reflection equation

So far, we have focused almost completely on models living on the circle and the

infinite interival. For the periodic case, a variety of bonundary conditions are at our
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1.6. The reflection equation

disposal: if the model has Lie symmetry g, they are determined by a g-invariant

matrix M acting on the auxiliary space of the monodromy matrix
To(u) = M,T,(u). (1.6.1)

The matrix M will result in the usual periodicity when it is proportional to the
identity, and one can obtain the so called integrable twisted periodic boundary
conditions for more general forms of M (for example, in the Hubbard model it can
be seen in [120]) .

Now we will focus on integrable models with open boundary conditions. We are
interested on how these boundaries affect the mathematical structures underlying
the integrability of the bulk model. This is, in fact, the main subject of research
throughout this thesis. A similar procedure to the QISM, but for models with open
boundary conditions was invented in 1987 by Sklyanin: the boundary QISM [61].
It too is based around the construction of a family of mutually commuting transfer
matrices, which can be diagonalised using the ABA. This construction led to the
analysis of all possible integrable boundary conditions via algebraic study of how
the boundary breaks the symmetry of the bulk model - usually a quantum group or
a Yangian - and the necessary conditions to preserve enough symmetry so that the
model remains integrable. The ability to still generate an infinite tower of conserved
charges [52, 53, 54] depends on this boundary symmetry being a coideal subalgebra
of a quantum group [56] or twisted Yangian [55]. In this Section we will focus on the
latter. Both these symmetries have been studied extensively in many spin chains
[57] and D-brane configurations the AdS/CFT correspondence [58, 59, 60, 119, 135].

In addition to the R-matrix, in this Section we will consider the K-matrices
K*u):V =V (1.6.2)

where V' is a Hilbert space and u is the spectral parameter. This operator represents
the reflection of a particle off a boundary, and it is also referred to as the reflection
matrix or the boundary S-matrix. K (u) governs the reflection off a right boundary
and K~ (u) that off a left boundary. When acting on V = @5, V,

K*(u;) acts as K*(u;) on the i-th space and the identity everywhere else. For

the operator

7 )

example,
L

K (u1) = K*(u1) ® @) 1,,. (1.6.3)

=2

Asin the case of the R-matrix, it is convenient to represent the K-matrices reflecting
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Chapter 1. The QISM and Yangian symmetries

off a left(right) boundary By gy diagrammatically

K (w) = K (u;) = (1.6.4)

—U; —Uj;

The result in obtaining open boundary conditions assumes the R-matrix is of
difference form. However, we will not make this assumption and instead adapt the
procedure to a general R-matrix. Suppose R(u,u’) satisfies the YBE, and K=*(u)

satisfies K; (uo) o< 1y, , where R(ug,up) = P. Furthemore, let us assume unitarity
Rip(u1, ug) Roy (ug, up) = 1Vpl®vp2 (1.6.5)

and crossing unitarity
R (uy, —ug) Ry (—ug, uy) = v(uy, uz)1y, ov,, (1.6.6)

for some scalar function v(uj,us) that is symmetric in u; and uy. Then, if the
K-matrix K~ (u) is a solution of the left reflection equation (left RE)

Ryo(uy, us) Ky (uy) Roy (ug, —uq ) Ky (ug) =
= K5 (ug)Ry2(u1, —ug) K (u1) Ro1 (—ug, —uy) (1.6.7)

and KT (u) is a solution of the right reflection equation (right RE)

Ryp(—uy, —up) K (uy) Ry (—ug, ur ) K3 (ug) =
= K;(W)Rm(—ul,U2)K1+(U1)R21(U2,U1), (1.6.8)

then one can obtain a quantum integrable system with open boundaries from
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1.6. The reflection equation

R(u,u') and K*(u) [61]. Both the left and right RE can be expressed pictorially:

S

) = (1.6.9)

—Us 1
2
2
1 Uy
U9 M
1
1
— (1.6.10)
U

We now proceed to show how to construct a commuting family of transfer matrices

using the left and right K-matrices. Let T,(u) be the bulk monodromy matrix

(1.2.15). Then one can show [61] that the right boundary monodromy matrix,
defined as

TH(u) =T, (—u) K} (u)T,(u) (1.6.11)

a

satisfies boundary analogue of the RT'T relation: the boundary Yang-Baxter algebra

Rop(—u, —u" )T, (w) Rpa (=, )T, (u') = Ty (0') Rap(—u, u) TF (u) Ry (0, )
(1.6.12)
where a and b are auxiliary spaces in the fundamental representation, and the

K-matrices act on such spaces. If one defines the boundary or double row monodromy
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matrix

TE(u) = K, (w)T;} (u) = 1 1 (1.6.13)

Ug —Uu Ug

then the boundary transfer matrices 77(u) = tr,77(u) form a commuting family

of operators:
[P (u), 7% ()] = 0 (1.6.14)

and thus, analogous to the case of periodic boundary conditions, the Hamiltonian

Hp = %1n(73(u))|u:uo (1.6.15)

describes an integrable 141D model with open boundary conditions. We have
provided the algebraic proof of (1.6.14) in the Appendix A.1. A proof specialised to
R-matrices of difference form can be found in the original paper [61] together with
the ABA for the open XXZ spin chain. An alternative, more general proof is given
in [62].

As an illustrative example of an integrable model with open boundaries, consider
the Heisenberg spin chain, with symmetric R-matrix R(u,u') = Rf(u — u/) €
End(C? ® C?), K-matrices K*(u) € End(C?) and uy = uf, = 0. The REs become

R (u—u) (K™ (u) @ 1) R¥ (u + ) (1, @ K~ (u))) =
= (1, @ K~ (u))R" (u+ ') (K~ (u) ® 1) R (u — o), (1.6.16)

and

R (W —u) (K (u) @ 1) R (—u — v — 2) (1, @ K~ (u')) =
=1, K~ (u))R*(—u — v — 20) (K~ (v) @ 1o) R (u/ —u), (1.6.17)

where in the latter we have shifted the arguments of the R-matrix by a constant 7.
This does not affect the RTT relation, and such constant is used to characterise the

R-matrix [61]. For the purpose of simplicity let us set n = 1. A diagonal solution

36



1.7. Twisted Yangian symmetry

for the K-matrices of the left and right REs [51] is

K-<u,p_>=<p‘0+ ! p_o_u), K*(ups) = KH(~u—1,p)  (16.18)

where pi are constants related to the strength of the boundary fields. These are
the isotropic limit of the solutions found in [61]. Using the procedure from the

previous Section one obtains the following Hamiltonian, which we have rescaled for

convenience
J d
j‘f:H — 1 B u—
P, 4]9 p+ du n( (U))’ =0
= _‘]Z U Uz+1 +0; Uz+1 + 20 f—i—l) _’_#’Lo-f _’_MRO-Z (1619)
where p;, = 2;—{ and ur = %. This is the well-known Hamiltonian of the

Heisenberg spin chain with a boundary magnetic fields. The strength of the fields
is given by pur at ¢ = 1 and pug at ¢ = L. This type of integrable boundary is
solvable by ABA [64]. The boundary terms break the sl symmetry of the model
to uy, generated by the cartan generator € (1.4.4). Since this model is integrable,
we expect it to preserve a remnant of the original Yangian symmetry, which we will

proceed to construct in the next Section.

1.7 Twisted Yangian symmetry

Consider the antiferromagnetic Heisenberg spin chain living on the left half-line
with a boundary, so that the Hilbert space is now half-infinite, and assume that the

boundary vector space in one-dimensional

=(QV,) @ Vs, V;=C> Vi, Vg=C. (1.7.1)

i<0
The resulting integrable Hamiltonian, obtained from the right boundary monodromy

matrix (1.6.11), possesses only the right boundary magnetic field [145]

= —JZ ofor, +o;0i 4+ s0i0i) + pog,  J <. (1.7.2)
1<0

One can interpret this model as the left side of (1.6.19) when the right and left
boundaries are really far apart. This model also breaks the sl symmetry of the

bulk model into an u; generated by (€§)¢, where the left arrow upperscript denotes
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Chapter 1. The QISM and Yangian symmetries

that the sum (1.4.4) runs only over the sites i < 0.

What happens to the Yangian symmetry of the infinite chain when one constraints
it to the half-line is more intricate. The natural reaction is to think that Y(sly)
breaks to ) (u;) — however, this does not not accurately represent its full action on

the Hilbert space, because if z € Y(u;)
Ax € y(ul) (029 y(ul) (173)

and the left hand side of the coproduct should belong to Y (sly). Thus, Y(sly) must
break to an object which we will denote as )Y (sly, u1) such that, if x € Y(sly,uy),
then x is a symmetry of the antiferromagnetic ﬂ{f (neglecting boundary terms at
—o0) and

Az € Y(sly) ® V(sly,uy). (1.7.4)

Such a property defines a right coideal subalgebra of )(sly). This is called the
twisted Yangian )(sly, uy) [47], also denoted by Y*(sly) [55]. For this particular
model, it is generated by (€§)¢ and [146, 147]

Xt = (&) §(E5) () + (1 F 2) (e (L75)

In other words, although £F and €F are broken symmetries, there is a combination
of them and £ which - up to terms at —oo which may be neglected in the antiferromagnetic
regime - still commutes with the boundary Hamiltonian (1.7.2) and generates an
infinite set of conserved quantities. The latter property is only possible if the
relations of the twisted Yangian ) (sly, uy), generated by Q¢ and @%, are satisfied:

Q5. Q7] = £20r,

Q1 [Q1, Q7 Q1lll = 127°QF(QF + )@t - (1.7.6)
The twisted Yangian generators () and @\f can be written in terms of operators

from the original Yangian as follows. Let a* € C be such that a* —a~ = 2c. Then

there is a natural embedding ¢ : V(sl,,u;) < Y(sly) of algebras:
Qi Qi QF = QF £ 2Q8Q; + Ja* Q5. (1.7.7)
Set ¢ = —J/u. Let ¥ denote the set of spin operators acting on the left half-line

Yo ={0f1i<0,a=4,— 2} (1.7.8)
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1.7. Twisted Yangian symmetry

The representation of the twisted Yangian Y(sl,, u;) on the left half-infinite Heisenberg
spin chain is given by the map pt : V(sly, u;) — X defined by

Q> (€5)°, Qf = X, (1.7.9)

One can check that, up to terms at —oo which we may neglect, these operators
commute with the Hamiltonian (1.7.2) and generate an infinite tower of symmetries
via the commutator.

Twisted Yangians )(g,h) can be used, given a theory on the line, to classify all
possible left and right integrable boundary conditions and construct an infinite set
of non-local symmetries, under the suitable conditions in which boundaries at —oo
(for a right boundary) and oo (for a left boundary) may be neglected e.g. the XXX
and XXZ spin chains must be in the antiferromagnetic regime. We have to consider
how the boundary at the site ¢ = 0 breaks the symmetry of the model. Suppose a
141D quantum model on the line has Yangian symmetry )(g) in this way. If the
model is on the half-line, the boundary will typically break g to a subalgebra b.
But if the boundary condition preserves integrability, h must be invariant under a
graded involution ¢ [53]. One can split g = h & m under ¢ such that i(h) = +1 and
i(m) = —1. Then

b,6] Ch, [h,m] Cm, [mm]Ch, (1.7.10)

and (g, b) are said to form a symmetric pair. This property, together with orthogonality
with respect to the Killing form, x(h, m) = 0, guarantees the coideal property: that
the coproduct of any twisted Yangian charge @ preserved at the boundary must be

in the tensor product of the bulk and twisted Yangian,

AQ € Y(g) © Y(g,b) (1.7.11)

where )(g,h) is generated by h and a deformation of the grade-1 m generators
(indexed here by p) [52, 54], given by

Q= QY+ 7164, Q8] + Q3 (1.712)

where Cy is the Casimir operator of g restricted to h, and a and B are model
dependent constants. These deformed generators obey commutation relations analogous
to (1.5.11) and additional Drinfel’d terrible relations [65, 66].

Hence for an open boundary condition to preserve integrability, one must have the
Lie symmetry g broken to a subalgebra b thereof, and (g, h) must form a symmetric

pair. Thus it is possible to list all possible integrable open boundary conditions even
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Chapter 1. The QISM and Yangian symmetries

before attempting to construct them and their twisted Yangian symmetries. The
formula above for the symmetric pair (sly, uy) in (1.7.7). For example, if g = sl,,, all
possible symmetric pairs are given by h = so,,, sp,, (if n is even) and sl,,_,,, x sl,,,. For
all of these breakings, the boundary conditions are integrable and twisted Yangians
can be constructed [52, 53, 54]. They will be discussed in three different models in
future Chapters.

Analogous to the case of the Yangian, the existence of the twisted Yangian is
equivalent to the boundary Yang-Baxter relation. It can often be more useful to
use these relations to compute K-matrices rather than to explicitly solve the REs,
and they have recently been used for several types of boundaries in the AdS/CFT
correspondence [119, 135, 58]. Suppose the twisted Yangian charges are in the
evaluation representation. Then these completely fix he K-matrix K~ (u) via the

boundary intertwining relation [55, 56]
pul) K~ (u) = K~ (u)p_u(z) ¥ 2 € V(g,b). (17.13)

Examples of this relation for the twisted Yangians Y (sly,u;) and Y(sly, sly) used
to yield solutions for the RE of the Heisenberg spin chain are given in [68]. For a

classification of K-matrices for all symmetric pairs, see [69].
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Chapter 2

Twisted Yangian symmetries of the

open Hubbard model

2.1 Introducing the 1D Hubbard model

Now that we have provided the necessary tools from integrability, it is time to
take a look at one of the most intriguing integrable models in statistical physics:
the Hubbard model. The Hubbard model is used to describe strongly correlated
electrons, and the physical changes materials undergo when they transition from
being insulators to conductors and vice versa. It was first introduced by John
Hubbard in 1963 through a series of papers on electron correlations in narrow
energy bands [70, 71, 72, 73, 74, 75]. In the definitive guide [76] a vast amount
of information on its physical properties and algebraic structure in one spatial
dimension is available. The latter was shown to be integrable by Lieb and Wu
via CBA [77] shortly after its first appearance. However, the ABA approach took a
lot longer to be applied [78] because of the unusual structure of its R-matrix, which
we will cover in the next Section.

Hubbard’s original construction of the Hubbard model, restricted to a single band,
goes as follows [70]. Consider a static, one dimensional lattice of L ions numbered
from 1 to L, where N electrons can jump between the ions. Their Hamiltonian is

given by

H= Zl ( b; +‘/I<5U1)) + Z Ve(z; — ), (2.1.1)

2m
€ 1<i<j<N

where p; is the momentum of the i-th electron, Vi(z) is the periodic potential of
the ions, me is the elecron mass and V¢ (z) is the usual Coulomb potential between

electrons
= — (2.1.2)

where e is the electron charge. Because of the long-range nature of interactions

between electrons, this N-body problem is much too complicated to study. To
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

make things easier, one can add an auxiliary potential V4(z) to the one particle
part of H and substract it from the Coulomb potential such that the range of
two-particle interactions becomes much smaller [76]. This method is part of the so

called mean field approximation [79]. Explicitly, we have that

N
i=1 1<i<G<N
where

2

hy(pi, z;) = 2]:;6+VA(Ii)+‘/I(xi)7 Uz, z;) = VC(xi_l’j)_ﬁ(VA(xi)+VA(xj>)~
(2.1.4)

Since hy is periodic, its eigenfunctions are Bloch states [82]:
U(x) = ey () (2.1.5)
where ug(x) is periodic in « and k is the quasimomentum. A complementary set of

mutually orthogonal eigenfunctions of h; is given by the Wannier functions ¢(z— R;)

[80, 81], where R; is a lattice vector and
1 kR
o(r — R;) = 77 D e My (x). (2.1.6)
k

Now we can express the first set of eigenfunctions as sums over the ions on the band

L
1 :
Yr(r) = —= Y Mgz — Ry). (2.1.7)
I
We wish to second-quantise the Hamiltonian and express it in terms of the usual

fermionic creation and annihilation operators ¢! and c. In addition, we wish to

associate one of two spins o =7, | to each electron. Take the Fourier transform

1 :
T —ikR; .1
C, = —= e icy 2.1.8
o = T Xk: ko (2.1.8)
and the operators satisfy the usual fermionic anti-commutation relations

{cly e} = 00001, {ck, el } = {cio, c5r} = 0. (2.1.9)

Thus the fermionic fields we want to use can be expressed as sums over both the
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quasimomenta and the ions on the band

= di(@)el, =Y di(x)dl,. (2.1.10)
k :
Finally, performing standard second-quantization [83], we obtain

H = Z/dx Ut (2)h U 1y /dxdy U (2) Ul () U (2, )0, (y) T, ()

UTi UTTi

L
= Z Z tl] wcga+ Z UijleZTC§¢Ck$ClT (2111)

hj=lo="1,1 4,5,k 1=1

where the matrix coefficients are given by

ti; = /dx ¢*(r — R;)(ho)(x — Ry),
Uijrw = /dxdy ¢"(x — R;)¢" (v — Rj)U(z,y)p(x — Ri)p(x — Ry).(2.1.12)

Under the asumption that electrons are only allowed to move between neighbouring
ions, and the Coulomb force only affects electrons if they are located on the same
ion, we set

tij = t0i—jl1,  Uijrt = Udij050k (2.1.13)

and define the number operator n,, = ¢! ¢;,. The Hamiltonian of the Hubbard
model then reads [70]

— _tz > i el +U Z (nlT ) (ni = %) (2.1.14)

i=1 o=1,]

with periodic boundary conditions ¢4, = ¢1,. We have performed a shift n;, —
N, — 3, which produces an external chemical potential that controls the particle
occupancy on the chain sites. In this case the model is at ‘half-filling’, meaning there
are half as many electrons living in it as the maximum number, and interestingly,
this model turns into the Heisenberg spin chain in the large U limit (see Appendix 2
in [76] and [85]). Here ¢ measures the amplitude of the motion of electrons between
neighbouring ions, and U is the strength of the Coulomb repulsion between electrons
on the same ion. This is a periodic spin chain with L sites, which are the ions. The
first sum, known as the hopping term, is the discrete analogue of a kinetic term
in a continuous Hamiltonian, where particles are annihilated in a site and created

in a neighbouring one i.e. they ‘hop’ from site to site. The ratio t/U measures the
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conductivity of the material it describes. The Hubbard model has been used in
condensed matter physics in one and several dimensions to describe, among other
phenomena, the electronic properties of solids with narrow bands, band magnetism
in several metals, the Mott metal-insulator transition and electronic properties of
high critical temperature cuprates in the normal state [76]. In one dimension,
a classification of the solutions to the Lieb-Wu equations [77] was proposed by
Takahashi in 1972 [85] under the so called ‘string hypothesis’, which led to a better
picture of the thermodynamics of the Hubbard model via the Thermodynamic Bethe
Ansatz [86, 87, 88].

However, despite the apparent simplicity of its Hamiltonian, there is no general
procedure for studying the Hubbard model in more than one dimension, and even in
one dimension it is not clear how to approach much of its structure. Nevertheless,
this Chapter hopes to shed some light in the integrable structure of the open
Hubbard model. In the first Section, we will describe the set of symmetries of
its Hamiltonian. Section 2.2 will be dedicated to reviewing Shastry’s construction
of its R-matrix from that of two free fermion models. Then we will introduce a
generalisation of the Hubbard model to higher symmetries, for which the Yangian
was constructed by the author. In section 2.4, we will point out some connections
between the Hubbard model and AdS/CFT correspondence. The construction of
the twisted Yangian symmetries in Sections 2.5 - 2.8 are results by the author and
collaborators, where three different types of boundaries are studied, and Sections
2.5 and 2.6 are based on papers [121] and [89).

2.2 Symmetries of the bulk Hubbard model

Let us analyse the symmetries of the Hubbard Hamiltonian. We will set ¢ = 1 from
now on. This is equivalent to rescaling the Hamiltonian by 1/t and defining U to
be the ratio of the original U and ¢. The Hilbert space of the Hubbard model is

given by V = ®iL:1 V; where the vector spaces V; are all four dimensional:

Vi= {]0>i,c3¢ 10); := |¢>ivc;rT 10); := |T>i,c;r¢c}} |0); == 1)} Vi (2.2.1)

The model possesses a sl; x sl5 symmetry (which, via its inclusion in the s[(2]2) x R?
symmetry of worldsheet scattering in AdS/CFT [108], is the source of the renewed
recent interest from the string theory community [128, 129] and thereby in new
generalizations such as [98, 130, 131]). The labels s and ¢ correspond to the the
given names of these symmetries: the ‘spin’ and the ‘charge’ sly respectively. One

must note that the latter symmetry is only present if the number of spin chain sites
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is even, half-infinite or infinite [93]. If one defines the following operators

&= CZTTCHM Fo o= cgcwm Hi, = cZTTcHnT — chHm, nerz (2.2.2)

in

then sl is generated by

Ey=) & Fo=) Fiy Hi=) Hi (2.2.3)
i=1 i=1 i=1
satisfying the relations [H{, E§] = 2E§, [HS, F§) = —2F§ and [ES, F§] = H{ i.e.

they provide a representation of sly in terms of two sets of fermionic oscillators.

Similarly, if one defines the following operators

En = ()" chely Fon= (CD'cuciom Hip = chcin + (=1)"c)iCipn, = dno,
(2.2.4)
then s[5 is generated by

L L L
Eg=> &, Fg=Y Ffy H;=)Y M, (2.2.5)
=1 i=1 =1

Interestingly, there is a connection between the charge and the spin symmetry. The
charge symmetry can be obtained from the spin symmetry through either of the
partial particle-hole transformations (PHTs) P, and P; [76, 89]. These are the
following maps for o, 7 =1, |:

Py (Cioscl eyl [ U) = (=1 (=1)ciy, cirrcl,—U) o #71. (2.2.6)

10
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These operators act on states living in a single site according to the following

diagram (where P;, is the partial PHT restricted to one site):

Pu ,Pu
o
\/
v = U
Ho w0 (2.2.7)

One can see that P| maps (2.2.3) to (2.2.5), effectively changing the label from s to c.
Py is equivalent to the same change of label but composed with the automorphism
of the algebra {Ef§, Fy, HS} — {F§, E§,—H§}. One may think of P, as ‘almost’
supersymmetries of the model, aside from changing the sign of U. The full PHT,
P4P,, is indeed a symmetry of the Hubbard Hamiltonian. These transformations
are interesting on their own and will become important in making connections to
the AdS/CFT correspondence and constructing an integrable boundary in Sections
2.4 and 2.6 respectively.

As expected, the Hubbard model possesses a symmetry of Yangian type, which
has been additionally explored in the context of AdS/CFT [43]. This Yangian was
constructed for the infinite chain [90] and is composed of two copies of Y(sly). One

of the copies, )Y (sly)®, is generated by sl3 and the following level 1 generators

By = Z (551_8i5+1,—1)+% Z (EoH50 — EfoHio), (2.2.8)
—L<i<L —L<i<j<L

Fro= N (Fa-Fa)-Y% > (FoH— FiH), (22.9)
—L<i<L —L<i<j<L

H = S (M =M ) —U S (E0F—EF). (2210)
—L<i<L —L<i<j<L

The other copy, Y(sl2)¢, can be obtained through P or P;. These are symmetries of

H" defined on the infinite chain (L — oo) limit over the antiferromagnetic, empty
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band vacuum [91]

[vac) = X)10),, . (2.2.11)

kez
where the monodromy matrix - which we shall construct shortly - is infrared

renormalisable and boundary terms may be neglected [92].

2.3 Shastry’s R-matrix

After the discovery of the QISM it quickly became apparent that most known
solvable models had an associated R-matrix that satisfied the YBE and from which
their Hamiltonian could be extracted. The Hubbard model, however, proved to be
much harder to crack, and it was conjectured [39] that finding its R-matrix was
so troublesome because it is not of difference form, i.e. it cannot be written as a
function of the difference between the spectral parameters appearing in the YBE.
It was not until nearly a decade later that Shastry found a suitable R-matrix for
the Hubbard model. His first results relied on heavy computations [94, 95|, while
later he constructed such R-matrix through a remarkably beautiful procedure [96].
The latter was mainly clever guesswork, and it is the one that we will follow in this
Section.

Let us introduce the free fermion or XX model [35]. This the case when ¢ =i (or

A, =0) in (1.3.16):
L

HXX = Z (oo, +o;0fy). (2.3.1)

i=1
We would like to write HX¥ in terms of fermionic creation and annihilation operators,
which are members of the fermionic oscillator algebra Osc; = {CZ, ci;1 <i <L}

and satisfy the usual relations
{CI7 Cj} = 5ij7 {C;‘rv C}L} = {Cia Cj} = 0. (232)

This is achieved through a Jordan-Wigner transformation JW [41], which maps

Oscy, to the set of spin operators Y, in the following way:

JWCOSCL — ZL

i—1
ci (Haé) o;
i—1
o - <H0k> o (2.3.3)
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The Hamiltonian then becomes
L
HXX = Z C;‘rci-l-l + C;'[+1Ci7 (2.3.4)
i=1

where, to switch to periodic boundary conditions in (2.3.4) we require

L L
(H Uli) 041 =01, (H UZ) O'Zr+1 =o7. (2.3.5)
k=1 k=1

This is the one of the simplest quantum many-body models one can construct: a
purely discrete kinetic (or ‘hopping’) term on a chain of sites going from 1 to L,
with periodic boundary conditions ¢j41 = ¢;. It exhibits an U,(sly) symmetry with
q =1 [100]. Interestingly, an extended version of (2.3.4) given by
L
HXX = Z clei + CLICZ- +cle; + C;-r+1Ci+1 (2.3.6)

=1

commutes with the following operators

L
Q:ZCZ‘, 6=
=1

These form a representation of the gly|; superalgebra in terms of fermionic oscillators,
which has the defining relations [97]

L
e, fi:Zc}ci, ¢=1 (2.3.7)

=1 =1

8,0 =-9 [R6]=6 {[26)=Cc (2.3.8)

This algebra is extensively studied in the AdS/CFT correspondence — it appears as
a symmetry of the AdS; and AdS; superstrings [59].
One can see that the Hubbard model when U = 0 consists of two uncoupled

XX models. Hence, the natural point to start in constructing the R-matrix of the
Hubbard model is to look at that of the XX model

cos(u) 0 0 0
R7(u) = cos(u) PR(u: g — i) — 8 Sinl(u) Sml(“) 8 (2.3.9)
0 0 0  cos(u)

which satisfies the YBE in the form (1.3.1). Using the Pauli matrices, one can write
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this R-matrix in the form

R™ (u) = Z R™(u) 0" ®0”, a,b=0,+,—,z (2.3.10)

a,b
with R7®(u)? = L(cos(u) + 1), R*(u)* = %(cos(u) — 1), R*(u)t~ = R**(u)~+ =
sin(u) and every other coeffient is zero. One can build a 16 x 16 R-matrix 7*(u) that

satisfies the YBE by ‘fusing’ two XX R—matrices

(u) = R (u)R{*(u) € End((C* ® C*) ® (C* ® C?)) (2.3.11)

where
Ry™(u) = > R™(u)"(0" ® 1) ® (0 ® 1), (2.3.12)
Ri"(u) = > R™(w)"(L,®c") @ (1, ®0d"). (2.3.13)

To construct the Lax matrix, we must take the second space of 7*(u) to spin operators

in the following way

(0"®@13) = of
(1a®0") = 717 (2.3.14)

where ¢f and 7' are two independent sets of sly spin operators, i.e.

8y f*05, [ 1)) = 6 f s, [of 7)1 =0. (2:3.15)

[O- 0] cg? cgv 17'g

1777

The explicit form of the Lax matrix is

Z R$$ amex )a (O_a®0.a/)0-§?7-b, (2316)

J
a,b,a’ b’

and, consequently, 7(u) satisfies the Yang-Baxter algebra:
Fu—u')(lj(uw) @ 1;(u) = (;(u) @ 1(w)r(u —u'). (2.3.17)

The expansion of the corresponding transfer matrix is 7, ,(u) = 1 + h,;u + O(u?)

where h, . is the periodic Hamiltonian of uncoupled XX models in terms of spin
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

operators
L
her = Z (oo + 070/ 4+ (0 —T1)). (2.3.18)
i=1
Following Shastry’s work [96], we will use the XX R-matrix to construct that of the
Hubbard model. It is natural to guess that the Hubbard model Lax matrix, L?(u),
is given by
L (u) = G(h(u)) li(u) G(h(u)) (2.3.19)

where G(h(u)) depends on the spectral parameter, acts on the auxiliary space and
it will be responsible for the appearance of the Coulomb interaction in the transfer

matrix. For (2.3.19) to be true, we need
") = In(trL} (u)...LY (v)) = 1+ ud" + ... (2.3.20)

and H" must commute to all higher charges in the expansion. It should appear in
terms of the spin operators, an expression that must coincide with (2.1.14) after

the following Jordan-Wigner transformation [95]:

i—1 L i—1
Cig =7 (H Ué) oy, Cil b (H Uf) (H T,f) T, (2.3.21)
k=1 i=1 k=1

which yields

L L
U
H" = Z"T%-ll to; ol +(o—=T)+ 7 § ot (2.3.22)

=1 =1

Shastry’s procedure was to construct a second charge J" that commutes with the
Hamiltonian and impose that it appears in the quadratic term of the transfer matrix,

hence limiting the form that G(h(u)) can take. This charge is

L L
_ 2 U — — z z
g = Z(ai—‘rlai o,y —h.c.)+ 35 Z(U;rai—&-l —0;05) X (77 +7844) + (0 < 7).
i=1 =1
(2.3.23)
Simultaneously, by taking a linear combination of two equations in 7*(u), he constructed
R"(u,u') such that

RM(u, ) (L (u) @ L (u) = (Li'(u) @ L (w)) R" (u — o). (2.3.24)

Let us explain how this is achieved. Introduce the conjugation matrix C7*, o =1, |.
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2.3. Shastry's R-matrix

This is such that
R, (w)Cy = PRI (—u), i=1,2, a =1, (2.3.25)
and in the fundamental representation, CT = ¢* ® 1, and C* = 1, ® 07, with

Cl = (1) V@ (0" @1y) @ (L)%, Cf = (1) V(1 ®0%) @ (14)%4
(2.3.26)
If one takes the YBE for R%*(u) and acts with C{C¢ from the left and C§ from the
right one obtains the decorated YBE [96], originally called by Shastry the decorated

star-triangle relation

Reta(u+ ) O Ry s (u) Ry (u) = (2.3.27)
= Rff%(u’)Riﬁ?’(u)Cf‘Rgﬁz(u +u), a=t|. (2.3.28)

This results in two equations 7*(u) must satisfy: the defining relation of the Yang-Baxter
algebra
u—u')(Li(uw) @ L)) = (L) @ L(w)r(u—u) (2.3.29)

and the decorated Yang-Baxter algebra
Fu+u')(CTCY @ 14) (Li(w) @ I;(v))) = (Li(u) @ 1;(w)) (14 @ CTCH 7 (u+ ). (2.3.30)

Although in this case the latter is a consequence of the YBE, it is in general
an independent equation, which includes a particle-antiparticle map. These two
equations will be used to obtain a new R-matrix. We will furthermore assume
G(h(u))G(=h(u)) = 14. Then the Lax matrix /;(u) = G(=h(u)) L (u) G(=h(u)).
Set h(u) = h and h(u') = B/, and define G(a,b) := G(a) ® G(b). Now take a linear
combination of the YBE and decorated YBE. After some algebraic manipulation

we have that

G(W, h)|ar(u —u') + Br(u + u’)(CTO¢ ® 14)]G(—h, —h’)(L?(u) ® L?(u’)) =
= (LMu') @ LMu))G (=K, —h)[ai(u — ) + B(CTCY @ 14)7(u + u')|G(h, h')

where a and 3 are scalar functions of the spectral parameters. Using this equation,
the R-matrix

RM"(u,u') = G(2W, 2h) [, u' )i (u—u') + B(u, v )7 (u+u') (CTCY @ 1,)|G(—2h, —2R)
(2.3.31)
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

satisfies the Yang-Baxter algebra with the Lax matrix L?(u) if

G (2R, 2h)[ai (u — ') + Br(u + ') (CTC @ 14)]G(—2h, —2h') =
= [ai(u — ) + B(CTCY @ 17 (u+u')].  (2.3.32)

This condition, together with the requirement that H" and J"* must appear as the
first two non-trivial terms in the expansion of the transfer matrix (2.3.20), leads to
the following results for G(h(u)):

G(h(u)) = exp(h(u)CC* © 1), S”;?ﬂg” _ S”if;:;)) _ % (2.3.33)
and the functions «o(u,u’) and B(u,u’)
afu,u) =1, Blu,u') = % tanh(h(u) — h(u')) (2.3.34)

and thus the R-matrix of the Hubbard model, or Shastry’s R-matrix, is

RM(u,u') = G(2K , 2h)[F (v — u') + B(u, u )i (u + ') (CTCH ® 1,)]G(—2h, —21').

(2.3.35)
It is difficult not to admire the ingenuity of Shastry’s procedure. This, however,
does not explicitly prove that R"(u,u’) satisfies the YBE. This was shown later
using the tetrahedron Zamolodchikov algebra [99, 100] for both the Hubbard model
and its SU(n) generalisation [101], which we will also discuss in a future Section.
This actually led to the study of ways in which one could ‘couple’ (in the sense that
we have seen) XX R-matrices such that the resultant R-matrix satisfied the YBE
[99]. In fact, the Hubbard model is only one of many models that can be obtained
this way. All these models have the property that their R-matrix is not of difference
form. It is also worth noting this was done for the Hubbard model fermionic Lax
operator [102], which we will introduce in Section 2.5.

If one attempts to find the symmetry of R"(u,u’) from scratch i.e. find matrices
M such that,

M®1;+ 1, @ M)R"(u,v') = R"(u, ') (M ® 14 + 1, @ M), (2.3.36)
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2.4. The SU(n) Hubbard model

one obtains

G 0 0 &
0 8 8 0
M = b (2.3.37)
0 8 8 0
C; 0 0 €

where the entries satisfy §:84 — 8283 = €1€4 — C2C3 = . We can set v = 1 and we

S1 8 e, e
M= ) esner me= (" ?) eSLER):" (2.3.38)
83 84 e3 e4

have:

Then one obtains a 4 x 4 representation of the s[5 x s[5 symmetry of the Hubbard

model, which we will denote as p”, given by
PME)=0"®0c", p"F)=0 ®0c", pUH)=0c"®1-1®c° (2.3.39)

PE)=0"®0", pPMEFE)=0 ®0, pHH)=0"®1+1®0" (2.3.40)

which is equivalent to performing the Jordan-Wigner transformation (2.3.21) on the

operators (2.2.3) for a single site, and using the inverse of (2.3.14).

2.4 The SU(n) Hubbard model

In this Section we will proceed to present an integrable generalisation of the s[5 x s[5
Hubbard model. Its Hamiltonian and R-matrix were constructed by Maassarani
and collaborators [103, 105] by coupling two generalisations of XX models (also
constructed by the same author in [104]) using Shastry’s procedure and showing
their ansatz for the Hamiltonian appears in the expansion of the transfer matrix.
This generalisation is refered to in the literature as ‘the SU(n) Hubbard model’,
however we would like to point out this is not due to its symmetry algebra but the
dimension of the objects that are used to build it. Hence, when we refer to it as
such, it is only to avoid confusion when the material presented is compared to its
sources.

The construction of this model goes as follows. Let E? be the n x n matrix with
a 1 in the (a,b) entry and zeros everywhere else. The set of these matrices satisfy
the usual su,, relations

[E™ E) = §,E" — §,4E”. (2.4.1)

In terms of these matrices, the free fermion R-matrix and Hamiltonian can be
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

written as
2 2 2
R™(u) = cos(u) Z E" ® E* + sin(u) Z E* @ EP + Z EY @ E™ (2.4.2)
a=1 a,b=1 a,b=1
a#b a#b
and
L 2
=33 (EEN), EP =19 @EY @190 (2.4.3)
i=1 ap=1
a#b

respectively. It was shown in [104] that a generalisation of this model to su,, matrices
is possible so that integrability is not broken and it contains the usual XX model

as the n = 2 case as defined by the R-matrix

R:vas<u) — COS(’LL) (Enn ® " + Z Faa ® Ebb) + sin(u) Z(Enn ® Faa + Faa ® Enn)

a,b<n a<n
+3 (B @E™+E™ QE™). (2.4.4)
a<n
One can easily check that this satisfies the YBE and its corresponding Hamiltonian
is
Z > (EPUEST + ECEN). (2.4.5)
i=1 a<n
We would like to stress that although it is built using su,, matrices, the symmetry of
this model is not su,, (as s, is not the symmetry of the d = 2 case but its quantum
deformed version for a special value of ¢ = i (1.3.18)). Its symmetry is actually

su, 1 X Uy, given by

— Z ZEgb €su, ;, C= Z (Z EX" — E””) U (2.4.6)

1=1 a<n =1

To construct a generalisation of the Hubbard model analogous to that of the XX

model, we need to add an extra label o = o, 7 to the matrices E2, which now satisfy

Q)

the relations
B2 ESE] = 600 (OncELS — SadESh). (2.4.7)

Q)

Maassarani’s generalisation of the Hubbard model [103] is built by coupling two

";2> <ci7+ ";2) (2.4.8)

SU(n) XX models in the most intuitive way

L
Z SN EmER +ERED 4+ Y ( i
=1

i=1 a<n a=oT
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2.4. The SU(n) Hubbard model

where Cio = >, _, Efe — (n — 1)E}7 is the largest Cartan generator of su,. For the
case n = 2, taking o = E!? 0~ = E2! 0% = E!! —E? and (¢ — 1), we recover the
usual Hubbard model Hamiltonian after the Jordan-Wigner transformation (2.3.21).
This Hamiltonian (2.4.8) exhibits a (sit,_1 X u1), X (su,_1 X U1), symmetry given

by the following operators

L
=) Y E Co=

L
i=1 a,b<n =

<Z Efe — (n— 1)EZ?) , a=o,71  (249)
1

a<n

Its R-matrix is constructed following of Shastry’s method for the n = 2 case, using
both the YBE and decorated YBE, and it has been shown to satisfy the YBE using
the tetrahedron Zamolodchikov algebra [101]. The solutions of this model via the
Coordinate Bethe Ansatz were computed in [106].

Note how in the n = 2 case the symmetry is uj, but we know from previous Sections
that the full symmetry of the Hubbard Hamiltonian is s[5 x s[5. The reason for this
is that n = 2 is a special case, where matrices with labels ¢ and 7 can be combined
to form operators that generate a larger algebra. This is due to proposition (3.3)
in [107] which, unfortunately, is not true for the general n case. Nevertheless, the
model being integrable, it implies the (su,_; x 1;)? symmetry can be extended to
two copies of the Yangian Y(su,_1 X u;). The non-trivial level 1 generators are
given by

I =UY "> (EXEYS — EXED) . (2.4.10)
i<j c<n

These satisfy the usual Yangian relations

[12°, 35 = Gap(0e e — Gaad) (2.4.11)
and the coproduct
A =12 @1+10I0+UY (IXeI8 - 12 I%). (2.4.12)
c<n

These commute with the SU(n) Hubbard Hamiltonian on the infinite chain if the
infinite interval limit is taken over the empty band vacuum, where one may neglect
boundary terms at +oc. If one interprets the E'* and E{" for @ < n as creation and
annihilation operators of a particle a at site i respectively [106], the empty band

®L

vacuum is given by |vac) = [0)°" as L — oo, where |0) is the following vector of
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

size n:

o= | (2.4.13)

1

Again, note the difference in structure between these Yangian generators and the
n = 2 ones (2.2.10). They are effectively the two XX Yangian copies, so the its
structure is unaltered by the coupling. This is unexpected because the coupled and

uncoupled R-matrices are different.

2.5 The Hubbard model and AdS/CFT

Aside from its applications in condensed matter physics and unusual integrable
structure, the Hubbard model has gained interest lately from the high energy physics
community due to its connections with the AdS/CFT correspondence [98, 108, 110].
In this Section we will review the role integrability plays in this correspondence and,
more specifically, how the Hubbard model fits into the story. As this thesis does
not focus on this subject, we will keep this Section rather brief and concise, to
merely convey ideas of integrability that have added more value to the field of high
energy physics. The author would recommend a series of reviews [9, 113] for a more
detailed, thorough explanation on how the results mentioned here were obtained.
The AdS;/CFTy correspondence is a gravity/gauge duality between Type 11B
superstring theory living in a AdSs x S° background and A" = 4 Super Yang Mills
theory (SYM) in 4D Minkowski spacetime [112]. The latter is a conformal field
theory (CFT) with SU(N) gauge group, and as such, the form of its observables
is very restricted. It is found to exist at the 4D boundary of type IIB in AdS®.
The relevant parameters of the string theory are the effective tension T' = R?/2ma/
and the string coupling gst,, and those of the gauge theory are the dimension of the
gauge group N and the 't Hooft coupling A = ¢g2,,N. Here o is the string tension,
R is the radius of the S® and gy is the CFT coupling. The correspondence relates
these as follows: )
Gstr
A\ = 47272, N = 127t
The discovery of this duality by Maldacena in 1997 encouraged the search for others

(2.5.1)

in smaller dimensions, which we now know exist for AdS;/CFT,_; for d = 4,3,2
[114, 115, 116], even if in some cases it is still unclear what the corresponding CFT
is. Nevertheless, this correspondence allows for a better understanding of features

of a gravity theory and make progress in heavy computations by studying its dual
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2.5. The Hubbard model and AdS/CFT

gauge theory and viceversa.

The set of isometries of AdS5 x S® is SO(2,4) x SO(6), which corresponds to the
bosonic symmetries of the theory. The existence of 32 supersymmetries enhances
this symmetry to PSU(2,2|4). The particle content of the theory is composed of
an SU(N) gauge field, 6 scalars transforming under the fundamental representation
of SO(6), 4 chiral and 4 anti-chiral fermions transforming under the fundamental
and anti-fundamental representations of SU(4) = SO(6).

The techniques in integrability can only be applied to 1+1D and in some cases,
2+1D quantum models. Hence one cannot seek to solve the aforementioned theories
in general. However, in the A\ — oo limit, the gauge theory becomes planar i.e. only
1+1D diagrams — or single trace operators —are allowed. Additionally, the dilatation
operator, which is measures the scaling dimension of operators in the CFT, becomes
the Hamiltonian of the SO(6) Heisenberg spin chain [117]. Hence one can compute
the spectrum of planar scaling dimensions, and in string theory this is dual to the
energy spectrum of free strings. Thus integrability allows for an agreement in the
perturbative regime of both theories.

To fit AdS/CFT integrability in the context of the QISM, we need to find the
R-matrix of AdS5/CFTy in the planar limit. The full symmetry algebra being two
copies of psly 54, picking light-cone gauge restricts the symmetry to two copies of
sly2 X R?, each of which is generated by six bosonic operators {£%, R%} and eight

fermiomic ones {Q%, bﬂ}, satisfying the following relations

[Ea/% Ewé] - 5g£a£ - 5?‘%7 [R%, R4 = 0, Ry — 0GR,
« (07 1 (07 o a (e} « 1 (e} a
[E ﬂ’Q’yb] :6ng_§6ﬁ 7ba [ 57g’y] :_57g5+§5ﬁg,y
{9, Q%) = ey P, {G%,G"%} = €eapK
{Q°,.G%} = 00L% + 05R", + 6205C (2.5.2)

where C, P and K are central elements. The superalgebra acts on two bosonic |¢%)

and two fermionic [¢)*) states, a,« = 1,2 in the following way:

1 1
R%16%) = oy l¢*) — 50 1¢°) % 07) = % %) — 505 ) (2.5.3)
Q. [¢") = a0, [v) Q°, |¢7) = be* ey @) (2.5.4)
G% |07 = ce®eap [07) Ge, |0y = dél [y*) (2.5.5)

where a,b,c and d are complex numbers and the closure of the algebra requires that
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

ad — bc = 1, which implies

_ad+bc

C 5

P=ab, K=cd (2.5.6)

These generators admit a representation in terms of the fermionic oscillators [100].

The bosonic generators can be written as

1
RY = —R?% = §(DT +n; —1), R, = (R*) = CIC}

1
L= L% = —ny), L'y = (%) =cle, (2.5.7)

and, defining P to be the spin permutation operator, we can write the fermionic

generators as

Q11 == (a + (b — a)ni)(ﬁ = [PQ21, ng = —(b + (a — b)nT)ci = —|PQ22
811 = + (C - d)ni)CT = [P8127 521 = _(C + (d — C)H¢)CI = —[PSQQ.
(2.5.8)

The form of these generators should already remind one of the symmetries of the
Hubbard model (2.2.3) and (2.2.5). The parameters a, b, ¢ and d are usually
written in terms of the ‘AdS/CFT variables’ 7,2~ and g [43],

N (N A N L U I F -
a—\/g, b_\@n(x‘ 1), c—\/;ﬁ, d_\/;(x ) (2.5.9)

where n = \/i(x~ — 1) and 2T, 2~ are connected to the momentum of the particle
as .
T .
a—"J (2.5.10)
—

The connection between AdS/CFT and the Hubbard model was initially found
in [109]. Indeed, if one considers only the even part of this algebra, this is just
the s[5 x sl5 symmetry of the Hubbard model, and if one attempts to construct the
R-matrix for AdS/CFT by requiring invariance under the full algebra, the discovery
is that it is not of difference form and its corresponding Hamiltonian is that of an
extended Hubbard model [110, 100]. Furthermore, one finds that Shastry’s and the
AdS/CFT R-matrix are related by a similarity transformation and the following

identification of variables [111]:

ot = MW onwy o D) o (2.5.11)
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2.5. The Hubbard model and AdS/CFT

with a(u)? — b(u)? = 1 and a(u)b(u) = 2isinh(2h(u))U~!. The standard choice of
a(u) and b(u) is
a(u) = cos(u), b(u) = —isin(u). (2.5.12)

But the Hubbard model is not supersymmetric, and even in the AdS/CFT side, the

bosonic symmetries s[5 x sl5 [110] can only be enhanced to slyo if

<i) Yy (2.5.13)

T

where L is the length of the chain. Note that this requires that the length of
the chain is even, so that the second sl symmetry is present, when it is also a
requirement in the Hubbard model (2.2.5). This condition is derived using the
Bethe ansatz method for a spin chain with sly x R? symmetry before identifying
variables according to (2.5.11) [110]. We know that, for the case of U = 0, the
Hubbard model becomes two uncoupled XX models and hence has a U;(sly) x U;(sl2)
symmetry, which is too a case considered in [110]. However, we would like to shed
some light on the role of supersymmetry by carefully studying the full symmetry
algebra of the Hubbard model and an operator we have encountered before, which
relates the two copies of sly. These are the partial PHTs (2.2.6)

P, : (cu,cL,cn,cIT) — ((—1)"01.&,(—1)icl-¢,ci¢,c;f¢). (2.5.14)

and
Py (Cu,CL,CmCIT) — (cl-i,czl,(—1)icZTT,(—1)iciT). (2.5.15)

P, is not necessarily a symmetry of the Hubbard model. However, both the

Hamiltonian and the R-matrix satisfy
P, Z(u,u',U) = Z(u,u', —U) Py, 7 = H" R"(u,u). (2.5.16)

and hence the map P, combined with a change of sign in U is an additional
symmetry of the model — more specifically, a supersymmetry.

To see how this operator enhances the symmetry to slys, let us write down the
supersymmetry generators in a complatible representation to (2.3.40) and relate

these to the partial PHT, for which there are a number of choices:

Pl(a) = a(la® (0" £07)), (2.5.17)
Pi(a) = ay((0"£07)®@1y), (2.5.18)
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where a; and ay are nonzero complex numbers. The supercharges are

Q'i(a,b) = ((a+b)l;— (a—b)o*)®0c™, Q%(ab)=((a+b)lz+(a—b)s*) @™,
Q'y(a,b) =0"®((a—b)ly+ (a+b)o’), Q*(ab)=-0" @((b-a)ly+(a+b)o’),
Gli(c,d) = Q%(c,d), G%(c,d) = Qi(c,d),

Gl(c,d) = -9 (c,d), G%(c,d) = — Q% (c,d), (2.5.19)

where the bold variables are nonzero complex numbers satisfying ad — bc = 1. It
is now easy to see that the operators PF are sums of these supercharges with a

specific choice of variables:

Pf(a) = Q' (a,*a) + Q%(a,+a) = G%(a,+a) + G4 (a,+a), (2.5.20)
IP%E(C> = QIQ(C’:FC) + QQI<C7:FC) = g12(C7:FC) + g21<C,ZFC), (2'5'21)

and hence the supercharges can be obtained by computing commutators of the
partial PHT with the generators of the bosonic subalgebra. This is equivalent to
condition (2.5.13). In this case however, imposing the condition ad — bc = 1 is

equivalent to the following relation among the free parameters:

+ ! (2.5.22)
c=+— 5.
2a’
Consequently, the superalgebra generated by sl3 x s[5 and P is 5lp2. This symmetry
lacks the central extension that governs the scattering of the AdSs x S° superstring.
Instead, the possible central charges C, P and K generated by the supersymmetries
(see A.1) are
d+b 1

(C.P,K) = % ab, cd ) = (0,Fa% - ). (2.5.23)
We can see that the relations b = F a and d = + ¢ are equivalent to condition
(2.5.13), which is ultimately due to the existence of the partial particle-hole transformation.
Thus we conclude that the existence of P, and a careful choice of parameters is
what allows us to connect the Hubbard model, which lacks supersymmetry, with

the integrable structure of the AdSs x S® superstring.

2.6 Boundary magnetic field and chemical potential

As one can gather by studying the literature on the 1-D Hubbard model [76], a

lot less is known about the symmetries governing its integrable structure with

60



2.6. Boundary magnetic field and chemical potential

boundary conditions compared to the case of periodic boundary conditions and
infinite interval. This is due to the size and unusual structure of its R-matrix and
symmetries thereof. In the context of the QISM, only a boundary magnetic field and
chemical potential have been studied in detail [120] and solved via the ABA [132,
124]. These boundaries break one of the sly symmetries to a u;. This suggests the
question: does this boundary possess a twisted Yangian symmetry? Additionally,
are there other integrable boundaries corresponding to different symmetric pairs?
And if so, can they be constructed?

From this Section until the end of this Chapter we will proceed to answer these
questions. We will start with a review of the known construction of the fermionic
Lax operator of the Hubbard model and solutions to the graded reflection equation
[120, 122, 123]. We then present the results based on papers by the author and
collaborators [89, 121] at the end of this Section and 2.6 and additional unpublished
work on a new open integrable boundary in Section 2.7. This provides a classification
and construction of twisted Yangian symmetries and integrable boundaries for the
open Hubbard model for three types of symmetric pairs and twisted Yangians.

In Section 2.2, we showed how Shastry constructed a Lax operator and R-matrix
from which the Hamiltonian of the periodic Hubbard model could be extracted. If
we perform the Jordan-Wigner transformation (2.3.21) on such a Lax matrix we

obtain the so called fermionic Lax operator [125, 126]

_eh(u)f]T< ) fii(w) —fir(u)cjy icir fiy (u) ieh(“)cncﬂ
Lj(u) = “ifnlu)s, eih(?f”(“)QMU) e’h(“)CnCT icjrg;4 (u)
j C;'Tfji( ) e h(u)c;TCji ) gis () £, (w) gir(u)cy
e, G931 () igj1 (u)c, —e" g (u)gjy (u)
(2.6.1)

where the functions fj,(u) and g,,(u) are

fio(u) = sin(u) +e™n;,,

gio(u) = cos(u) —e"nj,. (2.6.2)
Because this is an object with fermionic entries acting on 2 fermionic states and
2 bosonic ones, one cannot perform usual matrix operations i.e. this is not an

actual matrix, but a Zy graded object. The above is only useful for visualising the

components of such object, but formally, one should write [127]

> 0% (u)Eag (2.6.3)

1<a,f<4
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where ©%7(u) is the (, 8) entry of (2.6.1) and the E,z are the set of supermatrices,

satisfying the commutation relations
[Fop, Evs] = 6pyFas — (_1)(deg(a)+deg(ﬁ))(deg(v)+deg(5))55agw. (2.6.4)

with grading
deg(1l) = deg(4) =0, deg(2) = deg(3) = 1. (2.6.5)

However, a trick to get around this problem is to define the graded tensor product:
[A® Blaepa = (—1)des@+desblldesl©) 4, B (2.6.6)

Instead of dealing with Shastry’s R-matrix, we will focus on the so called ‘fermionic
R-matrix’ R/ (u,u’), whose relation to R"(u,u’) is given in appendix B.1. The
fermionic R-matrix satisfies the Yang-Baxter algebra for graded models with the

fermionic Lax operator [122, 123]:
R (u, /) (L] (w) ® LI(u')) = (LL(w) ® LY (w)) Rf (u, ). (2.6.7)
The monodromy matrix is constructed as usual

T/ (u) == LI (w) LS (u). .. L] (u) (2.6.8)

a

and it satisfies the graded Yang-Baxter algebra, or graded RTT relation
R (u, ') (TH (w) @ TY (u')) = (T (u') @ T (u)) R (u, ). (2.6.9)

When obtaining the transfer matrix, one must take the trace over the supermatrices:
the supertrace 7/ (u) = str(T7(u)) = tr(0* ® 0* T/ (u)). Then

[/ (u), 7/ (u)] = 0 (2.6.10)

and the periodic Hubbard Hamiltonian (2.1.14) can be extracted from its expansion
[125, 126].

Now we will proceed to comment on the real diagonal K-matrix solutions of
the Hubbard model. These were computed in [120] and used for the ABA [124].
The graded reflection equation for the Hubbard model, as shown in the literature
is obtained from (1.6.8) and (1.6.7) by using the following property of fermionic
R-matrix

szj(u%uj) = R;ci(_uju —u;)" (2.6.11)
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2.6. Boundary magnetic field and chemical potential

Now Kif(u1) = K*(u) ®, 1, and K5 (ug) = 1, ®, K*(uy). The left graded reflection
equation is identical to (1.6.7)

Ry (ur, u2) Ky (wr) RS (uz, —ur) Ky (up) =
= Ky (u2) Ry (uy, —u2) K (ur) R, (—uz, —uy) (2.6.12)

and the right graded reflection equation is obtained by taking the complex conjugate
of (1.6.8) and using (2.6.11):

RS, (ug, ur ) K (un) Rl (—un, ug) Kof (ug) =
= K (ug) RS, (—ug, uy ) K (uy) RYy (—uy, —us). (2.6.13)

We shall assume the K-matrix solutions to be diagonal and not operatorial:

zi(u) 0 0 0
0 af(uw) 0 0
+ _ 2
K*(u,py) = X 0 oW 0 (2.6.14)
0 0 0 zi(u)

For both left and right boundary, we have two solutions for the K-matrix [120].

One of them breaks the spin symmetry s[5 into uj: for the left boundary it is

2y (u) = zy(u) =e (1+p_etanu) (1 —p_e " tanu),
zy (u) = (1 — p_e " tan u) (1 — p_e*tan u) ,
x5 (u) = (1+p_etanu) (1+p_e™tanu). (2.6.15)

and for the right boundary it is

o (u) = z7(u) =e " (py + e tanu) (py —e*" tanu),
a3 (u) = (py+etanu) (py +e > tanu),
af(u) = (py—etanu) (py — e tanu). (2.6.16)

The other breaks the charge symmetry sl; into u§: for the left boundary we have

zy(u) = (1—p_e*tanu) (1 —p_etanu),
zy(u) = z3(u)=e" (1+p_e’tanu) (1 —p_e™tanu),

zy(u) = (1+p_etanu) (1+p_e *tanu). (2.6.17)
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

and for the right boundary it is

o (u) = (py+e”tanu) (py +e > tanu),
zy(u) = z3(u) =e (py +e*tanu) (py — e > tanu)
zi(u) = (py—etanu) (pr — e tanu). (2.6.18)

Using these K-matrices one can obtain a commuting family of conserved quantities
by expanding the transfer matrix

mL(u) = str K~ (u) (T (—u)) 'K ()T (u) = ¢ + cou+H"

open

u? +0(u®) (2.6.19)

where c¢; and ¢y are constants. The reason the Hamiltonian appears in the quadratic
term in the expansion is due to additional properties of the K-matrix [120]. There

are four different integrable choices for the Hamiltonian U-Copen

L

:H:]olpen = — Z Z CisCit+lo + Cz+10'ClU —+ U Z Ny — nzi 1)

i=1 o=1,]
—pS(nyp + 11y — 1) = p? (nyy — nu)

—pS (npr +npy — 1) — pi(ngy —ngy) (2.6.20)

given by
(p 0,p3,0) sl xuf
c S c S (p O O p+) ui X ullj
(P2, p%,p%. 0 ) = : :

0,p%,0,p% uj X slg

L(0,p2,05,0)  up xug
One can also obtain off-diagonal boundaries which possess symmetries isomorphic
to these by performing an sl x sl rotation on the K-matrices [120].

We would like to construct the twisted Yangian symmetry for these boundaries
[121]. Since there are both right and left boundary reflection equations, we can
focus on left and right boundaries independently. Furthermore, since the left and
right K-matrices are related by a simple transformation (in Appendix B.4), we can
direct our attention to the right boundary alone. Let us set the Hubbard model on

a half-infinite chain with a right integrable boundary:

Z Z CioCitlo + (:ngcm +U Z N — 5) (0 — ) pBy (2.6.21)

<0 o=1,) i<0
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2.6. Boundary magnetic field and chemical potential

where

B Moo = Nor — Ny for a right boundary magnetic field
O pr—
Hoo =nop + 1oy — 1 for a right boundary chemical potential

and p is the boundary field strength. Clearly, the Lie symmetry of the model has
now been broken to either u x sl or s[5 x u§, but integrability is unaffected [132].
This and the fact that (sly,u;) form a symmetric pair hint at the existence of a
boundary twisted Yangian symmetry, which we shall construct shortly. We will
focus on the case of a boundary magnetic field; the chemical potential case can be

obtained via the partial PHT. Specifically, the Lie symmetry breaking is

S S
sl —  uj

{Eo, Fo, Hoy  —  {Hg} (2.6.22)

so we expect Y(sly)® to break to the twisted Yangian Y (sly, u;)®, generated by Hg

and two other operators
AS S U S S AS S U S S
Ej =FE] + EEOHO , Fy =F} — §F0 H; (2.6.23)

constructed using (1.7.12). These agree with the twisted Yangian found in [65], and
hence satisfy the terrible relations (1.7.6).

However, there exists a subtlety in the symmetry generators which cannot be
derived by any other method other than guesswork and computation of commutators.
For commutation with the Hamiltonian, one has to make use both of the evaluation
automorphism (1.5.14) and of the freedom to make it site-dependent, by adding a
boundary term. Doing so, we find (details in Appendix B.2) that

EY = E7+pu kB —p&ig,

Fy = F}+p F5+pFsy, (2.6.24)

where U .
=—+(p-= 2.6.25
=5 (r-1). (2.6.29

together with H{, are the charges which commute with the half-infinite Hubbard
Hamiltonian over the antiferromagnetic vacuum (2.2.11) with right boundary —p#g ,
after neglecting boundary terms at —oco. These modifications do not change the
twisted Yangian defining relations, which in this particular case are (1.7.6) but

with functions of the coupling constant of the Hubbard model instead of that of the

65



Chapter 2. Twisted Yangian symmetries of the open Hubbard model
Heisenberg spin chain. Namely, the operators (2.6.24) satisfy
[Hy, E) = 2E7,  [Hy, F) = —2F; (2.6.26)

which are preserved by the coproduct (Appendix B.3). Additionally, they satisfy
the property (1.7.6):

L o s L s 1 1 S s

Bu(Br B R = 120 (5 (o) + ) B

S e ~ /1 1 -

[Fe [Fy, [Fy By = 120°F (ﬁ ( — 5) + Hg) E?. (2.6.27)

These charges satisfy the coideal property,

AHy = H{®1+1® Hj;
AE* = (B*+pyEY) @1+ 1@ (B + 1 By — p€y) + UEs ® Hy
AF* = (F4p F) @1+ 1@ (F* + u_Fj + pFi,) — UF; @ Hj (2.6.28)

i.e. all these coproducts belong to Y(sly)® ® Y (sly,uy)° (details in Appendix B.3).
Thus the modified Y (slo, u;) generated by H§, E* and F* is the boundary twisted
Yangian of the half-infinite Hubbard chain in the presence of a right boundary
magnetic field. Further, taking the 4 x 4 sl representation given in (2.3.40), the
reflection matrix for a boundary magnetic field at site ¢+ = 0 satisfies the boundary

intertwining relation (1.7.13) (see Appendix B.4).

2.7 Achiral boundary

Now we will proceed to construct an integrable boundary which is characteristic
of models with a symmetry that can be represented by two copies of the same
symmetry algebra [89]. Suppose a 1+1D physical theory has symmetry algebra
gL X gr, where g and gg are generated by {Q0"} and {Q4"} respectively (the
superscript’s only use is to label the copies). One can also decompose this symmetry
into g4 @ g, where Q3" = Q4" £ Q4". If we were to impose an achiral boundary
condition on the real line [135], which satisfies a(Q0™") = Q4" and o? = id, g, x g1,
would break to the subalgebra g, .

One can check that g x gr and g, form a symmetric pair, and hence an integrable
system with this type of boundary condition is expected to possess a remnant of
the original Y(g x g) symmetry. This is not )(g), but rather, the twisted Yangian
V(9L X gr, 9+) [135]. Now the task is to construct its generators. It is generated by
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2.7. Achiral boundary

g, and a deformation of the grade 1 generators Q" = Q" — Q%™ [135] given by:

QY =QF +alC..Qf] (2.7.1)

where « is a deformation parameter fixed by the theory (a coupling constant) and
C. is the quadratic Casimir operator of g; X gg restricted to g,. These operators
need to satisfy additional relations [65, 66], which for the (so4,5[5) symmetric pair
are given by
Q. Oy = Qe

and

Q1 [T, Q] = Q1 Qe —Qy Q)R (2.7.2)
This is the case of the Hubbard model on a chain of even length. The so04 algebra

may be generated by operators A® and B%, a = +, —, z, satisfying the following

relations
[AGL,Ab] — fabc‘Ac’ [Ba’.Bb] — fabc‘Ac’ [‘Aabe] — fabCBC, (273)

where f® are the sl, structure constants. Note that {A%} generate a full diagonal
sly algebra, which we will denote as E[QA. Since so; = sl3, A% and B® can be

constructed via the s[5 x s[5 generators in the following way
Ay =E;+E5, Ay =F;+F;5, Ai=H;+ H, (2.7.4)

B = B — ES, By =F—F¢, Bi=H: — H. (2.7.5)

The level 1 generators of the Yangian symmetry are constructed similarly, changing
the level label from 0 to 1. Q%" and Q%~ correspond to A% and B? respectively.
Let us now direct our attention to the left half-infinite Hubbard Hamiltonian, with
the limit as the left side of the chain goes to —oo taken over the antiferromagnetic
vaccum. We would like to come up with a boundary term that only preserves
sl5', which will correspond to the symmetric pair (so4, sl5') and hence allow for the
construction of a twisted Yangian. Interestingly, we have already encountered this
term: it is nothing other than the partial PHT (2.2.6). As an operator in terms of

fermionic oscillators, this can be represented as

Po=1[Pu Pu=(cu—(=1Yc) (2.7.6)
j
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

which satisfies
P\ XyPl = X§ for X = E,F,H, P}=1 (2.7.7)

and thus
[P, Ai] = 0. (2.7.8)

Hence the following half-infinite Hubbard Hamiltonian
HE = (H") + pPoy, (2.7.9)

no longer possesses a full so, symmetry but it is broken to s5*. Here (3")¢ denotes
the Hubbard Hamiltonian with sites on the left half-line. The boundary term pPy,
acts on the basis of states by reflecting a particle as a hole and vice versa at site
0. In doing this, the states gain a factor of p, which is interpreted as a change in
phase, requiring |p|= 1. This is then an achiral boundary condition, and since s04
and EIQA form a symmetric pair, the model is expected to possess a twisted Yangian
symmetry ) (504,5[2A). Naively, one would attempt to construct the deformed level
1 generators using (2.7.1) and obtain, for example,

@+=Bi+%

(B As — BEAS). (2.7.10)
However, just as in the case of other integrable open boundaries [121], there exist
two subtleties. First, one must make use of the automorphism (1.5.14). Secondly,
we note that the right Yangian copy is not only obtained through the operator
(2.7.6) but also by changing U to —U, and the boundary term in the Hamiltonian
does not ‘know’ about this. Hence, to satisfy the coideal property, the level 1
generators which must be deformed are A{,a = +,—, 2. One then finds that the
operator
U U

Bt — AT+ —BF L =
1 A1+2 0+4(

commutes with H% over the antiferromagnetic vacuum upon neglecting boundary

B AL — BIAL) (2.7.11)

terms at —oo. Simlarly, the other twisted level 1 charges are:

~ U U
B = A + 535 - Z(Bgﬂg — BiAy ), (2.7.12)
U U

B] = Af+ 5B - S(BiAy — ByAd).
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2.8. Free boundary

Their coproducts are
ABT B+ =+ Uiy z z +
1 = ®1+1B +§(30®A0—30®A0),

~ ~ ~ U
AB; = ‘B_®1+1®B‘—E(B(;@AS—B(Z)@A&),
AB; = B ol1+10B° —U(Bf @Ay — By @ A). (2.7.13)

Thus the coideal property is satisfied and hence Y(so4,sl5) = ( S,@?) forms a
coideal subalgebra of Y(s04). Thus a partial PHT is an achiral boundary in the

half-infinite Hubbard chain, and possesses a twisted Yangian symmetry.

2.8 Free boundary

Although it may seem like we have exhausted all possible symmetric pairs, we still
have the case where the preserved subalgebra is sl; itself: the trivial symmetric pair
(sly,sl5). At the level of the open Hamiltonian, this is achieved by imposing an
object belonging to the center of sly at the boundary - which we may as well pick
the quadratic casimir C'= Qf Qy + Qy Qf + 3(Q5)?

Hr = (HM) 4+ C, (2.8.1)

We call this type of boundary the free boundary'. One can check that all Lie
symmetry generators still commute with H". As in Section 2.1, we will focus on
sl since all results for the other sly copy can be obtained through the partial
PHT. Although the full Lie symmetry is preserved, the free boundary breaks all
of the Yangian level 1 generators. Due of the preservation of the Lie symmetry,
one cannot add a level 0 quadratic term to the level 1 generators — as in the case
of the u; boundary — to restore the Yangian symmetry. This means all odd level
Yangian elements are broken by the free boundary. However, a modified version
of the even level generators is preserved [58, 137], which lets us build an infinite
tower of symmetries and thus ensure integrability of the model. This is the twisted
Yangian Y (sly, spy) = V(sly, sly), written in [55] as Y~ (sly). It is generated by the

!Called the open boundary in [137], but this could be confused with ‘open boundary conditions’
and hence we have decided to change the name here and in the next Chapter.
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model
elements QF, QZ and @Qi, @5 satisfying

@5, Q3] = £2Q5, Q. Qo) = @5,
Q5. Q5] = Q5. Q3] = 203, Q5. QF = +Q;,
(5,103, Q3 1) = 40*({Q, Q5 , O3}
—{Q0,Q5.Q3}), (2.8.2)

where « is a model dependent constant. If one takes the level 2 generators of YV(sls)
to be

Qy = £3Q1. Q1. Q3 =1[Q1, Q1] (2.8.3)

then the twisted level 2 generators of Y(sly, sly) can be obtained by the embedding
w_ : Y(sly, sly) — Y(sly) of algebras given by

Q4= Q2, Q% Q2+ alQ%,C + BQL, (2.8.4)

where 3 is another model dependent constant. In the case of the Hubbard model,
the relevant operators are represented in terms of the fermionic operators of spin o

Oscg by the map pos : 515 x sl — Osc) x Oscy as follows

pOSC(Q:L_) = Efw pOsc(Qn)_ = FS, pOSC(be) = Hrsz (285)

Using the formula (2.8.4), the modified level 2 generators which come the closest

to commuting with H" are

H; = H; - U(EYF; — EGFY),
E; = B - S(HYE; — HyEY),

o
2
Fy = Fj+ Y(HF; — HFY). (2.8.6)

One must add an extra term at the right boundary to obtain operators which

commute with H" over the antiferromagnetic vacuum
Hy = Hy —2M3,, Es=E5—285,, Fs=F;—2F;,. (2.8.7)

Details of this computation are given in Appendix B.7. Note the use of the site-dependent
evaluation automorphism, which is also present in the case of a boundary magnetic
field and chemical potential from Section 2.5. It seems that this automorphism

is of significant importance in the open Hubbard model. The coproduct of these
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2.9. The open SU(n) Hubbard model

generators is given by

AH, = Hi@1+1® H —2U(E; @ F} — F} @ E) + U(...),
AE, = E5@1+10FE —U(H; ® ES — ES ® HY) + U?(...),
AF; = FS@1+1QF+UH QF, —FFoE)+U(.), (288)

where the U? terms are all level 0 and thus commute with all of H”. One can
see that generators to the right of the coproduct are symmetries of the boundary
and those to the left of the coproduct are symmetries of the bulk, and thus this
coproduct acts on the Hilbert space properly. This result can be derived from the

results in Appendix B.3.

2.9 The open SU(n) Hubbard model

We would like to explore the twisted Yangian symmetry after imposing different
boundary conditions on the SU(n) generalisation of the Hubbard model. Since a
remnant of the original Yangian is only present if the original Lie symmetry and
the subalgebra to which it is broken by the boundary form a symmetric pair, this
narrows down the types of integrable boundary conditions we can impose. More

specifically, we can add a boundary term pB in the half-infinite Hamiltonian as
Hf, = (") + pB. (2.9.1)

The structure of all these twisted Yangians follow straightforwardly from [55] and
therefore we will only illustrate their construction with the so called ‘grassmanian’
case [52, b4]: the breaking of su, 1 to su,, X su,_1_,,. Additionally we will focus
on a single spin label (and therefore remove it from our calculations), as the extra
twisted Yangian copy can be obtained by simply changing the spin label. We set
the boundary term to be

m n—1
B=1hi Y Ef"+ky Y  ES*+kE", (2.9.2)
a=1 a=m+1

where k; # ko and ks are nonzero complex numbers. Adding this boundary term
to an su,_; invariant Hamiltonian breaks the symmetry to su,, X su, 1_,, X u;.
Note that if either &y or ks were zero the symmetry would break to su, 1_,, or su,
respectively, and if k; = ks the symmetry would remain unbroken as this would just

give the quadratic casimir operator of su,_;.
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Chapter 2. Twisted Yangian symmetries of the open Hubbard model

This breaks the grade 0 generators of the form I™*%™~% and I~ %™+ where a
and b are positive. It will also break the level 1 generators with such labels, but
this can be fixed by adding a quadratic term in the level 0 generators. Indeed, the

operator

m

j\ m+a,m—b _ Jm—l-a,m—b + U(m —n4+ 1)Im+a,m—b +U <

n—1
. Z > Im+a,cIc,m—b
c=1 c=m+1

(2.9.3)
commutes with HY if the limit as the left side of the model goes to —oo is taken

over the empty band vacuum |vac) (2.4.13) - only then we may neglect boundary

terms at —oo. The coproduct satisfies the coideal property
A(’j m+a,mfb) _ 3 m+a,m—b R1+1® /jera,mfb

m n—1
_oU <Z pmtasc ® Ic,m—b _ Z Ic,m—b ® Im+a7c> (294)

c=1 c=m+1

These operators, together with the unbroken subalgebra, form a coideal subalgebra
of the original Yangian: the twisted Yangian Y (su,,_1, $u,, X8U, 1, Xuy). Using the
evaluation representation of the level 1 generators, the K —matrix can be obtained

from the boundary intertwining relation (1.7.13)
pulT K () = K (u)p-u () (2.9.5)
Solving this relation, one finds:
K(u) = v(u)diag(1l,, —1p_m_1,n(u)) (2.9.6)

where v(u) is some prefactor such that v(8)v(—0) = 1, 1,, is a sequence of m 1’s
and n(f) is an arbitrary element of the K —matrix at the (n,n) entry due to the uy
symmetry. This element is not fixed by the )(su,_1), and hence we need to check
the RE to obtain it. In the form

R(u—v)(K(u)®1,)R(u+v)(1,8 K(v)) = (1, K(v))R(u+v)(K(u)®1,)R(u—v),

(2.9.7)
this imposes n(u) = —1. Hence K(u) = v(u)diag(1l,,, —1,_,,) which agrees with
[53].
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Folding a spin chain

The boundary QISM [61] contains an implicit idea of “folding”. As we have seen,
it begins with YBE and REs 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 literature [138].

However, this process can be difficult to implement in explicit cases. It does not
begin with the Hamiltonian but rather extracts it, together with other conserved
quantities and symmetries, 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 below) 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 Chapter 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 Heisenberg spin chain
and a “double-row” model of two Heisenberg spin chains uncoupled except by
the boundary. The latter is motivated by a similar structure which emerges in
AdS/CFT [135] and also serves as a toy model for the open Hubbard chain with
an achiral boundary [89]. We then go on to construct integrable boundaries for the
Inozemtsev long-range infinite spin chain [139] 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 Heisenberg 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 results obtained in this paper are in agreement
with well-known ones, and also introduces the reader to our procedure through

a relatively simple example.
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Chapter 3. Folding a spin chain

The Inozemtsev chain, by contrast, is less well-known, but may be the more
fundamental. All famous sly spin chains are limiting cases of it (see Section 3.3).
It also possesses striking thermodynamic properties of its own [140]. But most
importantly for modern fundamental physics, it appears in the context of AdS/CFT
— in particular, the expression for the dilatation operator of N' = 4 SYM in the
planar limit coincides with its conserved charges up to three loops [141, 142].

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 REs in
the usual way and must instead rely on Dunkl operators [143, 144]. This is where
our bottom-up approach becomes useful: starting with a long-range Hamiltonian
defined on the infinite line, our folding procedure allows us to systematically construct
integrable boundaries without the explicit use of a monodromy matrix.

This Chapter is organized as follows. In Section 3.1 we set up the chain and explain
its folding. In Section 3.2 we study folding of the infinite Heisenberg spin chain. In
Section 3.3 we review the basics of Inoztemsev’s spin chain. The methods obtained
are then used in Section 3.4 to fold an Inozemtsev hyperbolic spin chain. Section
3.5 contains concluding remarks and a discussion of relevant open questions.

Most of the results presented were computed using the Wolfram Mathematica
computer algebra system. For readers’ convenience we have detailed explicitly
some of the computations that explain the folding of the Hamiltonian and Yangian

operators.

3.1 The folding procedure

Fix L € N and consider a one-dimensional lattice with 2L sites that can be occupied
by spin-1/2 particles. Each lattice site is identified with a two-dimensional vector

space V; = C? spanned by vectors

Vi = spanc{ 1), 1)) (3.1.1)

where —L < ¢ < L is the index of the site in the lattice. The entire lattice is the
2 L-fold tensor product V := ®7L<i§L V.

To describe dynamics of such a lattice, we employ spin operators o;", o

., 0, , 07 and
the identity operator o¥ that satisfy the usual (anti-)commutation relations (1.3.12)
We require that, for ¢ # j, the operators act on the states as (1.4.10).

The o provide a unitary representation of the universal envelope U (sly) of the s,
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3.1. The folding procedure

(a) 0—0 - - 0—0—0—0 - - 0—0 f—» m::

— -101 2 —
L+1+L+2 L—-1L L+tL42-10

(b) 0—0 - - 0—0—0—0-- 00 1 ﬁ::

oo--0000--0-9 > - -0 f‘
CL4LL42-10 1 2 L-1L ﬁ__ i

—L4++L+2-10

Figure 3.1: Folding: (a) Single-row lattice, (b) Double-row lattice.

Lie algebra
pr : QF — Z of, Qi Z op (3.1.2)
~L<i<L ~L<i<L
where QF, Q7 are the standard generators of the s, Lie algebra satisfying [QF, Qp] =
Q3 and [Q3, QF] = +£2Q7. The map (3.1.2) together with (1.4.10) turns the vector
space V into a left U(sly)-module.

Folding. We fold the lattice by identifying sites labelled by indices 1 < i < L with
those labelled by 1 — ¢ as shown in Figure 3.1 (a). We say that the lattice is folded
over a link.

Let us explain how the folding acts on the matrices 0. Recall from the fundamental

representation of of that

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

[[ o with a € {+ 20}, (3.1.3)

~L<i<L

or in other words the monomials (3.1.3) provide a vector space basis of ¥ =
{69, 0¢ :a € {#,2}, —L <i < L) over the field of complex numbers C. Note that
elements of ¥ are also elements of EndV; the element [] ; ., of is the identity
map. Set X7 = {0Y,0¢ :a € {£,2}, -L <i<0). We define the multiplicative
folding f : ¥, — 37 acting on monomials (3.1.3) by

I H ot H krioi gfigi =t (3.1.4)

—L<i<L —L<i<0
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Chapter 3. Folding a spin chain

where k%®-i € C are model-dependent folding constants that will be specified in

the examples studied below.

3.2 Integrable boundaries of the Heisenberg spin chain

It is well known that the Hamiltonian of the Heisenberg spin chain

=—J Z oo+ 0, 0f 4 s0700,) (3.2.1)
—L<i<L

commutes with the Lie operators €5 = p.(Q7) and €Z = pr(QZ). We say that the
Hamiltonian H# exhibits a U(sly) Lie algebra symmetry. In previous Chapters,
we resctricted to only talking about sly as the symmetry of this model, but for the
folding procedure, we need to consider its universal envelope.

Let us recall from Section 1.5 that when the chain is infinitely long, i.e. L — o0,
the Hamiltonian H for J < 0 additionally exhibits a Yangian symmetry. More

precisely, it commutes, up to terms at oo that may be neglected, with the operators

== J + =z 1z __ + -
&7 —igg 0; 0}, El—Jg 0, 05,

N S < (3.2.2)
& =F4) ofof, EF=-J) o0,
1<j i<j
which, combined to
Ef =& +&7%, & =E7+ e (3.2.3)

satisfy the defining relations of the Yangian )(sly) (1.7.6).

Magnetic boundary. Let us now focus on the antiferromagnetic, semi-infinite

Heisenberg spin chain with a boundary magnetic field from Section 1.7 [145]
HI = (H") + pog,  J <0, (3.2.4)

and recall that the presence of the boundary term in (3.2.4) breaks the )(sls)
Yangian symmetry down to the )(sly,uy) twisted Yangian. In particular, the
Hamiltonian fo commutes with (£5)¢ and, up to terms at —oo that can be

neglected in this regime, with twisted Yangian operators X* defined by [146, 147]

X = (€7)" £ 7(E5) (€5) + 5 (1 ¥ £) (&) . (3.2.5)
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3.2. Integrable boundaries of the Heisenberg spin chain

that are elements in 3¢ and satisfy the defining relations of Y(sly, u;) (1.7.6). It is

worth noting that the operators

s Ve ¢ J2ot\e
= a0 F ) (3.2.6)
X" = (€7%)° & §(€5)(€5)" + 5 (1 F 5,) (€3),
satisfying X* = X'* + X"*, are also symmetries of the antiferromagnetic 7 upon
neglecting terms at —oo. They can be viewed as analogues of the symmetries (3.2.2)
of HH,

Our goal is to demonstrate the method of obtaining the Hamiltonian 5{5 from
HH and twisted Yangian operators (3.2.5) from those in (3.2.3) by employing the
folding (3.1.4). The first step is to impose the following constraints on the folding

constants:

k:I:O — _kO:I: — ]{JZO — ka — 17 k_:l:z — k,z:i:7 (327)

which ensure that Lie symmetries of 3 are projected to those of U-Cf . Recall
that U(sly), as a vector space, is linearly spanned by the monomials f'h™e" with
[,m,n € Zsy. Thus we must make sure that any monomial (&;)!(EZ)™(EF)™ for
any [,m,n € Z>g, each being a symmetry of H is folded into a symmetry of U'Cf,
which exhibits a U(u;) C U(sly) symmetry only. The first constraint in (3.2.7)
yields

ZO_ ki0+k0i ZO_

1<0
Z o) = (K + k%) Z ol =2 Z ol =2(&F)
i<0 i<0

while the second constraint in (3.2.7) additionally ensures that any monomial (€)' (EZ)™(E4)™

is folded into a symmetry of U—Cf . In particular, for any [,m,n € Z>,, we have that

FUEDNEN™ED™) =0 Y e ((E5))

0<r<l4+m

for some ¢, € C. Note that k** do not play a role in the folding, since o*o = 0.

We also set k= = 1, so that f(po(Q5)) = Flpr((Q2)™)F(pL((Q5)™) for any
lym,n € Z, satisfying | = m + n. (We will comment on this property in Section

3.5).
Next, using (3.2.7) and splitting the sum ) _, into three terms as >, = > . +0i0+
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Chapter 3. Folding a spin chain
> i~0» we fold the Hamiltonian H* of the infinite chain:
F(otf) =

- J(Z (kT°k (0] 07y + 07 0f1) + 2(K°)0707,,)

i<0

+ kT ofoy +k oy of + 3kFog0;

T Z (KK (0707, + o1_4070,) + 5 (K%)%0f_i0%)) >
>0

=2(H") =L (kT =k N oj+ (1L+kT" +kT)). (3.2.8)

Choosing k=t — kt~ = 47“ we have that f(H) = 23 up to a constant term.
In order to fold the Yangian operators (3.2.3) we first split the sum >, _; into four

terms
Zi<j§0 Jr5i+j7é1 Zi§0<j +52‘+j:1 Zi§0<j + Zo<i<j : (3-2-9)

By doing so for (3.2.3) and folding each sum individually we find

f(&%) = J( Z (k%0 o — k k07 o))

i<j<0
+ KO- ( Za o;
1<0
k0+( Z o;
<0
+ Z (kz+_0i+ai_ — k:_+02-_02-+)
i<0
+ Z (KK o) or, — k:o_kOJral_iaf’j))
0<i<j
= 2Lk~ — k') = 2(kT + k) (&))", (3.2.10)
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3.2. Integrable boundaries of the Heisenberg spin chain

which commutes with f(H#); and

+ K ((E5)(€5) = D_oior)
— K ((E5)(€5)° = X_oior)

+ Z (kizaftaf — kziaf(ﬁt)

<0
E 0+7.0z _+ z 0z7.0+ =z +
0<i<j

= 2((&7)" £ 5(E5)7(€0) + 5(1 — K*)(&5)°), (3.2.11)

which commute with f(H#), up to the terms at infinity, only if

4
47 (3.2.12)

kz:l: SN
kt— — k= i

in which case we obtain f(€F) = 2X*, as expected. We also have that f(E€}") = 2X'*
and f(&]*) = 2X"* so that the summetries (3.2.2) of 3 are folded into the
symmetries (3.2.6) of (H)¢. Thus we have demonstrated that with a suitable
choice of the folding constants, which were deduced from the symmetry arguments,
the Hamiltonian H¥ of the infinite spin chain and its symmetries can be folded into
the Hamiltonian J-Cf 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 a free boundary and a semi-infinite double-row spin
chain with a achiral boundary. The obtained results will then be used in Section 3.4
to obtain the corresponding boundary models for the Inozemtsev hyperbolic spin

chain.

Free boundary. Setting the boundary magnetic field strength to = 0 in (3.2.4)

we obtain a semi-infinite spin chain with a free boundary, namely
HE = (3", (3.2.13)

This Hamiltonian exhibits a U(sly) symmetry by commuting with operators (€F)¢

and (€§)%, but does not commute with those in (3.2.3) viewed as elements in 3¢_.

79



Chapter 3. Folding a spin chain

This is the same situation as in the free boundary of the Hubbard model in Section

2.7. In a similar fashion, upon defining higher-order Yangian operators
&y = £3[€1,&7], & =[], €] (3.2.14)

the Hamiltonian H¥ commutes, up to the terms at —oo which may be neglected in

the antiferromagnetic regime, with the operators!

G = ()" — J ((1)7(&5)" = (&) (€1)7) = (&) 32.15)
§* = (€5)" F 5 ((€D)7(65)" — (€97 (€D)7) — (&),
instead, that, together with (£Z)¢ and (€2)¢, satisfy the defining relations of the
V(sly,sly) twisted Yangian (2.8.2). To see how these twisted Yangian yields a
solution to the RE, see [68].

We now use the folding to obtain the Hamiltonian 3} and its symmetries (£2)¢
and G* with a € {£, z}. Since the model exhibits a U(sly) symmetry it is natural
to choose k% =1 for all a,b € {4, z,0}. This gives

ZO‘ kio—l—kOi Za —QZJ

i<0 <0
ZU (k™ + kOZ)Zaf = QZUf =2(&F)
i<0 i<0

In a similar way one can check that with this choice of folding constants any
monomial (E€5) (E2)™(EF)" for any I, m,n € Z> is folded into a symmetry of FHZ.
By folding the Hamiltonian H we get

FI) = 2(3") — J (o5 05 + 0508 + 5050%), (3.2.16)

which equals 2(H”)¢ — 2.J and thus agrees with (3.2.13) up to the constant term.

Folding Yangian operators (3.2.3) we find f(€]) = —J(E§), which can be easily
deduced from (3.2.10) and (3.2.11), and is in agreement with the fact that the
YV(sly, slp) twisted Yangian has elements of even grading only. Finally, we want
to obtain the operators (3.2.15). By folding the higher-order Yangian operators
(3.2.14) we obtain symmetries of HJ': folded operators f(€3) and f(€3) commute
with ', upon neglecting terms at —oo in the antiferromagnetic regime. However,

the obtained operators do not coincide with those in (3.2.15). It turns out that we

'Tt seems likely that these symmetries were observed before; however, we have been unable to
locate them in the literature available to us.
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3.2. Integrable boundaries of the Heisenberg spin chain

need to fold the following operators

& = &5 +(IEr, &7+ (e &) + F (e €r Ed — §€0),
& =& — (7, &)+ [€, &77]) + T (€0 €5 €y — §€0),
& =&+ (e er]+ (e, er]) + (65" - 5€5), (3217)

instead. The additional terms in the expressions above are symmetries of HZ and
are tailored in such a way that the operators €5 and & fold precisely to those in

(3.2.15), up to an overall scalar factor,
fE)=59" f(E) =39 (3:2.18)

The explicit form of computations in (3.2.18) is very similar to those presented in
(3.2.10) and (3.2.11), only the expressions are much more lengthy; thus we have
not written them out explicitly. It will be shown in Section 3.4 that long-range
analogues of EQi and E; fold into twisted Yangian symmetries of the long-range free
boundary model.

As the final remark, we note that the free boundary model also exhibits a number of
additional symmetries in the antiferromagnetic regime that are obtained by folding

quadratic combinations of the operators in (3.2.2).

Double-row chain with an achiral boundary. Our third example of an integrable
boundary model arises in the context of the double-row model consisting of two
uncoupled Heisenberg spin chains. The energy transport in the anisotropic version

of this model was studied in [149]. The Hamiltonian is given by

( =—J Z Z Oia H—la + Uza z—i—loc + 2 Oia z+1 a) J < 0. (3219)

a=o,8 —L<i<L

In the L — oo limit taken over the antiferromagnetic vacuum this model exhibits
a Vo(sly) ® Ve(sly) = YV(so4) symmetry expressed in terms of the Lie operators
&g, and &7, with a € {£,z} and a € {o, e} that are the natural analogues of &2
and €f for the double-row model. This resembles the case of the Hubbard model
with an achiral boundary from Section 2.6. As in the latter, we introduce linear

combinations of Lie operators

An=¢8.+& . B,=E&.,-¢., (3.2.20)
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Chapter 3. Folding a spin chain

for all @ € {£,2} and n € {0,1}. Then the semi-infinite double-row Hamiltonian

with a achiral boundary
HR = (HE) = J(000000 + 000000 + 3065064):  J <0 (3.2.21)

exhibits a diagonal U(sl3) C U(sl3) ®U(sl3) symmetry; it commutes with operators
(A2)¢ 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 [89]. Moreover, the double-row model with an
achiral boundary can also be viewed as an infinite spin-chain with a defect located
at the middle of the chain.

The Hamiltonian 3 additionally commutes, up to the terms at —oo which may

be neglected in the antiferromagnetic regime, with the twisted Yangian operators

Y = (BY)" £ 1((B5) (A5 — (A7) (B5)),

. (3.2.22)
Y7 = (B~ 5((Bg) (Ag)" — (Ag)(Bg))

that, together with (A%)¢, satisfy the defining relations of the mcY (so4, 515) twisted
Yangian (2.7.2).

As for the free boundary case, we set k% = 1 for all a,b € {#%,2,0}. Then a
straightforward computation shows that the folding f acts on the operators defined
in (3.2.20) by

FOAD) = 2(48), F(BE) =0,

and on the Hamiltonian (3.2.19) by

f(0) =

:_JZ Z ZOé H—la zoe z+1o¢+2 7,0 H—la)

a=o,e 1<0

- 2J(UO OUOO + UO 0000 + UO 000 )

—J 01 —i, —za+01 za za+ Ul 1a0—za)

a=o,e <0

= 2(3{5{) - 2‘](00 000- + UO oaOo + 00 OUO )

thus exactly reproducing (3.2.21).
Applying the folding to the operators B{ we recover the ones defined in (3.2.22).
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3.2. Integrable boundaries of the Heisenberg spin chain

In particular

= J + + + +
f(Bl):i§<Z(O-zoo-go_O-iz,oo-jo_o-zoo-]o—i_o-zoo-jo)
i<j<0

+2((E5,) (E0)" — (E5a)(E5.)°

- Z(Uioai — 05 oUz:to))

<0
+2§ zo zo_o-zoo-zo)
<0
+ z z +
+ E E : (Ulfi,aa-l—j,oc - Ul—i,aalfj,a)>
a=o,e 0<1<j

= 2B + J((€4,)7(E5.)° — (E5.)7(€5.)7) = 29*
and

} : + + +
J< Oio jO_ 100]0 O_l.gjo_l_o—l.o_jo)
1<j<0

+2((E0)(E0.)" = (Eg.0)(E00)

_Z Oie zo_o-zoo-;ro))

<0
+ 2 : : Z (o] ’L [ ] - ’L [ ] 7, O)
<0
+ — - +
+ Z Z (Ul—i,aal—j,a - Ul—i,a‘71—j,a)>
a=o0,8 0<i<j

= 23{ - 2‘]((8&0)(—(8&0)(— - (8({0)<_<86,o)<_) = 21242
Repeating the same steps for A{ we find
FAT) = F(A]) =0, (3.2.23)

as expected. We conclude this Section with a remark that the antiferromagnetic
double-row model on the infinite interval also exhibits additional symmetries that

are natural analogues of those in (3.2.2).
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3.3 Inozemtsev’s spin chain

Infinite chain. The Inozemtsev elliptic spin chain is the long-range analogue of

the Heisenberg spin chain with Hamiltonian

M =5 D puli-j)(ofoy +oof +30707). (3.3.1)
iyl
i#]

where g is the Weierstraf§ elliptic function with periods L and ir/k for k €
R>o. This model exhibits a U(sly) 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, Heisenberg and Inozemtsev hyperbolic
(also called “infinite”) spin chain. To see this, we need to rescale the hopping
matrix of (3.3.1)

o1(z) == %Z(“)(m(z) + f—:g(%)) (3.3.2)

where (. is the Weierstral (-function with quasiperiods L and in/k. In the Kk — oo

limit one has
lim @L(Z) =02 mod L1, (333)

K—00
which recovers the Heisenberg spin chain [148]. One can also take the x — 0 limit

to obtain the Haldane-Shastry hopping matrix [150]:

71_2

T LPsin(r2/L) 334

lim or,(2)
k—0
The limit we are interested in is when the length of the chain becomes infinite [140].

In this case,

. sinh? (k)
.= lim _ Smh )
b s o(2) sinhQ(/ﬁz)

(3.3.5)

and, in the antiferromagnetic regime (J < 0), the U(sl,) symmetry can be enhanced

to the Y(sly) Yangian by introducing the operators

J z z —
gil = i§ Zwi—jaziaja 8,-;,1 = szz’—jUi U;r, (3.3.6)
2% i,j
where w, = — coth(kz) when z # 0 and wy = 0. These operators commute with

the Hamiltonian, up to the terms at 0o which may be neglected in this regime,
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3.4. Integrable boundaries of Inozemtsev's hyperbolic spin chain

and satisfy the defining relations of the ) (sl;) Yangian.
The Hamiltonian also commutes, in this way, with operators £)¢; and €% defined

analogously to & ;,

e_ffZ e/ﬁ}z
w,=————— and w!=

z e—hkzZ _ oKz e—hzZ _ okz

respectively. We also set w(, = wj = 0, so that w, = w/, + w,. These operators are

the long-range analogues of those in (3.2.2). In particular,

lim w), = §,<o, lim w! = —§,-0.
K—r 00O K—00
In the remaining part of this Section we will use foldings f and f studied in
Section 3.3 to obtain integrable long-range boundary Hamiltonians and operators

that commute with them. From now on, H" will denote

H" = —% Zpi,j (afa»* + ai’a;L + %UfUJZ-), (3.3.7)
i#]
so that lim H* = H*¥ when L — oo . It is worth noting that the Haldane-Shastry
R—00
model on the circle also exhibits a Y(sly) Yangian symmetry [151] 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 [143].

3.4 Integrable boundaries of Inozemtsev’s hyperbolic
spin chain

Magnetic boundary. Our goal is to construct a long-range analogue of the Hamiltonian

(3.2.4), which exhibits a YV (sly, u1) twisted Yangian symmetry. We will achieve this

by applying the folding f to H, and setting folding constants to the same values as

for the semi-infinite Heisenberg spin chain with magnetic boundary, i.e. those given
by (3.2.7) and

FE=1, kT kT =M R = = £ (3.4.1)

To avoid repetition, let us assume that the model is in the antiferromagnetic regime
(J < 0) for the rest of this chapter due to the reasons stated at the end of Sections

1.5 and 1.7 - it allows us to neglect boundary terms at co that may appear as a
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result of commutators. Introduce the operators

Ko =1 pijoi(ofo; + o070} +Loio?), (3.4.2)
2#]
=3 Z Pitj—10;0; + ﬂZPQi—mf, (3.4.3)
i#£j 1<0
4,5<0

satisfying lim (3H"*)® = 0 and lim MY, = pog. Then similar computations to those
KR— 00O K— 00

in (3.2.8) yield

F(IHT) = 2((F) 4 (H)° + M) + 5 (L+ kT + k7)) paica. (3.4.4)

i<0

Let us explain the meaning of operators listed above: (H")¢ is the Hamiltonian
(3.3.7) restricted to a half-line, (3*)® is the free boundary operator describing the
long-range interaction between the sites labelled ¢ and j via the boundary, i.e. at
the distance ¢ + j — 1, and M7 is the the long-range magnetic boundary operator;
for both (H")® and M* their numerical values decay exponentially moving away
from the boundary. Hence, by neglecting the constant term in (3.4.4), we conclude
that

F = (F7) + (H)° + M, (3.4.5)

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 twisted
Yangian symmetry, only if = +.J.

We already know that f(€3) = 20,,(E%)¢, which remains the only Lie symmetry
of (5. Under f, the operators (3.3.6) are mapped to

+ ) —
f(gf-c,l) -
_ 1 J +07.20,,, _* =z 0270+, £+ =z
—:I:§< E Kk wi—jo; o + E K7k wi o071
i,J<0 1,5>0
0z 0+ +
+ g szjcrcrlj—i— g k™ w;—joy_ 07
i<0,5>0 §<0,i>0
i£1—j jA1—i
+z + =z zt z &
+ E k= w1007 + E k w1—2i0i0i>
<0 i<0
_ + + z J(1.2E£ +z +
= 281 +J E Wi4j—10; O'j — E(k +k ) E Wo;—10;
i£] <0
,5<0
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and

z 0\
f((c‘:li,1> -
= J( g k:+0k_0wi_jcrfaj_ + E ko_k0+wi_]~a;i01—7j
,5<0 ,5>0
2 0— + - E 0+ + -
+ k’ wi—ja—i O—lfj + k wi_jalfiaj
1<0,5>0 7<0,i>0
1#£1—j j#1—i
+ E k+*w21710,i+0.; + E k+w12i0i0f>
1<0 1<0
= —% IC+ ‘|—]€ E Wo;— 10' — 5 l{?+_ E Woi—1-
<0 <0

The folded operators f (Sf’l) satisfy the defining relations of the Y(sly, ;) twisted
Yangian provided (3.4.1) holds. It remains to verify if they are symmetries of 3.
It is straightforward to see that [, f(€7 ;)] = 0 . By computing the commutator
(3, f (E,ffl)] we find that it equals to zero over the antiferromagnetic vacuum in
the limit as the left side of the chain goes to —oo only and provided (3.2.7) and the

following constraints hold:
KT =kt =42, K =kt =71, (3.4.6)

In other words, f(€f,) are symmetries of 3 only if 4 = +J and J < 0, thus
implying the aforementioned integrability condition for the long-range Hamiltonian

H. In particular, its twisted Yangian symmetries are

X = (85) + 3 Y wija0f0; £ 42wy 0], (3.4.7)
271]7;]0 <0

with p = J or up = —J the two cases being related to each other via the Lie algebra
automorphism 6 : 0% +— o7, 0% — —c?. This automorphism leaves the Hamiltonian
H* (and (H*)¢, (H")®) invariant, but maps H7 to H_-7 and XF to XF.

We conclude this Section with two remarks. First, by applying the same folding
procedure to the symmetries €/ and €)% of 3, we obtain operators X/= = (/)
and X/= = f(&/]) that are symmetries of }# in the antiferromagnetic regime
provided (3.4.6) holds. They are long-range analogues of the operators (3.2.6).
Second, assuming that pu € C is arbitrary and taking the x — oo limit, operators
XE and X'*, X”* specialize to their nearest-neighbour counterparts given in (3.2.5)
and (3.2.6).
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Free boundary. We want to construct a long-range analogue of the Hamiltonian
(3.2.13), which exhibits a )Y(sly, sly) twisted Yangian symmetry. We will achieve
this by applying the folding f with k% = 1 to H*. In particular, we find that

FHT) = 2((H) +H2) = 2T pai1, (3.4.8)

<0

which, after dropping the constant term, is the free boundary Hamiltonian as
expected from (3.4.4).
To obtain twisted Yangian symmetries of the long-range free boundary model we

need to fold the long-range analogues of the operators (3.2.17):

&y =8+ ([8152,8”*1 + €05, 65)) + S (EfEed — 9€7),
o=y — H([EF ]+ [E05,E5]) + % (E€g €y — 2€7),
Py= &y + 2([Eh E] + [Enh, En)) + £ ((E2)° — Tez).

By doing so we find

F(EFy) = m(ng )¢
Zawk o; -J,f + 401-*0;0,:5) + % Zbijaii,
0, J

W5,k
f(gz2> = ?(52,2)*
+ ‘%2 Zawk(az o7 —1—40 0; O’k) + % Zbijaf,

i,5,k 1,7

where

il = 2 — Wi—; (wj—k + Witk—1 — Wi — wj+k—1)

— Wit j—1 (Wi—g + Wj—p + Wigh—1 + Wjtr—1),

_ 2 2
bij = 5+ wi_j — JWi_g; — Witj1 (Winj—1 — dwi—zy)

— 2wi—j(Witj—1 + 2wi—g ).

The operators % = 2 f (gi,z) together with (€2)¢ satisfy the defining relations of
the YV(sly, sly) twisted Yangian and commute with the Hamiltonian Hf = +(H")®,
up to the terms at —oo which may be neglected since we are working in the
antiferromagnetic regime.

We also have that lim G% = G and there are a number of additional symmetries

K—>00
of 3§ that are obtained by folding quadratic combinations of the symmetries €,
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3.4. Integrable boundaries of Inozemtsev's hyperbolic spin chain

and &% of H,.

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

Hamiltonian

j‘fg. = Z sz —J za ]a + Uzaaja + QUzana) (349)

a=0,8 i#j

as the double-row Heisenberg spin chain this model exhibits a )(so4) Yangian
symmetry generated by the Lie operators £f, and the double-row analogues €2,
of the ones defined in (3.3.6).

We use the folding f with k% = 1 to obtain an integrable long-range analogue of
the Hamiltonian (3.2.19) exhibiting a Y(s04,52") twisted Yangian symmetry.

Introduce the operator

I3 pivji (oo + 0o fs + 2oi0%s). (3.4.10)

a#pB14,j<0
a,f=o0,e
Proceeding in a similar way as for the double-row Heisenberg spin chain we have
that

J(OG) = 2((35,)° + D).

The operator D" is the long-range achiral boundary operator for the semi-infinite
long-range double-row model; it can also be viewed as a double-row analogue of the
free boundary operator (H")®. In the K — oo limit D” specializes to the boundary
term in (3.2.21).

Next we fold the the long-range analogues of the operators (3.2.20). Similarly as
before we have that f(A%,) =0 and

7<Bi1) = 2($i1)<— +J Z Witj—1 O-zioo-] o Ugioo-z o)

1,5<0

F(BL) =2BLy) =20 > wirj(07.05, — 0/.07).

1,7<0

The operators Yy, | = 27(321) together with A¢ satisfy the defining relations of the
YVA(sly) twisted Yangian and commute with the Hamiltonian H% = (H%,)< + D~
up to the terms at —oo, which may be neglected in the antiferromagnetic regime.

In the x — oo limit Y%, specialize to those given in (3.2.22). We also remark
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Chapter 3. Folding a spin chain

that there exists a number of symmetries of A that are obtained by folding the
double-row analogues of the operators €/, and €;%. These also specialize to those

of the double-row Heisenberg spin chain.
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Chapter 4

Conclusions and outlook

In this thesis we have explored the symmetries of integrable boundaries in the
Hubbard model, the Heisenberg spin chain and Inozemtsev’s hyperbolic long-range
spin chain. As stressed in [76] (p284), the boundary Hubbard model continues to
require a deeper understanding of its algebraic structure. In principle, this should
be deducible from the supersymmetric structures of AdS/CFT string worldsheet
scattering, but in the absence of this we hope to have provided a useful step
by constructing explicitly the twisted Yangian symmetry for the open Hubbard
model with integrable boundary conditions in the form of a magnetic field, chemical
potential, achiral boundary and free boundary. We found that the twisted grade-1
generators include a boundary field term not observed in similar constructions for
other models.

From the point of view of the intrinsic study of the Hubbard model, the construction
of these ‘modified’ twisted Yangians lays the foundation for extended study of the
boundary scattering and associated bound states. The latter have been analyzed
using the Bethe ansatz (see [76], Sect. 8.3), but the K-matrix has hitherto been
computable only via the RE [120], and any boundary bound state scattering would
have to be computed by fusion. With the boundary’s hidden charges now known,
the linear conservation equations may be used instead.

In the context of the richness of the Hubbard model’s connections with other
topics in theoretical physics, and especially in AdS/CFT, our construction provides
a spur to further work in various directions. First, the connections with the twisted
Yangian of the Y = 0 and Z = 0 maximal giant gravitons [119, 58|, that of the
D5 brane [135] and the deformed Hubbard model [98, 60] should be understood.
Secondly, the mathematics of the connection with the boundary analogue of the
tetrahedron equation should be established [133]. Finally, it would be interesting
to search for similar constructions in related models [130, 131, 134].

We have also shown that the partial PHT plays a crucial role in relating the
integrable structure of the Hubbard model to that of the AdSs x S5 superstring.

Furthermore, we have shown that a particle-hole reflection is an achiral boundary in

91



Chapter 4. Conclusions and outlook

the half-infinite Hubbard chain, and constructed its corresponding twisted Yangian
symmetry. It would be interesting to see if extended Hubbard chains — possessing
an arbitrary symmetry group [130] — or those with variable range hopping [134] can
give rise to interesting integrable boundary theories, and whether these have any
relation to other integrable structures in AdS/CFT.

We should also attempt to construct the K-matrices for the achiral and free
boundary using invariance under the twisted Yangians, as it was done in [119, 135].
As in the latter case, we expect the free boundary K-matrix to be a solution of
the ‘vector boundary reflection equation’ [68], where the boundary space does not
transform as a singlet of the algebra and the K-matrix has the form K;;(u) €
End(V,, @ V,,).

Finally, we presented a method for constructing integrable boundaries for sly-symmetric
spin chains and their doublings without relying on the reflection. This method,
which we refer to as “folding”, consists in a map 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 H of an infinite spin chain and a family
of operators {Q,}aer indexed by a set I and commuting with the Hamiltonian,
[H,Q,] =0 for all @ € I in a particular regime where boundary terms at +00 may
be neglected, the folding identifies the positive half-line with the negative half-line
in such a way that, for a suitable choice of the “folding constants”, the folded
Hamiltonian f(J), which now describes a semi-infinite spin chain, commutes with
the folded operators, namely [f(H), f(Q,)] = 0 for all « € I.

The choice of the folding constants is dictated by the symmetry properties of
the Hamiltonian H and the would-be symmetries of the folded Hamiltonian f(3).
Integrability is then ensured by the existence of an infinite number of conserved
quantities, i.e. operators commuting with the Hamiltonian in this regime and satisfying
the defining relations of an infinite-dimensional algebra [47]. In the case when the
Hamiltonian exhibits a )(sl) Yangian symmetry there are three non-equivalent
boundary integrable models that can be obtained: a spin chain with a magnetic
boundary, a spin chain with an free boundary, and a double-row model with a achiral
boundary. These models exhibit Y (sly, u1), V(sly, sly) and YV(s0y4, s [2A) twisted Yangian
symmetries, respectively. For the Heisenberg spin chain the corresponding models
are well-studied. However, this is not the case for the Inozemtsev hyperbolic
spin chain. Integrable boundary Hamiltonians for the latter were constructed in
[143, 144] 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
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can yield those boundary Hamiltonians and if they exhibit any twisted Yangian
symmetries. This is natural to expect, since Hamiltonians of such type were shown
to obey infinite dimensional symmetries [152, 153].

The method presented in Chapter 3 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 exhibiting )(g) Yangian symmetry. Let 6 : g — g be an involutive
automorphism of g. Denote by h = g’ the 6-fixed subalgebra, so that (g,b) is
a symmetric pair. For such a pair there exists an infinite dimensional algebra,
the Y(g,b) twisted Yangian, which is a coideal subalgebra of Y(g) [154, 66], and
there must exist a boundary-integrable spin chain exhibiting such a symmetry in a
particular regime where terms at —oo may be neglected, which can be constructed
using the folding method. 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 Chapter
3. Moreover, obtaining long-range Hamiltonians using the techniques of the inverse
scattering method is a rather challenging task, as was shown in [143, 144]; 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 b is a commutative subalgebra of g. The only symmetric pair
satisfying this requirement is (g, h) = (sly, uy), 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 it is 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 [76] and its long-range analogue [134]. It would be interesting
to see if one can gain further insight into the unusual structure of the Hubbard

model’s known integrable boundaries [89, 120, 121] and perhaps obtain new ones.
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Appendix A

Appendix to Chapter 1

A.1 Commutativity of boundary transfer matrices

We would like to show that the boundary transfer matrices for R-matrices that are

not of difference form, as given in Section 2.6, commute. Suppose R(u,u’) satisfies
the YBE, unitarity

Rig(u1, ug) Roy (ug, u1) = lygy (A.1.1)

and crossing unitarity

RIS (uy, —ug) Ry (—ug, uy) = vialygy (A.1.2)

for some scalar symmetric function 5. Label the auxiliary spaces 1 and 2. Then

T5(u)TE(V)

try (K7 (un) Ty (un) o (K (u2) Ty (us
try (K7 (un) Ty (un) " )tra (K (u2) Ty
trio (K7 (wn) " Ty (un)" Ky (u2) Ty (us))
5 (uo) Ky (un)" T (ua) " Ty (u2))

)

)
(u2))

trio (K5
tryo (K5 (ug) K (ur)" (R (—ug, ur)) ™ Ryt (—ug, uy ) Ty (ur)" Ty (us))
tryo((Ky (ug) Ky (ur)" (Ry} (—ug, ua)) )" (R (—ug, un) Ty (ur) " Ty (u2))™)

)
tr12 (K5 (ua) (Ror' (—ua, un)) ™)™ KT (un) T (un) Ron (—ua, —un) Ty (un))
Vlgtrlg(KQ_ <UQ)R12<U1, —UQ)Kl_ (ul)Tl—’—(Ul)Rgl(—UQ, Ul)T;(Ug)) e (Alg)

Now if one inserts 1ygy = Rai(—ug, —uy)Ria(—uy, —uy) in between K;(u;) and
TiF (uy), uses both (1.6.7) and (1.6.12) and the cyclicity of the trace, one obtains

= UlgtI'lQ(K;(Ul)Rgl(UQ, —Ul)K;(UQ)T;(UQ)ng(—Ul,UQ)TY(Ul)) (A14)

which is exactly (A.1.3) with 1 and 2 interchanged. This is just 75(v)7g(u), and

thus the boundary transfer matrices commute.
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Appendix to Chapter 2

B.1 Shastry’s R-matrix

Shastry’s R-matrix R"(u,u’) is related to the fermionic R-matrix R/(u,u’) as

follows (with exact same parametrisation as in [120])
RM'u,u') = W LR (u, u )W, (B.1.1)
where IV is a diagonal 16 x 16 matrix

W = diag(1,1, —i, —i, =i, —i,1,1, -1, —1,1,1,1,i, =1, —1).

and
R (u,u) =

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 —iry 0 0 e 0 0 0 0 0 0 0 0 0 0 0

0 0 —irf 0 0 0 0 0 r 0 0 0 0 0 0 0

0 0 -—rf 0 0 irs, 0 0 —irg O 0o rf 0 0 0

0 e 0 0 ir; O 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 -r; 0 0 0 0 0 0 0 0 0 0

0 0 0 irg 0 0 c” 0 0 —Ty 0 0 —irg 0 0 0

0 0 0 0 0 0 0 ir; 0 0 0 0 0 e 0 0

0 0 e 0 0 0 0 0 ir; 0 0 0 0 0 0 o |’

0 0 0 —irg O 0 -r;, 0 0 7y 0 0 irg 0 0 0

0 0 0 0 0 0 0 0 0 0 -r; 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 ir; 0 0 e 0

0 0 0 dat 0 0 —irg 0 0 ire 0 0 —ct 0 0 0

0 0 0 0 0 0 0 7 O 0 0 0 0o —irf 0 0

0 0 0 0 0 0 0 0 0 0 0 e 0 0 —irf 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0o rf
(B.1.2)
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where

rf = cos (u—u){litanh(hl )COS(“+“)},

cos(u — u')

ry = sin(u—u')cos(u — 1 £ tanh(hy — hg)—

y { )

)
= sin(u — ') cos(u — o’ {1ﬂ:tanh hl—i—hg)w},
cos(u — u')

‘ sin(u + u')
ry = sin’(u—u) {1 + tanh(hy + hQ)sin(u——u’)} ’
!/

7 = 1+ tanh(h — )COSE“—_“?,

cos(u + v/
sin(u — u')
= 1=+ tanh(hy + hy) ———+%
anh(fy + 2)sin(u—ku’)’
!
S cos(u — u') . smEu u') (B.1.3)

cosh(hy — hs)’ 6™ cosh(h; + hy)

B.2 Obtaining u4 for YV(sly, uy)?

Let Ef = B} + puy Bg + SEgHG — p&y - We will obtain the value of iy and « for
which Ef commutes with the Hamiltonian H! = —K + UV — pHj,. (We already
know that a« = U, since it is the constant which determines the strength of the
interaction, but we will see it arise naturally from this computation). The limit as
the left side of the chain tends to —oc is taken over the antiferromagnetic vacuum
|vac) (2.2.11), so if the commutator results in boundary terms at —oo, we may
neglect them and set the result to zero. We divide the computation of the full

commutator into smaller components:

[-K + UV, E]] = —28570

[~ K, —p&5o) = p(E21 1 — & 1)

[~ K, ps B + 5 B3 Hi) = 0

UV, By + S EGH; — pEiy) =

[_pHS,()? Ef] = —p((é’fm - 55,71) - U(ES”O + 505,0]'-]5))

S S a S S S S a S S
[—=pHo 00 1 B + §E0Ho —p&ol = —2p((—p + 14 )E o + 550,0]']0)
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Hence, for [H], E5) =0,

U 1
a="U, u+=5+<p—];>, (B.2.1)

so that Ef = B + p+E5 — pE5o + S ESH; is a conserved charge. Similarly, for

a s

ff = F} + p_F§ — $F H§ + pFgy to commute with 3P, we require the same value
of a, and p_ = %— (p—%).

B.3 Computation of )(sly, u;)® coproducts

Rewrite E} as

U > > S S
By =) (&0, — &)+ 5 ) senl(i — )& H; (B.3.1)

i<0 4,7 <0

The coproduct of the first sum is trivial but that of the second is not. However, we

1
29

and j < x) and right (¢ > x and j > z) factors, interpreting these as left and right

can use a standard trick and, for any z € Z + 3, split such a sum into left (i < x

factors of the coproduct accordingly. The boundary terms &7, and Fg, therefore

appear in the right factor only. For the quadratic term,

Z Sgn(j—i)g@o,}’[j’o = Z + Z Sgn(j—i)gi,()%j’o—l- Z EioHjo— Z Eiotjo

i,j<0 1<z<0  z<i<0 i<2z<0 2<i<0
j<z<0  2<5<0 2<j<0 j<z<0

Hence
A <Z sgn(j — i)SiOH;O) = Z sgn(j — )& H @1 +1® Z sgn(j — )& Hj o

i,J 1,5<0 1,§<0

+ Ey® Hy — Hy ® Ej (B.3.2)
and finally,

~ U
AE* = AE)+ SABAH + uAE; —p(1® €)

U
— (B 4 e B @1+ 1@ (B + 1 B + poo) + o (Bs © Hi — Hy ® )
U

+ S (BH; © 14 1® EgHy + By @ Hy + Hy © E)

- F°RI+1QFE +UE® H;. (B.3.3)
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One obtains Aff similarly, by replacing (p, U, py) with (—p,—U, pu_) (without
changing the sign of U in p_). We will check that A is a preserves the Lie bracket

using the latter result:

[AHS,AE)) = [Hy@1+1® Hj, (B} + p EY) @ 1+ 1@ (B} + py By — p€l o) — UEy ® Hy
= ([H, B} + po[H, E) @ 1+ 1@ ([Hg, EX] + py [H3, Eg) — plHS, €]

— U[H, Ej) @ H;
= (B + B @1+ 1@ (Ef + py By — p&,)) — 2B © H
= 2AES.

B.4 Generators of )(sly,1;)° satisfying the boundary
intertwining relation with the K-matrix

Take the K-matrix K*(u,p) (2.6.18). We have that combining the evaluation

representation with the 4 x 4 representation p” into a representation p,

v/ 1+ U2 sin? 2u
16 bt s . 1 A

tan u

pu(EY) =

This is equivalent to the evaluation representation of the Yangian generators of
AdS/CFT R-matrix [43] upon setting

u= %’, U = 16g. (B.4.2)

These satisfy the boundary intertwining relation (1.7.13) with the K-matrix,
KH(u,p)pu(E7) = pu(E5) K" (u,p). (B.4.3)

To interpret the u = 0 pole of the p-dependent term, consider our original reason
for adding &7 to the twisted Yangian generator: that the quadratic deformation in
terms of level 0 generators alone cannot not fix the commutativity of E with the

open Hubbard Hamiltonian,

U
3 B + S B3] = plB3 9 0. (B.4.4)
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B.5. Y(so4,sl5) as a symmetry of H"

But by adding —p&j, to the generator one obtains

[}Cf’ Ef] = p[Efv 5{5] + Z er—laCOU + C(Jgac—laapgf)s,o =0. (B'4'5)
o=1,{

Thus the existence of the conserved twisted Yangian generator is due to the interplay
of its p-dependent term with the hopping term in the Hamiltonian acting on the site
1 = 0 and its neighbor ¢+ = —1. This hopping action corresponds to the annihilation
of a particle at one site and its creation at a neighboring site, interpreted as motion
of the particle. If such a particle has rapidity © = 0 at ¢ = 0 then it is static at the
boundary, and the hopping term acting on site 0 must vanish. At that point the
K-matrix becomes trivial, and, expectedly, the Ef symmetry degenerates to £,
To conclude, note that for the left boundary, with K-matrices given in [120], one
can obtain the evaluation representation of the symmetry generators for these by

making use of the relation between left and right K-matrices

K (u,p) = p*K*(—u, %) (B.4.6)

This corresponds to a weak <+ strong exchange p <> % and a reversal of the direction
of the rapidity. Hence, if Q(u,p) is a symmetry of K~ (u,p), then Q(—u, %) is a

symmetry of Kt (u,p).

B.5 )(so4,sl5) as a symmetry of J("

We will proceed to show that %T commutes with the achiral Hamiltonian H%, on
the half-infinite interval limit taken over the antiferromagnetic vacuum. Here we
will construct the half-infinite Hubbard chain by folding an infinite one at a spin
site, say NV, and identifying sites N +n and N — n. Such identification commutes
with the partial PHT. Hence, since all components of B* are already conserved

charges of an infinite Hubbard chain, we only need to show that
[Pos, BY] = 0. (B.5.1)

It is helpful to divide the commutator into components. First, let us compute
[Poy, Af] by dividing A] into U-independent and dependent components A and
AfY. For the commutator with A" it is convenient to write Py, in the fermionic
representation:

Poy = ¢}, — oy (B.5.2)
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Then we find that

[Poy, AT] = [C$¢ — Coy CT—mCOi - C(T)Tc—li + (CT_mC(Tu + C(T)TCT—u)
= _(CT—IT - CT—n)

= 0. (B.5.3)

For A;U, as we will see, it is not necessary to compute the commutator of Py, with
the different operators, but rather it is sufficient to know that [Py, B§| = 2[Poy, £,
which can be inferred from the relation (Po;) &5, Po, = £ We find that

U S S S S S
[Poy, A3"] = b Z([Poia Eool(Hi o+ Hoo) — [Poys Ho ol (Eg + 530))- (B.5.4)
<0
If one makes the ansatz that the quadratic modification must be of the form X}, =
uBd + k(B A; — BiAS), then

['PU% X;] - _<4k_2#) [P()ia SS,O]+2k Z([P()ia SS,O] (Hf,()—'_Hg,O)_ [POM H(S),O] (518,0"'5;:0))

<N
(B.5.5)
Hence we arrive at the conclusion that [Py, A7 + X}] = 0 if
U U
- = — B.5.
k=71, n=5 (B.5.6)
B.6 Computation of )(so0,,sl5) coproducts
We will proceed to compute A%f Define
Al =&+ &y Ai =Fin+Fin, Aln=Hi, +Hi, (B.6.1)
and

so that we can rewrite

S S C C U N N S S C C
Al = Z(gi—l,l =& G+ E &)+ 5 Z sgn(j — i) (EoHi o — EoMio)
4.J

)

7

U . . z z
= Z(ﬂj—m - Az—1) + a1 Z sgn(j — Z)(B;,roﬂj,o - ‘Bi,O‘AIO) (B.6.3)
,J
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Using the trick from Appendix

sly)® generators

B.3, one can show that

U
AAT = AT @1+ 1@ AT + (B @ A5 + AT © Bf — A5 © BY — B @ A7) (B.6.A)

Since A is a homomorphism,

~ U
AB}

AT @1+10 A +

U z z
AAT = SAB] + - (ABFAAG — ABIAAY)

U
Z(2133 Q@ AF — 2B @ Ag + (BJA; — BJA;) @1

U
1@ (BFAZ — BEAZ)) + 5(33 ®1+1®BY)

Bt l1+1@ BT +

U
5(33 ® Af — B @A) (B.6.5)

B.7 Construction of the )(sl,, sl,)® generators

Here we will show the construct

ion of the free boundary twisted Yangian generators.

As in previous boundary Hamiltonians, we will be working in the antiferromagnetic

regime and assuming the limit

as the left side of the chain goes to —oo to be taken

over the Hubbard model antiferromagnetic vacuum, so we can neglect boundary

terms at —oo which may appear as a result of commutators.

Let us first compute [H", HS]

(3¢5, Hy]

Now [E?, ]-"3,0]:

S

[EY, FGol D (E -

1<0

cgic,u =+ cT_IT

. Using the Jacobi identity,

(3¢5, |25, Y]
_[Ef’ [Fls’g{g]] - [F157 [f}fs, Ef]]

=2 ([B1, Fool — [FY, €50)) (B.7.1)

S S U S S S S S
E 1), Fool| + 5 Z (EioHi0 — EoMio), 0,0]
i<j<0
U S S S S
Cot — 9 (Ho,o Z Hio+2F00 Z 51',0) (B.7.2)
i<0 i<0
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and [F}, &5l

U
[Ff,&io] = 12(38—1,1—]’—;—1)75&0 +§

<0

S (Frote — Fiotiy), 63,o]

1<j

U S S S S
= CI)TC—IT + CJLuCOi ) (Ho,o Z Hio + 2800 Z E,o) ; (B.7.3)

1<0 1<0

so that the full commutator is

[j{?aHég] = -2 (Hs—m - 7‘[8,—1 - UZ(gz's,o-Fg,o - 50&?,0))
i<0
- —2(7'[5—1,1 - H(S),—l) +2U ((ES - 53,0) 3,0 - (Fds - 5,0)53,0)
= 2, —HY )+ 2U (B F — oS, — Hiy) (B.7.4)

and hence, using the fact that [F}, #§,] = (H*,, — Hj _,), one can see that the

twisted level 2 Yangian generator
H; = Hy — U(E{F; — E3Fy) — 213, (B.7.5)

commutes with H".
Again, for §§, we start by using the Jacobi identity:
96, B3] = 3[9¢;, [H;, EX]
= — (183, [, 560 + (B3, 3¢5, Hi]))
= —([H7,&,] — [E1, Hi o)) (B.7.6)

Now [H}, 5370]:

[HY, &5 = [Z( i~ Hi ), &0 U Z (&30 — EfoFio), Eoo
i<0 1<j<0
= 208, &)U Z EioHao (B.7.7)
<0
and [Ef7 H(S),O]:
S S S S S U S S S S S
[Eu?'[o,o] = [Z(Sz’,l - 5@4)77'[0,0 + 9 Z (51',0Hj,0 - gj,OHi,O>7HO,O
i 1<j<0
= 208, & ) +UE WY My, (B.7.8)
<0
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so that the full commutator is

(96, B3] = —2(E211 — & 1) + UZ(gis,oHcs),o — H;0E0,0)
i<0
= =282, — & 1) +U (B — &) Moo — (Hs — Hi0)E6,0)
= =208, - &)+ U(EM; o — HiEs o+ 255,) (B.7.9)

and hence, using the fact that [H", Egol = €711 — &5 1, one can see that the twisted

level 2 Yangian generator
~ U
E5=FE; — E(Hng — HgEY) — 2&5 (B.7.10)

commutes with H". Similarly, for 5’;, let’s first compute [H", F§]:

[fH:Z, F;] = —%[j{g, [Hfa Fls]]
= 5 ([, [F7, 9G] + [F7, [9€5, H]))
= ([H7, Fgol = [F7, Hiol) (B.7.11)

Now [Hf,}"&o]:
[vafg,o] - [Z( f—m - Hf,—1)a-7:§,0 +U Z (5{9,0]:;0 - 5;0]'—1‘8,0)’]:5,0]
<0 1<j<0
= —2AF = Fol) —UY HieFr (B.7.12)
i<0

and [F}, H8,0]3

S S 'S S U 'S S 'S S S
[Fu 0,0] = [Z(]:i—l,l - ~7:i,—1)7H9VL - 5 Z (‘E,O%j,() - ‘Fj,OHz’,O)?HO,()]
i<0 i<j<0
= 2(-7‘—f1,1 - -7:8,71) + U}-ég,o Z,Hf,o; (B-7-13)
i<0
so that the full commutator is
[foj, H2S] = _2(fi1,1 - f(i—1) - UZ(‘F;,O,H(S),O - Hf,oﬂio)
i<0
= _Q(Fim - ]:5,—1) -U ((Fds - '7:65,0)7'[8,0 - (HS - Hg,o)]:g,o)
= _2(}_31,1 - ~7:657—1) - U(FOSHS,O - HS 0570 + 2}—5,0) (B-7-14)

and hence, using the fact that [3(}, F5,] = F°;, — F5_,, one can see that the
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Appendiz B. Appendix to Chapter 2

twisted level 2 Yangian generator

- U
Fy = F5 + S (H{Fy — H{FY) — 273, (B.7.15)

commutes with JJ.
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