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Abstract

In the present thesis, we will review various Bethe ansatz techniques such as the (nested)
algebraic Bethe ansatz and the (nested) coordinate Bethe ansatz using well known models
like the XXX model and the Hubbard model. Subsequently, the Bethe ansatz techniques
are applied to obtain Bethe ansatz equations and Bethe vectors of the su(2|2)-invariant S -
matrix. Finally, these results are used to obtain the full §-matrix and Bethe equations of the
string sigma model.
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Chapter 1

Introduction

In 1931, Hans Bethe constructed a method, which is nowadays called the Coordinate
Bethe ansatz” (CBA), for calculating the exact eigenvalues and eigenvectors of the one-
dimensional spin-1/2 XXX Heisenberg model [7, 23]. The term “Bethe ansatz”, refers to
the wave function Bethe had used for the eigenvectors. Since then, many other quantum
many body systems have been solved by some variant of the Bethe ansatz. One problem
especially worth mentioning is the repulsive ¢ interaction problem which has been solved
by C. N. Yang in the late sixties [27, 16]. For this he used the Bethe ansatz twice; the second
time in a generalized form which is often called the "Bethe-Yang” ansatz. Following this
result, the repulsive ¢ interaction problem with an arbitrary irreducible representation of the
permutation group was solved by B. Sutherland by repeated use of the Bethe-Yang ansatz
[25]. This method is nowadays called the “nested (coordinate) Bethe ansatz”.

Around the same time when Yang published his article on the ¢ interaction problem,
the classical inverse scattering method (CISM) was invented by Gardner, Green, Kruskal
and Miura after studying the Korteweg-deVries equation [17]. In the following years, this
method matured [15] and people tried to quantize the theory. The quantum version of the
CISM was obtained by the Leningrad school around the beginning of the eighties and it
resulted in what we nowadays call the ”Quantum Inverse Scattering Method” (QISM) [21].
The QISM was very powerful and it was applied to all kinds of models. One of those mod-
els was the XXX model and the results it obtained was exactly the same as with Bethe’s
CBA. Therefore, the QISM is also called the ”Algebraic Bethe Ansatz” (ABA). Because of
the strong algebraic framework, the QISM was also used to prove the integrability of the
XXX model. Furthermore, the development of the QISM also led to the introduction of
mathematical objects like quantum groups [10] which has intimate connections with areas
of mathematics like topology, non-commutative geometry, representation theory, differen-
tial geometry and with areas of physics like conformal field theory, quantum field theory
and string theory. So even though the focus in this thesis will be on the application of the
Bethe ansatz, it is important to note that the underlying mathematical structure of the Bethe
ansatz is a fascinating subject itself which intertwines areas of mathematics and physics.

Although the Bethe ansatz technique arose as a method to solve problems in condensed
matter physics, it has been steadily gaining attention from string theorists as a tool to study
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2 1. Introduction

the AdS/CFT correspondence.

In the late nineties, Maldacena proposed a duality, which is nowadays called the ”AdS/CFT
correspondence”. One of its conjectures is that the type IIB superstring theory on the curved
background AdSs x S should be equivalent to N' = 4 SYM gauge theory [1] and this is
supported by the fact that the superconformal algebra of both theories is psu(2, 2|4).

To prove this conjecture however, is not so easy. For example, the AdS/CFT correspon-
dence predicts that the spectrum of scaling dimensions of the gauge theory should coincide
with the spectrum of the energies of the string states. But the calculation of both of these
quantities has proven to be problematic. Furthermore, the AdS/CFT correspondence is a
duality of the strong/weak type: the weak coupling regime of the gauge theory maps to the
strong coupling regime of the string theory, and vice versa. Now, since it is not known how
to access the strong coupling regime in either theory, a test of the AdS/CFT correspondence
is rather troublesome.

However, progress was made, when Minahan and Zarembo [24] discovered that the
gauge invariant operators in the scalar field sector of the gauge theory were, at the planar
one-loop level, isomorphic with translation invariant eigenvectors of an integrable so(6)
quantum spin chain. There, the spin chain Hamiltonian corresponded to the gauge theory
one-loop dilatation operator, and it was diagonalized using the Bethe ansatz technique.
Inspired by the work of Minahan and Zarembo, integrable structures has subsequently been
found in various sectors and various loops of the planar gauge theory, and the corresponding
Bethe ansatz equations have also been derived. Furthermore, all loop Bethe equations have
been conjectured for certain asymptotic limits.

Since planar gauge theory possesses integrable structures, the corresponding string
sigma model in the infinite volume limit on the string theory side should also possess inte-
grable structures. However, calculations on string side do not go as smoothly as the gauge
side, but nonetheless, integrable structures were discovered for classical strings and it is
believed that integrability also survives quantum corrections. However, showing that such
integrable structures indeed exist in the quantum corrections has proven to be a very difficult
problem.

In fact, if both theories are completely integrable, then constructing the dilatation op-
erator loop by loop or quantizing the string sigma model would be an impossible task.
Therefore, it is not a bad idea to just simply assume integrability for the gauge and string
theory and subsequently use the symmetry algebra to derive the S-matrix and the corre-
sponding Bethe equations. In this thesis, we will do exactly this for the string sigma model
in the light cone gauge.

This thesis is organized as follows. In chapter two we will introduce the various Bethe
ansatz techniques like the nested (coordinate) Bethe ansatz and the nested (algebraic) Bethe
ansatz using the spin-1/2 XXX Heisenberg model and the Hubbard model. Furthermore,
we will use the underlying algebraic structure of the algebraic Bethe ansatz to prove the
integrability of the XXX model.

In chapter three we will make an introduction to Lie superalgebras. The basics of Lie
superalgebra theory and its representation theory will be treated and we will also describe



the psu(2, 2|4) Lie superalgebra which is of physical importance in the AdS/CFT correspon-
dence. Note that for this chapter it is assumed that the reader has some basic knowledge of
Lie algebras. A brief summary of Lie algebra theory can be found in appendix B.

In Chapter four we will describe the su(2|2) Lie superalgebra and we will apply the
Bethe ansatz machinery to obtain the Bethe ansatz equations and Bethe vectors of the (ex-
tended) su(2|2)-invariant S-matrix. The results are subsequently used to derive the full
Bethe equations of the string sigma model.

In the final chapter we will summarize our results and state our conclusions.



Chapter 2

The Bethe Ansatz Method

In this chapter, we will introduce the coordinate Bethe ansatz by solving the one-dimensional
spin-1/2 XXX Heisenberg model following the lines of [7, 18, 20]. Subsequently, we
will prove the integrability of this model by solving it using the algebraic Bethe ansatz
[8, 13, 14, 21]. We then move on to the nested coordinate Bethe ansatz [12, 16, 25, 26, 27],
the nested algebraic Bethe ansatz [8, 11] and the graded (nested) algebraic Bethe ansatz
[11, 12, 22]. This last technique will be illustrated using the Hubbard model and the results
will be used in chapter 4. Finally, we will end this chapter with some remarks on the valid-
ity of the Bethe ansatz and how it is connected with S -matrices and integrable system. But
before we continue, let us introduce some notations and definitions first:

e A spin chain of length N is a ordered set of points, also called lattice sites, labeled
by integers n. We will take the possible values forntoben =1,...,N. A spin chain
of length N with periodic boundary conditions is defined as a spin chain of length N
with the additional identification n = n + N.

o Let A’ be an algebra generated by elements X, where o assumes some finite number
of values. Then the induced algebra A on a spin chain of length N will be defined
as the algebra generated by elements X7, where X is X% associated with lattice site
n, together with a set of commutation relations between X;;. These relations will be
called ultralocal when X7 and Xﬁ commute for m # n.

If A is an ultralocal algebra, then the Hilbert space 4 for a representation rr of (A has
the natural tensor product form

N
h:®hn:h1®h2®...®h1v 2.0.1)

n=1
where each h, is the Hilbert space for a representation m,, of A’, and we can identify

h,, with lattice site n. The elements X7 will be represented as

7X,)=1”I®... 91,(X")®...®1

(2.0.2)
n-th place



with I being the identity operator. So X¢ will only act nontrivially on A,,:
aX)h=h®h®...0m,(XV,®...8hy (2.0.3)

To simplify the notation a bit, we will omit the symbol 7 in the rest of this thesis
when there is no chance for confusion. Furthermore, suppose that A is an ultralocal
algebra with representation space V and let W be a finite dimensional Hilbert space.
We will now adopt the convention that unless stated otherwise, A will act on V@ W
with the canonically induced action A ® Iy, where Iy is the identity operator on W.
This will have the following impact on our notation. First of all, note that we can
view X)) : h — h as the induced action of X}/ : h, — h,. As a second example, let
A:V > Vand B: W — W be operators acting on a finite dimensional vector space.
Then the induced action for A on V ® W is A ® Iy and it will be denoted again with
A (we have something similar for B). Consequently, (A ® B) = (A ® Iy)(Iy ® B) acts
on V ® W and it will be denoted by AB.

Finally, we have to warn the reader that these definitions are only valid when A’ is a
non-graded algebra. For a graded algebra we refer the reader to appendix A.4.

o The spin algebra is generated by the spin variables S¢, o = x, y, z with commutation
relations

(S5, S0 = ih )" £apyS S (2.0.4)
Y

where g4, is a completely antisymmetric tensor with £,,, = 1. Here, the commutator
[-,-] is defined by [a,b] = ab — ba. Notice that the spin variables form the Lie
algebra su(2). Therefore, the finite dimensional representations of the spin algebra
are labeled by half-integers s = 0, 1/2, 1,..., and they are realized in C2s+1 The
representation which we will be the most interested in, is the s = 1/2 representation.
In this representation the spin variables S¢ are represented as S¢ = 71/20¢, with o
being the Pauli matrices which are defined as

« [0 1 . [0 =i (1 0
0'—(1 0) 0'}—(1_ 0) O'Z—(O _1) (2.0.5)

For simplicity, we will take 7 = 1 in the remainder of this thesis.

e We will denote the permutation group over labels {1,2,...,r} by S,. A permutation
P € S, isacycle and its action on an element i € {1,2, ..., r} will be denoted by P(i).
For example, if r = 4 and P = (1234), then P(3) = 4.

For transpositions, we will use a slightly different notation. The transposition (ij)
will be denoted by P; ;. So, for example, P;3(1) = 3.

With these definitions in mind, we will start with the description of the XXX Heisenberg
model.



6 2. The Bethe Ansatz Method

2.1 The XXX Heisenberg Model

The one-dimensional spin-1/2 Heisenberg model is a periodic spin chain of length N with
Hamiltonian

N
_ X QX y QY zZ ¢z
H= Z(JxSnSnH+JySnSn+]+JZSnSn+]) 2.1.1)

n=1

where S are spin variables in the s = 1/2 representation with the periodic boundary con-
ditions S, = S{. When the real constants J,, Jy and J; are all different we will call the
model the XYZ Heisenberg model. The other two cases are J, = J, # J; and J, = J, = J,
and they are called the XXZ and XXX model respectively. In this section, we will consider
the XXX model with J = J, = J, = J;. In this case, the Hamiltonian simplifies to

=

H==d ) (S350, 5080, +5,55.) 212)
n=1

Let us now define the raising and lowering operators S = S + iS;. They satisfy the
commutation relations

[S5.851=1087.8521=0, [S5.S,]=%8:6,,, [Sy.S,]=28%6,, (2.1.3)

With these operators, (2.1.2) can be written as
X
_ + - -q+ 7 ¢z
H——JZ;(E(SHS”H +Sn5n+1)+5n5n+1) (2.1.4)
o
Here, H acts on the 2"V-dimensional Hilbert space

N
h:®hn=h1®h2®...®h,v with by =hy=...=hy=C2 (2.1.5)

n=1

The Hilbert space C? is two-dimensional vectorspace with orthogonal basis vectors

[ T) = ( (1) ) ,(spinup) and ||)= ( (1) ) , (spin down) (2.1.6)
and it is equipped with the canonical hermitian inner product -, -) defined by:
TIm=dld=1, T =11=0 (2.1.7)

The action of the spin operators on these basis vectors is given by

SN =0,  SHUL=IT, SAD=31D

STy =0, ST =11, 57| l>=—%| 0 (2.1.8)
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Consequently, 4 will be spanned by the orthogonal basis vectors

N
loy=loy...0on) = ® o) = o) ®lor)®...®|oy) with o, € (T, ]} (2.1.9)

n=1

and it is equipped with the (induced) hermitian inner product {:, -) defined by:
(o'lo) = {o1lo)) .. .(onloy) (2.1.10)

The canonically induced actions of S3% and S on & are given by

k
k

ko) =l M)y S Ty = 31 Te )

SH. L
2.1.11
SN =l b Sil b= bl G

S
S

~ x4

l.. Tk .) =0,
l.. 4k .» =0

where |.. T ..) is the shorthand notation for |07 ... on) with o =T. Notice that with these
definitions, the Hamiltonian can be written as a 2" x 2" real symmetric matrix which means
that it has a complete orthogonal system of eigenvectors.

2.2 The Coordinate Bethe Ansatz (CBA)

Before we start constructing eigenvectors for H, let us remark that for the total spin operator
S5 = SN S%, we have

1
[H,55]=0, Siloy...on) = (EN—K) o1 TN 2.2.1)

with K the number of down spins of |07 . ..o ). This means that H acting on |0 ...0N)
yields a linear combination of basis vectors where each basis vector has the same number of
down spins as |07y ... o). Therefore, we can block diagonalize H just by sorting the basis
vectors according to their eigenvalue of S*.. The diagonalization of H is hereby reduced to
the diagonalization of each of the blocks.

Let K < N be an integer and let the K-subspace be the subspace of basis vectors with K
down spins. If K = 0 we will have a subspace consisting of the single vector [F) = | T ... T).
Notice that this vector is an eigenvector of H with eigenvalue Eg = —JN/4:

N JN
H|F>:—JZS; Sial - D=1 (2.2.2)

n=1

Now let K be arbitrary. Since the K-subspace is N!/[(N — K)!K!] dimensional, one should
find the same number of eigenvectors of H in this subspace. So let us expand the eigenvec-
tors in the form

) = Z am)ny,...,ngy where a(n) = a(ny,...,ng) (2.2.3)
{1<m<N)
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with

1y ongy =Sy Sy ... Sy |F) (2.2.4)

n[(|

Furthermore, we will require a(n) to satisfy the Pauli exclusion principle;
a(mg) = sign(R)a(n) forevery R€ Sg where a(mg) = a(nggy,...,nrk) (2.2.5)
Therefore it is enough to treat the eigenvalue problem for the situation that
nel where I={l<n <ny...<ng <N} (2.2.6)

In this case, we will denote the wave function by a(n), i.e. a(n) = a(n)|;, and we will also
require a(n) to satisfy the periodic boundary condition

alny,...,ng) =a(ny,...,ng,n; +N) 2.2.7)

To determine these wave functions we will use the “coordinate Bethe ansatz” which postu-
lates that

a(ny,....ng)= ) Ap exp[ kamnj] (2.2.8)

PeSk

Here, the k;’s are pseudo-momenta (or wavenumbers) introduced for each of the K down
spins, and S g is the permutation group over labels {1, 2, ..., K}. So physically, we can view
the j-th down spin as a particle with momentum k; and strictly speaking, we should write
|n1(p1),...,nx(pk)) instead of |ny,...,ng) to emphasize this. However, when there is no
chance for confusion we will use the latter notation where it is understood that n; = n;(p;).
What remains to do is to find the coeflicients A p and all possible sets of allowed pseudo-
momenta {k;} using the eigenvalue equation for H and the periodic boundary conditions for
a(ny,...,ng). Let us examine this procedure for the K = 1 and K = 2 cases first.

For the K = 1 case, the eigenvectors and coefficients are given by

N

W) = Z amny and  a(n) = Ae't (2.2.9)

n=1

The periodic boundary condition a(n+N) = a(n) will fix the value of the pseudo-momentum
ktobe k = 2mrm/N withm = 0,1,..., N — 1. Furthermore, using the eigenvalue equation
Ely) = HJy) and the identification [N + 1) = |1) we get

EZa(n)|n>-—JZa<n)Z( (S Ser + 85 Sit) + 55, Sim)lm

m=1

=—J;a(n)(%|n+l)+%In—1)+{g—1}|n>) (2.2.10)

M 1 N
=-J (—a(n -D+=an+1)+{—-1 a(n)) |n)
2 (e 0+ oo+ 1)
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From the above equation we obtain the relation
1 1
Ea(n) = —EJa(n -1)- EJa(n + 1)+ (Ey+ J)an) 2.2.11)

which, after plugging in the expression for a(n), gives the following expression for the
eigenvalue:

E—Ey=J( —cosk) (2.2.12)
This solves the K = 1 case.

When K = 2 however, it becomes a bit more complicated. In this case we have

wy= D, atumlmim) with an,ng) = AdhnH) ¢ peitenthim) o o

1<n<ny<N

The eigenvalue equation for H imposes conditions on a(ny, ny) analogous to the K = 1 case
with the only difference that we have to be a little careful in the situation when two down
spins are sitting next to each other; if n, > n; + 1 we have

1 N
Ea(ni,np) = —-J 3 Zl {a(m +o,np) +a(n,ny + 0')} + {Z — 2} a(nl,nz)]
o== (2.2.14)
o 2(E — Ep)a(ng,ny) = J(4a(n1,n2) - Z {a(m +o,n)+aln,n + a‘)})
o=%1

and if np = n; + 1 we have
2(E - Ep)a(ny, n2) :J(Za(nl, n) —a(ny — 1,m) — a(ny, ny + 1)) (2.2.15)

Plugging in the expression for a(n;, ny) into (2.2.14) gives the following expression for the
eigenvalue:

E—-Ey=J( —cosk; —coskp) (2.2.16)

Let us now extend the validity of a(n, ny) to the region 1 < n; < np, < N. Then, because
a(ny,ny) is a smooth function, the equations (2.2.14) and (2.2.15) should agree with each
other when ny = ny + 1. So subtracting (2.2.15) from (2.2.14) with n, = n; + 1 will give us
the auxiliary condition

2a(ny,n; + 1) =alny,n) +aln +1,n + 1) (2.2.17)

If we now plug in the expression for a(ny, ny) we will obtain the following condition for the
amplitude ratio:

ei(k1+k2) + 1 _ 2eik2

—io _
€ T itk 1 1 = 2eihn (2.2.18)

|
I
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The ratio B/A will also be referred to as the S-matrix of the XXX model and it will be
denoted by S (k1, k>)!. Notice that this definition implies that

A _
== (Stkik) ' = S (k. kp) (2.2.19)

Finally, we have to impose the periodic boundary conditions on a(np, ny). This gives

Aei(k1n1+k2n2) + Bei(k1n2+k2n1) — Aei(k1n2+k2nl)eik2N + Bei(k1n1+k2n2)eik1N (2220)
which implies

et = 4. ¢ and N = 5. e (2.2.21)
B A
These last two equations are called the “Bethe (ansatz) equations”. What remains to be
done is to solve these equations which is an industry itself. Therefore we shall refrain from
making an extensive analysis of solving the Bethe equations and only make some short
comments on it.

First of all, taking the complex logarithm from (2.2.21) will give the equation
Nk =2n4; + 6, Nky =21, — 6 (2.2.22)

where the integers 4; € {0,1,...,N — 1} are called "Bethe quantum numbers”. So the
remaining task is to find all pairs (41, A2) which yield solutions of equations (2.2.18) and
(2.2.22). Note that we can restrict ourselves to pairs with 0 < 1; < A < N — 1 since
switching A; with A, and letting § — —6 produces the same solution.

The simplest solutions are the pairs for which one of the Bethe quantum numbers is
zero; A1 =0, 4, =0,1,...,N — 1. For these pairs we obtain k| = 0, k, = 271,/N, 6 = 0.
More complicated solutions can be obtained by considering nonzero A; and A,. The actual
calculations will involve numerical techniques, but we will not go into this matter any fur-
ther.

With the K = 2 case in mind, we can generalize the whole procedure to arbitrary K.
First of all, the eigenvalue equation for H will impose conditions on a(n) = a(ny,...,ng).
In the case that n;.; > n; + 1 for all i, this condition is

K
2[E - Eola(n) = 2Jra(m) — J Z Z a(ny, ... ni+0,...,ng) (2.2.23)

i=1 o=+1

But if there is a j such thatn;,; = n; + 1 and nj; > n; + 1 for all i # j, this condition will
be

K
2[E - Epla(m) = 2J(K — Da(n) — J Z Z a(ny, ..., ni+ 0, ... ng) (2.2.24)
i#j,j+1 o==%1
—J(a(nl,...,nj— Linj,....ng) +a(ny,...,nj,nj + 1,...,n[<))

'Note that in some literature the S-matrix is defined as S (k,, k) instead of S (k;, k)
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Plugging in the expression for a(n) into (2.2.23) gives an expression for the eigenvalue:

K
E-Ey= JZ(I — cosk;) (2.2.25)
i=1
As in the K = 2 case, we can extend a(n) to the region 1 < n; <ny < ... < ng < N, since
it is a smooth function. If we then take nj.1 = nj+ 1, n;y1 > n; + 1 forall i # jin (2.2.23)
and subtract (2.2.24) from it we will get the auxiliary condition

2a(ny,...,njnj+1,...,ng) =any,...,nj+ Lnj+1,...,ng) +a(ny,...,nj,nj, ..., ng)
(2.2.26)

We will try to satisfy this equation by considering the following pair of terms in the expres-
sion for a(n):

K K
AP exp (Z Z kp(,-)n,-] and Ap/ exp [l Z kp/(i)n,'] (2227)

i=1 i=1
Here, P’ is equal to the permutation P with P(j) and P(j+1) interchanged, i.e. P’ = PP .
For such a pair, equation (2.2.26) becomes
2Ap exp (ikpijyn; + ikpije1y(nj + 1)) + 24p exp (ikprjyn; + ikprjy(nj + 1)) =
Apexp (ikp(jyn; + ikp(jr1ynj) + Ap exp (ikpgy(n; + 1) + ikp(jeny(nj + 1)
+Ap exp (ikpyn; + ikpr(jeryn;) + Ap exp (ikpy(nj + 1) + ikpjey(nj + 1)
(2.2.28)

If we now use that P’'(j) = P(j+ 1) and P’(j + 1) = P(j) we will obtain the following
relation:
ei(kpiytkpan) 4 1 — D eikpii+n)

Ap = e PiPG+) = : (2.2.29)
Ap ek thpen) 4+ 1 — 2eikei

Reminding ourselves the K = 2 case, we recognize Ap: /Ap as the S-matrix S (kp(j), kp(j+1))-

Let us note (2.2.26) is the only constraint on a(n); we will not get any new constraint
equations by considering other particle configurations. For example, suppose that there is a
Jjsuchthatnj o =nj+1=n;+2andn; >n;+1foralli# j, j+ 1. Then the condition
on a(n) will be

K
2[E - Epla(n) = 2J(r — 2)a(n) — J Z Z any, ... mi+o,...,ng)  (2.2.30)

i#j,j+1,j+2 o==1
—J(a(nl,...,nj —Lnj,njn... ng) +any,...,nj,nj,nj0 + 1,...,nK))

If we now take nj,» =nj1 +1=n;+2and nj1 >n; + 1foralli # j, j+1in(2.2.24) and
subtract (2.2.30) from it we will get

2a(m) = a(ny,...,nj,njp + Lnjg +1,...,ng) +a(ny,...,nj,nj 1,04, ..., 0g)

(2.2.31)
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Comparing this with (2.2.26) we see that we do not get something new here.

Let us now consider the boundary conditions a(ny,...,nx) = a(ny,...,ng,n; + N)
which yield the equation

K K-1
Z Apr exp [i kpf(j)l’lj] = Z Ap exp [i kp(j)l’lj+1 + ikp([()(l’ll + N)}
PeSk j=1 PeSk j=1

(2.2.32)
K
= Z Apexp [lz kp(j_l)nj + ikp([()(nl + N)]
PeSk Jj=2

We can relate a permutation P’ on the left hand side with a permutation P on the right hand
side, where P is given by P(j — 1) = P’(j), j = 2,...,K and P(K) = P’(1). For such a pair
of permutations, equation (2.2.32) will reduce to

Ap = Ape'reN (2.2.33)
Let us now define U; = Pg_1 kPx—2.x-1 - . - P1;+1 and notice that P’ = PU;. So

Apyi_ Apur,  Apu,

AP/ = AP PP
Ap Apy,, Apy,

= Ap S (kpk-1): kp)) S (Kpu e (k=20 KU1 k=) - - S (kpus) kpua@) (2.2 34)
K-1

=Ap 1_[ S (kp(j)> kpx)) = APeikP<K>N
J=1

Taking [ = P(K) gives the Bethe equations

K K

kN — HS(kj, k) = 1—[ &% forall I=1,...,K (2.2.35)
j=1 j=1
£l J#l

If we now take the logarithm of this equation we obtain

K
Nk =274+ ) 6 (2.2.36)
=1
with Bethe quantum numbers A; € {1,..., N — K}. What remains to be done is to find the
sets of Bethe quantum numbers (41, ..., Ax) such that they yield solutions of the equations
(2.2.29) and (2.2.36). Furthermore, we have to check whether we indeed get N!/[(N —
K)!K!] orthogonal eigenvectors with this method. These problems become rather tedious
to solve as N becomes large and K approaches N/2. In many applications the Bethe ansatz
method is therefore used to find selected solutions in limit cases.

Before we continue with the next section, let us first summarize our results in the following
proposition
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Proposition 2.2.1. Let K < N. Then

W= > atu,...n0m,...nk) (2.2.37)

1<ni<..<ng<N
is an eigenvector of H in the K-subspace with eigenvalue
K
E—-Ey=J ) (1 —cosk;) (2.2.38)
i=1

The wave functions a(ny, ..., ng) are given by the Bethe ansatz

PeSk

K
a(nl,. . .,n[() = Z Ap exp [l kp(j)nj]
j=1

with pseudo-momenta {k;} satisfying the Bethe equations

K itk s ik:
ik N 1—[ el(k’+k/) +1- 2€lk’
et = —— .
j:1 el(k,‘+kj) + 1 _ 2elkj
J#L

or, equivalently, a set of Bethe quantum numbers {1;} satisfying the equations

ei(ki+kj) + 1 _ 2eiki
 oikitk) 11 — 2,k

Nk,' = 271'/1,' + Z 9,']' and eiaij =
J#

2.2.1 The Highest Weight Property of the Bethe Ansatz Eigenvectors

Let us consider the operators S+ = f\; , S# and S%. Using (2.1.3) we obtain

[SZT,SZT]=[S;,S;]=O, [S;,ST]=2S;, [SZ,S;]=iS (2.2.39)
Furthermore, in addition to the earlier observation that [H, SZT] = 0, we also have that the
operators S commute with H; [H,S7] = 0. Since the spin algebra form the Lie algebra
su(2) we see that the XXX model has s1(2) symmetry. Therefore, we expect that the eigen-
vectors of H will split into irreducible highest weight representations of su(2). Each of
these representations will have a highest weight vector |y), i.e. a nonzero vector |i) which
satisfies S 7[/) = 0, and the corresponding s1(2)-module generated by applying S7 on [y)
is 2s.+1 dimensional where s, is the eigenvalue from the equation S%.|y) = s;[). In the
remaining section we will investigate this claim and find these highest weight vectors by
studying the eigenvectors of the K-subspace with K = 0,1,2. To simplify things we will
assume that N is large.

First of all, in the K = 0 subspace we only have the eigenvector |F') and it is easy to see
that |F') is a highest weight vector. Furthermore, since S ZT|F Yy = 1/2N|F), the corresponding
su(2)-module is N + 1 dimensional.
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Now let us turn to the K = 1 subspace. Suppose that ) = ZnN

tor in this subspace, then

1 e*n) is an eigenvec-

N N N N
SHy = Z St Z eMny = Z ¢S Hny = Z ) o (2.2.40)
=1 n=1 In=1 n=1

Using k = 2am/N withm = 0,1,...,N — 1 we see that |i); is a highest weight vector if
m# 0:

N 2nim 2rim
2rim e N (1 — e )
S;l‘ﬂ)k:Ze N n|F>: —2MIF>:0 (2.2.41)
n=1 l—en

Conversely, if m = 0, then /)¢ is not a highest weight vector since:

N
St = Z IF) = N|F) # 0 (2.2.42)

n=1

This is not a big surprise, because |i)¢ is a "descendent” vector of the highest weight vector
|F):

N N
Wo = Y Iy = > SIF) = STIF) (2.2.43)
n=1 n=1
Let us now consider the K = 2 subspace. First notice that all the eigenvectors (2.2.13)

with k; = 0 are descendent vectors of the eigenvectors from the K = 1 subspace. To see
this, let |¢)x be an eigenvector from the K = 2 subspace with k; = 0 and k, = k. Then

N N N N
Stly= ) Sy Y ey = Y Mim+ Y i)
=1 y n=1 I<l<n<N 1<n<I<N (2‘2‘44)
= D (@M ™) = ok
1<ni<ny<N

after renaming /, n with ny, ny respectively in the first sum and n, [ with ny, n, respectively
in the second sum. So |¢); is indeed a descendant vector. Let us now check that |@) is not a
highest weight vector, i.e. S7|¢)x # 0. Suppose that k # 0, then from the discussion above
we know that |i/) is a highest weight vector. So

SN = SES T = (STSF +[S7.S7) W = > [S5.Slv

1<n,m<N

= Y 2858, = (N =2 %0 (2.2.45)

1<n,m<N
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Now suppose that k = 0, then using (2.2.44), (2.2.43) and (2.2.39) gives

SHlpYo = SFSTSTIF) = (S7S7SF + [S5.57S71) IF) 0246
= (IS7.57)S7 + S7ISF.S71)IF) = (25557 + 287 S3)1F) # 0 o

Therefore, eigenvectors of the form |¢); are not highest weight vectors.

We will now prove that eigenvectors |¢) with none-zero pseudo-momenta k; are highest
weight vectors. Suppose that |¢) = 3., ,, a(ni,nz)|ny, ny) is an eigenvector, then

SHe) = 8T Y almumlnm) = ) alnnla)+ ) alnno)ln) (22.47)
ny<np ni<ny ny<ny
N np-1 N-1 N

= > at, )+ Y atumlmdy = Y'Y atnnlnd + YL > atu, m)n)
np<nj ny<ny ni=2ny=1 ni=1ny=n;+1
N-1 (n-1 N N-1 N

= )| 2 atmn+ ) a(m,nz>]|n1>+Za(nz,N)|N>+Za(l,nzm
n1=2 \np=1 no=nj+1 no=1 ny=2

Since {|n)} is an orthogonal basis, the highest weight vector condition is equivalent with
the vanishing of each of the terms in the equation above. To check that this is indeed the
case, we will plug in the expressions for a(n1, np). We will first consider the last term of the
above expression:

N N N N
. . . . B "
Z a(l,nz) — Z (Ael(k1+k2n2) + Bel(k2+k1n2)) =A [elkl Z elkznz + _el 2 Z el 112
no=2 np=2 no=2 A ny=2
iky _ pikaN B piki _ pikiN
— Aeltkhith) (€€ se ¢
= Ae ( [ ok 2 o (2.2.48)

Notice that the condition of nonzero k; is used for the evaluation of the sums. If we now
remind ourselves the relations

A . ei(k1+k2) +1-=— 2eik1 . . . .
5= =" eitki+k) 4 1 — ik’ W=t and M= (2.2.49)

we obtain

N iky _ ,—if ik _ ,if
i e —e _ip€ —e
Z a(l,ny) = A1tk —te i -
1 -ek 1 -eh

ny=2

(2.2.50)

_ Aei(k1+k2) ((1 _ eikl)(eikz — e—i@) +(1- eikz)e—ie(eikl _ ei@))

(1- eikl)(l — eikz)
(2eik2 — 1 = itk +k2)) + om0 (2 ekt _ 1 = ei(k1+k2))\]

(1= eif)(1 — etk =0

= Agitkitk) (
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We have now proven that ZnNz _,a(l,n)|1) = 0. Notice that for this calculation we have
explicitly used the Bethe ansatz equations and the fact that the k; are nonzero. Analogously,
with the same kind of calculation we can show that the other terms of (2.2.47) are zero. So
all eigenvectors |¢) with none-zero pseudo-momenta k; are highest weight vectors.

The generalization of these calculations to arbitrary r is straightforward but laborious.
Without proof, let us formulate the following statements on highest weight vectors.

Proposition 2.2.2. Suppose that n < N/2. Then there is a bijective correspondence between
the eigenvectors in the subspace K = n with the eigenvectors in the subspace K = n + 1
which are not highest weight vectors in the following sense.

o If lY) is an eigenvector in the subspace K = n with pseudo-momenta {k;};_,, then
STy is a non highest weight eigenvector in the subspace K = n + 1 with pseudo-
momenta {k;}?:ll where k| = 0 and ki, = k; fori = 1,2,...,n. The map S7 is
injective.

o Conversely, every non highest weight eigenvector (') in the subspace K = n+ 1 with
pseudo-momenta {k;}_, has a pseudo-momentum kj which is zero and is a descendent
from an eigenvector ) from the K = n subspace; /') = S ,|y).

An eigenvector ') from the K = n + 1 subspace is a highest weight vector if and only if
[’y is not a descendent vector; there is no eigenvector ) from the K = n subspace such

that 'y = S71¥)

2.3 The Algebraic Bethe Ansatz (ABA)

Let us solve the XXX Heisenberg model again, but this time using the algebraic Bethe
ansatz. We will see that the ABA is a more powerful method than the CBA since it enables
us to derive properties of the XXX model such as integrability. At this point we note that in
the following sections we will make use of some tensor notations which the reader may be
unfamiliar with. If this is the case, the reader is advised to have a look at appendix A.1.

2.3.1 The Integrability of the XXX Model

Let us define the notion of integrability” first. In Hamiltonian mechanics, a Hamilto-
nian system with n degrees of freedom is called a completely integrable system if it has
n conserved quantities such that the Poisson bracket between each pair of these conserved
quantities vanishes. This notion of integrability can be carried over to quantum systems.
In that case, a quantum system with n degrees of freedom is called a completely integrable
system if it has n conserved quantities such that the commutator between each pair of these
conserved quantities vanishes. This means that the XXX Heisenberg model of length N is
integrable if it has N commuting operators. 2

2This definition of quantum integrability is not entirely correct and it is still a subject of research on how to
make a better definition. For example, the XXX model actually has 2V degrees of freedom since each lattice
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A completely integrable system is interesting because for such a system it is possible
to calculate its eigenvalues and eigenvectors exactly. Furthermore, there is great number of
topics and theorems that deal with integrability which enables us to investigate the system
more properly.

Let us now show how we can determine the integrability of a quantum system. Suppose
that we have a periodic spin chain of length N. In the theory of quantum integrable systems,
a quantum integrable ultralocal model on this spin chain is characterized by an operator
Ly i) :V,®V; = V,®V; where i refers to lattice point i, a being the label of the auxiliary
space and A is the spectral parameter of the operator. This operator is called a Lax operator
and it satisfies the Fundamental Commutation Relations (FCR)3

Rap(A = i) La i) Lp,i(1) = Lp,i(1) Lai( DRap(A = 1) (2.3.1)

where R, (1 —p) : V,®Vy, = V,® V), is a R-matrix. Notice that we get the usual Yang-
Baxter equation (A.2.5) back when L(1) = R(1).
Next we define the monodromy matrix

To(A) = Lan(A) ... Loy () (2.3.2)

The monodromy matrix is an operator on V,® V1 ® V> ®...® V. If we take the partial trace
over the auxiliary space of this operator, we will get an object called the transfer matrix and
it is denoted by

() = tra[To()] (2.3.3)

The transfer matrix is an operatoron Vi ® Vo, ® ... ® Vy.
Now let us use the shorthand notations R, , = R, ,(1—p), Ly = Lap(A), L'y = Lap+1(A),
Ly = Lp,,(u) and L'y, = Lp 41 (). Then using (2.3.1) we obtain

Ra,bL,aLaL,bLb = Ra,bL/aL/bLaLb = leL/aRa,bLaLb

L, , , (2.3.4)
=L bL aLbLaRu,b =L bLbL uLaRa,b
This procedure can easily be generalized to give the expression
Rap(A = DITa(DTp()] = [Tr()Ta(D)]Rap(A — ) (2.3.5)

Using this relation and using the cyclicity of the trace, we can derive the following expres-
sion for the transfer matrix:

T(D)1(W) = tra[Ta(D] trs[Tp ()] = trap[Ta(D)Tp()] = trap[RapTa(D TR, )]
= trapl T Ta(D)] = trp[Tp(] tralTa(D)] = T()7() (2.3.6)

site can be occupied by a spin up or a spin down electron. But in this definition we only consider the lattice site
of the XXX model of having one degree of freedom.
3 An alternate form of the FCR can be found in Appendix A.3
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which means that the transfer matrices commute with each other:
[7(D), 7@w)] =0 (2.3.7)

Generally, 7(4) will be the generator of conserved quantities. The relation (2.3.7) will
then imply that the conserved quantities are independent of each other which proves the
integrability of the model.

Finally, the Hamiltonian of the model will be represented as a linear combination of
logarithmic derivatives of the transfer matrix 7(4) at some points A,:

dk
H= Zk: Z ek 7| (2.3.8)

with coefficients ¢k ,. This ensures that the Hamiltonian is part of the family of commuting
conserved quantities.

After having sketched the general theory of quantum integrable systems, let us now
apply this to the XXX model. The Lax operator L, , (1) for the XXX model is given by

oz o
A+iS iS;, ) 2.3.9)

Lon() = A0, ®1T,) +i (ad®S“)=( ) .
a,n a n Z a n lS; /l_lel

a=x,y,z

where L, (1) acts on V,®h, with V, being the auxiliary space. We will choose the auxiliary
space to be C? so that h, = V, = C? for all n. Let us now consider the permutation operator
P:C’®C?:a®b — b®a. If we use

fer=IDeID, e=INDell), a=lLelh, a=lbLell)} (2.3.10)

as basis for C? ® C? with | T) and | |) as defined in (2.1.6), we see that P can be written as
(2.3.11)

We will write P, to indicate that the permutation operator is acting on the space V, ® Vj,.
Note that this only makes sense if V, = V;, = C2, which will always be the case unless stated
otherwise. It is easy to see that the permutation operator satisfies the following identities

traPa,b = tera,h =1, Pa,b = Pb,a s Pal,bPaz,b = Pal,azpal,b = Paz,bPal,az (2.3.12)

where try, is the partial trace over the space V5.
With the above relations, we see that L, ,(1) can be written as

Lan(A) = (/1 - %)1{ Py, (2.3.13)
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The corresponding R-matrix R, ;(1) such that equation (2.3.1) is satisfied is given by

Ra,b(/l) = /UIa,b + iPu,b (2.3.14)

where I, and P, are the unity and permutation operator in V, ® Vj, respectively. Let us
note that we can write R, ,(4) and L, ,(4) as

1 0 0 0
Jo 4L L 0 )
Rup(D) = (A +1) i A and Ly ,(1) = Ryn(1—1i/2) (2.3.15)
0+ A 0
0 0 0 1

We will now consider the monodromy matrix 7,(1) = Ly n(4) ... L, 1(4) and denote it
by

(2.3.16)

(A BW
T““)‘( c) D(A))

where the matrix elements are operators on the space h. Using (2.3.9) we see that the
monodromy 7,(A) is a polynomial in A of order N:

N
T () = AN + V! Z Z(ag ®S) +... (2.3.17)

a n=1
So the expression for the transfer matrix (1) becomes

N-2
7(A) = tra[To(D)] = AQ) + D) =227 + 3" 0 (2.3.18)
=0

Notice that there is no AV~! term since the Pauli matrices o= are traceless. Furthermore,
since [7(A1), 7(1)] = O for all A and y, we see that

dk |
[Ok, 01l = Tl

g T 0]

o =0 (2.3.19)

So the operators Q; commute with each other.

In order to prove that the XXX-model is completely integrable, we will show that its
Hamiltonian H belongs to the family of the N — 1 commuting operators Q;. First of all,
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notice from (2.3.13) that L, ,(i/2) = iP, ,. Using (2.3.12) gives us the identities

Ta(i/2) = i"PynPan-1-..Ps1 =i P12P23 ... PNoiNPNa
7(i/2) = tryTa(i/2) = NP1 2P23 ... Pyon

N
d A N
ﬁTa(/l)L/z =lN 1ZP¢1,N---P¢1J1- a, _lN IZPI 2P23 P, 1,n+1 - PN—l,NPN,a

+ iV (Py3Psa. .. PNoiNPha + P12P23 .. Pon-1PN-14)

( )| fraT (/1)| NV (PysP34...Pyoin + P12P2s ... Py-on-1)

i lzpl 2Poz. . Py ips1... Pyaan (2.3.20)

where " means that the corresponding permutation is absent. With these results we see that

d d _ 1 1
L (ﬁru))m) |, = ] PuvoiProinc. Pm-—Zan

n=1

(2.3.21)

Now notice that using (2.3.11), the Hamiltonian (2.1.2) can be written as

1 N
H= —J[E Z:; Popst — Z} with  Pyws1 = Pyi (2.3.22)
which, in view of (2.3.21), can also be written as
d N

- —J(Eﬁ In T(/l)|i/2 - Z) (2.3.23)

Therefore, H belongs to the family of N — 1 commuting operators. To obtain N commuting
operators, we add the operator S%. to this family. This completes the proof of integrability
of the XXX-model.

2.3.2 The Spectrum of the XXX Model

We will now calculate the eigenvalues of H by diagonalizing 7(1). This will be done by a
procedure called the ”Algebraic Bethe Ansatz” (ABA). First of all, let us derive commu-
tation relations between the operators A, B, C and D using equation (2.3.5). Writing the
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matrices R(4, ), T,(4) and T, (w) in the matrix representation using the basis (2.3.10) gives

A—u+i 0 0 0
_ 0 A—pu i 0
R(A1—pw) = 0 i A-pu 0 (2.3.24)
0 0 0 A—pu+i
A(Q) 0 B(1) 0 A(w) B(w) 0 0
B 0 AW 0 B(1) | Cw Dw) 0 0
Ta(h) = cay o0 DWW 0 |’ Lw=1 0 A B
0O cxu 0 DWW 0 0 C(w) D(u)
Thus, equation (2.3.5) reads
(@ + DA A, (a + DAB, (a +1)BA, (a +1)B,B,
CL’A,]CM + iC,}A# aA,lDﬂ + iC/lBy CL’BACM + iD/lAM CZB,lDM + l'D/lB'u
iAﬂCﬂ + aC,lA# iA,lDﬂ + CL/C,IB# iBﬂCﬂ + aD/lA# l'B/lDﬂ + aD/lB#
a+i0)C,C a+i)C,D a+i)D,C a+i)D,D
( ) AL u ( ) A ( ) AL u ( ) A (2325)

(a+ i)AMA,l ClByA/l + iA#B,l iBﬂA,l + G’A”B/l (a+ i)B’uB,l
(@+i)C,Ay aDyAy+iCyBy iDyAy+aCuB, (o +i)DuBy
(a+ i)A#C,l a/B#C,i + iAMD,l iB“C,l + CXAIJD,l (a+ l')B#D,l
(@ +i)C,Ch aD,Cy+iCyD, iD,Cy+aCuD; (a+iD,D,

where we have used the shorthand notations A, = A(1) and @ = A—pu. The relevant relations
for the ABA follow from the (1,4), (1,3) and (3,4) matrix entries of the above equation:

[B(D), B(w)] =0 (2.3.26)

ADBG) = 2P BunA) + —— BLAQ) (2.3.27)
A—pu A—pu

D)B() = %B@)D(A) — L BWDW) (2.3.28)
—H A—p

Notice that we interchanged A <> y in the second equation.

Let us now consider the monodromy 7,(A) from (2.3.16). The main idea of the ABA is
that there exists a pseudo-vacuum |0) € & such that C(1)|0) = 0 and that the eigenvectors of
7(A) with K spins down, have the form

|41, A2, ..., Ax) = B(11)B(42) ... B(Ax)|0) (2.3.29)

where {4;} are the so called ”Bethe roots” which are comparable with the pseudo-momenta
{k;} of the CBA. We will see later how those are related with each other.

In order to find |0) we will look at the Lax operator L, ,(1) : V, ® h, = V, ® h,, first.
Let| T), € hy, as defined in (2.1.6) and v an arbitrary vector in V,, then we see that

S 3 N i .
LW | 1) = ( @A+SDI D S D )v:( A+ HI Dy il L)n )v

Syl n A=iSH T 0 (A= 5D
) A+ D n il Ln )
hort:  Lu()| T = 2 : 2.3.30
or in shor D ( 0 A=) ( )
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So if we now let

N
10y = )1 D (2.3.31)
n=1
then
T()/0) = ( A+ )10y ; ) (23.32)
0 (- )"0y o
where * denotes an expression not relevant for our discussion. So
i\ i\
AWI0) = (1+3) 10) and DI0) = (1-5) 1) (2.3.33)

Now notice that |0) is exactly the vector |F) from the CBA. Furthermore, we see that |0) is
an eigenvector of A(1) and D(1) simultaneously, which means that it is also an eigenvector
of (1) = A(1) + D(1). The ABA then tells us that the other eigenvectors will be of the form

A1, A2, ..., Ag) = B(11)B(12) ... B(1x)|0) (2.3.34)
The condition that |11, A2, ..., Ak) is an eigenvector of 7(A) will generate restrictions on the
parameters Ap,...,Adg. Let us now derive these restrictions. First, using relation (2.3.27)
we get
iW (& -, —i
AWDB(). .. B0 = (/1 + E) (]_[ #]B(ﬂl) . B
n=1 T

K K (2.3.35)
+ 3 M ANEDBW [ | Bapio)
n=1

J=1
Jj#n

where the first term of the right hand side is obtained by using only the first term of the
right hand side of (2.3.27) and where M, (4, {/li},-[i 1) is a coeflicient dependent on 4, 4; with
1 <i < K. To determine this coefficient let us first note that we can write

K

|41, A2, ..., Ak) = B(4,) l_l B(A)|0) for 1<n<K (2.3.36)
j=1
;;tn

since the operators B(1) commute with each other. So

A=A, —i K i K
A A2 A = 2= BUADAW ],_1[ BOI0) + 7= BDA(L) ];[ B(1,)(0)
Jj#n Jj#n

(2.3.37)
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From this equation we see that only the second term of the right hand side will contribute
to M, since this term that does not contain B(4,). If we now move A(A) past the B(4;) we
see that the only way to avoid the appearance of B(4,,) is by using the first term of the right

hand side of (2.3.27). So the resulting term will be

. K . K
(0 + i)N [1272= sy [ ] B0
i=1

1- 2, 2 Ay — A |
i#n j;n
which means that
. .. N K .
i i Ap—Aj— i
M, {24}E =—(/l +—) -
) = 7= (5 ],_1[ o,
jin

In the same way we get

. N K 1-1 .
DB ... BAI0) = (/1 - é) [1_[ /l_—";l]B(/ll) . BOpI0)
n=1 n
K K
+ D N DB | ] B@ylo)
n=1

j=1

Jj#n
. ..N K -1+
. l l +1
with M) = - 7= (- 5) [ 15525
n i1 n J
§¢n

From this we see that

(AQ) + DA, -, k) = AAAGYE DI, - -, Ak)
N K

with AL {)K) = (,Hi)Nﬁ’l‘/lj—iJr(/l_i) l—[A—AjH'

2 A-1; 2 -1

J=1 J=1

if M,, + N,, = 0 for all n, which written out is:
AU I Py AU I Py,
1 n j—1 1 n jti
p +-) —:(/1 --) i
(" 2 l_[ Ay — A "2 l_[ A=A

=1 j=1
#n J#n

~.

~

or, written differently:

i\ KA, - i
ntif =[]5=2L5 forall n=1.....K
A, —i/2 i1 Ay —Aj =i

Jj#n

(2.3.38)

(2.3.39)

(2.3.40)

(2.3.41)

(2.3.42)

(2.3.43)
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These are the Bethe (ansatz) equations and the eigenvectors are the Bethe vectors. Note that
if we take A; = % cot (%), then

An

H+

_ l(COS(kn/Z) + .Sil’l(kn/Z)) ei%ik”

l
hald b ord R ey (2.3.44)

and

(e%ik_,- _ e—%ik_,-)e%ikn _ (e%ik,, _ e—%ik,,)e—%ik_,-

A= Aj+i=,+i/2)—(A;-i/2) =

4isin(k,/2) sin(k;/2)
1
e_fl(kn"'kj) ; )
= (kntk) — gikn 1 1 2.345
4isin(ky/2) sin(k;/2) (¢ e 1) (2345)
With these relations we see that
L+i2\V N g oA i/~ Q-2 ) - 2ef +
=™ an = - = —— -
A, —i/2 A=A —i (A +1/2) = (4, —i/2) eikntk)) _ 2otk 4 1

(2.3.46)

Therefore, the Bethe equations of the ABA agree with the Bethe equations of the CBA.
However, there is a slight difference in the solution sets between the CBA and the ABA.
First of all, notice that the parametrization A; = % cot (%) has a singularity at k; = 0. Since
all A; must be finite, this means that only the solutions from the CBA for which all k; are
nonzero arise in the ABA as solutions. Therefore, since all the eigenvectors for which the
k; are nonzero are highest weight vectors of the spin algebra, we expect that all the eigen-
vectors obtained with the ABA are highest weight vectors. Let us investigate this claim.

Let us consider equation (2.3.5) in the limit 4 — oco. Then using the expansion (2.3.17)
for T,(4) and the R-matrix (2.3.14) with the permutation P of the form (2.3.11) we see that
this equation becomes

((A=m+ %i{l[a ®I + Z(ag ® op)})(2 +ia! Z(ag ® SN +... )Ty =
¢ ‘; (2.3.47)
= Ty + " Y (et e s+ ) (- + Sl ®Ty + PNCATA))

We see from this equation that the highest order term vanishes. Let us therefore look at
the second highest order, AN, terms. If we factor out iAd", use the shorthand notation ST =
2.» 8¢ and carefully write out all the terms in the tensor space V, ® V;, ® h, we obtain

1
(Z(ag oI, ® S(;)) 1, ®T, ) + 5 D el @t @)1, ® T,(w) =

(2.3.48)
1
= (I, ® T),(w)) (Z(ag QI ® S‘;)J + 0, ® Ty()5 PNCA-TAIN
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which can be written as
1
A [Tb(/.t),]lb ®S%+ 5 (o ]Ih)} =0 (2.3.49)
3
which implies

w 1/, Aw) Bw \ (S% 0\ 1/,
[Tb(y),]lb®ST+§(Ub®]Ih)] = [( o Do )( 7 2 )+§(Ub®]lh)] =0
(2.3.50)

Taking a = z gives
z
(20 By (5 2 ) a5 ) -0 0351)
and the (1, 2) matrix entry of this equation gives the relation
[S%.B]l=-B (2.3.52)
In the same way we get the relation
[S7.Bl=A-D (2.3.53)

by taking @ = x and @ = y. Now notice that for our pseudo-vacuum |0) we have
+ _ Z _ N
§710)=0 and S%|0) = §|0> (2.3.54)

So |0) is a highest weight vector for the spin algebra. Let us now look at the eigenvectors
[41,...,dk). Using (2.3.52) and (2.3.53) we see that

N
S5 = (5 = K)o ) (2.3.55)

and

K
STl k) = Z B(A1) ... B(Ak-1)(A(A) = D(A)B(Ak+1) - . . B(Ak)I0)

k=l (2.3.56)

K
= > O0;B()... BAj-1)B(A)B(41) ... Bk)I0)
=1

To calculate O; we use the same sort of argument as for M; and N;; the only contributions
to O; will come from B(4y)... B(A,-1)(A(A) — D(A))B(Aks1) . .. B(Ag)|0) with k < j. If
k = j this contribution will be

K . : K : )
Aj— Ay —1i N Aj= Ay +1i N

1_[ J/l n/l (/lj * %) B l_[ ]/l n/l (/lj B é) (2.3.57)

n=j+1 T n n=j+l T
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and if k < j the contribution will be

M A1) + N (A ) (2.3.58)
So in total we get
K
Aj— A —i
0= [T 42 () ZMW I
k=j+1
K . i
Aj— A+ i N .
_k:'+1 Aj = A (’_5) +ZNj(/lk’{li}i:k+1)
K j -1 - (2.3.59)
Aj=Ag—i : N
l_[ ﬁ( ) [1+Z/l 1—[ //l Iil ]
gt k=1 kT ]p 1 T
ﬁﬂ AH( ) [1 S ﬁﬂj—ﬂp+i]
- - —~r
q=j+1 ;=4 = A~ J peitt -2,
where we have used that
N =1 i N1
M(ﬂk’ k+1)— (/l + ) Aj—Ap 1
Z i= - /1]c ];[—1 /lj_/lp
v (2.3.60)
I
i1 UM A=Ay Lo A

and an analogous expression for N (A, {/L-}l(i +1)- Now note that

J—1 . Jj-1 . .

1 /lj—ﬂp—l /lj—/lk—l
th=1 | | =| | 2.3.61
" +k§:zk—m -2 11— A ( )

I p=ker TP

We will prove this by induction over n. Forn = j — 1 and n = j — 2 we clearly have

i - —i

ti-1 = 1+

. . . 2.3.62
; 1+ N i /1j—/lj_1—l /lj—ﬂj_l—l/lj—/lj_z—l ( )
i) = =
! o1 =) Ajia—4; Aj— Ay A=A =2
Now suppose that our formula holds for n = [, then we have
R = P J i\ A-i AJ—A —i
t-1 =14+ = (1 + ) l_[
Ao =4 i A=, A=A/ 0 A=A il ;-

(2.3.63)



2.3. The Algebraic Bethe Ansatz (ABA) 27

which proves (2.3.61) and with the same formula we obtain

j-1 . j-1

. j—1 .

1 /lj—/lp—l { /lj—/lk—l
1+E ||—=||— 2.3.64
LA - A -4, L - ( )

p=i+1

i j-1 j-1 .

1 /7. +1 /1]'—/1]{+l
1 - A S —_ 2.3.65
;/l- Aj l:[l A=A, l_[ Aj— A ( )

So using the Bethe equations we obtain

A=A —i IV A - i

0; (/1 + ) - —(/1-— —) < -0 (2.3.66)
2 H Aj— A ) B Aj— A
k#j k#j

And this proves that the eigenvectors obtained from the ABA are highest weight vectors of
the spin algebra.

Finally, let us calculate the eigenvalues for the corresponding eigenvectors. Using
(2.3.23), we obtain after straight forward differentiation of (2.3.41):

d N N1
E=—-Jl——1IAQ ——|=Ey+J Y ——— 2.3.67
(um @, 4) o ;2A§+1/4 2367

If we now use the parameterization A; = 5 L cot (7’) we get

N N

N
— I = _ .
E-Ey= JJZ: —r /2)2 = Z ( 5 ) = J/;(l cos k) (2.3.68)

and we see that this agrees with the eigenvalues from the CBA.

Let us summarize some of the important observations made during the application of
the Bethe ansatz procedure. First of all, the XXX model has s1(2) symmetry which resulted
into the fact that the eigenvectors calculated using the Bethe ansatz, splits into irreducible
representations of su(2). However, the way in which this result is proven differs between
the ABA and the CBA. The ABA would only produce eigenvectors which were highest
weight vectors of su(2), whereas the CBA would also produce eigenvectors which were
descendants of the highest weight vectors. This was caused by the way the pseudo-momenta
{k;} and the Bethe roots {A;} are related to each other. A second observation is that the ABA
enabled us to prove the integrability of the XXX model, which is a feature the CBA could
not give us. But in the end, the calculated eigenvalues and eigenvectors from the ABA and
the CBA agree with each other which gives us more evidence of the correctness of both
methods.
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2.4 The Nested Coordinate Bethe Ansatz and the Hubbard Model

The nested coordinate Bethe ansatz (NCBA) is a generalized coordinate Bethe ansatz de-
veloped by C. N. Yang. We shall introduce this method using the one dimensional Hubbard
model following closely to the article of Sutherland [26] and [12]. We will end this section
by giving an alternative characterization of the NCBA following the methods displayed in
[5] and [9].

The one dimensional Hubbard model is a spin chain model with Hamiltonian

i Z z+lsb1s+bjs i+1,s +2€Zb blT ll il (241)

i=1 se(Tl}

where N is the length of the spin chain and bjs, b, . are the creation and annihilation oper-
ators respectively for an electron at site i with spin s € {T, |}. These operators satisfy the
anticommutation relations

(b} = b],b] ) =0, (bl b} =6,6, where {A,Bj=AB+BA (24.2)

and H acts on the module that is spanned by vectors of the form

:w

10y where |0>_®|0>, and 1<nj<N (2.4.3)
Jj=1 i=1

The pseudo-vacuum |0); is annihilated by the annihilation operators b; ;. So physically, a
lattice site i can be unoccupied (|0);), occupied by a spin up electron (b§T|0)), occupied
by a spin down electron (bj L|O>) or occupied by both a spin up and a spin down electron
(b b 10).

To solve the Hubbard model we first remark that the Hamiltonian preserves the number
of electrons:

N
[H,N1=0 where N = Z (b] b, +b] b, ) (2.4.4)

Therefore, it is enough to consider the eigenvalue problem for a fixed number of particles
and we will look for eigenvectors of the form

W= > ¢(n)nbn 5100 with  g(m) = ¢(n.8) = ¢(n1.....nk, 51, ... 5K,)
{1<n;<N}
(2.4.5)

where n; is the position of electron i with spin s; and K is the number of particles (we will
omit the spin label s when there is no chance of confusion). Furthermore, we will require
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the wavefunction ¢(n, s) to satisfy the Pauli exclusion principle;

d(Mg, SR) = G(NR(1), - - -, NR(K})> SR(1)» - - - » SR(K)) = Sign(R)p(m,s) forevery R € Sk,
(2.4.6)

This means that it is enough to treat the eigenvalue problem for one particular particle
ordering Dy, defined by

DQ = {1 <npu) <npe) £ ... <ngk,) <N} where Q€ Sk, (2.4.7)

We will define the restriction of [\) to DQ as

K
o= ) dom | |b],,I0 (24.8)
=1

nEDQ J

where ¢g = ¢|p o for which we will use the ansatz:

K
dom) = pom,s.k) = sign(PQ)A(kMsQ)exp[izkpmng(j)} (2.4.9)

PeSk, =1

Here, A(kp|sp) is a coeflicient which is to be determined by the boundary conditions on ¢,
and k; is the pseudo-momentum introduced for i-th particle. Note that with this definition
the Pauli principle is satisfied.

Now let us introduce the region Dy, which is defined as

Do ={1 <nga) <ngpe) <...<ngk,) <N} where Q€ Sk, (2.4.10)

If n € Dg, then the local interaction term of the Hamiltonian (the second term of (2.4.1))
acts as zero, and from the eigenvalue equation E|¥) = H|¥) we get an analogous expression
of (2.2.23) for ¢g:

K

E¢Q(n):—Z Z do(n1,....nj+0....nK,) (2.4.11)

i=1 o=+1

If we now plug in the expression for ¢ we obtain
K
E=-2 Z cos k; (2.4.12)
j=1

Let us now look at the situation when two particles are on top of each other. As in the
section of the XXX model with the CBA, this will yield the relations between coefficients
A(kplsp).

First of all, consider the situation that there are two particles at the same place, ng;) =
no(j+1) = n, while the other particles remain well separated; ngi+1y > no) for all i # j.
Secondly, let us define Q’ as the permutation obtained from Q by interchanging Q(j) and
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Q@(j+1),ie. Q' = QPjj. with Pj ;. being the permutation operator. Then, since ¢o
is a smooth function, it should obey the continuity equation ¢o(n,s) = ¢ (n,s). Further-
more, due to the eigenvalue equation E|¥) = H|¥), ¢ should also satisfy the the following
constraint:

K
Eg(m)=— > > $ni,....ni+0,...,nk,) + 2c6o(n) (2.4.13)

i=1 o=+1

or, in terms of ¢p and ¢¢:

K
E¢pom) = — Z Z pony,...,nj+o,...,ng)
000G T (2.4.14)
—¢o(...,ng—1,..) = do(...,ngGsn +1,...)
—¢o(....,ngG+1y = L,..) = o (...,ng;) + 1,...) + 2chp(m)
If we now extend formula (2.4.11) to the situation that ng(;) = ngj+1) = n, and subtract
(2.4.14) from it, we obtain the constraint equation

¢Q1(...,nQ(j+1) -1,..)) +¢Qf(...,l’lQ(j) +1,..)

(2.4.15)
- ¢Q( - ho3G) T 1,.. ) - ¢Q(..,nQ(j+1) -1, ) = 2C¢Q(n)

So combined with the continuity equation, we now have a pair of constraint equations for
each pair of particles on the same site. We will try to satisfy these constraints by considering
the following pair of terms in the expression for ¢p(n1, ..., ng,):

K K

kP’(i)”Q(i)]

(2.4.16)

sign(PQ)A(kp|sQ)exp[i kp(i)nQ(i)] and sign(P’Q)A(kpflsQ)exp(i

i=1 i=1

For ¢g(n1,...,ng,) we will consider the same kind expression. Here, P’ is equal to the
permutation P with P(j) and P(j + 1) interchanged, i.e. P’ = PP; ;1. So our constraint
equations become

A(kplsg) — Akprlsg) = A(kplsg) — A(Kplsg) and
A(Kplsg) (2c + okPo) 4 e—ikp(m)) — Akprlsg) (2C + ek 4 eikp(j+l)) — (2.4.17)
= —A(kplso) (e_ik”<-f> + eikP(/+‘>) +A(kp/sg) (eikP(/) + e—ikp(j+]))

If we now solve A(Kp/|sg) and A(Kp/[s¢) in terms of A(Kplsp) and A(Kp|sg ) we will get

CA(kP|SQ) - i(sin(kp(j)) - Sin(kp(j+1))) A(kp|SQ/)
C— i(Sin(kp(j)) - Sin(kp(j+1)))
cA(Kplsg) — i (sin(kp(j) = sin(kp,,,)) A(kpls)

¢ — i (sin(kp(j) — sinkp(ji1)))

A(kplsg) =
(2.4.18)
Akpsg) =
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Notice that for fixed kp the amplitude A(kp[sp) is a function of K spin variables s; € {T, |}.
Therefore, we can view A(Kplsp) as the components of a 2Kt dimensional vector

Akp) = |kp) = Z Akplo)|o) (2.4.19)
10k =T
where the spin basis o is defined as (2.1.9). We see that with this definition we have
A(kplsg) = (splkp) (2.4.20)

Furthermore, let us note that there is a naturel action of the symmetric group on our spin
basis:

Olo) = lop-1) (2.4.21)
This defines a unitary representation of the symmetric group since
P(Qlo)) = P|0'Q—1> = |0'Q—1P-1> = |0'(PQ)-'> = (PQ)lo) and
(@1Q"I07) =T 1107) = 651 0 By = Oy, O iy, (24.22)
= (dlop) = (o070’ = 0'=0"
Using these definitions and writing 6; = sin(k;), (2.4.18) becomes
c— 0P,y

c—1i0

(2.4.23)

A(kp) = Akpp,,,,) = S jj+1(Op(j) — Op(j+1))A(kp) where §,,(0) =

We recognize S ,(6) as the S-matrix of the model and it is easy to see that it satisfies the
relations

ab cab _ abgobcgab _ obe gabgbe ab _
Sn,mSm,n =1 and Sm,[S n,lSn,m - Sn,mSn,l Sm,l where Snm = Sa,b(gn - gm)
(2.4.24)
When there is no chance for confusion, we will also refer to 6 as pseudo-momentum.
Before we move on to the boundary conditions, let us introduce the so called “transmis-

sion representation” for A(kp) and S, ,(6). In this representation we use the objects A’(kp)
and T, which are defined as follows. We define the vector A’(kp) as

A’(kp) = PA(kp) with A’'(k;) = Ak;) (2.4.25)
Now suppose that P’ = PP;;, and let j = P(l), k = P(l + 1). Then
A'(kp) = P'A(kp) = P'S 11010 — 0)AKp) = P'S111(0; — 0P 'A'(kp)  (2.4.26)

If we now write the S-matrix as
—i(6; — 6,
— ; and tj; = M
c—i(0; — ) ’ c—i(0; -0
(2.4.27)

S11+10; = 60) = rjx + 1 Prv1 where  rjg
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then we see that
PP1S 11s1(0; — 00OP™ = tjg + 1 PP P =ty + 1jaPjk (2.4.28)
Therefore, we will define the operator 7' as
Tix = T(0; = 6k) = PP11s1S 1141(0; — 0P~ = tjg + rjxPjx (2.4.29)
and we see that
A'(kp) = TjxA’(kp) (2.4.30)
Furthermore, note that 7';; can also be written as
Tjx=PjxS jx(0; — 6k) (2.4.31)

and therefore, we do not need to index both the 8’s and the permutations anymore.

We can now impose the periodic boundary conditions on ¢. Suppose that n € Dy and
let j = Q(K7). Then we require the wave function ¢ to satisfy the boundary condition

¢(ny,...,nj=N,...,ng) = ¢(n) (2.4.32)
Let us write m = (ny,...,n; — N,...,ng,) and notice that mok,) < moa) < ... <
mo(k, -1y, which may also be equivalently stated as moy) < ... < moyk,) where U =

Pk,_1k, --.P12. Therefore, m € DQU and (2.4.32) can be written as ¢oy(m) = ¢po(n). If
we now write ¢y (m) as

K
poum) = > sign(PQU)A(kplsQU)exp[iZkp([)mQU(l)]

PeSk, I=1

K
Z sign(PO)A(Kpylsgu) exp [i Z kPU(l)mQU(l)] (2.4.33)

PeSk, 1=1

K
Z sign(PQ)A(kpylsou)e " 0N exp [i Z kP(l)nQ(l)]

PeSk, I=1

and compare this with the expression for ¢o(n), we see that the boundary conditions are
satisfied if

kPN A(k pIsg) = A(Kpylsgy) or written differently:
"N (solkp) = (soulkpu) = (slUlkpy)

If we now define U, = Pk,_1k, - - - Prr+1 (so that U = Uy) and write this condition in vector
notation with (2.4.23) we will get

e*rx0NA(kp) = UA(kpy) = US 1 2(0puy1) — Opus2)AKpy,)
= US120pu,(1) — OPu,2))S 23(0Pus2) — OPUs3)) - - - S k-1, (OP(k - 1) — Op(k))A(Kp)
= P PUS 12(0pus1) — Opus)(PU) ™ (PU2)S 2.3(0pus2) — Opus3)(PU3) ™ (PU3) ...
.. (PUk, 1) (PUk,-1)S K, -1k, bk, -1) — Opk,))P~' PA(Kp)
= P7'T(Op1) — Opk )T Or2) — Op(i))) - - - TOpk,-1) — Op(icy))A’ (Kp) (2.4.35)

(2.4.34)
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Multiplying this expression by P gives an equation in the transmission representation:
e kN A" (kp) = T(Op(1) — Opk)) - - - T Ok, -1y — Opcicy A (Kp) (2.4.36)

This is an eigenvalue problem which is referred to as the “auxiliary eigenvalue problem”.
To solve this equation we will use a generalized Bethe ansatz construction. Therefore,
the name “nested coordinate Bethe ansatz” is perfectly suited, since a second Bethe ansatz
construction is used (nested) inside the original Bethe ansatz construction.

2.4.1 The Nested Coordinate Bethe Ansatz I

Let us consider the eigenvalue equation

ApcpI¥) = Tpaypky) - - - Teik,-1),pk)'E) (2.4.37)

It is easy to see that A’(kp) = |T ... T) is an eigenvector of this equation with eigenvalue
A = 1. Now suppose that we have one down spin while the rest remain an up spin. This is
also called the one-magnon problem, and we will look for eigenvectors of the form

K
¥) = Y wpalPG) with [PG)Y=IT.. 1) (2.4.38)
i=1

where | is sitting on the P(i) position and ¥ p(;) is a wavefunction to be determined. For this
vector we see that

K

T, -1).pp|¥) = Z YpoIP@)Y + Wei,)(tpu-1.pa) |PKD) + rock, -1.pkn IP(KT = 1))

i=1
i£K1,K1—1

+ WP(K]—1)(tP(1<1—1),P(K1)|P(K1 -+ VP(Kl—l),P(K1)|P(K1)>)

K
. 1

DT wreIPO) + Wy IPKD)
-

i#:Kll,Kl—l

+ (Wpi- Dtk -1).P(K)) + WPEDTPE - 1).Pk )IPCKY = 1)

1
where l//;()K,) = Pk IP(K -1),P(K1) T WP(K - 1)TP(K ~1),P(K)) (2.4.39)

The amplitude of |[P(K — 1)) is now ¥pk,-1)pk,-1),P(K)) + YP(K)TP(K,-1),P(K,) and notice

that the subsequent iterations 7' (6p(1) — Op(k,)) - - - T (Opk,-2) — Op(k,)) wont change this any-
more. Therefore, for the |P(K; — 1)) component of [¥) we have

AP PEK,-1) = YPEK, -)EPK,-1),P(K)) + YPEK)TP(K,-1),P(K)) (2.4.40)
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We proceed with the next iteration:
Trii-oraoTra-nrcol¥) = D0 wrolPO)
i#K,K1—1,K1-2
+ (Wpki 1Pk -1).P(Ky) + WPRO)TPK-1).PD) [P(KL = 1))
+ Ypk, -2 tpk,-2),pk)IP(K1 = 2)) + Wpk,-2) 7k, -2), Pk P(K1))
1 1
+ Wiy TP -2, P POKT = 2)) + Wbt —2) pxcy IP(K 1)) (2.4.41)
= Z W@ P@) + Wp@,-1)trk,-1).pk)) + YPE)TP(K -1).P(K)) IP(K1 = 1))
i#K,K1—1,K1-2

I 2
+ (Wp -2t -2).p(K)) + l//;(),(l)i’ Pk, 2Pk ) IP(KL = 2)) + lﬁia(),(lﬂp (K1)

with lﬁgjz()Kl) = lﬁp([(l -)TP(K;-2),P(K;) T lﬂg()Kl)lp(Kl -2),P(K})- The amplitude of |[P(K; —2)) 1is
NOW ¥ p(k,-2)P(K,-2),P(K;) + ;.//g()Kl)rp(Kl ~2),P(k;) and again notice that this amplitude wont
be changed anymore by the subsequent iterations T(6p1) — Opk,)) - - - T(Opk,-3) — Opk,)))-
Therefore, the eigenvalue equation for the |P(K| — 2)) component reads

1
APk PR, -2) = YP(K-2)TP(K -2),P(Ky) + w;&mrm “2).P(K) 9

(1)
wh (2.4.42)

YPK,-2)

The recursive nature of this scheme becomes apparent and we obtain:

Ap(ky) = tP(K-2).P(Ky) + TP(K -2).P(K})

-
wP(Kl)
VP -j) (2.4.43)

W (-1
Ypky) = WP =DTPK =.PKD) W b, TP ). PKD)

ApKy) = TPk~ j).P(Ky) + TP(K -~ j).P(KY)

with j =1,2,..., K| — 1. With the first equation, we can find an expression for l,l/](cj -b.

Sy Ap(ky) = TP(K, - j).P(K))
P(K) —

VP, -j) (2.4.44)
T'P(K,-j).P(K))

Plugging this expression into the second equation gives:

Apk,) — tP(K - j-1),P(K)) Apk) — tP(K - j),P(K))

) 20 )

Pk -j-1) = (VP(KI -).P(Ky) T IP(K - j).P(K))

FP(K\~j-1),P(K1) TP(K1~j),P(K1)

)lﬁp(](l - (2.4.45)

_ (tP(Kl—j),P(Kl)/lk + Ap(k; - j).P(K1)
TP(K1~j).P(K1)
with
2

2
Ak = (reei-jpn) = (trck-.pexn)
= (reck— .y + trai—j.pocn ) (Fea—jpoc = teaa-ppaky)  (2:446)

= (FP(KI —i)P(Ky) ~ IP(K = j),P(K) ))
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So we obtain:

Ypki-j-1) _ tP(Ki—j.POAPK) + APk —j).P(K)) TP(Ki—j~1).P(K1)

= : (2.4.47)
WPk~ ) ApKy) = tP(Ky~j-1).P(K1) TP(K\—j).P(K1)
_ k= Pk (AP = 1) + ki P TP —j-1.PK) (2.448)
Apky) = P(K, —-Jj-1D,P(K1) T'P(K1~)).P(K1)
If we now plug in the expressions for 7 and r we obtain
—(ﬁpaq )—1 )i(ep(](l -p=0px ))+C c
WPk -j-1) c=i(0pk, - =0y c=i(0px, -j-1)~bp(k))
Pk, -j - Ok, -j-1=OpPik))
(K3 .1) /lP(Kl)J’- ( 17/ ]) : c
c=i(Bp,-j-n~0piky) c=i(Op(k,-p—Opcky)
—(Apek)) = 1) (0pex, - — Opiiy) + (2.4.49)

= (AP = 1)i (HP(KI —j-1) ~ 9P(K1)) + cApk,)

. . cApk))
—C — l@p(K] -j Tt (lep([(l) + Trik, -1

. . cApky)
—0pk,—j-1) t (l@p(](]) + Ty -1

Now because the left hand side of this equation depends only on K — j, the right hand side
should also only depend on K| — j and not on K alone. Therefore we conclude that

.c . cApky)
+—=1i0 + 2.4.50
i+ 5 = i0pky) P ( )

must be constant. Subsequently, we can use this definition to obtain Ap,). So

—j-1 iu—i0pk,-j — 5 iu — ifpk,) +
Ypki-j-n _ M Ki-D "3 g /1P(K1)— (K1)

— (2.4.51)
Weki-j) M= 0P -j-1) + 5 — ifpx,) —

[SS][o% I \ST[o

If we now normalize our eigenvector |¥') such that ¥py = 1, we can find ¥ p;) from the
recursion relation:

-1 . c
u— l@p([) + 5

Yra) = Ypo () = l_[ W—ZC (2.4.52)

=1

—i0p+1) — 5

Ypi-y = i0pi) = 5
Ypiy = i0pa-1 + 5

for all 2 < i < K. Note that we also can write ¢/p(; as

A 2.4.53
Ypi) = i — l_l P() ( )

From this equation we obtain

in = i0pug—j-1) ~ 5
PK) = YPK -j-1)y— Apq (2.4.54)
Ypk,) = YPK-j-1) TR —— 1—[ 0
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Notice also that (2.4.44) can now be written as

)] . .
Yk, I (9P<K1 -~ 9P<K1>) c—i (9P<K1 -~ 9P<K1>)
———— = | Apy) + —
YK, -j-1) c— I(QP(Kl—j—l) - QP(Kl)) ¢
= (Apy) = 1) i(Opki-j-1) — Opky) ) + cApky)
- : (Orsi- ) ‘ (2.4.55)
c
. AP(Ky)
—i(Opk,-j-1) — 6 T :
_ (Brci—r-» — ) (rwp=1) _ i = i0pi—j-1) + 5
- ; - . _ -9 _ £
1) = B = 7
since
w—i6y+5 u—1i6y— % c
y-1=Z ATy MEPATS ¢ (2.4.56)
u—iby—5 ipu—ib—5 u—it—5
If we now combine this result with (2.4.54) we will obtain
- iw—i0pk,—j-1) + 5 W= i0pk,) — 5 YpKy) Yk
P(KY) — gy — — < jy—i . — ¢ K-l T K-l
! L e B Il 1 | PRSP VTS | P Vo)
(2.4.57)

Let us now focus on the P(K|) component of the eigenvalue equation. From our construc-
tion above, the eigenvalue equation will be satisfied for each component of |¥) after per-
forming all the iterations, except for the P(K;) component. To ensure that this component
also satisfies our eigenvalue equation, we see that we have to require

K
Ki-1 Yk
AP PK)) = '/’53(}(1)) e Apk)YPk) = —xor & Apqy =1 (2.4.58)
[TZ ey I=1

We have now obtained the complete Bethe equations for the one magnon problem:

“ _ i/l - i@p(Kl) +
= ApPK,)) = i — iQP(Kl) —

eikp([(l )N

K
o e =1 (2.4.59)
=1

IO | NI0

Before we continue, let us remark that we can view the one-magnon eigenvector as a parti-
cle with pseudo-momentum g, on a spin chain of length K; with up spins as lattice sites. Or,
in other words, the one-magnon eigenvector can be viewed as an excitation of the pseudo-
vacuum [T ... T).

Using the above results, we can consider the two-magnon problem

Ail¥) = Tpay.py) - - - Tek,-1),perp) 1Y) (2.4.60)
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The eigenvector we will try is:

W)= D U Pn), o)) with [k k) =17 1T T D)

1<n<ny<K;

(2.4.61)

where the |’s are sitting on the ki and k, position respectively. For ¥y, x, we will use the
(generalized) Bethe ansatz

‘J/kl,kz = lﬁkl,kz (ﬂ? ,Ll,) = Bl//kl (ﬂ)l//kz(//) + B,lr//kl (:u,)l/’/q (/J) (2462)

For notational convenience, we will denote y(u) and (') with ¢, and i respectively.
We see that after the first iteration we get

Trk,-1).p&p|¥) = Z Py, Py |P(n1), P(12)) + Wpk,-1),p | P(K1 = 1), P(KY1))
1<) <m<Ki-2

K2

+ Z %Z’P(nl),P(Kl—1){lP(K1—1),P(K1)|P(n1), P(Ky - 1)+ rP(Kl—l),P(K1)|P(n1),P(K1)>}
ni=1
P

+ Z lﬁP(nl),P(Kl){FP(Kl—l),P(Kl)lp(nl),P(Kl = D) + tpk,-1).pky) | P(n1), P(K1)>}
ni=1

(2.4.63)

We can continue with the next iteration, but since these calculations become rather repetitive
and cumbersome we will just state the results instead.

After performing the second iteration, the amplitude of the |P(K| — 2), P(K| — 1)) com-
ponent will be

TP(K1-2),P(K))Y P(K1~1),P(K)) (2.4.64)

* IP(K,-2),P(K)) {IP(Kl—l),P(Kl)‘/’P(Kl -2).P(K1-1) TP =1).PKDY P(K, —2),P(K1)}

Notice that the amplitude of this component will not be changed anymore by subsequent
iterations. Therefore, the eigenvalue equation for this component reads

AP P(K, -2),P(Ny-1) = TP(K-2),P(KDY P(K,~1),P(K1) T

(2.4.65)
+ 1Pk, -2),P(K 1) {EP(K 1), POY P(K ~2),P(K ~1) + TP(K ~1),P(KOY P(K -2),P(K)) )
To solve this equation we will choose B and B’ such that
A 1
P(K}) P(K1)
Yk, -1).pky) = BwP(Kl)lMD(Kl—l)—/l + B,w}’(l(l)wp([(l_l)—/l, (2.4.66)
P(K;-1) P(K;-1)

where A’ = A(u’). If we remind ourselves the relations

(-1
ApK\)WP(K ) = PU~j).PKDYPGK ) + TP ).PKDY iy
w(j) ] o (2.4.67)
P(K)) APk, -1y - - - AP(K —j)
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then we see that
tP(Kl—l),P(Kl)wP(Kl —2),P(K,-1) T rP(Kl—l),P(Kl)wP(Kl -2),P(K,) ~
= Ip(k,-1).P(K,) (B‘/’P(K, —2)‘/’;0(1(1—1) + B,l//;’(Kl —2)‘//P(K1—1))
* 'p(k,—1).P(K,) (BWP(KI—Z)'#;’(KI) + B/w})(KI—Z)'ﬁP(KI)) (2.4.68)
= By P(K,-2) (IP(Kl—l),P(Kl)‘MJ(Kl—l) +r P(Kl—l),P(Kl)w;’(Kl)) h
+ BI‘/’;D(KI -2) (tP(Kl—l),P(Kl Wew,-1) t Tpik,~1).P(K, )‘/’P(Kl))
=By P(K, —2)/1;)(1(1)‘#;3(1(1—1) + B‘MD(K1 —2)/1P(K1)'70P(K1—1)
and wg()Kl) = Ypk,)/Apk,-1)- Therefore, (2.4.64) becomes
B‘J/P(Kl)l//;’(l(l—l)/l}(l N B/l//;’(Kl)wP(K,—l)/lP(Kl)}

Apk,-1) /l}(Kl—l)

"P(k,-2),P(K,) {
’ ’ ’
+ Ipk,-2).P(K,) {B‘ﬁ P(K, —Z)AP(K] )¢P(K] _n+ By P(K, —2)/110(1(1 )¢P(K] —1)}

By [’ P(K,~2).P(K )Y P(K,)
- P(Kl—]) P(Kl)

+Ipk,-2).pk ¥ P(KI—Z)]

/lP(Kl—l) (2.4.69)

’
TPk, -2),P(K, )wP(Kl)

+ By P(Kl—l)/lP(Kl)[ Y +1pk,-2).pk )Y :D(Kl—Z)]
P(K,-1)

= By ;)(Kl—1)’1;3(1(1)/113(1<1)¢P(1<1 ot Blwp(Kl—l)/lP(Kl)/l;’(Kl)w ;’(Kl -2)
— ’
= /lP(Kl)/lP(Kl)'vl’ P(K,-2),P(K,~1)
So the eigenvalue equation (2.4.65) becomes
— ’
AP(KI)‘r/’P(Kl—2),P(K1 -1 = /lP(Kl)/lP(Kl)'vbP(Kl ~2),P(K,~1)

(2.4.70)

Y
= AP(K,) = /lP(Kl)/lP(Kl)

However, we need to ensure that this relation also holds for all the other components in
order for it to be an eigenvalue. This can be done as follows. It turns out that the amplitude
of the |P(K; — j), P(K1)) component after j iterations will be of the form

’
B Vs, +BY Yrs 24.71)
Y,y X Vew-n7 Ao o
P(K,=1) """ “P(K,—j+1) P(K =D)""P(K,=j+1)
and that /1;,( xnApky) is indeed an eigenvalue if it is possibly to choose B and B’ such that
’ ’
l/’P(Kl - j)'/’P(Kl) LB '*/’P(K ] —j)l/’P(Kl)
A A ‘ A v .
P(K,-1) P(K,—j+1) P(K,-1) P(K,—j+1) (2.4.72)

’ ’ ’
Ve Ve, - Ap,) B VeV ek, - ey

’ ’
Ap, -1+ bk, Aok, bk, -
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forall 1 < j < K; — 1. Let us find out if this is possible. Multiplying left and right with
/lP(KI—l) . /lP(Kl_j)/l;J(Kl_l) .. .A;J(Kl_j)gives

B VeapVe,p ey ek -y ~ eV e Ve -t bk -
B Upg Wk, -p ey - e~y ~ b, Ve, - e, -1 -+ ek, -
(2.4.73)
Let us consider the numerator and substitute (2.4.53) and (2.4.51) for ¢ and A respectively
Then we obtain
i/‘/ — i0p) ~ 5 u- Op1) 5
A A A
P(K, P Pl
KO i — iOpg ) = 5 it = ibpg = 5 l_l 0 n 0
W= ipyy =5 -
/lP(Kl J)

- < K -1
Bp) = 3
A A
P Pl
lQP(Kl—j) — z l/.,l P(K) % [l_l ()][ ()}
. . c\(.,
=A AP(KI) (W - zHP(Kl) - 5)(

=1
. c
W= Opk, - 5)

Ly c\/(. . c
~Ap,—j) (z/J —Opg) ~ E)(Z/J ~ Opg,—j) ~ 5)] (2.4.74)
c\(., . c .,
50~~~ -

3
= 4i(0p0x, )~ O ) (4 =10 = )

K -1
(Hl:ll P(l)) (Hl 1 P(l)) ( 'u HP(I) - %) ( = ep(]) - %)
(W ~ Orx) 2)(”‘ Gpa) ~ %)(’” Opk,-j 2) (’” Opk,-j) ~ 5)

where A =

It is now easy to see, by simply switching the primes and non-primes, that the denominator
of (2.4.73) is given by

Ai (Opi,—j) = Opcy) (i — 1) = ©) (2.4.75)
So
B (W — ) — i —
B__Wwom-oe _Muop)te (2.4.76)
B u-—p)—c iu-p)-c
This means that it is indeed possible to find B and B’ such that (2.4.72) holds

Let us now look at the components |P(k), P(K;)) with 1 < k < K; — 1. For example,
consider the |P(K; — 1), P(K1)) component. Without performing all the iterations explicitly,
we will just state that after j iterations, the amplitude of the |[P(K| — 1), P(K})) component
becomes

BlﬁP(Kl)w;?(Kl—l)/l;’(K ) wP(K )lpP(K —1)/1P(K )
7 7 5 + 7 7 —7 2.4.77)
P(K,~D)""P(K,~2) " " P(K,~)) P(K,~D"P(K,~2) " " 'P(K, - )
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This procedure stops after K| — 1 iterations and the resulting expression should satisfy the

eigenvalue equation with eigenvalue A A

P(K)P(K))

A A A A A

( BlpP(Kl)w;J(K]—l)/l;’(Kl) B’W}(K )lﬁP(KI—])AP(K)
+
/lP(Kl—l) P(K,~1)"P(K,~2) """ "P(1)

)IP(K1 - 1), P(K,)) (2.4.78)

P(K,=2) """ ""P(1)

= /lP(K])/l;’(K]) (BWP(K]—l)'vbP(KI) +B lp}J(K]—l)"l’P(Kl))lp(Kl - D, P(K))
This will yield the equations:
B B’

= B,/IP(K ) and = B/l;; K (2479)
APk, -1)APK;-2) - - - AP(1) ' k-1 Ak, —2) - Aty )

which, using (2.4.76), becomes
K

w—p)+c _ W -+
Apj) = ———— and A (2.4.80)
1:1[ ) i(w—w)—c 1_[ P(j) — (W —p) —c
The equation together with
iu— 6, 5 i —i6 +5
k N (K) P(K))
Py AP(K) /IP(K )/IP(K) - (2.4.81)

lgP(K) R/ L QP(KI) —2

form the complete Bethe equations which solves the two-magnon case completely.

This whole scheme can be generalized for the K>-magnon problem where we have
K> down spins while the rest remain up spins. The calculations are straightforward but
laborious. Therefore, without proof, we will state that the following:

Proposition 2.4.1. An eigenvector of the K,-magnon problem will be of the form

V) = Z WP, Py L - - s E)IP(1), - .. Png;, ) (2.4.82)

1<m <...<n1(2<L

where Yp,),..., p(nKz)(y 1. MK,) IS given by the generalized Bethe ansatz:
K>
Wb Py (1 lk) = B[ | e () (2.4.83)
PeSk, j=1

and the corresponding eigenvalue is given by

Apvy = Apavy(ur) - . . Apavy (k) (2.4.84)
Writing n = P(N), the Bethe ansatz equations are:

(2.4.85)

K . c K, .
iuj— 10+ 5 _l—[z(,uj—,ul)+c
. . C - .
=i =5 i) —c
I#]

forall j=1,...,K;

We have now solved the Hubbard model completely.
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2.4.2 The Nested Coordinate Bethe Ansatz I1

The NCBA can also be implemented in another way. To demonstrate this, let us return to
the objects A(kp) and S,;(6). The use of A(kp) and S, () to describe the model is also
called the “reflection representation” as opposed to the use A’(kp) and 7, which we called
the “transmission representation”. Furthermore, let us remind ourselves that

A(kp,,) = S12(01 — 02)A(k;) where S12(01 —62) =ri2+12P12
¢ —i(6, — 6) (2.4.86)

and p=

ith = - 7 vl
Ve ¢~ 61— 6)

S c—i(0) - &)
The NCBA can now be implemented in the following way. First we note that in principle,
we only need the S-matrix to derive the Bethe equations; we do not need to consider and
solve equation (2.4.37) explicitly, although the alternative description of the NCBA does
provide us with a solution as we will see later. The idea is that we will construct eigen-
vectors of the S -matrix by introducing auxiliary periodic systems at various “levels”. Each
level has its own pseudo-vacuum and excitation vectors, but the higher the level, the less
types of excitation it has. This idea will be worked out in more detail in the coming para-
graphs.

Let us start off by describing the first level. The first level system is just the original
spin chain of length N and the pseudo-vacuum is (naturally) the empty spin chain. We will
denote this by

) =e...0) (2.4.87)

99 99

where “e” stands for an empty lattice point. A general level I excitation vector of this
system is of the form

loi, i, - Oy, )I =le...00; .. .0 Tig, ®- - o) with o €e{T,1} (2.4.88)

where 1 < i; < N denotes the position of the j-th o and K] is the total number of excitations
out of the level I vacuum (the number of electrons). Furthermore, it is understood that each
Ti; is parameterized by the pseudo-momentum 6; , i.e. o, = 0'l~j(6 ).

We now move on to the second level and define our first auxiliary system. The auxiliary
system is defined by a spin chain of length K, and the pseudo-vacuum |0)!! is just the empty
spin chain which is given by:

K,
0" =@ mi=11...1 (2.4.89)
i=1

A general level II excitation vector of this system is of the form

by L) =0T T T Y (2.4.90)

where 1 < [; < K; denotes the position of the j-th | and K5 is the number of excitations out
of the level II vacuum; the number of “down” spins. Finally, since there are no other type
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of excitations anymore, the nesting stops here.

The next step of the alternative NCBA is to consider the equation
Sap(la — Op)IY) = A¥)ap), 1eC (2.4.91)

where [¥) is a first level excitation vector and where [¥(, ) is the vector |¥) with the
pseudo-momenta 6, and 6, interchanged. Since the S-matrix S, acts on a first level exci-
tation vector, S, is sometimes also referred to as the “first level S -matrix”. We will see
later that there are also higher level S -matrices.

At this point, we remark that a solution [¥') to (2.4.91) is also a solution to the equation

eKrEONIPY = US| 5(0puy1) — Orus2)S 230pus2) — OpUs)) - - -

(2.4.92)
S k-1.k,Opk, 1) — Opk)IY)

So the alternative version of the NCBA does indeed provide us with a solution to the eigen-
value equation (2.4.35). We will now concentrate on solving (2.4.91).

First, note that the level II pseudo-vacuum is a solution since

Si 0" = sY6;,0)10); ;,  where  s(6;,6)) = 1 (2.4.93)
Here, IO)B i is |0Y! with 6; and 6 ; interchanged. Let us now consider the level II excitations.
We will use the ansatz that a general level II one-excitation solution is given by

K i—1
D= Y w1l D with ge= f@) | ™)) (2.4.94)
i=1 =1

J

The unknown functions f(6;) and sH’I(Hj) will be solved by imposing the compatibility
condition

Sijl D = 50,01 L), (2.4.95)
The compatibility condition is a natural condition since we want to view a level II one-
excitation solution as an excitation out of the level II pseudo-vacuum. This acknowledges
the remark in the previous section where we noted that the one-magnon eigenvector could
be viewed as an excitation out of the pseudo-vacuum |7 ... T). It will become even more ev-
ident in a moment, when we show that the level II one-excitation solution is parameterized
by pseudo-momenta u and {6;}. So the level II one-excitation solution will have the pseudo-
vacuum structure with an additional excitation structure. The compatibility condition is
then to ensure that the underlying pseudo-vacuum structure is preserved.

To solve equation (2.4.95) it is sufficient to consider a spin chain with only two sites:

| DT = fo01 D' + £62)s™ @1 1)

2.4.96
| ) = FOD LD + £0)s™ ()] 1)) s
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So the compatibility condition becomes

r12001,0) £(01) + 11.2(01,62) f(62)s™(61) = £(65)

_ - (2.4.97)
11,2001, 62) f(01) + r1,2(61,02) f(62)s7(61) = f(61)s ™ (62)
From the first equation of (2.4.97) we get
S,y = J(62) —r12(01,6,)f(61) (2.4.98)

t12(61,62) f(62)

Since the left hand side is 6, independent, the right hand side should also be 6, independent.
Therefore, we can just fix 6, = 0 which gives:

) = r1206,0) /() _ ic(f(0) - f(0)) + 6f(0)
) = : = 2.4.
O T L6050 07(0) (2459
Plugging this into the second equation and solving to f(6;) gives:
foy) = L OT 00 (2.4.100)

f(0)8 = (61 — 62)f(62)

Since the left hand side is independent of 6;, the right hand side should also be indepen-
dent of 6,. Therefore differentiating both sides to 6, will yield the differential equation
d%z[ f(61)] = 0. Solving this equation then gives

K
foy =L E(O)e with K eC (2.4.101)
ek -0

If we now fix the values f(0) = 1, eX = u + ic/2 with u € C, then

iu— ¢ i —i0+ &
fO = —2"2  and Mg = & 2

—_— —_— 2.4.102
u—if -5 u—if -5 ( )

We immediately identify u as the pseudo-momentum of the level II one-excitation solution
and we will write

i-1

K
L@ = Y i@l 1 1t DY with i = a6 | M8 (2.4.103)
i=1

J=1

instead of (2.4.94) to emphasize the u dependence.

Comparing these results with (2.4.53) we notice that sPL(;) is exactly 4;, but f(0) is
ip—if - <
zp—ie—gz
wave function (2.4.53). Discounting this normalization, we can say that both methods yield
the same eigenvector.

not the same as

. This is caused by the fact that we imposed a normalization on the

Let us now consider the level II two-excitations. First define the vector

T e S 7 700 175 /729 O NP N N% (2.4.104)

1<i1<ip<K;
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A general level II two-excitation solution is then of the form

| L), L)) = Jug, o)™ + S (up, o)l o)™ (2.4.105)

where S'(u, uo) is the “second level S -matrix” defined by

Sy, )l o)™ = sy, o), par Y (2.4.106)

Analogous to the one-excitation case, we want | | (¢1), | (,uz)>II to satisfy the compatibility
condition

Sigl LD L™ = 1L, L)) (2.4.107)

For a spin chain of two sites this means:

S 00 f (2, 02)5™ (2, 00) + 5™ (i o) f . 00) f (i, 02)™ (. 0) =
= f(u1,62)f (ua, 01)s™ (o, 62) + 5™y, p2) £ (s 62) f (i, 01)s™ (1, 6)

which gives

(2.4.108)

G, 00) f(u2, 00)s™ (w2, 02) — f(uy, 00 f (o, 02)s™ (o, 00) iy — o) — ¢

Fu2, 00) f (i1, 02)sM ey, 1) — f(ua, 02) f(ur, 01) s (wy, 02)  i(uy — i) + ¢
(2.4.109)

LI _
s, o) =

Comparing this expression with (2.4.76) we see that it is exactly its inverse.

These results can easily be generalized to level II K;-excitations; a level II K-excitation
solution |¥)! will be of the form:

O = ey, i)+ D Sl )"
PES}(Z

n
where S}, = l—[ Sty uey)  and PPy g, P,
=1 (2.4.110)

when P = P]l,Jl ...P]n,Jn

K>
and where  |uy, ..., ux)" = Z l_llﬁil(,um...TJ,,-IT...TJ,,'KZT...)I

1<ii<..<ik<Kj I=1

Finally, we remark that if we write out [T in terms of level I excitation vectors, the result-
ing expression will be a solution of (2.4.91).

At this point, we note that the functions slI.’IJ’.H(/l 1, M2), sff(u,e) and Si’;(91’92) have a
physical interpretation as phase factors. To see this, we remind ourselves that the excitation
| is parameterized by pseudo-momenta 6 and u while the excitation T is only parameterized

P Yy P H yp
by pseudo-momentum 6. The phase factor s™'(111, u») then arises when | () scatters with
1 (), the factor s™!(u, ) arises when | (u) scatters with T (6) and the factor s“(8;,6,)
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arises when T (6;) scatters with T (6;). Before we derive the Bethe ansatz equations let us
also introduce the phase factor

s%00) = ¢?  where 6 = sin(p) (2.4.111)

This factor arises when an excitation (with pseudo-momentum p) of the original spin chain
scatters with a site of the original spin chain. Finally, we note that

P4 B an) = (*(anBp)) | where A,Be{0,LII) 2.4.112)

We can now derive the Bethe equations by imposing periodicity conditions on the aux-
iliary spin chains. For example, a general level II excitation is of the form

ENTILENEDY [‘]w”uu» T Mg 1! (2.4.113)

1<ii<..<ik<K; I=1

Periodicity then means that when we shift | (u;) around the spin chain, the resulting vec-
tor should still be the same. However, during the shifting we will pick up phase factors
s (uy, 11;) and s™(uy, 6;). Therefore, the periodicity condition implies that

K K> Ki - e K
I LI i =0+ 5 iy — i) — ¢

[ ™o [ [s™ ww =] | ———=] |- -1 (4114)

=1 o) l i 1 =i -2 i W —pi) + ¢

By also considering the other shiftings we obtain

K
i 0 + i
]_[,“J : 21_[ W= 1) =€ el 1<i<K, (2.4.115)
i M= 0 -5 i(uj—pi) +c

l#rj

The same reasoning can be applied for the level I excitations. Consider the general level I
excitation (2.4.88). When we shift o-(6;) around the spin chain we will pick up phase factors
st1(6),6,), s4(6), ;) and sM0(6)). Therefore, the periodicity condition implies that

L0 LI _ aNT T - 1 2411
[](@ﬂs@ﬂﬂ} Orp)) = e ﬂw1@+2 (24.116)
n;tl

When we compare (2.4.115) and (2.4.116) with (2.4.85), then we see that they coincide
completely with each other. We have now solved the Hubbard model using the alternative
form of the NCBA.

2.5 The Nested Algebraic Bethe Ansatz (NABA)

In the ABA for the XXX model we had a Lax operator which was a 2x2 matrix (in auxiliary
space), and the corresponding monodromy matrix consisted of 4 operators. However, when
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the Lax operator is a M X M matrix, the corresponding monodromy matrix will consist of
M? operators. The ABA in such cases is then implemented in a multistage manner which
is referred to as the nested algebraic Bethe ansatz (NABA).

In this section we are going to introduce the NABA using a simple example. We will
focus on the main ideas of the NABA and we will skip a lot of the proofs and only give
the results, since most of the calculations are rather long and tedious, and because most of
the techniques involved are already highlighted in the section on the algebraic Bethe ansatz.

Let us consider a 3 X 3 problem, which has all the features of the general M x M
case. First, let L,;(4) : V, ® V; = V,®V; be a Lax operator with V, = V; = C3, let
T,(1) = Lyn(D)Lyn-1(A) ... Ly 1(A) be the corresponding monodromy matrix and suppose
that this operator satisfy the fundamental commutation relation (see Appendix A.3 for the
notation)

Rap(A = WITa(D) ® Tr()] = [Ta(p) ® Tp(D)IRap(A — 1) (2.5.1)

where R(A) is given by

1 0 0 O O O 0O 0 O
0 ad) 0 b 0 O 0 0
0 0 ad O 0 O bA) 0 O
0 b(d) 0 a) O O 0 0 O
RH=l0 0o O 0 I 0O O 0 0 (2.5.2)
0 0 0 0 0 ad) 0 b O
0 0 b 0 0 0 ad) 0 O
0 0 0 0 0 b 0 al) O
o 0 0 O 0O O 0 o0 1
with
Y 24 .
A) = b(l)= —— and y=ih 253
a(d) vy (D) -, d y=i (2.5.3)
Next, let use write the monodromy matrix as
A(D) By B3
T, =| C2()) D3 D3 (2.5.4)
C3(1) D3(1) D31

and let |0), which is the first level pseudo-vacuum, be a vector in V| ® ... ® Vi such that

B(DIOy#0,  CiI0y=0,  D3D[0)y = D3(DI0) = 0

) . 2.55
AD)|0) = e 4|0) and D3()|0y = D3(D)|0) = €4|0) (2:3)

with A € R. The name “first level” pseudo-vacuum suggests that there exist higher level
pseudo-vacua. And indeed, this will be the case as we will see later on.
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If we now write out the FCR we will get the commutation relations:

| ! au =)
A(DB;i(p) = b(i = /l)B (WA — b(i = /DB(/DA(M)
Bi(DB,(1) = RYJ(A - B B() (2.5.6)
J _ 51,j _ a(d — )
Dy (DBi(u) = L= )le(/l 1By (1)D(2) (A )B(/l) L (1)
where
REV2A) = a(0)0ay.a05, by + DDy y0ar, 2.5.7)
or, written in matrix form:
1 O 0 0
= |10 a) b)) 0| _
R(A) = 0 b)) al) 0 = a(D)I + b()P (2.5.8)
0 0 0 1

where I is the identity matrix and P is the permutation matrix (2.3.11). Next, we define the
transfer matrix 7(4) by:

T(A) = tra[T(2)] = A(2) + D3() + D3(A) (2.5.9)

An eigenvector of 7(A) is then built by applying the creation operators B(A) andB3(1) on
the pseudo-vacuum |0) and it is of the form

{aj}

where Z = Z

{aj} 2<ay ..., aK; <3

(2.5.10)

where K| < N, B is a vector of creation operators and F is a vector of functions. We will
call such an eigenvector a K;-excitation eigenvector. If we now use (2.5.6) we will find that
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the operators A(1) and D;(/l) act on a Kj-excitation eigenvector as

1
. 1
AN, s .. g,y = €| —u1, 12, .., ik,
u T

K
o~ \A]yeeny a
DN (3 “Klek(uk>]_lew>|0>
{ajhibj} k=1 R
t;&k
3 K
Dy, o, . . g,y = € By, (u)I0)7(2), X ’’’’’ o
s =it 3 [
(2.5.11)
Kl a a
1seeesy K
DN (3 “KlekwﬂBbwm
{ahbjyk=t 77 !
t;&k
where (), ZIZZZZK‘ = 74, (),
~a a 1,C
= R = e R A ) R (=)

The “coefficients” Q4 and Q; form the higher dimensional matrix analogue of the coeffi-
cients M, and N,, from the ABA for the XXX model and they can be computed in the same
manner as M,, and N,,. But because these expressions are rather long and cumbersome, we
will omit them here. Next, notice that R4 = R%? | where R(1) = R(1)P with P being the
permutation matrix. Therefore, 7(1) can be written as

%(A)=rru[1%az<lu—m<l)km /(A= g, -1) - - Ry (A= )] or
T(/l)bl ..... Z RCK1 14K, (A MKI)RCKI -2,4K -1 (/l ,LlK] ]) ca1 (/l—ﬂl) (2512)

----- c,bk, ck;-1,bK -1 61 ,bi
cfcj)

where R, ; € End(V,®V;) with V, being an auxiliary space and V, ~ V; ~ C2. The objects R
and 7(A) are also called the “reduced” R-matrix and the reduced transfer matrix respectively.

Now, in order to make |uj, 2, ..., uk,) an eigenvector of 7(4d) we will require the fol-
lowing two constraints:

T, X = A )X (2.5.13)
{a;}
5, ) 4K A 5eeey ag, — __ ALseees aKy A 5y ag
; (Qk)bl ,,,,, ble L= ; (Qk)bl ’’’’’ bKIX ! (2.5.14)
g j

Notice that the first constraint is just an eigenvalue problem, which we will refer to as the
auxiliary eigenvalue problem analogous to (2.4.36). If these two constraints are satisfied,
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then |uy, (2, . . ., g, ) is an eigenvector of (1) with eigenvalue Y(4, {¢;}) defined by

Kl Kl
. 1 , 1
T(A, (i) = "M| |— AN, (i | |— 2.5.15
(A, ui}) = e g TR ( {u})k:1 b= 1) ( )

Let us now focus on solving the constraint equations. Without proof, we will just state
that (2.5.14) gives

_ b(,uk—,ul) b o \ALenlK
e tykAl | ..... K| — E () 1)(al """ aK, (2.5.16)
biyeny
1 b(u; — ,uk) :

If we combine this equation with (2.5.13) we will obtain

—ipgA b(/'lk ﬂl) )
e ]—llb(m 0 = M i) (2.5.17)
l#k

Let us now consider (2.5.13) and try to solve that equation. First of all, define the reduced
monodromy matrix 7., {wi})

T, (11i) = Ruie, (A — g DRaie, -1 (A = piy—1) - . Ray (A = 1) (2.5.18)

(where the label a now refers to auxiliary space V,) and notice that it obeys the FCR

Rop(A1 = DTy, (1)) ® T (A2, )] = [Ta( A2, (1) ® Tp(A1, (DR p(A1 — A2)

(2.5.19)
If we now write
R [ A BW)
then it is easy to see from the structure of the matrix R that the vector
Koy
|1>s®(0)e\71®...®‘7,<1 (2.5.21)
i=1 i
which is the second level pseudo-vacuum, obeys the relations
R R 1
AL =11), DIy = l—[ b(A = pm)|1) (2.5.22)

m=1

and we immediately recognize the similarities with the ABA of the XXX model. In fact, if
we write (2.5.19) as

Rup(A1 = DTy, (D T2, (1)1 = [Tp( A2, i T a1, iR p (A1 — A2)  (2.5.23)
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and compare R(Q) with (2.3.15) we will see that it is of the same form. Therefore, we can
follow the construction of the ABA of the XXX model, and we will obtain the following
expression for the eigenvalue A(4, {1;}):

K
1 2 b(A = i)
AL () ]—[ H"I;I PO with 1<K <K, (2.5.24)
b(/l/ - /l) lezl b(/l - lal)
Furthermore, we will also get the Bethe equations
b
]_[b(uk—u,)—]_[ (”J ‘”) forall I=1,...,K, (2.5.25)
thl
for the reduced transfer matrix. And (2.5.17) becomes
K K>
- b(uy — ) 1
el —— forall k=1,...,K (2.5.26)
1_[ by — ) g b(ii; — pi) 1
I#k

So (2.5.25) and (2.5.26) form the complete set of Bethe equations for our original 3 X 3
problem, with Bethe roots {y;} and {fi;}. Note that if we started with a M 2% M? R-matrix and
applied the method outlined above, we would end up with a (M — 1)? x (M — 1)? reduced R-
matrix. This procedure can be continued until we arrive at the lowest dimensional reduced
4 x 4 R-matrix, hence it is called the "nested” algebraic Bethe ansatz.

2.6 The (Nested) Algebraic Bethe Ansatz for Graded Models

In this section we will find the Bethe equation of the Hubbard model using the nested al-
gebraic Bethe ansatz. However, the Hubbard model is a so called ”graded” model which
makes the Bethe ansatz a bit more involved. To make this more precise, we will first ex-
plain what a graded integrable model is analogous to section 2.3.1. The notation we use is
explained in appendix A.4.

2.6.1 The Graded Integrable Model

Suppose that we have a periodic spin chain of length N to which each lattice point i is
attached a finite dimensional graded Hilbert space V;. A graded quantum integrable ultralo-
cal model on this spin chain is then characterized by a graded Lax operator L, ;(4, p;) :
V,.&V; — V,®V; where i refers to the lattice point i and a is the label of the auxiliary space.
The graded Lax operator satisfies the fundamental commutation relation

Rap (A, (DL i(A,v) & Ly i1, V)] = [La it v) & Ly i(4, VIR p(A, ) (2.6.1)
where the matrix elements of R(A,u) are given by R ﬁ = RZ’; , with R(4, i) being a R-

matrix. At this point, the attentive reader will have notlced the extra parameter p; in the
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graded Lax operator which is absent in the ordinary Lax operator defined in section 2.3.
However, the extra parameter does not turn out to be of any problem as we will see in a
moment. In fact, we have already seen an example of a two parameter Lax operator in
equation (2.5.18).

Next we define the graded monodromy matrix

To(A,Api}) = Lan(4, pN) - - - La1 (4, p1) (2.6.2)

where L, (4, p;) is seen as the induced Lax operator on V, &V ® Vo, ® ... & Vy. Therefore,
the graded monodromy matrix is an operatoron V,® Vi ® V, ® ... ® V. If we now take the
partial supertrace over the auxiliary space of this operator, we will get the graded transfer
matrix *.

(4, {pi}) = stra[Tu(A, {pi})] (2.6.3)

which is an operator on Vi ® Vo ® ... ® V. It is easy to see that the graded monodromy
matrix satisfies the relation

Rap (A [T oA, Api) & Tp(u, ApiD)] = [T, pi}) & To(A, {pi)1Rap(A, 1) (2.6.4)

from which we derive the following expression for the graded transfer matrix:

[7(4, {pi)), 7(, {pih] = O (2.6.5)

Finally, we can derive the Bethe ansatz equations by solving the eigenvalue equation

(4, {piDI®@) = A4, {pi))|D) (2.6.6)

2.6.2 The Nested Algebraic Bethe Ansatz for the Hubbard Model

The Hubbard spin chain is modeled by attaching to each lattice site the graded vector space
V@2 = Vs @ Vi, where {e; = (1,0,0,0),e4 = (0,0,0,1)} and {e; = (0,1,0,0),e3 =
(0,0,1,0)} span Vg and V7 respectively. The graded Lax matrix for the Hubbard model is
given by

Lai() = (L

ay,iy

(VLY

7 a7 where V=V, @V, Vi=Vi,®V,,
0q =0®I®I’I, o4 =I00c1I1I1, o0, =I01I00ccI, 0,=I0I’Ic
a(d) +b(D) a() = b

TLo + (0‘20‘1._ + 0'50'?) (2.6.7)

“We note that at first sight, it seems that we can also take the ordinary trace instead of the supertrace.
However, because of the grading, certain symmetry properties then will look unnatural and hence, the supertrace
is used [12]
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where V, and V; are graded such that V, ~ V; ~ V@2 The corresponding R-matrix, which
is often called Shastry’s (graded) R-matrix, is given by:

a 0 0 0 | 0 O 0 o | 0 0 0o 0 | 0 0 0 0
0 a5 0 0 | —iag O 0 o | 0 0 0o 0 | 0 0 0 0
0o 0 as 0 | 0 O 0 0 | —iag O 0o 0 | 0 0 0 0
0o 0 0 a | 0 0 —ia;p O | O g 0 0 | ay 0 0 0
0 s 0 0 | as 0 0 0 | 0 0 0 0 ] 0 0 0 0
0 0 0 0 | 0 o 0 0 | 0 0 0 0 | 0 0 0 0
0o 0 0 iapg | 0 0 a3 o | 0 -6 0 0 | —ialp O 0 0
~(5) 0o 0 0 0 | 0 O 0 as | O 0 0o 0 | 0 —iag 0 O
ROMpw=| - = - = - = - = == = = - - o oo
0 0 —iag O | 0 O 0 0 | as 0 0o 0 | 0 0 0 0
0 0 0 —iarp | 0 O -as o | 0 a 0 0 | iap 0 0 0
0o 0 0 0 | 0 O 0 o | 0 0 a 0 | 0 0 0 0
0o 0 0 0 | 0 O 0 0o | O 0 0 as | 0 0 —iag O
8 8 5 01—7 T 6 6 i(l_lo 6 T 8 —i;IO 6 6 T (1_4 5 6 6
0o 0 0 0 | 0 O 0 —iag | O 0 0o 0 | 0 as 0 0
0 0 0 0 | 0 O 0 o | 0 0 0 —iag | 0 0 as 0
0o 0 0 0 | 0 O 0 o | 0 0 0o 0 | 0 0 0 a
(2.6.8)
where the «; = «@;(A, i) are defined as:
ay = (e[h(”)_hw]a(/l)a(/l) + e_[h(”)_h(’l)]b(/l)b(/l)) s
= (e_[h(”)_h(’l)]a(/l)a(u) + e[h(”)_h(/l)]b(/l)b(u)) as
e = MWDl g )b(u) + e DB ) a(u) (cosh[A(u) — h(D)] N
3 a(D)b(A) + a(u)b(u) cosh[A(u) + (D]
e W+l g )b(u) + MWD )a(u) (cosh(h(u) — h(A))
aq = a
4 a(Db(A) + a()b(u) cosh(h(u) + h())) >
eMW+hDlg()b(u) — e WD) a(u) cosh[A(u) — h(2)]
o = ( W w )[bzw Al LG os
a(D)b(A) + a(u)b(u) cosh[h(u) + h()]
—e [MOrhDl g )b(p) + MWD 1)a () cosh[h(u) — h(2)]
ar = u W) 2 () — 12 SR as
a(D)b(A) + a(u)b(u) cosh[h(u) + h()]
ag = (e[h(”)_h(’l)]a(/l)b(u) _ e_[h(”)_h(/l)]b(/l)a(y)) s
@ = (_e—[h(ll)—h(/l)]a(/l)b(ﬂ) + e[h(”)_h(/l)]b(/l)a(/.t)) as
b*(u) - b*(A)  (cosh[h(w) — h(2)]
ajg = as (2.6.9)
a(D)b(A) + a(u)b(u) \ cosh[A(u) + h(1)]

where a(1) = cos(4d),b(1) = sin(d) and where & is a A dependent coupling satisfying the
constraint

sinh[2(2)] = —“(ﬂibw

(2.6.10)

We note that the Lax operator is proportional to a graded permutation of R(lsz)(/l, 0). Fur-
thermore, it satisfies equation (2.6.1) and we can form the monodromy matrix 7,(1) and
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transfer matrix 7(42). To obtain the Bethe equations we will solve the eigenvalue problem
()| D) = A(A)|D) using the NABA. First, we write the monodromy matrix as a 4 X4 matrix
in auxiliary space:

B(1) BQ) FQ)
T) = [ C) AW B
C() C*A) DWW

B(1) = (B1(1), Ba(1)), C* () = (C;(A), C3()
C) = (C1(), ()", B*() = (B(), By ()"

1 2
where A :( Al AT )

Al As()
2 ? (2.6.11)

So B(1), C*(2) are row vectors, B*(1), C(2) are column vectors and A(2) is a 2 X 2 matrix.
With these definitions, the eigenvalue equation becomes

2
[B(/l) - Z Af(/l) + D(/l)] |®) = A(D)|D) (2.6.12)
i=1
The (first level) pseudo-vacuum |0) we shall use is defined by
o—ANo' h oy = F) e yen 2.6.13
0= @, 0 where 0= ) @ ) € (26.13)
and the action of the Lax matrix on this vector is
w1 (D0); * * *
0 w2 (D)|0); 0 *
L i(D)0); = where
ADI0) 0 0wy (2.6.14)
0 0 0 w3()|0);
w1 () = a(1)*e"P wr (D) = a(Db(D)e™ "™ w3(A) = b(1)*e"P
which implies that
wllv @) N* * %
0 wy () 0 *
_ 2
Ta(D)00) = 0 0 W) 0) (2.6.15)
0 0 0 oW

Here, the = denote an expression not relevant for our discussion. So we see that |0) is an
eigenvector with eigenvalue

AW = oY (D) = 205 (D) + WY () (2.6.16)

As one would expect, the other eigenvectors will be constructed by letting the (creation)
operators B(4), B*(1) and F(1) act on the eigenvector |0). However, note that the number
of creation operators is five, while on each lattice site we only have three possible (non-
vacuum) configurations; we can have a spin up electron, spin down electron or we can
have a pair of electrons with opposite spins. Therefore, the eigenvectors will be build by
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operators B(1) and F (1), or B*(1) and F(1), but not by a general combination of all those
operators. Without loss of generality, we will build our eigenvectors with B(1) and F(A4).
Finally, we remark that the pseudo-vacuum is annihilated by the following operators:

CWI0Y=0, CWI0y=0, CWIy=0, AJo)=Aoy=0  (26.17)

Before we build the eigenvectors, we first need to have the commutation relations between
the various operators which are derived from equation (2.6.4). For the creation operators
we have:

NI 1By @ B - 74, ) — 0

B ®B
WeBbw = aw a7 ()

— - [F()B() - F)B()IE

[F(), F(w)] =0
as(4, ,U) s( y0)

F(O)Bu) = a0 F(u)B() - a2l )B(u)F(/l)
as(4, ,u) a9(A, ()
B)F(u) = s W()—zuﬂFWW@ (2.6.18)
1 0 0 0
_ ~ R | 0 a@.pw bAp 0
where & =(0,1,-1,0) and 74, u) = 0 l_)(/l,,u) ad ) 0
0 0 0 1
2 2
with  a(p0) = a3 (A, pa7 (A, u) + alo(/l,,u) and B 0= _a/6(/l,,u)a7(/l, n) + 0110(/1, )

a1 (A, a7 (A, p) a1 (A, aq (A, )

Here we note that using (2.6.10) and introducing the reparameterizations

A b(A
_ad) o2 _ %) 2D 4 .

A 0D ) (2.6.19)
we can write @(A, u) and b(A, i) as
s 2 . g-a
a(d, 1) = ﬂ—— 110 and b( o) = ,u—/l ey (2.6.20)
Continuing with the list of commutation relations, for B(1) we have:
A @B = "‘E /l"u;[B(,U)@A(ﬂ)] ) +i SE 4’“ §B<A)®A(u)
a10(A, 1) (44 as(A, p) a/z( y0),
- B*(1)B F(A)C F(u)C(A
17(/1)(()(ﬂ)+ (/1)()(#) (/l)(,u)())f
(e, A) .as(u, )
B()B @ B 2 B(1)B
(DB = ag(/l WB) — a/g(/l 0 (DB(u)
( ,,Ll) 5( ’ﬂ) 4( ’ﬂ)
D()B IS B(wD(A F(u)C* (A F()C*
(DB = (/l)(#)()+a7(/l,)(ﬂ) () - (/l)() )
A, o
i e ) @ A

a7(4, p)
(2.6.21)
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and for the operator (1) we have:

ALOF ) = (1 - %)F@A’;w - % FOOAL

v zzzg"; B & B ()]’ “53’”; [B'() & B!’
BWFG = 200 FGoB) - ZED PG + 22D B0 8 Bgo) -
DG = 28 Fuop) - S5 D) - 1225 e (1) 8 B o)

(2.6.22)

With these relations we can start with the construction of the eigenvectors. A K-
excitation eigenvector will be of the form

Dk, (A1, ..., Ag,)) = Bk, (A1,.... Ag,) - FIO) (2.6.23)

where the wave vector @k, (1y,...,Ak,) is a vector described in terms of the creation op-
erators, and F is a vector of functions whose components are the coefficients of the linear
combination of the creation operators (analogous to (2.5.10)). This statement will become
more clear in a few moments, when we consider the one and two-excitation eigenvectors.

For the one-excitation eigenvector we will use the ansatz ®(4;) = B(41;), so that the
one-excitation eigenvector is of the form

2
[©1(A) = B()) - FI0) = )~ Bi(A41)F|0) (2.6.24)
i=1

Then using (2.6.21) we obtain:

B)|D1(A))) = ZE;’ A;[ TN (A1)
sy ) y (2.6.25)
—im[wl(ﬂl)] B(/U‘F|0>
A, 4
DDy (A)) = — Sﬁﬂ ;;[ 31V D1 (1))
.a10(4, A1) N B I FlO (2:6:26)
iy ] (£- B () ®Thx) - FIO)
A 2 .
ZA(A)@](AI»— a1 D Fi ADBANF0)
i,jk=1
A, 4
z—ZZE : Ai;[wz(ﬂl)]NB(ﬂ)'Fl()) (2:6:27)
a4, 4)

i L) [w1(/11)]N(§ B ® Hzxz)) - F|0)
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Notice that the first term of (2.6.25) and (2.6.26) are of the right” form and that the first
term of (2.6.27) is almost of the right form. All the other terms are unwanted terms and we
will get rid of them by imposing conditions on the parameters A;. These conditions are the
well-known Bethe ansatz equations.

First, notice from (2.6.9) that

as(d;, ) _ as(d,4y)

= (2.6.28)
ag(A1, ) ao(d, A1)
Therefore, if we impose the condition
N
wl(ﬂl))
=1 2.6.29
(wz(/ll) ( )

then the second term of (2.6.25) cancels against the second term of (2.6.27) and the second
term of (2.6.26) cancels against the third term of (2.6.27) in the eigenvalue equation. To
obtain the eigenvalue of |®;(1;)) we have to impose one more condition; we want F to be
an eigenvector of 7

2 2
DDA = AV ADFT where 7D A0k = Y PR (2.6.30)
k=1 i=1
This is the auxiliary eigenvalue problem, similar to (2.5.13), and in this case it is easy to
solve since

1 +b(2, 1)) 0
0 — _
(4, 41) —( 0 L4 BOL A ) (2.6.31)
which implies that
AV, ) =1+ Db, 4) (2.6.32)
So the eigenvalue A(4, A1) of |®(4;)) is
.a2(Ay, ) N Lag(d,Ay) N o), N
A, ) =i————— DY —i—— A —AVA, 1 A
(4,41) lag(/h,/l)[wl( )] 107(/1’/11)[(1)3( )] +la9(/1,/11) (4, A)[w2()]

(2.6.33)

Now that we have solved the one-excitation case, let us continue with the two-excitation
case. Because the two-excitation case involves much more calculations then the one-
excitation case, we will only mention the key points in the construction and refer the reader
to [22] or [12] for more details.

For the two-excitation case we use the ansatz

D;(A1. 42) = B(A) @ B(d) + £ F(ANB(L)ZS (A1, &) so that

2
(D241, 42)) = " BiA)BH(A)F[0) + [w1 ()Y F()ES (A1, A)(F>! = F1)(0)
ij=1
(2.6.34)
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where g(2)(/11, A) is an arbitrary function to be determined. As in the one-excitation case,
the key point in obtaining the eigenvalue and the Bethe ansatz equations is to impose con-
ditions on A; and A; such that the unwanted terms cancel each other out in the eigenvalue
equation.

Among the set of unwanted terms there will be the terms of the form F(1)D(11)B(A,),
B(1) - B*(11)B(42) and & - [B*(4;) ® B(11)]B(A,). Without proof we will mention that these
terms are canceled if we take gE)z)(/l] ,Ap) as

21,4
8Oy ) = i) (2.6.35)

a7(A1, A7)

Secondly, the action of A} + A% on |®>(4;, A2)) will yield a term similar to the first term of
(2.6.27):

2 2
] (ﬂ’ A]) N /\Cz aj Acl ,az ap,az
IJJ i1 1y 2] SRR A, 4By, (A1) By, (1)F(0) (2.6.36)

ay,a2,b1.,b2
c1,c2=1

Consequently, we will have to solve the following auxiliary eigenvalue problem in order to
get the eigenvalue A(A, A1, A2) of | Dy(A1, A2)):

2 2
Do QAL REF R = 3 R AR, )F? = AV, Ay, )PP
ar,a=1 ap,as
c1,c0=1
(2.6.37)
To solve this problem, let us consider the more general problem
DL A E s = AOQ )P where
ar,...,aK, !
bi,..., b ,a A~ A
T DN Dt = D P QAR () B (A, k)
ClseenCK)
(2.6.38)

If we introduce the matrix 7 = P# with P being the permutation matrix in C> ® C2, then we
—bd _ sbd

notice that ;. = 7.,;. Therefore, 7M(A, {4;}) can be written as
DA = tralFa, (A, AK.mKI 1, Ak-1) - Faa (4, AD] - or
TP, = 3 T TR (L A ) P () (639)

CK1

where 7,; € End(V, ® V;) with V, being an auxiliary space and V, ~ V; ~ C2. In this form
we immediately recognize the nesting procedure of section 2.5. To solve this auxiliary
eigenvalue problem we have to apply a second algebraic Bethe ansatz. Since the matrix 7
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is of the same form as the reduced R-matrix of section 2.5, we will not repeat all the steps
again and merely state the results; the eigenvalue A(V(4, {4;}) is given by

I T
AV {4 = — +— = with 1<K, <K; (2.6.40)
j=1 b(ﬂ]’)’) 1—11:21 b(/l,,u[)

and the corresponding Bethe equations are

K1 K2 1

. b, pr)

by =[ |72 forall j=1....K (2.6.41)
1:1[ ! 1=1 b(/l[,,uj)

In fact, this generalized auxiliary eigenvalue problem is actually the auxiliary eigenvalue
problem for the K;-excitation case.

Returning to our two-excitation problem, we see that we can simply obtain the solution
of the auxiliary eigenvalue problem by taking K; = 2 in (2.6.40) and (2.6.41). After this we
get:

2(1,)

B 1)
a5, V24 2D Z[wlu V)

j=1

2
B)ID2(A1, 42)) = [w1()]" ]_[
j=

+ H [mul)wl(ﬂz)ﬂwﬁb

D221, 42)) = [w3 (DT 1_[ - M—’A";@zul, ) + Holwn () ()1 19y
- Z[wz(/l AIVAD G, 41, )1 ) (2.6.42)
j=1
L a4
AN D221, 1)) = [wa (DY — AN, A4, )| D221, A
; (DDA, 2)) = [w2(D)] ]j_ll a0, 22)
2 2
= D @ADL ) = 3 w1 NP
j=1 j=1

+ (Hs[wi(1)w2(A)1" + Halwi (A)wy(A)]V) 1¥5)

where {I‘I’é‘l))} are unwanted terms whose explicit form are complicated expressions which
we will not write out. Without proof, we will just state that these unwanted terms can be
get rid of by imposing the condition

N
/l.

(“’1( l)) = AV, A1, ) with i=1,2 (2.643)

w2(4;)
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Finally, collecting all the wanted terms yields the eigenvalue

Mklw—wumfyiil[ w]ﬁ 2 A
b P Va0 3 L )

(2.6.44)

[mwﬂﬁ LD N, 22)
L1 a9,y

This solves the two-excitation problem.

Based on the expressions for the eigenvalues and Bethe equations of the one and two
excitation eigenvectors, we can easily guess the expression for the eigenvalue and Bethe
equations for the K;-excitation eigenvector to be:

@4, ag(d, 1))
AM{}J—MW]H I WJU—7QA)
(2.6.45)
N A (D (Y](/l /l)
— [wa(VIVAD @, (2 )U )
nb(u],/lz)_ l_lbzw,:tzz forall j=1,...,K;
LHj
(2.6.46)
DN\ ) forall n 1. K
m = (n,{ J}j:1) ora n=1,...,Kq

K> Ky 7 .
1 [T, (4, )
where  AOL Ky = [ = LT it 1<K <K (2.647)
i=1 K>
i1 b D T2, b, )

The expression of the eigenvector however, is a bit harder to guess and we will only mention
that the wave vector ®g, (41, ..., Ag,) is of the form

K
10(A1, 4j) 7y @2k, )
@k (A1,...,4k,) = BA) @ Pg,_1(A2,...,Ag,) + i
Ki Ki Ki K ; (1’7(/11,/1j) l_l afg(/lk,ﬂ])

ay(Ag, 4;5)
X [f® F(A)®g, (A2, ..., Aj-1, Aji1, - --ﬂKl)B(/lj)] l_[ Freer1(Aks 45)

iy @2, 4))
(2.6.48)

Note that this expression is in accordance with the one and two-excitation wave vector when
we take K; = 1 and K| = 2 respectively.

Finally, if we introduce the variable k(1) defined by ¢V = %ezhw, then
A b(A -
a(d) G2 _ (1) o2 — k()

k() _ A
b(2) a(d) € = 2isin[k(A)] (2.6.49)
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Therefore, using (2.6.14), (2.6.19) and (2.6.20) we see that the Bethe equations (2.6.46) can
be written as

Ki Bj _ - c Ky, Bji [
= —isin(k;) — 5 5_4_ .
| qu : & > = ,f > forall j=1,....K; (2.6.50)
=1 7 —isintk)+ 5 op -G +c
K, B .- c
: = —isinlk,) + 5
ezan: | |[12 : (n) 2 forall »n= 1,....Ky (2.6.51)
j=1 5 —isin(k,) - 5

where k; = k(4;) If we reparameterize [i to 2ifi, we will recover the Bethe equations (2.4.85).

2.6.3 Some Highest Weight Properties of the Hubbard Eigenvectors

In section 2.3.2 we have derived a symmetry property for the monodromy matrix and
showed that the Bethe vectors were highest weight vectors for the given symmetry. Here,
we will do the same.

First, let us remark that the Hubbard model has su(2) @ su(2) C su(2|2) symmetry. This
will become apparent in chapter 4 when we derive the (extended) su(2|2)-invariant S -matrix
and show that it is equivalent with the Hubbard model R-matrix. The symmetry of the S -
matrix is then also a symmetry of the Hubbard model R-matrix, and since we noted that the
Hubbard model Lax matrix is just a permutation of its R-matrix, we have that the S -matrix
symmetry is also the symmetry of the Hubbard model monodromy matrix.

To describe the symmetry properties, we first define the generators of each of the two
su(2) copies, which we denote with X = {£%,X* X }and § = {S%,S*,5 7}, by:

00 00
00 +_ - 00
0 -1 00
00 00
00 - 00
00 00

Next, using the analogue of (2.3.49):
[T, 2 @1, +1, %] =0 and [To(D), S @1, +1,©8;1=0 (2.6.53)

(2.6.52)

co~o0 cocooo
co—o coocoO

cooo0 oo~

00
00
00
10
00
00
01
00

eNeNoNolN=le =R =
coOoco0o OO OoOO0

9]
2}
Il
—_—
S OO oo o~

where a denotes the auxiliary space V, and & denotes the pseudo-vacuum |0), we obtain:

2% B)] = -B), [Z5, F(D)] = =2F ()
Z5.BW] = -C'(), [ZF, F(1)] = B(A) - D(1) (2.6.54)
[S5,B()] =BW) - o*, [S,F()]=0

1
[S*,B(D)] =B() - 50’* , [S*,F()] =0
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where o* = o £ io”¥ with 0%, @ = x,Yy,z being the Pauli matrices (2.0.5). Furthermore,
from the matrix representation (2.6.52) we see that it acts on |0); as

20y, = S*|0); = S7|0); =0 and 210); = |0); (2.6.55)

With these identities we will now show that the Bethe vectors are highest weight vectors of
the two su(2) subalgebras and calculate its weight (i.e. the eigenvalues of £° and 7).

Let us denote the weight corresponding to the algebras X and S with s; and s, respec-
tively. It is clear from (2.6.55) that the vacuum |0) is a highest weight vector with respect to
¥ and S, and that it has weights s; = N and s, = 0.

Next, we consider the one-excitation Bethe vector (2.6.24). Using (2.6.54) and (2.6.17)
we then have

ZN01(2)) = (B(ANZ® - B(1) - Fl0) = (N = DI®1 (1))

. b e (2.6.56)
701 (A)) = (B(AZT - C*(41)) - F|0) =0

So the one-excitation Bethe vector |@1(4;)) is a highest weight vector of £ with weight
s1=N-1.

Before we continue with the calculations for S, we first note that for the K;-excitation
case, F is a solution of the auxiliary eigenvalue problem (2.6.38). More precisely, F is
a Bethe vector. Now because the auxiliary problem (2.6.38) is equivalent with the XXX
model, and because every Bethe vector (which is found with the ABA) of the XXX model
is a highest weight vector of su(2) we have that

K
oc"F= ) S/F=0 and
i=1
%, (2.6.57)
oF = ZSfF = (K; - 2K,)F where 0<K, <K
i=1
analogous to (2.3.55) and (2.3.56). Therefore, returning to the one-excitation Bethe vector
|D1 (1)) we get:
SHD1(A)) = BU)DST+By) - 5% -F|0) = (1 - 2K)|@1(4;)) where 0< K, <1

STD(A)) = (B(/ll)S+ +B(4y) - %oﬁ) -Fl0)=0 (2.6.58)

Let us continue with two-excitation case. For the two-excitation Bethe vector (2.6.34)
we have

I Dy(A1, 1)) = [B(A1) ® B(12)Z° - 2B(11) ® B(12)] - F |0)
+ FQD[w1 (1588 (A1, L)[E7 - 21 - F|0) (2.6.59)
= (N = 2)|®2(14, 42))
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To show that the two-excitation Bethe vector is a highest weight vector of X we write:

X7 @221, 12)) = B(A) ® X" B(A2) - F|0) - C*(41) ® B(42) - F [0)

A, A
i) B0 D ()T € - FI0)
az(41, A2)

(2.6.60)

The first term will vanish with the same arguments as for the one-excitation Bethe vector.
The third term can be simplified using (2.6.15), and without proof, we will mention that the
second term can be can also be simplified [22]. The resulting expression is

.a10(d1, A2)

STDy(Ay, D)) = —————=2
|Da (A1, A2)) la7(/11,/12)

(lw1 (D1 (AD]" ~ [w2(A)wa()]F) € - F10)  (2.6.61)

Now from the Bethe equations (2.6.46) and (2.6.47) we see that
K
[ [AC@, ) =1 (2.6.62)
j=1

so that

[w2(A)w2(A2)]E = [wa(A) w2 ()] AV, {41, 1) AV (g, {41, A2}) = [wi(ADwi ()]
(2.6.63)

And this implies that
X |Dy(1,42)) = 0 (2.6.64)
For the second su(2) we have

SE|D2(41, 42)) = [B(41)o° @ B(A2) + B(4;) ® 0 B()] - F [0)
= [B() @ B(L)] - [c° ® 1+ 1® 7] - F|0)

= (2 - 2K,) |®2(1, 12)) where 0<K, <2

l.alo(/h,/lz)

a7(41, A2)

1 1
= [B(/ll)io'+ ® B(42) + B(11) ® §0+B(/12)] -F10)

1
ST1@2(41, 42)) = [B(A )§a+ ®S"B(42)] - Fl0) + [w1(A2)]" S*€ - F|0)

1
= E[B(/ll) ®B)] [c"®I+I®c"]-F|0)=0
where we used that F is a highest weight vector of su(2).

These calculation can easily be generalized to a K;-excitation Bethe vector. In that case
the weight will be [N — K, K| — 2K>].
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2.7 The Bethe Ansatz, S-Matrices and Integrable Systems

In solving the XXX model and the Hubbard model, we have applied the coordinate Bethe
ansatz right from the beginning without thinking about the validity of the ansatz. Fortu-
nately the CBA does solve both models, but one may wonder why the whole procedure
works. The answer to that question is “integrability”. Both models are integrable (we have
shown this for the XXX model using the algebraic Bethe ansatz) and that is the reason the
CBA works.

Let us elaborate on this a bit further. Suppose that we have a system with various kinds
of particles which admits scattering. Furthermore, let |0) be the vacuum quantum state, and
let AZ(p) and A,(p) be the creation and annihilation operator respectively of a particle of
type a with momentum p. Then, a scattering process will be described by using the “in”
state and “out” state basis which are defined as:

Ipl,...,pn>ff".)“,- EAZ(PI)---A,T(PnNO), PL>Pp2>...> Dy
ol " (2.7.1)

0 = AT (pa). AL (GO0, p1>par> ... > p

) TR n

s pa;

In the scattering process, the in states will go to the out states. In particular, the in and out
states are related by a so called S -matrix S as follows:

. =SIph.... ,p;>§.?“’> . (2.7.2)

\Pts-e s pmdi o =S PR i

.....

,,,,,,,,,,

(in) _ Jlaeens Jn . (out)
|pls~~~’pm>il im_Z Z Z }Sill lm(pleapmap/pap;l)u)/]"p;l>11 ..... Jin
(2.7.3)

where S(p1, ..., Ppm: Pl»- - -, Py) is the matrix form of the action of S.
Now, if the system is also integrable, we will have the following properties

e There is no particle production; the number of particles before and after the scattering
process is the same. This means that n = m in (2.7.3)

e The sets of momenta of the particles before and after the scattering process is the
same. This means that p, = p/ for all i in (2.7.3)

e The S -matrix of a n-particle scattering process factorizes into a product of 2-particle
S -matrices.

e The 2-particle S -matrix satisfies the Yang-Baxter equation (A.2.3)

e The wave functions of the eigenvectors are asymptotically, i.e. when n; < ny <
... < ny, of the coordinate Bethe ansatz form.
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When the system is integrable, we are generally referring to the two-particle S -matrix when
we talk about S-matrices (note that this is in accordance with the way we defined our -
matrices in the previous sections; they are all two-particle S-matrices). Next, notice the
appearance of the word “asymptotically” in the last property. This means that in general,
the CBA will not hold everywhere and therefore, the CBA is also called the asymptotic
Bethe ansatz. For the XXX model and the Hubbard model the CBA did hold everywhere,
but that is because the interaction in those two models is a nearest neighbor interaction.

We see how important the notion of integrability is. In particular, we see that the S -
matrix plays a key role in integrable systems. Therefore, we can ask ourselves the follow-
ing interesting question: in what degree is the two-particle S -matrix uniquely defined and
what is the corresponding integrable system. This is a question which has been investigated
by Zamolodchikov [28] and which resulted into the introduction of the Zamolodchikov-
Faddeev algebra. It turns out that the form of the S-matrix is heavily restricted by its sym-
metry properties and the Yang-Baxter equation, and, depending on the symmetry algebra,
these restrictions can even define the S -matrix uniquely (up to a constant).

Let us outline this construction in a bit more detail. Suppose that we have a multiplet of
particles and suppose that we have a symmetry algebra J which acts linearly on the particle
states. Then, for generators J € J which preserve the number of particles we have the
action:

JI0)=0, JA] (p1)...A] (poI0) = J["H(pr,. pOAT (p1). . AL (pOI0)  (27.4)

.....

Now suppose that the scattering process of the particles satisfies the first three properties of
integrability. Then, for two particles, equations (2.7.3) and (2.7.4) become

Al(pAL(p2)I0) = SEIAT (p)A(p1)I0)

i i Kl ot : (2.7.5)
JA; (pDA;(p2)I0) = J;A; (p2)A; (pI0)
If we now let J act on both sides of the first equation, we will get the condition
JE 1 S (1, p2) = SEip1, p) I} (P2, p1) (2.7.6)

which will be called the “invariance condition” for the (two-particle) S-matrix. This to-
gether with the Yang-Baxter equation will put restrictions on the form of the two-particle
S -matrix.

When we have obtained a §-matrix we can construct an integrable system by simply
imposing the integrability properties outlined above, and its corresponding two-body poten-
tial can subsequently be found using inverse scattering methods. Finally, we can calculate
the Bethe equations of our system by diagonalizing the transfer matrix constructed from the
two-particle S -matrix.



Chapter 3

The psu(2, 2|4) Lie Superalgebra

3.1 General Theory of Lie superalgebras

A Lie superalgebra g is a Z,-graded algebra over a field k of characteristic 0, that is also
a vector space which can be written as the direct sum of two vector spaces gg and gj.
Furthermore, it is equipped with a product (or supercommutator) [-,-] : g X ¢ — g, which
satisfies

e Zp-gradation: [[g;, ;] C g
e graded skew-symmetry: [X;, X;] = —(—1)ij[[Xj,X,~]]
e graded Jacobi identity:

(—D*IX;, X, X1 + (DY IX, [Xx, X1 + (=1 [ X, [X:, X110 = 0

for all X; € g;, X; € gj, i,j € Z. In this and the upcoming sections, we will use the
following supercommutator

[X:, X;1 = X:X; - (-D)VX;X; forall X;€q;, X;€q,i,j€Zs (3.1.1)
In particular, we can write

(X, X;] = XiX; - X;X; if ij=0

L 3.12)
Xi, X)) =X X; + X;X; if ij=1

[X:, X;1 ={

and we call [-, ] the commutator, and {-, -} the anti-commutator. Notice that from these
definitions it follows that g; is a Lie algebra.

An important class of Lie superalgebras are the so called basic Lie superalgebras. A
basic Lie superalgebra g = g5 @ g7 is a Lie superalgebra for which:

e gis simple: dim(g) > 3, and the only subalgebras f of g with the property [[g, ] C t
are g and {0}.

65
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e g; is areductive Lie algebra: gg is isomorphic to a direct sum of indecomposable Lie
algebras.

e there exists a bilinear form B : g X ¢ — C which is:

Non-degenerate: If B(X,Y) =0forall X e g,then Y =0
Consistent: B(X,Y) =0, forall X € g5, ¥ € g7.
Supersymmetric: B(X;, X;) = (—1)ijB(Xj,X,') forall X; € g;.
Invariant: B([X, Y], Z) = B(X, [Y, Z]).

In the rest of the section, we shall assume that k = C and that g is a basic Lie superalgebra.
The results and definitions can also be applied to Lie superalgebras g = g5 ® g7 with k = R
if we consider g as the real part of its complexification gc = g ®r C; gc = gc; @ dc;. There-
fore, we will use the convention that when we consider a Lie superalgebra g over R, we will
actually refer to the complexified Lie superalgebra gc.

A Cartan subalgebra b of g is a maximum commuting subalgebra of g. For the basic Lie
superalgebras, this will coincide with the Cartan subalgebra of the Lie algebra g5. Now let
a € h* and define

g0 = {X € gllH, X] = a(H)X, H € b} (3.1.3)

If g, # O and @ # 0, then we call @ a root of g (with respect to b) and g, is the corresponding
root space. More precisely, a root « is called even (resp. odd) if g, N gg # O (resp. g, N g7 #
0). Notice that a root can be both even and odd, but for the basic Lie superalgebras, this
will not be the case. We will denote the set of all roots with A, the set of even roots with A
and the set of odd roots with Aj; so

A={aebg, #0}, Ag={aellgaNgy#0}, Aj={aelAlg,Ng;+#0} (3.14)

The set A spans h* and is called a root system. Roots have the property that if « is a root,
then —« is also a root. Additionally, for basic Lie superalgebras we also have that g, is
1-dimensional.

Following the definition of basic Lie superalgebras, we can define a non-degenerate
consistent supersymmetric invariant bilinear form (-,:) : ¢ Xx g — C on g. The restric-
tion of this form to [) remains non-degenerate consistent supersymmetric invariant and for
a given @ € b* (not necessarily a root), there exists a unique element H* € b such that
a(H) = (H*, H) for all H € }). Using this bijective correspondence @ «— H® between b*
and ) we can extend the bilinear form to h* by defining (a,8) = (H, HPY, for all , B eb’.

For a given root system we can choose a subset Il = {a, ..., a;}, r = dim(h) of A such
that for each @ € A we have @ = nja; + ... + n,a, where either n; € Ny for all j, or
n; € N for all j. The elements of IT are then called simple roots and II is a simple root
system. The a’s for which n; > 0 are called the positive roots and the a’s for whichn; < 0
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are called the negative roots. The set of positive and negative roots will be denoted by A,
and A_ respectively.

For Lie algebras we know that all the simple root systems (for a given root system)
are equivalent with each other; they can be transformed to each other with a Weyl group
transformation. For Lie superalgebras however, there exist no fully working analogue of the
Weyl group and so in general there are many inequivalent simple root systems. For basic
Lie superalgebras there exist simple root systems for which the number of simple odd roots
is the smallest one. These root systems are called distinguished simple root systems.

For a given simple root system, we can construct Cartan numbers a;; for a;, a; € IL
They are defined as a;; = {(a;,@;). The Cartan numbers form a square matrix called the
Cartan matrix. Notice that this definition differs from the one for Lie algebras since it is
possible to have {(«;, ;) = 0.

An elegant way to describe a basic Lie superalgebra is to use a Chevalley basis. Let g be
a basic Lie superalgebra with Cartan subalgebra f) and let us choose a non-degenerate con-
sistent supersymmetric invariant bilinear form (-, -) on g (this bilinear form will be unique
up to a constant factor). We then find the root system A and choose a simple root system II.
Subsequently, we calculate the Cartan matrix a;; = {(@;, @;) and for each a; € Il we can find
elements E € g1, and H; € b such that

[H;, Hj]] =0, [[Hi’ E;_F]] = iaijEii , [[E:-, EJ_]] = 6ini (3.1.5)
The set of elements {H;, Ef}_, is called a Chevalley basis! and it generates the whole
Lie superalgebra g. It is interesting to note that using these generators, we can describe
the root spaces as follows. If @ € A, then g, is the linear span of elements of the form
I[E;:, [[E;;, M..., EZ]] ... Il such that }; @; = @, or of elements of the form I[El.‘l, [[El.‘z, M..., El.;]] 1
such that }; o;, = —a.

Let V be a Z,-graded vector space over k; that is, V is the direct sum of two vector
spaces Vi and Vi. A (finite-dimensional) representation 7 = (xr, V) of g in V consists of a
(finite-dimensional) Z,-graded vector space V and a homomorphism r : g — End(V) such
that

7Z'(X,‘)Vj S VH_J' for all i,j €Zn

a([X, YD) = [#(X),7(Y)] and n(aX)=an(X) forall X,Yeg, ack (3.1.6)

If (7, V) is a representation of g, then we say that g acts on V and that V is a g-module.

Now suppose that (, V) and (7', V') are representations of g. Then the tensor product
of these two representations, denoted by (7 ®z’, V® V'), is also a representation of g if we
define the action of g as:

(@) X) v®w) = n(X)w@&w + (-D"v&a'(X)w forall X eg;,veV;  (3.1.7)

! Additionally, the elements of the Chevalley basis will also be related via the so called Serre relations. But
we will not consider them here.
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A finite dimensional representation (rr, V) is called irreducible, if the only subspaces W of
V with the property that 7(g)w € W forallw € W, g € g, are V and {0}.

Analogously to roots and root spaces, we can introduce the notion of weight and weight
spaces. First, let g be a Lie superalgebra with Cartan subalgebra I and (7, V) a finite dimen-
sional representation of g. Then A € h* is a weight of h in V' if

Va={veVir(H)y = A(H)v, H € b} # {0}

Va will be called a weight space.

Now let g be a basic Lie superalgebra with Cartan subalgebra b and simple root system
I1. Then an irreducible representation (7, V) is called a highest weight representation with
highest weight A € b* if:

e there exists a non-zero vector vp € V such that

a(X)va =0 forall X e {U,g,la is positive root}

(3.1.8)
n(H)va = A(H)vpy forall Hel

o the smallest invariant subspace of V containing v, is V itself.

Then the vector v will be called a highest weight vector and V will be called a highest
weight module and is also denoted by V,. Furthermore, for each simple root @; € I1 we
can define the so called Dynkin label a; by a; = A(H;), where H; € ) is an element of the
Chevalley basis.

It is also possible to construct a representation for g by first specifying a highest weight
vector vo and highest weight A. In this construction, the module V), is called a Verma
module and it is defined as the linear span of vectors of the form

N(Yil)ﬂ'(Yiz) .. .n(Yis)v/l forall Y; € go, ¥ € A_ (319)

This module is infinite dimensional and so we end up with an infinite dimensional repre-
sentation which may or may not be irreducible. Fortunately, we can obtain an irreducible
representation from V by the following construction. We define U, to be the subspace of
Va consisting of all vectors v such that

e the vp-component of v is zero.

o the vp-component of m(X;, )n(X;,) ... n(X; )v is zero for any collection of X;, ... X;
with X; € g,, @ € A,.

s

Then the quotients space V5 /U, is an irreducible representation with highest weight A and
highest weight vector vp. Depending on A, this representation may or may not be infinite-
dimensional.

In the remainder of this thesis we will drop the notation with &. That is, we will simply
write Xv instead of 7(X)v when there is no chance for confusion.
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3.2 The psu(2,2/4) Lie superalgebra

The Lie superalgebra su(2,2[4) is a graded algebra over R and it is spanned by matrices of
4 x 4 blocks of the form

A B
M:(C D) (3.2.1)

The even, su(2,2|4)5 and odd, su(2,2|4); part of su(2,2|4) is generated by matrices of the
form

Mj :( 18 g ) and Mj :( g g ) respectively. 3.2.2)

The matrices satisfy the conditions:

str(M) = tr(A) —tr(D) =0 and HM+M'H =0

z 0), Zz(ﬂz 0) (3.2.3)

with H:(O L 0 —-L

This last condition means that

C+B'EX D+D' (3.24)

( TA+A'S EIB+CT )_0
so A and D span the subalgebras 1(2,2) and u(4) respectively. Since the u(1) generator
il obeys the above conditions, it is also contained in su(2,2|4). Therefore, su(2,2|4)5 =
su(2,2) @ su(4) @ u(l). The Lie superalgebra psu(2,2|4) is now defined as the quotient
su(2, 2|14)/u(1) 2. Because psu(2,2|4), as opposed to su(2, 2|4), cannot be realized in terms
of 8 x 8 matrices, we will continue to work with su(2, 2|4) (to be more precise, we will work
with the complexified Lie superalgebra su(2, 2|4)c = sl(4/4)).

3.2.1 Chevalley Basis I

To describe su(2, 24), we will give a Chevalley basis {H, El.+, E7li=1,...,7} for it. Here,
H; are the Cartan generators and E;" are the simple root space generators such that:

[Hi,H]=0, LES, E;] = 6i;H;, [H;, ET] = +a;;E7 (3.2.5)

with a;; the elements of the Cartan matrix.
First, let (-, -) be a non-degenerate consistent supersymmetric invariant bilinear form on
su(2,2|4) defined by:

(X,Y) = -str(XY) forall X,Y €sl(44) (3.2.6)

2In fact, in general we have psu(n, mn + m) = su(n, mln + m)/u(1).
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Next, let ) be the Cartan subalgebra of su(2,2|4) generated by

-1 0 0
1 -1 0
0 0 0
0 0 0
H, = 0 , H3= 0 , Hy= 0
0 -1 1
0 0 -1
0 0 0
0 0
0 0
1 -1
0 1
EB = 0 s }&3: 0
0 0
1 0
0 0
3.2.7
| 0 ( )
0 0
0 0
0 -1
[h = 1 ) l{7:: 0
0 0
0 0
0 -1

Notice that {H», H3, H4} and {Hq4, Hs, Hs} form two Cartan subalgebras of s1(2|2). We will
come back to this in more detail in the next chapter. Now, let I1 be the simple root system
with simple root a; € II defined by a;(H;) = (H;, H;). Then we see that IT consists of even
simple roots {a|, @3, @5, @7} and odd simple roots {a», @4, s} defined by:

ay =901 — €, s =6, — 63

a =€ -6, a3 =6 -0,

3.2.8
as =03 — €3, ( )

a6 = €6 — &, @7 = €4 — 04

Here, ¢,6; € b* are defined as 6; = €., €(H) = H;; for all matrices H € b, where H;; is
the (i, 7)-th matrix element of H. We can now construct the symmetric Cartan matrix a by
ajj = (ai,a/]) = —StI‘(HiHj)Z

0 +1 0 0 0 0 0
+1 -2 +1 0 0 0 0
0 +1 0 -1 0 0 0
0 0 -1 2 -1 0 0 (3.2.9)
0 0 0 -1 0 +1 0
0 0 0 0 +1 -2 +1
0 0 0 0 0 +1 0

This Cartan matrix can be represented graphically by a Dynkin diagram using the following

rules:

e One draws for each simple even root a white dot, for each simple odd root of non-zero

length a black dot and for each simple odd root of zero length a crossed dot.



3.2. The psu(2,2/4) Lie superalgebra 71

e the i-th and j-th dots will be joined by n;; lines where

2|aj;|
J .
nj=————— ifa;-a;j;#0
7 min(lal, laj;]) 7
2la;;| .
n,'j=,—lj 1fai,-¢Oandajj=0
ming,, 20 |axkl
I’lij=|a,'j| ifa,‘iICljj:O

e We will add an arrow on the lines connecting the i-th and j-th dots when n;; > 1. The
arrow points from i to j

- ifa; - ajj # 0 and |a;;| > |a‘,~.,-|, or

- ifa; =0,a;; # 0Oand |aj;| < 2.
The arrow points from j to i
—ifa; =0,a;; # 0and |a;;| > 2.
Using these rules we obtain the following Dynkin diagram for our Cartan matrix:

R—O—@—O0—®— 00— G210

We complete our Chevalley basis by giving the corresponding simple root generators.
The {E} are given by:

i

0 0 O4x4 O4x4 O4x4
10 00 0 0 0
E- = 0 E;=| o 1 0 0 ET = 0 0
2 0 » 0 0 0 o O [0 T4 -1 0
O4xa 00 0 0 0
00 0 0 0
0 00 0 0 0
ES = 40 0 1 0 |, E; = 0 0
00 0 0 1 0
0 0 0
4x4 4x4 4x4 (3211)
1 0 0 O O4x4 O4x4
0 00 0 0 00 0 O
E/=("™ 0000 |, E;=[ 00 00 0
00 0 0 00 0 0 xd
O4x4 Osx4 0 0 0 1
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and the {E"} by

0 -1 0 0 0 0 Oaxs
0 0 0 0 -1 0 0 0
Ej = 0 , Ef=[ ™ 0 0 0 0 |, Ef= 0 -l
0 0 0 0 0 0 0
O4x4 Osx4 Osx4 0
O4x4 O4x4 0
. 00 0 0 o 0
Ef=| o0 0 0 o0 = 0 -1
3 0 0 1 o O [ 77 0 0
00 0 0 0
o (3.2.12)
O34 0454 0 0 0 O
1 0 0 0 0 00 0 0
E1+ = 0000 , E;f = ™% 0 0 0 o0
00 0 0 xd 0 0 0 -l
0 0 0 O O4x4 O4x4

We end this section by introducing the dilatation generator D, hypercharge B and the central
charge C. They are defined as:

1 1
D:—(H3+H4+H5)—§(H2+H6):§ -1
O4x4
1 1 (3.2.13)
B=-
2 1
O4x4
1 1
C=-(H)—H3;+Hs— H7) = ZIgxs
2 2
Notice that B does not belong to su(2,2(4) and that C is the generator of the subalgebra

u(1) which means that C does not belong to psu(2, 2|4). Finally, these generators satisfy the
following commutation relations:

[D.E;] = %E(, (8,571 = 5

[D,E5] = —%E;, [B,Ej] = —%E;

[D,E;] = —%E;, [B,ES] = %E; (3.2.14)
[D,E;] = %E;, [B,E] = —%E;

[C,X] =0 forall X € su(2,2/4)

3.2.2 Chevalley Basis 11

Before we move on to the representation theory of su(2, 2|4), we will describe an alternative
Chevalley basis {I:Il., E~l.+, E,-_|i =1,...,7} which is sometimes called the "Beauty’ basis [6].
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In this basis the Cartan generators are
O4x4 O4x4 0454
. 1 . 0 . 0
H3 = _1 ’ H4 - 1 ’ H5 - 0
0 -1 1
0 0 -1
-1 0
. 1 . 0
Hy = 0 . Hp= -1
0 1
O4xa Osx4
0 0
-1 0
0 1
A, = ° , Hs= ° (3.2.15)
0 0
0 0
0 1
and we see that they are related to the Cartan generators (3.2.7) by:
H =H,, Hy=-(H +H)), Hy=H +H,+Hy, Hy=H, (3.2.16)
H; =Hs, He=—(Hs+Hy), Hs=Hs+Hs+ Hy o

Notice that {H3, Hs, Hs} form a Cartan subalgebra of su(4) and that {H,, H7) generate
su(2)@su(2) C su(2,2). The simple root system IT consists of even simple roots {@, &3, @4, &s, @7}
and odd simple roots {&;, &} defined by:

;=€ — 6, a) =6 —90p, a3z =01 — 02, g =02 —0
1 11— & 2 =€ —0] 3=01—-02 4=02-03 (3.2.17)
as =063 — 04, ag =04 — €3, 1 =6 —€
The (symmetric) Cartan matrix a is given by
-2 4 0 0 0 0 0
+1 0 -1 0 0 0 0
0 -1 +2 -1 0 0 0
a=1 0 o -1 +2 -1 0 o0 (3.2.18)
0 0 0 -1 +2 -1 0
0 0 0 0 -1 0 =+l
0 0 0 0 0 +1 =2
and it is graphically represented by the following Dynkin diagram:
() () () 3.2.19
O—&8—0O0—"C0O0——C0—"-——0 G219
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We complete our Chevalley basis by giving the corresponding simple root generators.
The {E} are given by:

O4x4 O4x4 O4x4
5 0 0 3 0 B 0
E7 = -1 0 , E; = 0 0 Es = 0
3 0 4 10 T 0 0
0 0 -1 0
0 0 0
3 10 3 0
ET = 0 E> = 0 0
! 0 C 10
O4x4 O4x4
O4x4 Osx4 0o 0 0 O
y 0O 1 0 O B 0 0O 0 0 O
E-=] o 0 0 o0 E” b0 0 0 1 (3.2.20)
2 04x4 > 6
0O 0 0 O 0O 0 0 O
0 0 0 O O4x4 O4x4
and the {Elf} by
O4x4 O4x4 O4x4
. 0 -1 . 0 . 0
ET = 0 0 ET = 0 1 ET = 0
3 0 T 00 T 0 -1
0 0 0 0
0 -1 0
~ 0 0 . 0
E] = 0 , E5 = 0 -1
0 0 0
O34 O34
0 0 0 O4x4 O4x4
5 0 -1 0 0 O B 0O 0 0 O
E;y=["™ 0 000 Ef=| 00 00 (3.2.21)
2 ’ 6 Os5c4
0O 0 0 O 0O 0 0 O
044 044 0 0 1 0

In terms of the “Beauty” basis, the dilatation generator D, and the central charge C are
written as:

6

S LR |
D:—Z;Hi—E(H1+H7):§ -1
=

-1 (3.2.22)

04x4

1 - ~ - ~ - ~ 1
C= _E(Hl + 2H2 + H3 — H5 — 2H6 — H7) = E]ngg

These generators satisfy the commutation relations

~ 1. L 1.
[D, EZ] = _§E2 . [D, E6] = _§E6

- 1. . 1.
[B, E2] = —EEZ s [B, E6] = §E6 (3223)

[C,X]=0 forall X € su(2,2|4)
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Furthermore, since

H, = 31L~I+1EI+11L~I+11-~I+1D+1C
C Vi R B Rt )
(3.2.24)
o= tm+ta e ta Lo Le
L Vi A R B Rt T}

we can choose to work with D and C instead of H, and Hg.

3.3 Representation Theory of psu(2,2/4)

In this section we will consider highest weight representations constructed using an oscil-
lator algebra.

So let {H;, E'} be a Chevalley basis (not necessarily one from the previous section)
of su(2,2|4) and let |hwv) be the highest weight vector of a highest weight representation
of su(2,2/4).Then an oscillator algebra A is an algebra which acts on the highest weight
vector, together with a set of commutation relations between the generators of the algebra
and the Chevalley basis. One of the most famous examples of an oscillator algebra is the
algebra generated by Chevalley elements {E;}, and the constructed module is the Verma
module. As a way of an example, we will work this out for the two Chevalley bases of the
previous section.

3.3.1 The Verma Module for the Chevalley Basis I

Consider the Chevalley basis of section 3.2.1, and let us denote the highest weight vector
|lhwv) by |hwv) = |ry, 2, 13, 14, 15, 16, 7) Where the (Dynkin) labels [ry, 12, 73, 14, 15, ¥g, 77]
are defined by:
H;lhwv) = r;jhwv) forall i=1,...,7 (3.3.1)

Additionally, [hwv) will sometimes also contain the labels b, A or ¢ which are defined as

Blhwv) = blhwv)

Dlhwv) = Alhwv) (3.3.2)

Clhwv) = c/lhwv)
The labels A and ¢ do not give any new information, since D and C can be expressed in terms
of the Chevalley generators {H;}. The element B however, is not contained in su(2, 2|4), so
the label b does contains information about |hwv) which is not present in the 7;’s.

Note that since {H», H3, H4} and {H4, Hs, He} form two su(2|2) subalgebras, the val-
ues [, r3, r4] and [ry4, rs, 6] form the Dynkin labels of highest weight representations of
su(2|2). Reminding ourselves that psu(2, 2|4) = su(2,2[4)/u(1), we can make |hwv) a high-
est weight representation of psi(2, 2|4) by fixing ¢ = 0. Using (3.2.13), this implies that the
r;’s are restricted by the condition

ri—=r3+rs—r;=0 (3.3.3)
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Our Verma module is defined as the linear span of vectors of the form
In)y = (E))" ... (E7)"hwv) (3.34)

Using relations (3.2.5), (3.2.9), (3.2.14), (3.3.1) and (3.3.2) we see that

7

Hiln) = (rj = > agnolny) for j=1,...,7
k=1

1
mm:;%+m—m+m—mm» (3.3.5)

1
Din;) = E(ZA +ny —n3 —ns + n7)n;)
Cln;) = clni)
When we talk about the weight of vector |n;), we will refer to [r], 75, ré, s r;, ré, r;], where
the label r;. is defined as Hln;) = r;.lni). Now notice that there are many orderings of the

generators {E;} possible in |n;) resulting in different vectors. However, all these vectors
have the same weight.

We end this section by giving an example of a highest weight vector of psu(2,2(4)
which has significant physical meaning. Consider the primary field Z from the N = 4
Super Yang-Mills theory [4] and suppose that we have a spin chain of length L for which Z
is attached to each lattice site. The field Z is modeled by the highest weight vector | Z) =
|0,0,0,1,0,0,0; 5 = 0) (notice the additional label b) and the spin chain is represented by
the highest weight vector

lhwv) =10,0,0,L,0,0,0;0) (3.3.6)

(which is just the tensor product of |Z)). The vector |n;) = (E7)"...(E7)"|hwv) then
represents an excitation of this spin chain, and using (3.3.3) and (3.3.5) we see that |r;) has

weight [ri, ré, ré, rz’t, rg, rg; b']if

1

ny = Z(Zb' +2L =37y, — 6ry = 2r) + 2ri — ry — 4r%)

ny = —ry+ri—r,
1

ns = Z(—Zb’ — 2L — 1), = 20 + 2r) + 61 + 1y — 41%)

ng =rs—r, (3.3.7)
1

ns = Z(Zb' — 2L + 1 + 20 + 21y + 2rs — rg — 41%)

ne = —r,

1
ny = Z(—Zb' +2L -1}, = 2ry — 2ry — 2r5 — 3ry — 4r%)
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3.3.2 The Verma Module for the Chevalley Basis 11

Now consider the Chevalley basis of section 3.2.2, and let us denote the highest weight
vector |hwv) by |hwv) = |A, ¢; 51, 525 91, p, q2; by where the labels [A, ¢; s1, 52591, P, q2; b]
are defined by (3.3.2) and:

Hilhwv) = — s;|hwv)

Hslhwv) = gi[hwv)

Hyhwv) = plhwv) (3.3.8)

Hslhwv) = golhwv)

Hilhwv) = — solhwv)

which, using (3.2.24), implies

. 1 3 3
H>lhwv) = 3 (S1 —SN TP 502 A - c) [hwv)
(3.3.9)

N 1 1 3
Hglhwv) = 3 (sz — qu -p- qu - A+ c) [hwv)

Note that since {H3, Hy, Hs} form a su(4) subalgebra, the values [g1, p, 2] form the Dynkin
labels of highest weight representations for su(4). In the same way, s; and s, are Dynkin
labels of highest weight representations for the su(2) subalgebras. Furthermore, |hwv) is a
highest weight vector of psu(2,2|4) if we fix ¢ = 0.

The Verma module is defined as the linear span of vectors of the form
Iniy = (D)™ ... (E5)"Ihwv) (3.3.10)
and using relations (3.2.5), (3.2.23), (3.3.8) and (3.3.9) we see that

Hiln) = 2ny — nay — s1)ln)

- 1 3 1

Hln) = 5 (—2n1 23+ s1-Sqi-p- 5 -A- C) i)
Hslniy = (na — 2n3 + ng + q1)lng)

Hylniy = (n3 — 2n4 + ns + p)ln;)

Hsln;y = (n4 — 2ns + ne + q2)ln;)

2 2
Hilni) = (—ng + 2n7 — s2)ln;)

> 1 1 3 3.3.11

H6|n,->=5(2n5—2n7+sz——ql—p——qz—A+c)|n,-> G310
1

Blm) = 5 (@b =y + o) )

1
Din;y = 3 (2A = ny — ng) Iny)
Cln;) = cln;)
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Finally, using (3.2.16) we see that (3.3.6) corresponds with |hwv) = |-L,0;0, 0; 0, L, 0; 0).

Because c is always zero for representations of psu(2,2|4), we will omit the label for c, so
|lhwv) will be denoted by | — L;0,0;0, L,0;0). Using (3.3.11) we then see that the vector
Iy = (E7)™ ... (E5)"|hwv) has weight [A"; 5], s5: ¢}, p’. ¢5; B'T if

ny = —%(s’1+L+B’+A’)

nm=—-(L+B +A)
3 1 1 1 1

:__l__l__l__L__Bl+Al
BE TN TR T T 5T
1 ’ ’ 1 ’ ’
ng = —qu—p —qu—A 3.3.12)

1 1 3 1 1
__l__/__l__L+_B/_Al
4Q1 2P 4512 5 5
n6=B’—A'—L
1

n7:§(B’—s’2—A’—L)

ns =



Chapter 4

The Bethe Ansatz for the Centrally
Extended s1(2|2) invariant S -matrix

The Superstring action on AdSs x S> has the global symmetry psu(2,2|4). However, be-
cause this action contains non-physical bosonic and fermionic degrees of freedom it is dif-
ficult to extract useful information out of it. Fortunately, this problem can be solved by
fixing the gauge. A suitable gauge is the light-cone gauge and it has been shown in [2] that
the gauge fixed action has the symmetry J = psu(2|2) @ psu2)2) e Ho C @ C', where H
is the Hamiltonian of the system and C, C' are central elements (they commute with every
element X € psu(2, 2|4)) which are not contained in psu(2, 2|4). So J is not a subalgebra of
psu(2,2|4). However, we do have that psu(2|2) @ H = su(2|2) C psu(2, 2|4) so we will call
suU22)¢ccr = su2)oCo C' the centrally extended su(2|2) Lie superalgebra. With a little
abuse of notation, we will write J as J = su(2[2)¢ ¢+ ® su(2[2)¢ ¢+ where it is understood
that the generators H, C and C" are shared by each copy of SU22)¢ -

Now that we have identified the symmetry algebra J of the gauge fixed superstring ac-
tion, we can construct the corresponding S -matrix using the invariance condition as outlined
in section 2.7. We will call this S -matrix the J-invariant S -matrix. Because of the nice form
of 3, this §-matrix will be build as the tensor product of two smaller su(2|2) +-invariant
S -matrices. But before we do that, we will first give a detailed description of su(2[2)¢ ¢+

4.1 The Centrally Extended s1(2|2) Lie Superalgebra

The Lie superalgebra su(2[2)q ¢+ consists of the generators L.”, R,? of the su(2) ® su(2)
subalgebra, the generators Q,%, Q' of the odd part of s1(2|2) and the central elements H,
C and C'. Here, the Roman indices take the values {1, 2} and the Greek indices the values
{3,4}. Furthermore, L;! = —L,% and R;' = —R,%. The non-trivial commutation relations

79
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between these generators are

L%, L' ] = 2L, ', L', L' = -L,!, L', L% = L,?
[R3*, R4%] = 2R3°, [R3%,Rs°] = -R4?, [R3%, R3*] = Ry*
. 1 1
L%, Q7.1 = 6,.Q7,* - 3 Q. [R.”,Q,"1 = 65,Qa" - 708 Qy"
1 1
[Labs ch] = - 6acQ7b + zéabec s [Ra'g’ QTay] = _(5(1yQTaﬁ + E(SaﬁQTay

1
{Q.", QThﬁ} = 6ahR(tﬁ + 61¥ﬁLha + EéahéaﬁH

{Qu% Q’) = e4ps™C, Q7% Q") = empe™C’
4.1.1)

where [ , ] and { , } denote the commutator and anti-commutator respectively.
Let us consider the Lie superalgebra s11(2|2) for a moment (so there is no central exten-

sion by C and C™). As with the psu(2, 2/4) Lie superalgebra, we can describe su(2|2) with a
Chevalley basis {M;, F l.+, F} which satisfy the relations

[M;, M;] =0, LF;, F; 1 = 6i;M;, [M;, 71l = £a;;F; (4.1.2)
In this case, we will take the Cartan matrix as
-2 +1 0
a=| +1 0 -1 4.1.3)
0 -1 +2

which admits the Dynkin diagram

O—®—0 @19

and we will take the Chevalley generators as

M, = -2L;', Ff=-L%, Fy =L,

1 )
MZ:Lll—R33—§H, F; =-Q')°, F; =Q3? (4.1.5)
M3 = 2R5’, F} = -Rs", Fj = -R¢’

Note that if we compare (4.1.3) with (3.2.9), we see that (4.1.3) is exactly the sub-matrix
of (3.2.9) which starts at the (2,2) position and ends at the (4,4) position. So (M,, F;—')
corresponds with (Hl., El.i), i=2,3,4from 3.2.7,3.2.11 and 3.2.12. This will become more
clearly in the next paragraph when we write these generators out in matrix representation.
It is also interesting to note that we can describe the second copy of su(2|2) € J by a
Chevalley basis with Cartan matrix
+2 -1 0
{—1 0 +1 ] (4.1.6)

0O +1 -2
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In this case, (4.1.6) will be the sub-matrix of (3.2.9) which starts at the (4, 4) position and
ends at the (6, 6) position, and its Chevalley basis will corresponds to {(H,, Ef)li =4,5,6}.
So we see that the two copies of s11(2[2) have a natural embedding in psu(2, 2|4).

Of course, we can also compare Cartan matrix (4.1.3) with (3.2.18). In this case, (4.1.3)
coincides with the sub-matrix of (3.2.18) which starts at the (1, 1) position and ends at the
(3, 3) position, and its Chevalley basis corresponds with {(Hl. ,El.i)li =1,2,3}. Analogously,
(4.1.6) coincides with the sub-matrix of (3.2.18) which starts at the (5, 5) position and ends
at the (7,7) position, and its Chevalley basis corresponds with {(I:Il. , El.i)li =5,6,7}.

Let us now return to su(2|2)¢ . The representation of s1(2[2)¢ -+ which we will be
interested in is the fundamental representation. We will denote the representation space by
V = V(p, ) and the basis vectors as |ey) = ley(p,)) where M = {a,a}, a = 1,2 and
a = 3,4. The vectors {|le,)},=1,2 span Vg, while the vectors {|e,)},=3.4 span V7. Furthermore,
the parameters p and ¢ are complex numbers which parameterize the values of the central
elements:

Hiey) = H(p. Dlem) , Cles) = C(p. Dlem) » Cller) = C(p, Dlew)  (4.1.7)

The other generators act on V as

1 1
L, lecy = 5lle,) = 564le.) R,le,) = djle,) ~ 5dhle,)
Q,%le,) = adyle,), Qaaleﬁ> = bsaﬁsableb) (4.1.8)
Q' "leg) = ddgle,) Q' ley) = ce 5% lep)

Here, a, b, ¢, d are complex numbers which depend on p and ¢, and they satisfy the con-
sistency condition ad — bc = 1 due to the commutation relations (4.1.1). Furthermore, the
eigenvalues of the central elements are expressed in terms of a, b, ¢, d as

H(p,{) = ad + bc, C(p,0)=ab, C’(p,()=cd 4.1.9)

If we take

ley) =(1,0,0,0), le2) =(0,1,0,0), le3) =(0,0,1,0), les) =(0,0,0,1) (4.1.10)

then the action of a generator J € su(2|2)¢ ¢+ can be written as

Jlem(p,O)) = Jun(p, Dlen(p, ) 4.1.11)
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where J(p, {) is the matrix form of the action. In particular, we have:

0000 0100 12 0 00
1 _| 1000 2 o000 1 _| o -11200
Ly =1 5000 | L= 06000 | L=l "% 0 0o
0000 0000 0 0 00 @.1.12)
0000 0000 00 0 0 o
3 _| o000 4 | 0000 3_ oo o0 o
R ={ 9000 | Ry"=| 9001 | Ry = 001/2 0
0010 0000 000 -1/2
00doO 0000 00 0d 0000
+3_10000 + 3 0 0dO +4_10000 +4_1 000d
Qv =000 | 227=[ 0000 [ €21 0-coo0 > @2 =] 000
0c00 000 0000 0000
0000 00 00 000 -b 00b0
1_|loo00b 1_l oo -bo 2 _looo o0 2 10000
Q3 = a000 | Q4 = 00 00} 05" = 0a 0 0 » Q47 = 0000
0000 a0 00 000 O 0a00

Note that these matrices reduce to the matrix form of su(2|2) generators when ab = c¢d = 0.
In particular, when we choose » = ¢ = 0 and a = d = 1 we see that the matrix form of the
Chevalley generators {M, , F ;—'li = 1,2, 3} can be obtained from the psu(2,2[4) generators
{H,, E;—'li = 2, 3,4} by taking the "star” entries of (H,, Ef) as indicated in the left matrix of:

% % * % %k
* ok * . %k *
o - o0 . o o
o o} . o O
) L , o (4.1.13)
* ok o - o0 %k

*
*
L)
[e]
o]

Analogously, {M,, F|i = 1,2,3} can also be obtained from {H,, E¥|i = 1,2,3} by taking
its ”’star” entries as indicated in the right matrix of (4.1.13).

We also note that the matrix form of the Chevalley generators corresponding to Cartan
matrix (4.1.6) can be obtained from {H_, E;—'Ii =2,3,4}and {I:Il. s E;—'li = 2, 3,4} respectively,
by taking the “circle” entries of the middle and the right matrix of (4.1.13).

To relate the above discussion with the string sigma model, we will express a, b, ¢, d
in terms of the string theory parameters g, x*, x~, £, n as follows:
il [x* n x* x
a= , b=Ag=|—-1|, c=—+g—, d=+g—|1-— 4.1.14
T ST ARV =
Here, the parameter g is the string sigma model coupling constant, p is the world-sheet
momenta and 7 is a free parameter which reflects a freedom in the choice of the basis
vectors |eyr). Next, the consistency condition ad — bc = 1 translates into

1 1
Mt ——x - — =1 4.1.15)

xt X g
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and the parameters x* are related to p by
e (4.1.16)

In string theory we will be interested in fundamental unitary representations which are
characterized by the conditions ¢ = b, d = @ and p € R. To achieve this we will set

¢ =¥, n= Vix —ixte® (4.1.17)
where & € R. Then a and b become
. Ix~ — ixt .
a= g Vix —ixe = g, b=— g it 4.1.18)
X
which implies that
1 .
H(p) = \/1 + 16g2 sin’ (Ep), C(p,¢) =igl(e’” —1) (4.1.19)

Finally, let us note that this representation simplifies to a su(2|2) representation when we
take p = 0.

4.2 The su(2|2)c ¢+ invariant S -matrix
As in section 2.7, we will describe an n-particle state of the string theory by

AT (p1)... A] (p)) = A] (p1)... Al (p)I0) 4.2.1)

Reminding ourselves that the symmetry algebra of the light-cone string theory consist of
two copies of su(2[2)¢c v we can write AlT(p) = Ajv[ M(p), where the indices M, M cor-
respond to the first and second copy of su(2|2)¢ ¢+ respectively. In fact, we can think of
AL, M(p) being the tensor product AL’ M(p) = AL(p) ® AL(p) which act on the vacuum
|0) = 10); ® |0)2. With this notation it becomes clear that the complete S -matrix is build as
the tensor product of two su(2|2)¢ ¢+-invariant S -matrices. Therefore, we will continue our

discussion by restricting to the first tensor component |Ajv11 (p1) .. .ALn (pn)), of the states

Al DAL (PIO) = 1AL, (1) A, (p) 1A}, (P1)- - AT, (P2)) (422)

To construct the s1(2[2) ¢+-invariant § -matrix we will view |A[TVI1 p1)-. 'Ajvl,, (pn)) as an
element of the tensor product of fundamental unitary representations. This identification is
not trivial and we will have to impose certain conditions on our parameter £ in order to have
a consistent identification. The reason for this is because the operator C acts differently on
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ALI (p1).. .ALn(pn)|O> than on V(p1,{1)®...8V(p,, ). In the first case, it was shown in
[2] that the central element C is written as

C=ig(ef-1) (4.2.3)
where P is the total momentum operator defined as
P|0) =0, PA},(p) = A}, (P)(P + p) (4.2.4)

In the second case, C acts with the usual tensor product action (3.1.7).

With these definitions, it is clear that the one particle state |Ajw(p)) is identified with
the basis vector |eys) of the fundamental unitary representation V(p, 1). It becomes a bit
more complicated when we try to identify the two-particle state |ATM] (pl)AL2 (p2)) with an
element of V(p1,{1) ® V(p2,{>2). Because

CIA}, (DA}, (p2)) = ig(e P 7)) — DAL, (p1)A], (p2))

) . . ) (4.2.5)
C(V(p1,0)®V(p2,&2)) = ig (Q1(€™ = 1) + La(e” = 1)) V(p1, £) @ V(p2, &)
we must choose ] and > such that
ig(@ P — 1) = ig ((1(e” = 1) + (e = 1) (42.6)

To satisfy this equation we will choose ¢ = ¢”2, /, = 1. Then, the two-particle state
A%, (P1)A]},, (p2)) will be identified with ley, (p1. €')) ®leu, (p2. 1)). Furthermore, we will
also have the commutation relation

CAl(p)=C(pAL (pe® + Al (HC  where  C(p)=C(p,1) (4.2.7)

We can easily generalize our construction to a n-particle state. In this case we want to
identify |A1Tv11 (p1).. .ALn(pn)) with an element of V(p1,{1)® ... ® V(py, {)- Letting C act
on the particle states and the tensor product representation yields the constraint

n
e WA (4.2.8)
k=1

Because we also want (4.2.7) to be satisfied, we will choose the {’s as

G = el (P2ttPn) , b= e (P3ttpn) , , L=, =1 (4.2.9)

and we obtain the identification

AL, (P Ay () ~ lear, (1, €P7P0)) & lens, (pa, PPN & .. @ V(py, 1)
(4.2.10)

Now that we have identified the particle states with the tensor product of fundamental
unitary representations, we will now look at how the action of su(2|2) + generators is
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carried over to the particle states. First we note that because of the grading, a generator
J € su(2|2)¢ ¢+ will act in a graded way on the tensor product representation (see (3.1.7)).
Next, we will write

AT(p) = (AT(p). AL(p). AP AL(p)  and  A(p) = (A1(p). A2(p), As(p). As(p))
(4.2.11)

(so that AT(p) is a row vector and A(p) is a column vector). Furthermore, we will define
the action of su(2|2)¢ ¢+ on the vacuum vector |0) to be the trivial action, i.e. J|0) = 0 for
all J € su(2|2)¢c+. Then, from (4.2.10), (4.2.9) and (4.1.8) we will get the commutation
relations:

LAY (p) = AT(p) L" + AT(p) L

RAAT(p) = AT ()RS + AT(p) RS

QAT (p) = AT(p) Qu“(p. D €™* + AT(P) £ Q,"
Q' AT(p) =AT(p) 0" (p. e > + AT(p)Z QT

(4.2.12)

where X, defined in (3.2.3), is to account for the grading.

We can now construct the desired S -matrix. Using the identification between the par-
ticle states and the tensor product of fundamental unitary representations, we can view the
S -matrix as a map

S:V(p1,{0) @ V(p2, £2) = V(p2. L)@ V(p1,41) (4.2.13)
where ¢ = /P2 and /, = 1. Furthermore, the invariance condition (2.7.6) can be written as
S12p1,p2)(URI+1I®J)=(JQRL+1J)S12(p1,P2) 4.2.14)
when J = L,%, R, and
S12(p1,p2) (J(p1,€P) @1+ 18 J(p2, 1)) = (J(p1, )BT+ 1 & J(p2,€™)) S 12(p1, p2) o
S12(p1. p2) (J(p1. ") @1+ 28 J(p2. 1)) = (J(p1. D@ T + L ® J(p2, ")) S12(p1, p2)

(4.2.15)

when J = Q,% Q.. This condition together with the Yang-Baxter equation determines
the S -matrix up to a constant scalar factor which we will denote by So(p1, p2). This calcu-
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lation has been done in [3] and the resulting S -matrix S12(p1, p2) is given by

a4 0 0 O] O 0O O0O]0O0OO0O O | 0O O ©0
0Oa+aa 0 0 | =a2 0 0 O | 0 00O a | OO0 =—a O
0 0 a O] O 00 O |aw0OO O | 00 0 0
0 0 0 as | O 00 0] 00O0 O |a0O 0 0
0 -aa 0 O | a+a 0 0 0 | 0 00 —a7 | 00 a O
0 0 0 0] O a 0 0 ]00O0 O | 0O 0 0
0 0 0 0] O O0Owa O | 0Oa O O | 0O O 0
0 0 0 0] O 00 as | 000 O | O0Oa O 0
Si2p1op2)=l - - - - - - - - - - - - - - - - - - -
0 0 a9 0] O 0O O |a0OO0O O | 0O 0 0
0 0 0 0] O Oao O | 0a O O | 0O 0 0
0 0 0 0] O 0O O ]0O0Oa O | 0O 0 0
0 -agz 0 O | a O O O | 0 0 O az+as | 0 0 =—ag O
0 0 Owaol] O 0O 0] 00O O |a 0 0 0
0 0 0 0] O 0 0a| 000 O | O0Oa O O
0 a O O | —ag 0 0 O | 0 00O —ag | 0 O azg+as O
0 0 0 0] O 0O O] 00O O |00 0 a3
(4.2.16)
where a; = So(pl,pz) Zl,‘
g x-xg
a) = —/————3 a6 = ——
xz —xl ezl x —x2 ezPI
i +
— — — 1 pa— pa—
(x] —x;’)(x2 —x;)(x2 +xir) e \/(x - X )(x xz)(x xz)
2= — V(= v~ + -+ i ar i
(] =) Xy = X7Xx7)  eim (] = x)(1 = x7x5)ex?
) RGN E R Ee)
az = -1 ag = : T (4.2.17)
(x; — 2)(x1x2 — 1)ePrez
- MY — )+ (x7 —x)(x, — x3)
_ (x] = x5 — x5 + x3) _ 1 17442 2
as = — N[ v— + ag = + —
(x1 —xz)(xlx2 - X xz) X5 =X
B xg_xl_ i 5 \/(xl )(X2 X )esz
as = ———e2? app = —
X3 — X x5 =Xy e3P

with x+ /x = x*(p;)/x"(p;) = €'Pi. Now that we have obtained the s1(2|2)c ¢+ invariant
S matrlx S 12(p1, p2), we can 51mp1y obtain the complete S -matrix S| ,(p1, p2) of the light-
cone string theory by setting

S12(p1,p2) = S12(p1, p2) ® S1.2(p1, p2) (4.2.13)
4.3 The Bethe Ansatz Equations of the s1(2[2)c ¢+ invariant S -
matrix

As we have seen in the section on the XXX model and the Hubbard model, the Bethe
ansatz equations follow from imposing boundary conditions on the integrable model. In
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this section we will derive the Bethe equations using the nested algebraic Bethe ansatz and
the nested coordinate Bethe ansatz.

4.3.1 Deriving the Bethe Ansatz Equations using the Nested Algebraic Bethe
Ansatz

Before we derive the Bethe equations, we first define the matrix S which is just the matrix
S under a different basis:

S12(p1, p2) = [G(p1) © G(p)]1S 12(p1, p2) [G™H(p1) © G (p2)]

10 0 O
Glo) = 00 0 tp (4.3.1)
P=10 0 «p) 0

01 0 0

Furthermore, we will introduce the R-matrix R 2(p1, p2) = P12512(p1, p2) where Py is
the permutation operator defined as Py, = Zi,b:l ela’ ® ez, with e{ = 6;j. So ng(p] , P2) can
be viewed as the 16 X 16 matrix:

a0 0 0 [ 00 O 0[]0 0O 0O0O] 0 0 00
0Oay, 0O 0 |a0O 0O 0]0 0O 0O0O] 0 0 00
00d, 0 | 00 0 0]a O O0O0O] 0 0 00
00 0 -a |00 a4 010 a& 00 |a+a 0 0 0
0Oas 0 0O a0 0O 0]0 0O 0O0O] 0 0 00
00 0 0O | O0Oa O O0O]O0O O O0O0O] 0O 0 00
00 0 —-a4 | 00 —ag 0] Oay+as 0 0| a 0 0 0

_ 000 O |00 0 & |0 0 0O0] 0 a 00

Ri2(p,p2)=f - - - - - - - - - -- - - -=- - - - -
00as O [ 00 0O 01]a O 0O0O] 0 0 00
00 0 a | 00a+a 010 -a 00| -a 0 0 0
000 O |00 0O 0]0 0 a0O] 0 0 00
000 O [ 00 0 0[]0 0O Oal 0 0 a 0
00 0a+a | 00 & 010 -2 00| -aa 0 00
000 O |00 0 a |0 0 0O0] 0 & 00
000 O |00 0 0[]0 0O Oal| 0 0 d,o0
000 O |00 0O 00 0 00| 0 0 0 a
a 1 1

where a§=—7, ag = ag t(pH(p2), agzagﬂ, a10=a10@ (4.3.2)
1(p)i(p2) 1(p1) 1(p2)

Note that the basis transformation due to G(p) caused a change in the gradings for the basis
vectors; |e1), |e4) are now even and |e,), |e3) are now odd. We also note that S‘Lz(pl,pz)
satisfies the Yang Baxter equation (A.2.3).

If we now take

ooy = 125D i) oy _ DD o) _(x"(p) e
x (p)—tb(p)e P x(p)= e P Hp) = ) (4.3.3)
where the functions a(p), b(p) and h(p) satisfy the constraints
Hp)+b(p) =1,  sinh2h(p)] = LX) (434)

2g
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due to the constraints (4.1.15) and (4.1.16), we will obtain the relation

i p(s)
Rio(pi.py)  Ripp1p2)

i _ (4.3.5)
R1,2(P1,P2)i:i R(f,%(m’m)iii

()
where Rl’2

ing from the similarity between Ry 2(p1, p2) and I_?(ls;(pl , p2) we can use the NABA of the
Hubbard model to obtain the desired Bethe equations.

(p1, p2) is Shastry’s graded R-matrix (2.6.8) with ¢ = —g/2. Therefore, follow-

To see how this works, we first define the graded S -matrix S 12(p1,p2) = P”; 721_6 12 (p1,p2)

where Piz = Zib: 1(—1)1’(“)1’(”)62 ® ;. Next, we define the monodromy matrix T4(4, {p;})
and transfer matrix 7(4, {p;}) as

Ta(ﬂ’ {pl}) = Sa,N(/L pN)Sa,N—l(/L PN—I) cee Sa,l(/le pl)
(A, {pi}) = stra[To (2, {pi})]

The monodromy matrix satisfies the fundamental commutation relation

Ra,b(/l’ M) [Ta(/l’ {Pz} ® Tb(/le {pl})] = [Ta(ﬂe {pl}) ® Tb(ﬂa {pt}] Ra,b(/le :u) (437)

where & is the graded tensor product.

We now remind ourselves that the Bethe equations are obtained by solving the auxiliary
eigenvalue problem and imposing a condition on the eigenvalue. For the model of section
2.5 these were (2.5.13) and (2.5.17), and for the Hubbard model (in the two-excitation
case) these were (2.6.37) and (2.6.43). Here, we will do the same. The auxiliary eigenvalue
problem is

(4.3.6)

T AP = AP IY) (4.3.8)
and the eigenvalue condition will be
x\E
(x_]i) = Api Apit) (4.3.9)
k

which, in the spin chain picture, has the physical interpretation that when you shift the k-th
particle around the spin chain it will acquire a free phase factor e/’ = (xf/ x;)L.

We will now focus our attention on the eigenvalue problem (4.3.9). To solve this eigen-
value equation we will generalize the results of the NABA of the Hubbard model by stating
the expressions in terms of matrix elements R(A, ,u)Zf.

First we note that the monodromy matrix is a 4 X 4 matrix in auxiliary space of the form
(2.6.11). Secondly, note that the S, ;(A, p;) plays the role of the Lax operator. The vacuum
vector we will use is

—=N

|0>:®j:1|o>j with [0); = (4.3.10)

SO O -
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Therefore
$ (4, p)y'110); * * i
) 0 S (A, )2t 0); 0
S (A0 = 2.1 _ 4.3.11
a,i(A, f10); 0 0 S(A, 17110y 310
0 0 0 S (A, )y 110);

where S(/l,u)g’} = S(ﬂ,,u)i’}. Now because 5‘1 ,(P1,p2) = Pf 21_21 ,(P1, p2) we can also
write

Ry =S pyy, RAWT, =SQAw3y, RAwy =Sy 43.12)

Therefore
Y, R, pyy * 5 «
0 N R, p)>h 0 %
T /L N[0Y = i=1 ’ 1,2 5 0
(4, {pi)I0) 0 0 N RO . 10)
0 0 0 N R p)Yy
(4.3.13)
So |0) is an eigenvector of (4.3.8) with eigenvalue
N N N
AW = [ [RA poyy =2 | R pidpy + | [ R oY) (4.3.14)
i=1 i=1 i=1
For the K-particle eigenvector we will again use the form (2.6.23):
Dk, (A1, .. Ax)) = P, (A1, ..., Ak,) - FIO) (4.3.15)

The expressions for the one and two-particle wave vectors are analogous to (2.6.24) and
(2.6.34):

R(ay, 1)14

4,1

@,(11) = B(4y), @,(41, 42) = B(41) ® B(42) + §F(11)B(A2) - e
A1, 4 1.4

(4.3.16)

Furthermore, the Kj-particle wave vector @k, (11, ..., Ak,) is of the form

K R(A1, )7 ﬁ R 4))y)
4,1 2,1
j=2 R(ay, 4/)1,4 izz R(A, /14/')1,2

Dk, (A1, ..., Ag)) = B(A) @ Pk (A2, ..., Ak,) +

Jj-
] 22
x [€® FON®k, 2, ., i1, Ajan - Ak )BA)] ]_[ R )
=2 1> ] 1,1

4.3.17)
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1 0 0 0
N 0 a(4, b(A, 0
where §=(0,1,-1,0) and FAp=| 55&3 &EAZ; 0
0 0 0 1
o RO, 3R Ty + RO, T 3R, 1034 (4.3.18)
with  a(d,p) = = 2= 1
RO, 33RA, 7
_ R 3R 07y + R 1) 3R(A, )35
and b1, pu) = - - - -

RO, w3 3R(, )y
Note that these expressions reduce exactly to the Hubbard model expressions (2.6.24),

(2.6.34), (2.6.48) and (2.6.18) when we take R(1, 1) as R*(A, ).
If we now carry out the NABA analogously to the hubbard model case, we will obtain

the eigenvalue A(4, {pi}) = AL {15 i )
N Ky R(aj,/l)}} N K R(A, /1,)24
A {pi}) 4, Py R, pyy
- [1& “nmw?é [|Reria] |za20m

LS R(ﬁ,w)“
-AO@ ) [ [RA | [ -7
il ]
M 2o Ik
where  AM(A4 {4} )} = — + —— with 1<K, <K; (4.3.19)
b, D TT2 b4, )

together with the Bethe equations

(/Jjaﬂl)
b(u, ) = forall j=1,...,K> (4.3.20)
ﬂ ’ l,;lbwl,uj)
*J
N R p)b K R(A, )33 R4, )3
[[=—=1 =A%t up [ | - 2 forall [=1,...K
i=1 R(/ll, pi)z:l k=1 R(/ll’ /lk)2:1R(/1k’ /11)1:1

k#l

Let us note that the parameter #(4) is canceled out in all these expressions. If we now plug
in the expressions for R(A, u) explicitly and use (4.1.15), then after some algebra, (4.3.20)
becomes

i

K wj—yl—l K2 owi—wp+ 4

2o [[+—=F forall j=1,....K 4.3.21)
=1 Wi~ J’l_;_z =1 WiTWiT
I#j
N — K> l_ e
- X .n Yo+ 3, — Wkt
[TE2=e® = [ % forall I=1,....K

=i Y& k1y1+——wk—@
L 1 i 1 i
where X7 =x(p), yi=x' (), wi=x"(u)+ X (i) + + —

) 2g X (ui) 28
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Furthermore, let us also note that all these expressions reduce exactly to the Hubbard model
expressions when we take R(A, i) as R*(A, u). In particular

RO, /lk)ié ROy, /ll)gj}

- - =1 (4.3.22)
RO, 407 RO, )}

Returning to our eigenvalue condition (4.3.9) we see that

i x pz P X, =V
( ) ]_[ SO(pk,pz iy [Tetre= (4.3.23)

ezpk

where we have used (4.3.19), (4.3.2), (4.2.17) and R(py, pk)f’é = R(px, pk)él"zlt = 0. By using
x;.“/xj‘. =ePiand P = Zﬁil pi we can simplify (4.3.23) to

N — + K, _

i L+ KL ; X — X X, =Yy

gr{erd-2) P [ [Sotp ppi—= - [ [ 2— (4.3.24)
i=1 YT e o M 7Y

Equation (4.3.24) together with (4.3.21) form the complete Bethe equations of the su(2(2)¢ ¢+
invariant S-matrix. If we additionally impose the constraint ¢//> = 1 we will obtain the
Bethe equations of the su(2|2) invariant S -matrix, since this constraint forces C = C'=0
(see the remark at the end of section 4.1). Furthermore, this constraint also singles out the
physical Bethe vectors.

4.3.2 Deriving the Bethe Ansatz Equations using the Nested Coordinate Bethe
Ansatz

In this section, we will derive the Bethe ansatz equations using the alternative view of the
nested coordinate Bethe ansatz [9] as sketched in section 2.4. The central object to be
considered here is the S -matrix (4.2.16) and we will construct solutions of the equation

Sij(pis pHIY) = A j) » 1€C (4.3.25)

to obtain the Bethe ansatz equations. Here, ['¥') is a particle state, and [¥); ;) is [¥) with the
pseudo-momenta p; and p; interchanged.

Let us start the NCBA by defining the first level system. The first level system is the
original spin chain of length L and the pseudo-vacuum just the empty spin chain. We will
denote this by:

) =1o...0)° (4.3.26)

” b2

where stands for an empty lattice point. A general level I excitation will be of the form

AL (PO - ALy (PN = 1. @ AL ()i e ... @ ALy (pa)iy e .. (4.3.27)
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where 1 < i; < L denotes the position of AL, and N is the total number of excitations out of
J

the level I vacuum. So we see that with this notation, a general state IAL,1 (p1) .. .ATMN(pN))

is viewed as the level I excitation |Ajv1, (P - .ALN(pN),-N)I.
For the second level system we have a spin chain of length N, and the pseudo-vacuum
|0)! is just the empty spin chain which is given by:

0" = A (p1)... A} (p))! (4.3.28)
and from (4.2.16) we see that
I LI z+ J ezl’/
Si 0" = s"(pi, ppIOY;;,  where  sM(pi, pj) = ar(pi, pj) = So(pi» pj)——¢ —— n
X Jj ez !
(4.3.29)

Let us consider the excitations on this level. In general, a vector on this spin chain will
contain A, and A;. However, if we consider the one-excitation states only, we will have to

be a bit more careful; it will only consist of AZ, since from (4.2.16) we have that

S12(p1. AT (PDAY(P2) = —as(p1, p2) (AL (P AL(P)Y = 1AL (p2)AL(p1)))

+ (4.3.30)
(a1(p1, p2) + ax(pr, p2) AT (P)AL(P1)Y = ax(p1, PIAL(P)A] (p1))

So A; behaves like a double excitation since it scatters into a A; and AI. Therefore, a
general one-excitation solution is of the form

A" = Z Uy 1AL (P - AL (PreDAL(POAT (i) - - A] () (4.3.31)

where it is understood that Ajw(p,-) sits on position 1 < i < N of the second level spin chain.
For the wave function »,.//g) we use the ansatz

v = ) 1_[ () (4.3.32)

The wave function W,(Cl) is determined by the compatibility condition
FAIl _ LI
zle yi=s (pz,Pj)|A (Y)>(, ) (4.3.33)

where |A )(l 7 is IAZL,)H with p; and p; interchanged. Considering this on a spin chain with
only two sites gives:

ADT = FOaDIAL(PDAT () + Fx2)s™ (xD)IA] (pDAL(p2))!

i T I ILI i I (4.3.34)
1A >(12) f(X1)|Aa(p1)A1(pz)> + f(x2)s (X1)|A1(p1)Aa(pz)>
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Writing out the compatibility condition then gives:

Fx) ao(pr, p2) + f(x2) s (x1) as(pr, p2) = f(x2) a1 (p1, pa)

1L I (4.3.35)
fx)ae(pr, p2) + f(x2) s (x1) aro(pr, p2) = f(x1) s (x2) ar(p1, p2)

From the first equation we can get an expression for s™!(x1) in terms of xy and f when we
fix xJ = ¢ (and therefore xJ is also fixed since x* are related with each other). Plugging
this expression into the second equation enables us to solve f(x;) in terms of x|, x, and
S(y, x2). By differentiating this equation to x; we get a differential equation which we can

solve. The resulting expression is
R
JG) =fox)) = e‘f”fT (4.3.36)
where y is an integration constant. From this we obtain
y=xj

y_xj

M (xj) = sy, x)) = e3P (4.3.37)

and we will also write
AT = 1AL )" (4.3.38)

to emphasize the y-dependence. Note that as in section 2.4.2, we can view IAE(y))H as an
excitation out of the level II pseudo-vacuum with pseudo-momentum y.

We will now move on to the two excitation case. Here however, we have to be a bit
careful since |A;)II causes a two-excitation. Therefore, we will use the following general
ansatz for the two-excitation solution

AL ODAL" = la,yi Byl + ey, y) + SThla,yis B,y where

.y Byt = > P onu ol AJALpOA] . ATAT (AT )
1<k<I<N

STl yi Byt = M(yi,y)le, ya; B,y + Ny, y2)IB, yas . yi) (4.3.39)

N
and i yD! = > w0 020801, y2, 30l AJAY AT !
k=1

and we recognize S 1112 as the second level §-matrix. Considering this again on a spin chain
of two sites and using the compatibility condition

SiJALODALGN™ = M (i, pPIAT DAL, (4.3.40)
will give us [9]:

+ —
yiy2 — X, x - 1
KTk Y17 )2 where vy =y + —

g1, y2, xx) = - ,
yiy2X, Vi—V2— T Yk

, (4.3.41)
P Vi — V2
M@y, y) = ——, NOyLy)=—-———""

i i
V1—V2—§ V1—V2—§
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To generalize this construction to more than two excitations, we will make use of the
generators of su(2|2)¢ ¢+ as discussed in [S] and [9]. First, let J € su(2[2)¢ -+ and define Jx
as

JeV(p1, {0 ® ... @ V(py, §y) = (4.3.42)
=V(pLd{)® ... 8 V(. d)® ... & V(pn, &n) (4.3.43)

Then, using (4.1.12), (4.2.10), (4.2.9) and reminding ourselves that IAZ,[(p» is identified
with the basis vector |eys), we see that

(Qu"), 100" = gl .. AT (e DAL (POA] (Prcrn)
(Qa'), (Qs"), 100" = axal. .. AT (pe-D)ALPOA] (i) - .- AL (P DAL(PDA (prs) - . '
(Qu"), (Q"), 10" = aubie ... AT (P-DAYPOA] (Prrt) - !

i 4.3.44
where 834 =1, a-= \/g ix]; _ l'x]‘:ej(karl"'.“"'pN) and by = _a_f ( )
X
k
Let us now introduce the dressed generators
+ P Xz:
(Q'), =¢" —==(Q."), (4.3.45)
e =%k
Then, by using the identity
x5 X, - xf
A S T A (4.3.46)
Y=% % T K MY T
we see that the one excitation solution (4.3.31) can be written as
N - +
AT = (20 (Qu), + @110)(Qu)), )0 where
";1 (4.3.47)
y—x
o= [=—EL ad @) =1
=1 Y "N

So let us define

Rax() = D) (Qu'), + @ic1(0)(Qu'); (4.3.48)
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The two-excitation state (4.3.39) can then be written as:

ALODALG! = 1o, yi: B,y)" + STl yis B,y where

N
oy By = || D Bas)Bpir)]|I0) =

k=1

= Y (@0n(Q), + @0 (@) ) (@102 (Qs'), + P12 (410"

1<k<I<N

N
’ kZ::‘ % (CDk(y1)CDk(y2) (Qal)/: (Qﬂl),: + O 1 D) Dr-1072) (Q(rl);: (Qﬁl)Z) oy

N
+ ; 011 (Qo!), @u(32)(Qs'), 1) and

STl yi B,y = M1, y)le, y2; B, y0)" + N(y1, y2)IB, yas @, y1)! (4.3.49)

Here, the notation ||\ is to denote the “ordered” version of . In the case of (4.3.49), we
have a ordering in the pseudo-momenta y;; the terms are arranged in such a way that y;
stays left of y,. Furthermore, if we compare (4.3.49) with (4.3.39), we see that the term
&%ly1, y1) has been distributed between the terms |a, y1; 8, y2)"" and S\, |a, y1; 8, y2)".

With these notations, we can easily see how to generalize this construction to K-
excitations analogous to (2.4.110):

AL - ALK =l v k) Y Sl v ek k)
PESKI

. . (4.3.50)
where o, yi; -k k)T = || D Senn ) Bag, i, 0%1)]|10)
{1}

We now move on to the third level. The third level system is a spin chain of length K

whose pseudo-vacuum |0)"! is the empty spin chain, which is given by
0" = 14T AL, ! (4.3.51)
and using (4.3.39) we see that
S0 = s yployd,  with sy =1 (4.3.52)

where |0>2’j) is |0)" with y; and y; interchanged. Here (and in the following calculations) a
minus sign is added to M and N to account for the fermionic nature of the particles.

Let us consider the excitations on this level. Analogous to the calculations for the
second level system, a one-excitation solution is of the form

K
AJo™ = > wPWIALD .. ALk DAJGRA k) - - ALk )
k=1

. (4.3.53)

where P (w) = fow,y0 [ "™ 0w, 30)
=1
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Using the compatibility condition

SAL! = s y AL (4.3.54)
we can solve f and "M
w— % W=V +
~ 3 X
fovyy=—"7. Moy =—F (4.3.55)
W=V — ﬁ wW—=Vi— E

For the two-excitation solution, we will use the ansatz

AL DALY = wi, wo)™ + ST wi, w)™  where

e m (4.3.56)

111 IILIIT
Sialwi,w s (W, wo)lwa, wy and

rw)™ = 3 PP )l AJAL AT AJAL AT !

1§11<12SK1

and the (1 x 1) matrix S 11112 is of course the third level S-matrix. If we now consider the
compatibility condition

S LA vDALv))™ = sy y AT DAL (4.3.57)
on a spin chain of length two we will get
Wi —wp — i

Wi, wy) = —————= (4.3.58)

— L
w1 W2+g

sIII,HI

Analogous to (2.4.110) and (4.3.50) these results can easily be generalized to the K-
excitation case:

AL o) ALY = wi)T > ST
PESK2
(4.3.59)

where |W1 yeees WK, >H = Z l_l lﬁEZ)(W])l (yh 4()711(2

1<hi<.. 1K2<K1 Jj=

We have now solved (4.3.25); a solution of (4.3.25) can be obtained by writing out a
K»-excitation state |Aj1(w1) .. .AI(WKl»IH in terms of level I excitations by using (4.3.59),
(4.3.50) and (4.3.28):

K>
A own) .. AfOvi ) = [1+ > SE‘] > o

PGSKz 1§l’l]<...l’l](2§K1 j=1

(4.3.60)
qr+ > sk HZ% B0 - Bag g OK) 4] (P1) - AT (o))

P/ESKI
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From this equation we can also see that
N = N(AD) + N(R3) + N(R4)
K = N(Q3) + N(R4) (4.3.61)
K> = N(Q4)

where N(R,) and N (AI) stands for the number of Q, and A}L respectively in (4.3.60).

We can now derive the Bethe equations analogous to section 2.4.2. First let us introduce
the phase factor s/ = ¢, Then, by imposing the periodicity condition on the auxiliary
spin chains we get:

L N K
[Ts°@o] [s"@ero] | @eym =1 forall k=1,....N
i=1 =1 m=1
I#k
N Ky K>
1_[ sH’I(yl, Pi) l_l sH’H(yl,yj) 1_[ sH’m(yl, we) =1 forall [=1,...,K; (4.3.62)
i=1 =1 k=1
Tl
K K>
[ 5™ vy [ [ ™M ovjwp=1 forall j=1,... K
i=1 I=1
I#
For example, the second Bethe ansatz equation can be found by considering |a1,y1;. . . ; @k,, VK, I

(4.3.50). When we shift an excitation (@ = 3,y;) around this spin chain it can scatter with
an excitation of the same type, with an excitation of type @ = 4 or it can scatter with a
lattice site of the level II spin chain (i.e. Ai). In each of these cases we will get the phase
factors s™(y;, pi), sy, y j) or sy, wy) respectively. The Periodicity condition then
translates into the second Bethe equation. The first and third Bethe equation are obtained
with a similar reasoning.

If we write out (4.3.62) explicitly we get

N + — i K]

. X, — X, e2P i Ym—X

P[] S o(pr p2— [[ei=—% =1 forall k=1,...,N
=1

— + i _
X, =X gaPk Ym = X

= m=1
I#k

K> vy — L
1 — X7 Wk =V
NTH % 1 forall [=1,...,K; (43.63)
Y= X k:1Wk_Vl+2Lg

-Pi

=
N\
I~

wj—v,-+ﬁ K> wj—wl—é
: i=1 forall j=1,...,K;
'_Vi_z_ =1 Wj_Wl"‘g
I#k

and this coincides exactly with (4.3.21) and (4.3.23) as expected. Finally, to obtain physical
relevant solutions, we will impose the condition

=

N N +
. X;

P= ) pi=0 orinother words l—[ L =1 (4.3.64)
i=1 i=1 i
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4.4 Representation Theory of the Bethe ansatz vectors

Now that we have derived the Bethe vectors, we will describe some of its weight properties.
First, let us remind ourselves of the discussion in section 2.6.3, where it was shown that the
Bethe vectors of the Hubbard model are highest weight vectors of the su(2)®su(2) C su(2[2)
subalgebra. Since the matrix R) is related to Shastry’s R-matrix R(lf)z, it is expected that
the Bethe vectors we found in the previous section will have some kind of highest weight
property with respect to the two su(2) copies which are generated by {M{, F{,F} and
{M3, F3, F;} respectively. This will become more clearly when we consider a Bethe vector
constructed from the NABA.

First we note that the whole NABA construction of section 4.3.1 is performed after a

basis transformation (4.3.1). Therefore, let us define

0 00 -1
= 000 O
+ _ + ~—1 _
Fi=GWFG'®W=|, o o o | and
000 O
4.4.1)
00 0 O
- . l0 0 -10
00 0 O

We immediate see from (2.6.52) that F’ ;= -X% and }':3‘ = —S*. Therefore, the Bethe
vectors are highest weight vectors with respect to the algebra generated by {M}, F{, F}
and they are lowest weight vectors with respect to the algebra generated by {M7, F3, F3}.
In the same way, we see that

G(p) M} G (p) = -=¢ and  G(p) M; G™(p) = -S° (4.4.2)

which means that our Bethe vector has (su(2) @ su(2)) weight [K; — N, 2K, — K1].

To calculate the weight with respect to su(2|2), it will be convenient to consider the
Bethe vector (4.3.60). If we use (4.1.1) and (4.1.8) we get:

MAT(p)) = AT (p)), [M1,Q.'1 = Q,'

MalAl(p)) = 0, [M2,Qq'] = —63,Q3' (4.4.3)
P | Qs! if =3

M3lA|(p)) =0, [M3,Q0' 1= {—Q41 g4

Then, using (4.3.61), we can easily see that (4.3.60) has su(2|2) weight [K|—-N, K, —K1, K1 —
2K>]. At this point you may wonder why the third component of the weight is K; — 2K>
instead of 2K, — K. This can be explained by the nesting procedure of the NCBA. There
we see that the third level pseudo-vacuum is given by [0)!! = |A;(y ... A;(yK1 W where A;f
is viewed as an excitation of this vacuum. However, we could perfectly define this pseudo-
vacuum as |0)1 = IAZ(yl) .. .Ajt(yK1 W and view A; as an excitation of this vacuum. In that
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case the Bethe vector would have weight [K| — N, K> — K1,2K, — K] as expected.

We have now calculated the weights of the Bethe vectors and shown that they have
highest/lowest weight properties with respect to su(2) & su(2).

4.5 The Complete Bethe Ansatz Equations

As we have remarked earlier, the su(2|2)¢ ¢+ @ su(2|2)¢ c+-invariant S -matrix S , is given
by (4.2.18). So let us define

S12(p1,p2) = S12(p1, p2) ® S 12(p1, p2) (4.5.1)

Then, the Bethe equations of the light-cone gauge string theory will follow from solving
the auxiliary eigenvalue problem

A AP DY) = T (pr, (P DIY),  where

. N ~. .. <\ 4.5.2)
T (prAPitizy) = stalS , 54, pN) S (1 (4, PN-1) ... S 1 (A, p1)]
and imposing the eigenvalue condition
xh\E
N @ Apih) = (—") (45.3)
Xk
analogous to (4.3.8) and (4.3.9). But because of (4.5.1), it follows directly that
i KD K K? K2
A, (pi}) = A {piL, {4, Vidp o Aacd 2 ACA; P (4 oty Aid 2) (4.5.4)

where 0 < Kf’) < Kg’) <N<L for a=1,2
Therefore, the complete Bethe ansatz equations are
N

] (st po= ) NNE <;>‘ o4 @55)

i=1 al]lxk ]

l_le_fp’l 1_[ % _ | forall I=1,...,K;, and a=1,2
(@ - (@) (@) i

i=1 N A N L 7

LS| w(.a)—v(.a)+2i K> w(.“)—wga)—i

1 .

l_[ J gl_l J ‘g,’:l forall j=1,...,K; and a=1,2
W(a) v(a) i W(a) W(a) 4L

=17 i 2g 5;&11 J I g

We have now derived the Bethe equations for the full string sigma model in the light-cone
gauge.



Chapter 5

Summary and Conclusions

In this thesis we have reviewed various Bethe ansatz techniques. We started with the spin-
1/2 XXX Heisenberg model and solved it with the coordinate Bethe ansatz. Next we pre-
sented the algebraic Bethe ansatz using, again, the XXX model and derived the integrability
of the model and demonstrated the highest weight property of the Bethe vectors. We then
introduced the Hubbard model and solved it using two characterizations of the nested coor-
dinate Bethe ansatz. We also presented the nested algebraic Bethe ansatz for graded models
and solved the Hubbard model with it. Finally, we ended the review with a short exposition
on the S-matrix and its connection with the Bethe ansatz and integrability. The main idea
is that the S -matrix of an integrable model is restricted by the symmetries of the model and
that, depending on the symmetry algebra, these restrictions are sometimes so strong that
they determine the S -matrix uniquely up to a constant.

Next we introduced basic Lie superalgebra theory and we described the psu(2,2|4) and
the (extended) su(2|2) Lie superalgebra. The (extended) su(2|2)-invariant S -matrix is then
derived and the corresponding Bethe ansatz equations are calculated. Finally, we gener-
alized these results to obtain Bethe equations for the string sigma model in the light-cone
gauge.
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Appendix A

Tensors, The Yang Baxter Equation
and Graded Linear Algebra

A.1 Tensor Notations

Let V and W be finite dimensional vector spaces. Then we can form the tensor product
V ® W, which is a vector space of dimension dim(V)-dim(W). Now let A : V — V' and
B : W — W’ be linear maps. Then we can define a linear map A® B : VW — V'@ W’ by

A®B)(veaw)=AW)® B(w) forall veViweW (A.1.1)
If we additionally have linear maps C : V — Vand D : W — W, then
(A® B(C®D)=AC® BD with AC®BD: VoW -V W (A.1.2)

In this thesis, we will often use an explicit matrix representation of the tensor products. The
conventions used for this matrix representation are addressed below.

First, let V,, be a n-dimensional vector space with basis {f;} and V; be a m-dimensional
vector space with basis {g;}. For End(V,) and End(V;) we will use the standard basis { fl.J |1 <

i,j < n}and { glj |1 < i, j < m} respectively, which is characterized by the properties

Jf = Jfl — £l Jjo — Jol — ol
fifk_fié;'k’ fifk_fi(sjk’ gigk_giéjk’ gigk_gi(i'k (A.1.3)

Then, the space V, ® V; is a nm-dimensional vector space for which we will use the basis
{el{ = fl ® gjll <i<nand 1 £ j < m}, and the standard basis for End(V, ® V;) is

{e{li = fl_j ® gill <i,j<n and 1 < k,[ < m}which has the properties

Jla — (fj / —_ £ l _ _ k
ehel = (f@g)(f @5 )= ff @85, =63 (f©8)=06 g

pla (A.1.4)
jl as — (¢ l q S\ — £J£q I s _ q s) _ qs o
eikepr - (f; ® gk)(fp ® gr) N fl fp ® gkgr - 6jp(§r (f; ® gk) - (Z'p@reik
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Now let v € V, and w € V;, then we denote the e;; component of the vector (v ® w) with

(v ® w); j. Analogously, if we have mappings A € End(V,) and B € End(V;), then the e{li
component of matrix S,; =A®B:V,®V; = V,® V;is denoted by

Suily = (A®B) =AlB, where A=) Alf/, B=)Blgl (A.L5)
i,j i,j

In general, we can view S ,; as a (nm X nm) matrix. However, sometimes we will refer to V,,
as the auxiliary space. In that case S,; will be viewed as a n X n matrix were each matrix
element is a m X m matrix.

Now suppose that we have another matrix R, j = A’® B' : V,®V; —» V, ® V;, where
V; is a r-dimensional vector space and A" € End(V,), B' € End(V;). Then we will define
the operator S, ;R,, ; by

SaiRaj=(AA)®B®B :V,@Vi®V; - V,0V,®V, (A.1.6)

where AA’ is the usual matrix multiplication, and S ,;R,,; can be viewed as a (nmr X nmr)
matrix. If we use V,, as an auxiliary space, then S, ;R, ; can be viewed as a m X m matrix
were each matrix element is a (mr X mr) matrix acting on the space V; ® V.

To illustrate how the matrices look like, let us consider the following example. Sup-
pose that V, is a three-dimensional vector space with standard basis {f; = (1,0,0), f» =
(0,1,0), f3 = (0,0,1)} and that V; is a two-dimensional vector space with standard basis
{g1 = (1,0,),g2 = (0,1)}. Then we will use the convention that the basis of V, ® V; is
represented as

el =(1,0,0,0,0,0), e =(0,1,0,0,0,0), e} =(0,0,1,0,0,0)

> | 0 (A.1.7)
2 =(0,0,0,1,0,0), e} =(0,0,0,0,1,0), ¢ =(0,0,0,0,0,1)

Now suppose that we have matrices A € End(V,) and B € End(V;). Then we can view
S4i=A® B as an 6 X 6 matrix with the following form:

1,1 1,2 2,1 2,2 3,1 32

R R R

SRR R AR R

Sl,l Sl,l 5271 5271 S271 S271
Sai=| 23 T3 U2 T2l Uil U2 (A.1.8)
a,l Sl,l SI,Z 52,1 52,2 S3,1 S3,2 s

SNt (e TR TR

S3,2 S3,2 S3,2 S3,2 S3,2 S3,2

If we view V, as an auxiliary space, then S,; will be viewed as a 3 X 3 matrix were each
matrix element is a 2 X 2 matrix:

AlB AiB AIB
Sai=| AJB A3B A3B (A.1.9)
AlB A3B A3B
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Now suppose that we have another matrix R, ; = A’ ® B : V,® V; —» V,® V;, with V;
being a r-dimensional vector space, A" € End(V,) and B’ € End(V;). Then using V, as an
auxiliary space, SR, ; will be of the form

(AA)|B®B (AA');B®B (AA');B®B 2 _
SaiRaj=| (AA))B®B (AA');B®B (AA');B® B’ with (BB')] = Z Bf B
(AA');B® B’ (AA');B® B’ (AA';B® B k=1
(A.1.10)

An often used operator on tensor spaces is the permutation operator. We will derive two
simple but useful identities for the permutation operator which will be used occasionally in
this thesis. First, let V be a n-dimensional vector space with basis {f;}. The permutation
operator P is then defined as

n
P:VQV->VRV:vi®vy > vy®v, where P=Zfl?®f} (A.1.11)
ij=1

Now suppose that we have a linear mapping S =A® B: V®V — V® V defined by

shd=(AeB? =AB! where A=Y Alf/, B=) B/f (A.1.12)
i,j i,j

then it is easy to see that we have the identities

(PS)\deld = 3 (fe @ fONALS @ BIF!) = ALfE @ ALf! = Shideld

bd b.d 12]: i i J ring £b d d b b rd db bd (A.L13)
(SP)a:ceg:c = (Aizfz; ®BLfc)(fd ®fb) = Aafa ®Acfc = Sa:cea:c
ij

We will end this section by introducing the partial trace. Suppose that we have finite
dimensional vector spaces V,, V; and linear maps A € End(V,) and B € End(V;). Then the
partial trace tr, = try, over the space V,, of the linear map A ® B is defined as

tr(A®B) =tr(A)® B (A.1.14)

where ¢r is the ordinary trace.

A.2 The Yang Baxter Equation

Let A be an algebra. Then an operator R : AQ® A — A® A is called an universal R-matrix
if it satisfies the abstract Yang-Baxter relation

Ri2R13R23 = Ro3Ri3R12 (A2.1)
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which is an equation in A ® A ® A. Here, the operator R; ; is the canonically induced
operator on A ® A ® A; for example, R;» = R® I with I being the identity operator.

Now let {p(a, 1)} be a family of representations parameterized by a discrete label a and
continuous parameter A and let us define

R13(1,0) = [p(a1, ) ® plaz, )| R
Ry3(u, ) = [plaz, ) ® p(az, O] R (A2.2)
Rix(A,p) = [plar, ) ® plaz, )] R

Then the abstract Yang-Baxter relation becomes the ordinary Yang-Baxter equation (YBE)
Ri2(A, 1R 3(2, DR 3(1, §) = Ro3(p, HR1,3(A, HR1 (A, ) (A.2.3)

in V| ® V, ® V3 where V; is the representation space of p(a;, @). The matrix R; j(a, ) in the
YBE acts on V| ® V> ® V3 using the canonically induced action; it acts trivially on the third
space Vi, k # i, j. We will call a solution of the YBE a R-matrix.

If we take u = ¢ = 0 and assume that the family of representations {p(a, 1)} has some
homogeneity such that

[p(ai, 1) ® p(az, IR = Ry 2(2 — p) (A.2.4)
then (A.2.3) simplifies to the form
Ry 2(A = )R 3(DR23(v) = Ro3(VIR1 3(DR; 2(A — p) (A.25)

which is more widely used in the literature. In this case the variable @ occurring in the
argument of the R-matrix is called the spectral parameter.

A.3 An Alternate Form of the FCR

Let us consider the fundamental commutation relation (2.3.5):

Rap(A = WITa(DTp()] = [Tr()Ta(D)]Rap(A = 1) (A.3.1)

Then T,(1) is an (induced) operator on V, ® V, ® V where the action on V}, is trivial (and
V=V®...®V,). Therefore

Toa(DTp() = [T ®Lp] - [la @ T(w)] = T() & T (1) (A.3.2)

With some abuse of notation, we will write T (1) ® T'(u) as T,(1) ® Tp(u) where it is under-
stood that 7,(1) is an operator on V, ® V. Furthermore, note that

TWL) ToTw) # Ia®@Tw) (T()Ip) (A.3.3)
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since T,(1) and Tp(u) act on V in a noncommutative way. Now let P be the permutation
operator on V, ® Vj. Then it is easy to see that

P[Ty()To(D)] P = To()Tp(2) = Ta(p) ® Tp(2) (A.3.4)
So if we define R, = PR, then
Rap [Ta() ® Tp()] = [Ta() ® To(D)] Ruy (A.3.5)

This is a form of the FCR that will also be used in this thesis. Finally, we note that R
satisfies the relation

Ry 3(A, R 2(A, )Ry 3(1t, v) = Ri2(u, vIR2 3(4, IRy 2(A, 1) (A.3.6)

In some literature, this equation is sometimes referred to as being the Yang-Baxter equation
instead of (A.2.3). Therefore, with some abuse of definition, we will also call R a R-matrix.

A.4 Graded Linear Algebra

In this section we shall introduce the basic concepts of graded vector spaces and graded lin-
ear mappings. More specifically, we will restrict our discussion to Z;-graded linear algebra
although the whole construction can easily be generalized to Z,, n € Z.

Let V be a vector space over the field k. Then V is called Z; graded if V can be written
as V = Vg @ Vj. In this case we sometimes write V = V" where m and n denote the
dimensions of Vi and V7 respectively.

An element v € V is called homogeneous of degree i € Z,, if v € V;. When v is
a homogeneous vector, then i is also called the parity of v, and we will write p(v) = i.
Furthermore, v will be called even or odd when v € Vj or v € Vi respectively.

Now let W be a second Z; graded vector space. A linear mapping A : V — W is called
homogenous of degree j € Z; if

A(V) € Wiy forall ieZ, (A4.1)

Furthermore, the notions of parity, even and odd apply to A as well.

Given Z; graded vector spaces V and W, we can form the tensor product between V and
W which we will denote with V® W to underline the fact that we are dealing with graded
spaces. The tensor product V ® W has a natural Z, gradation defined by

(VeW) =D (i@W) where ikleZ, (A.42)
k+1=i

Now suppose that V' and W’ are Z, graded vector spaces, andletA : V — V' and B: W —
W’ be two linear mappings which are homogeneous of degrees i and j respectively. Then
we can define a linear mapping AQB: VAW — V' & W’ by

(A®B)(v®w) = (-1)*A(»)®B(w) forall veViweW (A4.3)
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Note that this implies that if we additionally have linear maps C : V. — Vand D : W — W
which are homogeneous of degrees r and s respectively, then

(A®B)(C&D) = (-1)"AC&BD with AC®BD: VW - V' @W’ (A44)

Furthermore, we see that all these definitions reduce to the ordinary tensor definitions of
section A.1 when dimV; = dimWj = 0.

As mentioned before, we will often use the explicit matrix representation of the tensor
product. Therefore, let us fix a basis for the graded vector spaces. So suppose that V" =
Vo® Vi is a graded vector space with basis {f1, ..., fix} and {fins1, . - . , fisn) for Vi and Vy re-
spectively, and let W19 be a second graded vector space with basis {g1, ..., &, &r+15- - > &r+s}
defined in the same manner. For End(V"'™) we will use the standard basis { {f; J 1 <i,j<m+

n}, which is characterized by (A.1.3), and the parity of f’ is given by p( f] ) = p(f) + p(f))-
To lighten up the notation, we will write p(k) for p(f;) when there is no chance for confu-
sion. For End(W19) we will denote the standard basis by {g{ |1 <1, j < r+s}and it has simi-
lar properties as { fl.j }. Then, as in section A. 1, the space V & W is a (n+m)(r+ s)-dimensional
vector space for which we will use the basis e' = fi®gjll<i<n+mand 1 <j<r+s},
and the standard basis for End(V & W) is { fJ®gk|1 <i,j<n+mand 1 <k, <r+s}.
The parity of e is p(i) + p(j) and the panty of e lis p() + p(j) + p(k) + p(l). Furthermore,
we have the propertles

eple) = (1 @g)(f,®g,) = (-DIrOTOPO iy &g
— (_lpt+pDIpa) > — [p()+p(D]p(a)
=(-1) 5,9 (£,8g)=(-D %%,

ellebd — fj ) gk)(fb ) gd) =(- 1)[p(k)+p(1)][p(a)+p(b) fjfb & gkg )

lk ac

(A45)

- (_1)[P(k)+P(1)JlP(0)+P(b)J§ q (fb ®gd) = (- 1)lp(k)+P(l)J[P(a)+P(b)J5 q el
c ik

Because of all the (—1) factors, it is hard to get an explicit matrix realization with these
definitions. Therefore, let us introduce the so called “graded tensor product” & which is
defined as

£8g= (D)PPD(fidg), (&g = (PO E(HIgel)  (A46)
With these definitions we see that

(fI®&g)(fPee) = fIf ®gg! and (f/&)(f &g,)=[f b8,  (A4T)

Therefore, by using the basis {é{ = f; &g} and {é{]i = fl.j & gi} we can get an explicit matrix
realization following the conventions of section A.1.

Note that the graded tensor product is extended to multiple vector spaces in the follow-
ing way. Suppose that {V;}}_, are a collection of graded vector spaces with basis { (’)} for

Vi, and suppose that {ek‘_ } form a basis of End(V;). Then

65’13@@532) & ®e$) (- 1)2, 1 Pomi) Xy pmj) (1)®e§32) ®. ®e’(1rlt) (A.4.8)

b n@ o o ™ S k) +pU) Ziy ph) i D g b @ o0 o 1
e Qe ..@.®e = (=1 jeitl L ®el ..8..8¢!
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Now that we have treated the basic concepts of graded vector spaces, we will introduce
the notions of “supertrace” and “partial supertrace”. Suppose that V' is a finite dimensional
graded vector space and A € End(V) is a linear map written as A = }; ; Al{ fl.j in basis { fl.J }.
Then the supertrace of A is defined as

str(A) = Y (=D)AL (A.4.9)

1

Now suppose that we have finite dimensional graded vector spaces V,, V; and linear maps
A € End(V,) and B € End(V;). Then the partial supertrace str, = stry, over the space V, of
the linear map A ® B is defined as

str,(A® B) = str(A)&® B (A.4.10)

We will end this section by making two (notational) remarks. First of all, when X and
Y are graded objects (e.g. vector spaces or linear mappings), then the tensor product X @ Y
is to be understood as the ordinary tensor product between X and Y where the grading is
ignored. So X ® Y is viewed as a non graded object and the conventions of section A.1 are
of use.

Secondly, let us make a remark on induced actions of graded operators. Suppose that V,
W are graded vector spaces and that A € End(W). Then because of the occurrence of minus
signs of the tensor product action we have to be careful when we talk about the induced
action of A on V® W. This is because we will sometimes interpret the induced action as
Iy ® B and sometimes as Iy ® B. To avoid confusion we will always state in the text which
induced action we use.



Appendix B

Lie Algebras

B.1 Definitions and Notations

In this section we will recall some definitions and properties of Lie algebras. It is by no
means intended as a short introduction into Lie algebra theory, but merely as a short re-
minder for the reader who has already encountered the subject before. The material in this
section is largely based on [19].

Let g be a semi-simple Lie algebra over C, f a compact real form of g, t a maximal
commutative subalgebra of f and ) = t + it a Cartan subalgebra of g. A nonzero linear
functional @ on | is called a root of g (relative to the Cartan subalgebra b)), if there exists a
nonzero element X of g such that

[H,X] = a(H)X  forall H € b (B.1.1)

The space of all X in g for which this relation holds is called the root space g, and an
element of g, is called a root vector (for the root @). The set of all roots is denoted by
R = R(g,1) and it has the property that R spans b* and that R C it*. Furthermore, if @ is a
root, then —a is also a root and we can find nonzero elements X,, € g,, Y, € g_o and H, € ))
such that

[Ha aX(t] = 2X(¥ s [H(l s Ya] = _2Y(l s [Xw s Ya] =H, (BIZ)

The element H,, is unique and is called the co-root of . It satisfies the relation a(H,) = 2.

Now let us fix an inner product (-,-) : g X ¢ — C on g (note that each inner product is
a multiple of the Killing form) and consider its restriction to f), which is an inner product
on h. Then, for each @ € h* (not necessarily a root) there exists a unique element H* € |
such that a(H) = (H%, H) for all H in . Therefore, we can identify the element a € b*
with H* € h which enables us to define an inner product on bh*, which we again denote with
(-,-), by {a, B) = (H?, HP) = a(HP). From this we see that

H* H* H,

H,=2 =2 and HY=2——
(@, @) (H*,H") (Ho, Ho)

(B.1.3)
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Now let (E,R) be a root system. Then a simple root system for R is a subset P =
{a1,...,a,} such that P forms a basis for E as a vector space and such that for each @ € R
we have

a=nay+may+...+nq, where n; >0Vi or n<0Vi (B.1.4)

Once a base P is chosen, the set of a’s for which n; > 0 are called positive roots (with
respect to P) and the the set of a’s for which n; < 0 are called negative roots. The elements
of P are called (positive) simple roots. For each simple root «; there exists a unique element
w; € h* such that wi(Hy;) = 6ij for all j, where Hy, is the co-root of @;. We will call this
element a fundamental weight and the set of fundamental weights form a basis of h*. Note
that a general weight u € h* can be written as

.
(, @i
H= Y e where i = pu(Hy) = 20 (B.L5)
part (@i, @i)
which implies that for all a; € P we have
a (aj,a;)

;= Zn,-jw,- where n;; = a;j(H,) =2 (B.1.6)

prt (@i, @)

The r X r matrix n with entries n;; is called the Cartan matrix associated with P. Finally,
if u is the highest weight of a highest weight representation, then the numbers y; are called
Dynkin coefficients or Dynkin labels. Note that the Cartan matrix and the Dynkin coeffi-
cients are independent of the choice of the inner product.

We will end this section by mentioning some uniqueness results regarding the choices
we made for the Lie algebra g of Lie group G:

o Iff; and ¥, are two compact real forms of g, then there exists an element A of G such
that Ady(f;) = T, where Ad is the adjoint representation of G in g.

e Suppose that f is a compact real form of g and that K is the compact subgroup of G
whose Lie algebra is f. If t; and t, are two maximal commutative subalgebras of g,
then there exists an element A of K such that Ads(t;) = t,.

e If by and b, are two Cartan subalgebras of g, then there exists an element A of G such
that Ada(b1) = b2

e Any two bases P and P, of a root system (£, R) can be mapped into one another by
the action of the Weyl group.



Bibliography

[1] O. Aharony, S. S. Gruber, J. M. Maldacena, H. Ooguri, and Y. Oz, Large N Field
Theories, String Theory and Gravity, hep-th/9905111.

[2] G. Arutyunov, S. Frolov, J. Plefka, and M. Zamaklar, The Off-shell Symmetry Algebra
of the Light-cone AdSs X S5 Superstring, hep-th/0609157.

[3] G. Arutyunov, S. Frolov, and M. Zamaklar, The Zamolodchikov-Faddeev Algebra for
AdSs x S5 Superstring, hep-th/0612229.

[4] N. Beisert, The Dilatation Operator of N=4 Super Yang-Mills Theory and Integrabil-
ity.

[5] — |, The su(2|2) Dynamic S-Matrix, hep-th/0511082.

[6] N. Beisert and M. Staudacher, The N=4 SYM Integrable Super Spin Chain,
hep-th/0307042.

[7] H. Bethe, Zur Theorie der Metalle. Eigenwerte und Eigenfunktionen der linearen
Atomkette, Z. Phys. 71 (1931), 205-226.

[8] A. R. Chowdhury and A. G. Choudhury, Quantum Integrable Systems, Chapman &
Hall/CRC, 2003.

[9] M. de Leeuw, Coordinate Bethe Ansatz for the String S-Matrix, hep-th/07052369.
[10] V. G. Drinfeld, Quantum Groups, Proc. Int. Cong. Mathematicians 1 (1986), 798.

[11] F. H. L. Essler and V. E. Korepin, Exact Solution of an Electronic Model of Supercon-
ductivity in 1+1 Dimensions I, cond-mat/9211001.

[12] Fabian H. L. Essler, Holger Frahm, Frank Gohmann, Andreas Klumper, and
Vladimir E. Korepin, The One-Dimensional Hubbard Model, Cambridge University
Press, 2005.

[13] L. D. Faddeev, Algebraic Aspects of Bethe Ansatz, hep-th/9404013.

[14] , How Algebraic Bethe Ansatz works for integrable model, hep-th/9605187.

110



BIBLIOGRAPHY 111

[15] L. D. Faddeev and L. A. Takhtajan, Hamiltonian Methods in the Theory of Solitons,
Springer Series in Soviet Mathematics, Springer-Verlag, 1987.

[16] M. K. Fung, Validity of the Bethe-Yang Hypothesis in the Delta Function Interaction,
J. Math. Phys. 22 (1981), 2017.

[17] C. S. Gardner, J. M. Green, M. D. Kruskal, and R. M. Miura, Method for Solving the
Korteweg-deVries Equation, Phys. Rev. Lett. 19 (1967), 1095.

[18] Zachary N. C. Ha, Quantum Many-Body Systems in One Dimension, Series on Ad-
vances in Statistical Mechanics, vol. 12, World Scientific, 1996.

[19] Brian C. Hall, Lie Groups, Lie Algebras and Representations, Springer-Verlag, 2003.
[20] M. Karbach and G. Muller, Introduction to the Bethe Ansatz I, cond-mat/9809162.

[21] V. E. Korepin, N. M. Bogoliubov, and A. G. Izergin, Quantum Inverse Scatter-
ing Method and Correlation Functions, Cambridge Monographs on Mathematical
Physics, Cambridge University Press, 1993.

[22] M. J. Martins and P. B. Ramos, The quantum inverse scattering method for Hubbard-
like models, Nuclear Physics B 522 (1998), 413-470.

[23] D. C. Mattis, The Many-Body Problem, An Encyclopedia of Exactly Solved Models in
One Dimension, World Scientific, 1993.

[24] J. A. Minahan and K. Zarembo, The Bethe Ansatz for N=4 Super Yang Mills.

[25] B. Sutherland, Further Results for the Many-Body Problem in One Dimension, Phys.
Rev. Lett. 20 (1968), no. 3, 98.

[26] , An Introduction to the Bethe Ansatz, Exactly Solvable Problems in Con-
densed Matter and Relativistic Field Theory (B. S. Shastry, S. S. Jha, and V. Singh,

eds.), Springer-Verlag, 1986, Lecture Notes in Physics 242, pp. 1-95.

[27] C. N. Yang, Some Exact Results for the Many-Body Problem in One Dimension with
Repulsive Delta-function Interaction, Phys. Rev. Lett. 19 (1967), no. 23, 1312.

[28] Alexander B. Zamolodchikov and Alexey B. Zamolodchikov, Factorized S-Matrices
in Two Dimensions as the Exact Solutions of Certain Relativistic Quantum Field The-
ory Models, Annals of Physics 120 (1979), 253-291.



