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Chapter 1

Motivation and Outline

Integrable models such as the harmonic oscillator, the Kepler problem and the
Heisenberg spin chain are characterized by — an often unexpected — beauty and
simplicity of the structures emerging in their solution. These features allow for
a detailed understanding of their fundamental properties and make them an ideal
starting point for the study of more general, i.e. non-integrable, models. The origin
and form of appearance of the simplifications in integrable models is diverse and
there exist several definitions of integrability. For finite-dimensional classical me-
chanical systems the various approaches are closely related and can be united to a
universal definition of classical integrability called Liouville integrability. By con-
trast, their connection for infinite-dimensional models, but also finite-dimensional
quantum systems, is not always evident. In this thesis we study several perspectives
on quantum integrability. We focus on its definition via a tower of commuting lo-
cal charges that are conserved and an infinite-dimensional symmetry algebra called
Yangian. We discuss these versions of integrability mainly in the context of factor-
ized scattering. It makes the scattering of an arbitrary number of particles reducible
to the successive scattering of two particles. This simplification of a model’s scat-
tering properties is a common feature of integrable quantum field theories (QFTs)
and quantum spin chains. In fact, this motivates the definition of quantum integra-
bility via factorization of scattering itself — a definition which is considered to be the
least problematic. Nevertheless, the formulation of quantum integrability via hidden
symmetries is more desirable. Therefore, we investigate in this thesis how factor-
ized scattering originates from defining symmetry properties of quantum integrable
models. For (141)-dimensional QFTs with massive particles it was already shown
that the existence of a tower of conserved local charges directly implies factorization
of scattering. We review this proof briefly on the basis of [1-4] in order to motivate
the subsequent discussion.

Factorized Scattering in Integrable Quantum Field Theories

Let us consider a (1+1)-dimensional relativistic QFT with massive particles. For
such a continuous model with infinitely many degrees of freedom, integrability is
often defined via the existence of infinitely many commuting independent conserved
local charges Q, of different Lorentz spin s satisfying?

Qsla, u) ~p’la, u). (1.1)

INote that this definition of quantum integrability is problematic since there exists no consistent
notion of independent operators in quantum systems.



Here the vector |a,u) is associated to the wave-packet of a one-particle state. a
denotes the set of quantum numbers characterizing the particle’s type. w is its
rapidity which is associated to the light-cone momentum p = m,e* via the mass m,.
Due to locality the charges Q, act on m-particle states as

m
Qs |ay, uq; ag, ug; .. Ay Upy) ~ ZPZ a1, ur; ag, U .. Ay Upy) - (1.2)
n=1

Note that these multi-particle states are asymptotic in the sense that the particles
are largely separated compared to the typical interaction range of the model. Similar
to the notation of the one-particle state, the a; characterize the m particles which
move with rapidities u;, ¢ = 1, ..., m.

Demanding the conservation of Qg constrains a scattering process in such a way
that its incoming state |in) and outgoing state |out) obey

(in]Qslin) = (out|Qs|out) . (1.3)

Using (1.2) this gives the constraint

Min Mout
d.pi=> P (1.4)
=1 f=1

where m;,, and m,,; are the numbers of incoming and outgoing particles. They have
momenta {p;}, i = 1,...,my,, and {ps}, f = 1, ..., ey, respectively. For integrable
QFTs with infinitely many degrees of freedom this relation must hold for infinitely
many s. Consequently, the set of incoming and outgoing momenta is identical and
the particle number is conserved during a scattering process, i.e. m;, = Myy. In
fact, (1.3) also implies factorization of scattering. This statement can be verified by
the introduction of a quantity called S-matrix. It characterizes scattering processes
and will be of great importance throughout this thesis. It maps the out-state of a
scattering process to the in-state via?

lin) = S |out) . (1.5)
Together with the conservation equation (1.3) this results in [S, Q] = 0 or

(in|Slout) = (in|e "> Se'<s

out) Va € R. (1.6)

The term on the left hand side is the transition amplitude of the process |in) — |out).
Interpreting Q, as generator of finite symmetry transformations e’ implies that
the term on the right hand side of (1.6) corresponds to the transition amplitude
between the symmetry transformed in- and out-states. The equality of both ampli-
tudes for arbitrary in- and out-states implies the equality of the scattering ampli-
tudes in the original and symmetry transformed system.

This constraint can be analysed geometrically®. For this purpose, we examine
the Fourier-transformed multi-particle states |aq,x1;...; am, T,,) in position space.
The x; denote the approximate positions of the wave-packets. The evolution of this
vector in time, i.e. the propagation of the particles through space, can be illustrated
in a diagram such as

2This definition is in accordance with the standard convention where S maps the outgoing state
into the incoming state, rather than vice versa.
3 A more algebraic discussion can be found in [3].
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with space- and time-direction as indicated. The lines correspond to the positions
of the asymptotically free wave-packets. Their slope is proportional to the velocities
of the particles which, for simplicity, shall all have equal masses in the diagram.
The shaded circles are associated to scattering processes via the action of the S-
matrix. We already used the above conclusion that there is no particle creation
or annihilation during a scattering process and that the set of momenta for the
incoming and outgoing states is the same.

Using this picture we can easily interpret (1.6) for s = 1. Due to (1.1) the
charge Q; corresponds to the momentum operator. As a generator of symmetry
transformations, it generates translations in space, i.e.

e lay, x1; g, To; ..y Ay Tin) ~ |a1, X1 + @ a9, T + Q5 .o Ay Ty + Q) (1.7)

The parameter a € R is a measure for the magnitude of the displacement. Ge-
ometrically the action of the operator e’*?! on a multi-particle state corresponds
to a parallel shift of the particles’ lines in space. As a consequence, the conserva-
tion equation (1.6) for s = 1 in position space implies the translation invariance of
scattering processes as the one shown above.

What kind of symmetry transformations do the remaining charges Q; for s > 1
generate? In order to understand this, one assumes that the wave-function of a single
particle with approximate position z; and momentum p; is a Gaussian wave-packet
in position space [3,5]. One finds? that the operators 9 for s > 1 displace wave-
packets of momentum p; by an amount —asp ' rather than by a constant. Since
the particles in a scattering process have different momenta, they will be shifted by
different amounts

‘alu L1503 am7'rm> ~ |CL1,ZE1 - aspi_l; ooy Ay Ty, — Oéspfn_1> . (18)

ez’aQS
As a result, we may displace each m-particle scattering process in such a way that it
only contains two-particle scattering processes. In particular, (1.6) for s > 1 implies
the equality of the transition amplitudes of

This phenomenon is called factorization of scattering since the m-particle S-matrix
factorizes into a product of several two-particle S-matrices. The equality of the last

4See [3] or the analogue discussion for spin chains in section 3.4.



two diagrams illustrates the famous quantum Yang-Baxter equation and ensures the
consistency of the factorization.

Note that this result strongly relies on having a single space-direction. The
Coleman-Mandula theorem [6] states that for d > 2 the S-matrix is trivial, i.e.
lin) ~ |out), if there exists a single conserved higher-order charge. Similar to the
above charges Q; for s > 1, a higher-order charge generates momentum-dependent
shifts of a particle’s trajectory. The conservation of such a charge results in the
equality of the transition amplitude of some scattering process and the symmetry-
transformed one. Since in more than one space-direction we may shift all lines
apart such that they do not cross, the transition amplitude is only non-zero for
lin) ~ |out).

Factorized Scattering for Integrable Spin Chains

The above proof for the factorization of scattering in (141) dimensions as a result
of the hidden symmetries associated to integrability is remarkable. Similar to QFT-
models, one may define integrability in the context of spin chains via the existence of
a tower of conserved local charges. Interestingly, factorized scattering is occurring in
these models as well. This gives the motivation to translate the above proof into the
language of spin chains which we will do in this thesis. This discussion will reveal
the close connection between conserved local charges and factorization of scattering
for integrable spin chains.

From Yangian Symmetry to Factorized Scattering

In the main part of this thesis we investigate another formulation of quantum inte-
grability that is based on the existence of an infinite-dimensional symmetry algebra
called Yangian. For many integrable models the existence of infinitely many com-
muting conserved local charges and the invariance of the model’s S-matrix under
a Yangian are closely related. In these models factorization of the S-matrix can
be understood as a consequence of a conserved Yangian via the existence of local
charges. Nevertheless, the close connection between local charges and the Yangian is
not always manifest which we will review on the basis of [7]. In these cases it is not
clear how the Yangian algebra and factorization of scattering are connected and one
might ask whether the factorization can also be understood as a direct consequence
of imposing its invariance under Yangian symmetry. This will be the issue of the
main part of this thesis. In the analysis we focus on specific symmetry algebras: We
look at the Yangians Y[su(n)], Y[su(1]1)] and Y[su(2[2) x R?] in their fundamental
representations. The latter are particularly relevant in the context of the AdS/CFT
correspondence which we want to briefly review now.

AdS/CFT Correspondence and Integrable Spin Chains

The AdS/CFT correspondence is a useful tool in the investigation of strongly-
interacting conformal field theories (CFTs). The duality can be used to relate
strong coupling QFT-observables to weak coupling string theory calculations and
vice versa. The most prominent example in this context is N' = 4 Super Yang-Mills
theory (SYM) which is supposed to be dual to type-II B string theory living on the
Anti-de-Sitter (AdS) space AdSs x S°. An interesting region for the study of this
conjectured duality is the planar limit where integrable structures occur on both



sides of the duality. On the CFT-side integrable spin chains arise in the eigenvalue
problem of the dilatation operator. In particular, in N'= 4 SYM an integrable spin
chain with psu(2,2|4) symmetry algebra appears [8,9]. A subsector of this model is
an integrable long-range su(1]2) spin chain. The scattering of the so-called magnons,
which are the quasi-particles in spin chain models, is described by su(1|1)-invariant
S-matrices. In this thesis we lift the invariance of the S-matrix under the Lie su-
peralgebra su(1]|1) to an invariance under the corresponding Yangian Y [su(1]1)] and
check whether it implies factorization of scattering.

The S-matrix of the psu(2,2|4) spin chain of N' =4 SYM is the tensor-product
of two S-matrices which are invariant under su(2|2) x R? with two bosonic and two
fermionic particles in the fundamental representation [10]. This motivates the inves-
tigation of the latter algebra. In [11] it was already shown that the corresponding
su(2|2) x R%invariant S-matrix is also invariant under the associated Yangian. In
this thesis we explore the connection between the invariance of the S-matrix under
this Yangian and factorization of scattering.

Relevance of Yangian-Invariants in Other Contexts

In the following, we mainly discuss the Yangian in the context of integrable spin
chains having a Yangian-invariant S-matrix. Nevertheless, Yangian-invariant objects
occur also in other contexts. In [12] it is shown that the tree-level scattering ampli-
tudes in four-dimensional N/ = 4 SYM exhibit a Yangian structure corresponding
to the Lie symmetry algebra psu(2,2]4). In fact, the corresponding generators act
similarly to Yangian generators in spin chain models on sites defined by the fields
in the color ordered amplitude. Another domain where Yangian-invariants are rel-
evant is the hexagon construction of correlation functions in planar N' = 4 SYM.
In [13] it is shown that the Y[su(2]2) x R?]-invariant S-matrix that we will discuss in
this thesis is a building block in the hexagon approach to correlation functions. As
proposed by the authors of this paper, it could be interesting to examine whether
their approach — that includes demanding factorization of the form factors — can
be reformulated in terms of the Yangian. Thus, the study of the implications of
imposing Yangian invariance of an object is relevant in a much broader field than
that of integrable spin chain models.

Outline

Having motivated the main parts of this thesis, let us outline its contents. We
start with an introduction to quantum integrability in chapter 2. This is done with
special focus on spin chains and their most important toy model — the Heisenberg
spin chain. During its discussion, we will encounter factorization of scattering.
In order to reveal the origin of this simplicity of the model’s dynamics, we then
introduce the Lax formalism. Doing so, we show that the Heisenberg spin chain has
infinitely many conserved local charges. This discussion is the motivation for several
definitions of integrability in the context of general quantum systems.

Afterwards, we move on to more general spin chains and their S-matrices in
chapter 3. We show the connection between the existence of local conserved charges
and factorized scattering by translating the argumentation for massive relativistic
QFTs given in section 1.1 into the language of spin chains.

In chapter 4 we introduce the formulation of integrability that is based on the
infinite-dimensional symmetry algebra called Yangian. We motivate it by showing



its close connection to the existence of local charges for the Heisenberg spin chain.
We end this chapter by developing the Yangian constraints on the S-matrix.

In the following chapters 5-7 we explicitly evaluate these constraints and inves-
tigate the results with particular focus on consistent factorization. We begin with
a fairly simple example — the fundamental representation of the Yangian Y[su(n)]
that is associated to the Lie algebra su(n). Its discussion will help us to set the
ground for more challenging algebras.

We proceed with the Yangian Y[su(1]|1)] whose Lie superalgebra su(1]1) allows
for a wider range of structure. In its fundamental representation it not only contains
a bosonic but also a fermionic particle and thus it is a good starting point for the
discussion of Yangian-symmetric S-matrices of supersymmetric models. First we
investigate this symmetry in the context of conventional models where the Hamilto-
nian is invariant under su(1]1). We then move on to more exotic models which are
mainly studied in the context of integrable spin chains that arise in the planar limit
of CFTs relevant for the AdS/CFT correspondence. Here the Hamiltonian is not
invariant under an external symmetry algebra but is rather a part of it, see e.g. [14].
Since its eigenvalues depend on the momenta of the magnons, the representation of
this algebra becomes momentum-dependent. This feature is often called dynamical,
in contrast to the conventional undynamical case.

The last algebra that we discuss is su(2|2). It contains two bosonic and two
fermionic particles in its fundamental representation. Furthermore, it allows for
length-changing operators. This feature can be captured in the representation of
the algebra by making it dynamical. In order to obtain the correct eigenvalues of
the Hamiltonian, it is necessary to extend the algebra by two central charges to
su(2|2) x R?. We will comment on this in more detail in chapter 7 and calculate the
Yangian-invariant S-matrices in this setup.

In chapter 8 we summarize the results of this thesis and conclude with a brief
outlook on possible future directions of research.



Chapter 2

Review of Integrability for Spin
Chains

The field of integrability emerged together with the search for exactly solvable clas-
sical mechanical systems since integrability and solvability often go hand in hand.
Nevertheless, both terms emphasize different facets when trying to understand the
dynamics of a system. As discussed above, integrability is an intrinsic feature of
a system resulting in unexpected simplicity of its equations and is thus closely re-
lated to symmetries. In contrast to this, solvability describes one’s ability to solve
a model’s dynamics to the very end. Unfortunately, there exists no universally ap-
plicable definition of integrability for all physical systems. Integrability of classical
mechanical systems with a finite number of degrees of freedom is well-defined (cf.
appendix A) whereas its notion for quantum systems and systems with infinitely
many degrees of freedom is less satisfactory.

In this chapter we review some aspects of integrability for spin chains with par-
ticular focus on the Heisenberg spin chain. We start by discussing this model and its
dynamics in sections 2.1 and 2.2. Afterwards, we move on to the origin of the arising
simplicity. Doing so, we introduce the Lax formalism and show that the Heisenberg
spin chain allows for a tower of conserved local charges in section 2.3 which moti-
vates one definition of quantum integrability. In section 2.4 we derive an important
equation in the context of integrable quantum models — the quantum Yang-Baxter
equation — which will also be relevant in our discussion of factorized scattering.
The sections 2.3 and 2.4 focus on integrability for a special class of integrable spin
chains, the so-called fundamental spin chains. In the last section 2.5 of this chapter
we discuss integrability in the context of a general, i.e. non-fundamental, spin chain.

2.1 Definition of the Heisenberg Spin Chain

An su(n) spin chain consists of N sites, each equipped with a vector space transform-
ing under a representation of su(n). It has either periodic, cyclic, open or infinite
boundary conditions. Such a model corresponds to a theory whose Hamiltonian
is su(n) invariant. Let us focus on the Heisenberg spin-1/2-chain in this section.
It is a special type of su(n) spin chains for n= 2 and lattice sites transforming in
the fundamental representation of su(2) associated to spin 1/2. Its discussion will
help us to set up and illustrate the framework for more general spin chains that are
relevant in the following. This section is developed in close analogy to [15-17].



The State Space

The natural coordinates for a system consisting of localized spins are spin variables.
Since we focus on the fundamental representation of su(2), the spin state at each
site can be written as a linear combination of spin-up |1) and -down |]) vectors.
They span a 2-dimensional Hilbert space denoted by 7. The total state of the spin
chain is described by the tensor product of all of the individual vectors. It lives in
the Hilbert space s#%Y having 2V basis vectors, e.g.

M) @ ... @ M) @ ... @ |mpy) =t My ... My, ... Mp) (2.1)

where m,, is either 1 or |.

Spin Operators

Now let us turn to operators acting on these states. An operator acting non-trivially
on one site only is denoted by

X, =1Rl®.0 X®..QI (2.2)

nth site

withn =1,..., N. I € 5 is the identity matrix.

Take as an example the spin operators! 8* which measure the spin of the nth
site of the chain in the direction a with a = x, y, 2. These operators satisfy the usual
angular momentum commutation relations

[821,822] = iénlmsachle (2.3)
locally. £2%¢ denotes the completely antisymmetric tensor with % = 1. The small-

est non-trivial representation of the corresponding Lie algebra su(2) associated to
spins s = 1/2 maps the three generators at each site to the Pauli matrices o“

Si— (2.4)
(h=1) with

. (01 , [0 —i . (1 0
o :<1 O)’ o _<i 0>, o —(0 _1). (2.5)

Thus, the one-site Hilbert space .7 is the space C? of all 2 x 2 hermitian matrices
with identity matrix

= (%) = (é ?) . (2.6)

The basis of the states at each site can be chosen to consist of the eigenvectors of

o, that are
) = (é) 1) = (ﬁ’) . (27)

The total spin operators of a spin chain are given by

N
S =) S (2.8)
n=1

!Note the difference between the spin operators denoted by S and the S-matrix denoted by S.




The Heisenberg Hamiltonian

Having a notation for states of the spin chain and spin operators we may proceed
with the spin chain’s dynamics. A Heisenberg spin chain is characterized by the
Hamiltonian

M= 30 (5= SiSha) (2.9)

For spin chains with periodic boundaries the sum over n runs from 1 to N and we
identify the spins S}, and S;;. For open spin chains n varies between 1 and N — 1.
The Hamiltonian commutes with the total spin operators 8¢, [H,S%] = 0, and thus
the Heisenberg spin chain is indeed su(2) symmetric.

The Hamiltonian only includes nearest-neighbor spin-spin interactions. One gets
a deeper insight into these interactions by introducing raising and lowering spin
operators ST = 8% 4 iSY which satisfy the usual raising and lowering conditions

ST =0, ST =1, STty =+311),
ST =1, S =0, S 1) = —L 1. (2.10)
Using these operators we can rewrite (2.9) as
H=" (= 5SF S + 8,85 - SiSiy).- (2.11)

Thus, the Hamiltonian allows for scattering of neighboring |1) and ||) leaving the
total spin eigenvalue s* of §* constant in time [H,S*] = 0. Furthermore, the spin
chain’s energy eigenvalue gets smaller the more spins are aligned, i.e. the model
describes a ferromagnetic spin chain.

2.2 The Coordinate Bethe Ansatz

In order to understand the physics of a spin chain, we need to find the energy spec-
trum and eigenstates of the Hamiltonian. Since dim(#®Y) = 2V the Hamiltonian
H is a 2V x 2V matrix. It can become rather involved to diagonalize such a matrix
by brute force to obtain the energy spectrum. In fact, there exists a more convenient
approach called Coordinate Bethe Ansatz [18] for the Heisenberg spin chain. In this
section we outline this approach for periodic spin chains on the basis of [4], [15]
and [19,20].

Translational and su(2) Invariance

By confining this discussion to homogeneous spin chains with periodic boundary
conditions, we gain translational symmetry of the system. This symmetry is man-
ifest for the Heisenberg spin chain since the Hamiltonian #H in (2.9) for periodic
boundaries commutes with the shift operator U that shifts the chain by one site, i.e.
[H,U] = 0. Shifting a chain of length N by N sites must re-establish its original
form, i.e.

uy =1%v (2.12)
where I®V denotes the identity in S#®Y. Therefore the eigenvalues Uj, of U are

U, = e*  with k‘:%’r n,n=0,..,N—1 (2.13)
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which is invariant under k — k + 2w. We identify the total momentum operator? K
as the generator of translations, i.e.

U =e*. (2.14)

Thus, the variables k in (2.13) coincide with the momentum eigenvalues and the
periodicity condition results in the quantization of the total momentum of the chain.

The Vacuum State

The Coordinate Bethe Ansatz exploits the fact that the model has even more sym-
metry. The invariance under su(2) symmetry transformations can be used to de-
compose the space %V of eigenstates into NV + 1 subspaces, called spin-multiplets,
consisting of states with the same eigenvalue s* of §*. The subspace with highest
s* = N/2 consists of a single vector

0) =117 .. 1) (2.15)

It is called Bethe reference state and — since this eigenvector of §* is non-degenerate —
it is also an eigenvector of H with vanishing energy #H |0) = 0. This state corresponds
to the ferromagnetic vacuum of a magnetic spin chain. Applying the shift operator
to this state leaves it unchanged, U |0) = |0), i.e. the total momentum £ is 0.

The First Excited State

The spin-multiplet with s* = N/2— 1 consists of states with a single spin down. Let
us denote its position in the chain by n and the vector associated to a pure state in
this multiplet by

) = 1 Pt 1) (2.16)

nth site

This subspace is N-dimensional and the Hamiltonian H acts inside the multiplet.
We need to diagonalize it, i.e. find a basis of eigenvectors, in order to obtain the
energy spectrum. The Bethe ansatz proposes that the energy eigenstates are plane
waves of the form

k) =" ™ |n). (2.17)

n=1

Note that |k) denotes a state in momentum space, whereas |n) is a vector in position
space. The state (2.17) is indeed an eigenstate with energy eigenvalue

H|k) =2sin* £ |k) . (2.18)

Acting with the shift operator defined by U |n) = |n — 1) on such a state yields

N N
Ulk) = Z e*min —1) = Z e* ) n) = e k) (2.19)
n=1

n=1

2Strictly speaking, K is a quasi-momentum operator since the translational symmetry is not
continuous.
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Accordingly, |k) is also an eigenvector of U and we identify k& with the momentum
discussed above which is why we already denoted it with the same letter. Demanding
periodicity of |k), i.e. its invariance under n — n + N, we obtain the momentum
quantization condition discussed above

e N = 1. (2.20)

Consequently, k can be identified as the quasi-momentum of the quasi-particle with
spin down that can hop between neighboring sites in a vacuum of spin up states.
This state is often called one-magnon state.

The Second Excited State

Let us move on to the spin multiplet s* = N/2 — 2 consisting of states with two
spins down. Similar to (2.16) we denote such a spin chain by

[, o) = 1o A4 e T ) (2.21)

with 1 < n; <ny < N. The Bethe ansatz for the energy eigenstates corresponding
to two excitations is

’]ﬁ, k2> — Z (ei(k1n1+k2n2) + S(lﬁ, kz)ei(k2n1+k1n2)) \”17 77,2> . (2'22)

1<ni<na<N

This is not automatically an energy eigenvector. One finds that the factor S(kq, k2)
must satisfy

Ul—UQ—i

S(ki, ke) = 2.23
(k) = 2 (223)
where we introduced the rapidity variables
. ‘ uj + 3
uj=4scoty & =2 (2.24)
Uj =3

Calculating the associated energy eigenvalues gives

2
H |l€1, kg) = (2 Z Sin2 ];]) ‘kla k2> y (225)
J=1

which is the sum of two single-magnon energies corresponding to momenta k; and
ko. Thus, this state is called two-magnon state and the two summands in the ansatz
(2.22) can be interpreted as spin chain states containing two magnons of momenta k;
and ko. In the first term the magnon of momentum ks is to the right of the magnon
with momentum k; and vice versa for the second term. The factor connecting both
terms is S and is called scattering matriz (or S-matriz) which is — in this model
— just a number. Demanding translational invariance of |ki, ko) under the shifts
ni2 — N2 + N yields the quantization of the total momentum k; + ko

elth)N — 1, (2.26)
By imposing invariance under ny; — n; + N we obtain constraints on S(ky, ko)

S(kl, ]Cg) - €ik2N S(kz, ]Cl) == eiklN, (227)
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i.e. a magnon picks up a pure phase factor when shifted around the chain due to
scattering with the other magnon. If we let both magnons travel around the chain
we end up with the original situation S(kq, k2)S(ko, k1) = 1. Combining (2.23) and
(2.27) yields the so-called Bethe equations for two magnons

i\ N 2 .
,_'_, L
(L) —piet e 22)
uj_§ iiluj—uk—@
J

that enable us to determine the allowed momenta k; and k.

Higher Excited States

One can carry out this procedure for every number of magnons m = 0, ..., N cor-
responding to the multiplet of spin s* = N/2 — m. The Bethe ansatz for the cor-
responding eigenstates |k, ka, ..., k) is a generalization of the eigenvectors (2.15),
(2.17) and (2.22) discussed above. Take as an example m = 3 and define the vector

‘kl, kg, k3>0 = Z ei(k1n1+k2n2+k3n3) ]nl, No, n3> . (229)

1<ni<na<nz<N
Then, the Bethe ansatz is given by

k1, ko, ks) = |k1, ko, ks), + Sa13 |ko, k1, ks), + S1s2 | k1, ks, ka),
+ Sag1 |ka, ks, k1), + Ssiz |ks, ki, k2), + Ssa1 |ks, ko, k1), (2.30)

where each factor S;;; in general depends on all momenta S;;x = S;jk(k1, k2, k3).
Demanding that this state is an eigenstate of the Hamiltonian fixes these coefficients
and we obtain [20]

k1, ko, ks) = k1, ko, k3), + Sia |ka, k1, ks),, + Sos |k, ks, k2),
+ 512513 |k2, k3, k1), + S23S13 |k, k1, ko), + S12513523 | ks, ko, k1),

(2.31)
with S;; := S(k;, k;) which is the two-particle S-matrix satisfying
U; — U + 1
S(kj, ky) = L—"—0. 2.32
() = (2.32)

This implies that the overall scattering factor for magnons going around the chain
consists of two-magnon S-matrices for each scattering between magnons along the
way. This factorization of multi-particle S-matrices into two-particle S-matrices
works for all m and is a characteristic feature of integrable models that we focus on
in this thesis. The associated energy eigenvalues for arbitrary m are given by

1
H |k, koy ooy k) =

- 1
J= J 4

N |

in agreement with the above results. Demanding translational invariance of the
eigenstates yields the total momentum conservation and fixes products of S-matrices

eMN = T[ S(k;j, k). (2.34)

k=1
k#j
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Combining (2.32) and (2.34) yields the generalization of (2.28) as

i\ N
(M) ~1I U Ukt j=1,..,m. (2.35)
Uj =3 k;luj—uk—z
k#j

These so-called Bethe-equations constrain the allowed momenta.

Thus, we encounter a remarkable simplicity of the equations describing the dy-
namics of the Heisenberg spin chain. Its whole spectrum and scattering information
is encoded in a set of algebraic relations: The calculation of energies is reduced
to the calculation of allowed momenta and the corresponding one-magnon energies.
The scattering of m magnons reduces to the successive scattering of two magnons.
This simplicity of the model’s solution hints on its integrability whose origin we
want to discuss in the following section.

2.3 Lax Operator and Monodromy Matrix

In this section we introduce the quantum version of the classical Lax formalism?
along the lines of [15-17]. It is crucial in the discussion of spin chain models whose
dynamics are unexpectedly simple because it provides the natural framework in
which these simplifications can be traced back to symmetries. Furthermore, it will
help us to motivate various definitions of quantum integrability. Since we want to
discuss general spin chain models in the following, we develop this section with no
special focus on the Heisenberg spin chain. Nevertheless, we refer to it whenever it
is useful as an example.

The Lax Operator

Let us begin by denoting the Hilbert space at a site n of a general spin chain model
by #%,. Then the complete state space of a spin chain of length N is %" and is
given by the tensor product of the individual Hilbert spaces

N
AN = Q) A, (2.36)
n=1

In this thesis we only study spin chains whose Hilbert spaces .77, are isomorphic.
Whenever it is useful, we denote the single-site Hilbert space by 5 with

H, =M, Ynell,.,N} (2.37)

In the Lax formalism the discussion of the dynamics of the model is based on the
Lax operator L(A) rather than the Hamiltonian #. It acts on the tensor product of
two spaces L, ,: 9, @ ¥, — H;, @ V,, i.e. on the physical Hilbert space .77, at site
n of the chain and on an auxiliary space 7,. Moreover, it depends on the spectral
parameter A which is a complex continuous variable whose role becomes clear in the
following. The Lax operator for the Heisenberg spin chain is given by

Lyo(\) = —iANI®1),4 + (S"®@0%) 04 (2.38)

and acts on %, = C? and ¥, = C2. It has two features which make the Heisenberg
spin chain a so-called fundamental model [7]:

3 A brief review of the classical Lax formalism is given in the appendix A.2.
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e The auxiliary space ¥, and physical space 74 are identical, i.e. ¥, = 4.

e The Lax operator corresponds to the permutation operator P on ) ® 74 at
a point A = A, i.e. L(A\g) = P.

For the Heisenberg spin chain we identify the point Ay by introducing the permuta-
tion operator on C? @ C? at sites n; and ns

Prine = 5(IR T+ 0% ® 0%y s (2.39)

In order to confirm that this is indeed the permutation operator, one can explicitly
act on a two-spin state represented by the vectors in (2.7). This operator satisfies

annlpnynQ = Pnl,”Qanl = Pn,nzpmmu
Pnl,nz - Pm,nw

P noPrine = Inyno- (2.40)

Using P we may rewrite the expression in (2.38) as
Ln,tI()\) =—1l ()‘ - %) Hn,(z + Pn,a (241)

and identify the Lax operator (2.38) at A\g = % with the permutation operator.

Monodromy and Transfer Matrix

In the following we want to answer two questions: How can we approach the concept
of integrability for a model on the basis of the Lax operator and how is such an
operator related to a spin chain at all? In particular, what is the connection between
the object in (2.38) and the Heisenberg spin chain discussed in section 2.1 and 2.27
In order to answer these questions, let us begin by promoting L, , to an operator
acting non-trivially on the whole spin chain

Ta()‘> = Ll,a<)‘)L2,a<)‘)"'LN,a()\)' (242)

This object is called monodromy matriz and acts on S#*N @ ¥,. Tracing over the
auxiliary space gives the transfer matriz

t(A) = tra(Ta(A)) (2.43)

which only acts on the physical spaces.

Local Operators from the Monodromy

Interestingly, we can use the point A = g of fundamental models to find a quantity
that we already discussed in the previous sections — the shift operator ¢. For this
purpose, let us calculate the monodromy matrix (2.42) at the point Ay for general

fundamental spin chain models. Rearranging the permutation operators with the
help of (2.40) yields

Ta (>\0> = Pl,aPQ,aP&w“PN,a = IP>2,aIP)1,2]P)3,CL--~IEDN,a
=..= ]PN,a]P)N—l,N]PN—ZN—l---]P)2,3P1,2- (244)
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Now we can take the trace over the auxiliary space using tr,Pn, = Iy. For the
Heisenberg spin chain this can be verified easily by writing Py, as a matrix in the
auxiliary space

1 I4+0* o%—ioY
IEI)N,a - 5 <O_:B + joY I— % > : (245>
This yields

t(Ao) =Pnoi v PosPio =U, (2.46)

i.e. the transfer matrix ¢ evaluated at A\ = )y gives the left-shift operator &/. Using
U = e* with momentum operator K we find

K = —iln(t(\)), (2.47)

where In denotes the matrix logarithm for ¢ in matrix representation. Thus, the
Lax operator of fundamental spin chain models contains the shift operator ¢4 and
its generator K.

Let us examine the next order of the expansion of ¢ around \y. We concentrate
on the Heisenberg spin chain for which we know the explicit A-dependence of L.
Differentiating T, with respect to A and using (2.40) gives

dT, _ .
B o= ZPl,a-“]P)n—l,aPn—i—l,a-'-PN,a = =1 Z ]P)N,a]P)N—l,N-'-Pn—l,n+l-'-P2,3P1,2
)\:% n n
(2.48)
and thus we find
, dt ,
t(%)_l VR (P12 Priom1Pm—1 mPoms1Pmstmyz Py_o no1Pnoin) -

> (P NProN-1- PrsintoProtng1Proon-1..P12)
=—iY Ppot (2.49)

This corresponds to the Heisenberg Hamiltonian (2.9) since we may rewrite it in
terms of the permutation operator as

H=3> (Tnnst — Popi1) - (2.50)

Hence we can identify the second term in the expansion of ¢ around \g with the
Heisenberg Hamiltonian up to a trivial constant, e.g. for the closed spin chain

H=N_1dy (t()\))‘A:% . (2.51)

This justifies the statement that the Lax operator (2.38) is associated to the Heisen-

berg spin chain. For general spin chain models the first order of the expansion of ¢

in the form & In (£())) ‘)\ .. I8 typically connected to the Hamiltonian of the system.
=A0

In [21] it was shown that the remaining charges in the expansion of the form
_ i 47t
Q, =~ e In(tV)|_ (2.52)

are local of degree r for the XYZ spin-1/2 chain, i.e. they only act on r neighboring
sites. For fundamental models this construction is supposed to be analogous [7],
in particular the charge Qs associated to the Hamiltonian only contains nearest-
neighbor interactions.
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Conserved Charges from the Monodromy

Having shown the connection of Lax operators and Hamiltonians of spin chain mod-
els, we still need to answer the following question: Why should we prefer basing
the discussion of a spin chain model on a Lax operator rather than a Hamiltonian?
In fact, the great advantage of defining a system via the Lax operator is that there
exists a procedure that enables us to obtain a tower of conserved operators from this
object for certain models. This large amount of symmetry leads to the simplicity of
the model’s solution and can be used as a definition of quantum integrability. We
want to demonstrate this in the following.
Let us begin by introducing the so-called RLL-relation

Ra,b(>\1 - >\2)Ln,a()\1)Ln,b()\2) - Ln,b()\Q)Ln,a()\l)Ra,b()\l - /\2) (253)

with the R-operator R, p(N\): Yo ® % — Yo ® ¥. This equation is defined on 7%, ®
Yo ® ¥, with auxiliary spaces 7. The existence of an R-operator satisfying (2.53)
for a specific Lax operator has tremendous implications on the model’s dynamics.
This can be shown by rewriting this equation into a formula for the transfer matrix.
In order to do so, let us repeatedly use it on all sites of the chain such that we obtain
the so-called RT'T-relation

Rap(A1 = A2) Ta(A1)Tp(A2) = To(A2) Ta(A)Rap(A1 — A2). (2.54)
For an invertible R-matrix this implies
Ta(A)Ty(X2) = Rap(A — A2) 7 Ty(A2) Ta(A)Rap (A1 — A2) (2.55)
which can be traced over in both auxiliary spaces yielding
[t(A\1),t(A2)] = 0. (2.56)

Expanding this relation in A; and Ay generates all possible commutators of the
operators produced in an expansion of t. Equating coefficients reveals that these
commutators have to vanish. In particular, since the Hamiltonian is one of the
operators in the expansion around )y, all operators in any expansion are conserved,
i.e. commute with the Hamiltonian. Therefore, the transfer matrix generates a
tower of commuting conserved quantities. Using (2.52) one may construct N local
charges, i.e. the system allows for exactly the same number of conserved charges
as there are degrees of freedom. This leads to our first formulation of quantum
integrability: We call a spin chain of length N integrable if there exists a tower of N
local independent conserved operators whose commutators vanish?. This is in close
analogy to the definition of integrability for continuous quantum field theories from
above (see chapter 1) and classical theories (see appendix A).
For the Heisenberg spin chain one finds that

Ra,b(/\) = /\]Ia,b + ipa,b (257)

satisfies (2.53). The existence of this R-operator implies the existence of a tower
of conserved commuting operators and thus it is integrable in the above sense. As
we already discussed above, the momentum Q; = K and energy operator Qs ~

4As already mentioned above, this formulation is not suitable as a general definition of quantum
integrability since the notion of independence of operators in quantum models is problematic.
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‘H are among these charges. It is not clear whether the higher charges contain
physical information but they generate hidden symmetries which are the basis of the
model’s integrability. The Lax formalism can even be used to efficiently calculate
the spectrum of the Heisenberg spin chain by a variation of the Coordinate Bethe
Ansatz called Algebraic Bethe Ansatz. We do not discuss it in detail but sketch some
results in the appendix B.

2.4 The Quantum Yang-Baxter Equation

The crucial ingredient in the proof that a spin chain is integrable in the above sense
is the existence of an R-matrix satisfying the RLL-relation. Therefore, one often
reformulates integrability in the following way: A spin chain model with Lax matrix
L(\) is integrable if there exists an R-matrix R: ¥, ® %, — ¥, ® ¥, which satisfies the
RLL-relation (2.53)°. This definition can be used to find new integrable quantum
models. In order to demonstrate this, let us first develop a consistency condition for
the RLL-relation. We start with the combination L, 4(A1)Ly (A2)Ln c(A3) of three
Lax matrices acting on the space 7, ® ¥, ® ¥, ® Y. and rewrite it using (2.53) as

LoLoLe = R, RapLalyLe = R, 3 LyLaLcRay
= ... = (RycRacRap) " LelyLq (RpcRacRas) - (2.58)

Here we drop the index n on the Lax operators and the dependence on the spectral
parameters. On the other hand, we may also rearrange this combination of Lax
operators as

L.LyL. = LaRb_éRb,cLch =..= (Ra,bRa,cRb,c)_1 LLpLa (RopRacRoc) (2.59)
and thus we find the quantum Yang-Bazter equation ((YBE)

Ra,b<>\1 - )\Z)Ra,c<>\1 - >\3)Rb,c()\2 - )\3) - Rb,c()\2 - )\S)Ra,c()\l - )\3)Ra,b(>\1 - >\2)
(2.60)

Here we reintroduced the dependence on the spectral parameters. Any solution R(\)
to the qYBE with R(0) = P defines a fundamental integrable quantum model with
Lax operator

L., @Y, = #,0Y and  Lya(\) =Ren(A—X)  (2.61)

for 77, = ¥, in the version of integrability discussed at the beginning of this section.
This can easily be verified by checking the RLL-relation starting from the qYBE
(2.60) and using (2.61). Due to the existence of a point \g with L()\¢) = P and the
equivalence of the one-site Hilbert space 74 and the auxiliary space 7, the model
is fundamental.

It will turn out in the following that the qYBE and the R-matrix are crucial
in the study of factorization of scattering for integrable quantum models. Indeed,
this equation is associated to the consistency of the factorization which we already
commented on in chapter 1.

5This is the formulation used by Faddeev et al in [7]. Note that for non-fundamental models
this formulation is problematic, see the discussion in section 2.5.
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2.5 Fundamental and Non-Fundamental Models

In the previous sections we often restricted ourselves to fundamental models. In the
following we want to show the close connection between the existence of a tower
of commuting conserved local charges and the factorization of scattering for both
fundamental and non-fundamental models. For this purpose, let us briefly review
from [7] how it is possible to construct local charges for integrable models that do
not satisfy the above properties.

We start with a model with Lax operator L(\) acting on .7, ® ¥,. It shall be
integrable in the sense that there is an R-matrix acting on 7, ® 7}, and satisfying the
RLL-relation (2.53). For fundamental models the transfer matrix built from the Lax
operator generates a tower of commuting conserved charges. Via the proof in [21] it
should be possible to find a formulation in which these act locally on neighbouring
sites. For non-fundamental models it is less clear whether the charges (2.52) built
from the transfer matrix act locally since the equality of the permutation operator
and the Lax operator at the expansion point )\g is crucial in the proof of locality
of (2.52) given in [7,21]. But there exists a way to construct local charges for non-
fundamental models that we want to review on the basis of the original paper [7].
For this purpose, one needs to find an R-matrix R()\) on the physical space

R: 7, @ H — R: K@ A (2.62)

that fulfills R(Ag) = P at a point A = Ay and which satisfies a version of the RLL-
relation

Ry 0(A — A2)La(A)Lo,a(A2) = Lo,a(A2)Lina (A1) Rino (A1 — A2) (2.63)
acting on J7, ® 7 ® ¥,. Then we may define a version of the monodromy matrix
To(A) = Ryo(AN)Ry_10(N)...R10(N) (2.64)

that is a matrix in 773. Tracing over this space gives
t¢(A) = tro (To(N)) - (2.65)

This object is similar to the transfer matrix in (2.43) for fundamental models and
thus the operator t(\) generates operators @,

Q. =} eV, - (2.66)

Their construction is equivalent to the charges in (2.52) and thus, by the proof
in [21], they are supposed to be local.

One might ask whether these operators are conserved with respect to the original
model’s Hamiltonian Q, for some r. In order to check this, let us rewrite (2.63)

R.0(A3)Lna(A)Loa (A1 — A3) = Lo (A1 — A3)Lna( A1) Ry 0(As) (2.67)
with a change of variables A3 = A\; — \2. Using this equation on all sites n we find

To(A3)Ta(M)Loa(h — As) = Loa(A — As)Ta(A)To(s) (2.68)
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that includes both the monodromy matrix T,(\) of the original model and the
version for non-fundamental models T(\). Multiplying this equation by the inverse
of Lo (A1 — A3) and taking the trace trg, over the space ¥, ® J¢ yields

[t(A1), #(As)] = 0. (2.69)

Expanding this relation in A\; and A3 and equating coefficients implies the vanishing
of the commutators of the original Q, and new charges Q,. In particular, the Q,
commute with the Hamiltonian of the original system and thus they are indeed
conserved.

In order to show that the charges Q, are not only conserved, but also build a
tower of commuting charges, we derive the qYBE for the alternative R-matrices
R(A). This is done analogously to the procedure in the previous section 2.4 by
rewriting a combination of Lax operators acting on 74 ® J6 ® 6 @ ¥, as

LoLgLi = Ry gRogLolgly = ... = (Rg1Ro1Ro5) ' LilgLo(RegRo1Rg1)  (2.70)

where we drop the index a for the auxiliary space and the dependence on the spectral
parameter. On the other hand, we have

LoLoLy = ... = (RogRo1Rg.) 'LiLgLo(Rg, Ro1Ro ) (2.71)
which yields together with (2.70)

R (A1 — A2)Ro1 (A1 — A3)Rg 1 (A2 — A3) = Rg1(A2 — A3)Ro1(A1 — A3)Rp (A1 — A2)
(2.72)

where we reintroduced the dependence on spectral parameters. This alternative
qYBE can be repeatedly used on all sites which gives

Ro,a(/\1 — X)) To(A1 — A3)Tg( A2 — A3) = T5( A2 — A3)To(A; — /\3)R0’(—](/\1 — Xa).
(2.73)

Assuming that R is invertible we may multiply by the inverse and afterwards
trace over the spaces ) and ¢ which yields

[\ — Ag), H(e — A3)] = 0. (2.74)

By similar arguments as for fundamental models, this equation implies that the
charges Q, commute. Thus they build a tower of conserved and commuting local
charges.

This discussion shows that the existence of an R-matrix that satisfies the RLL-
relation (2.53) for a non-fundamental model with Lax operator L(A) does not nec-
essarily imply the existence of a tower of local charges. We showed in this section
that one may construct them if one assumes the existence of an alternative R-matrix
R(\) that satisfies (2.63). It is not clear whether each integrable non-fundamental
model allows for such an object and thus allows for a tower of local charges.
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Chapter 3

Spin Chain S-Matrices

In the previous chapter we introduced some basic concepts of integrability in the
context of spin chains and have encountered the factorization of scattering for the
Heisenberg spin chain. This is a common feature of many integrable spin chain
models that we want to investigate in more detail in the following. In order to do
so, we introduce the quantity that characterizes scattering processes in these models
— the spin chain’s S-matrix. For this purpose, we develop the notion of the vacuum
and particle states for general spin chains in section 3.1. Afterwards in 3.2, we
discuss the symmetry algebra of asymptotic states and proceed in section 3.3 by
introducing the S-matrix. This discussion is partly based on [22,23]. Then we move
on to the connection of the existence of a tower of conserved local charges in a spin
chain model and factorization of scattering in section 3.4.

3.1 Vacuum and Asymptotic States

The S-matrix is a quantity that relates asymptotic states. In the context of con-
tinuous QFTs, asymptotic states consist of asymptotically free particles, i.e. their
separation is large compared to their interaction range. They propagate on a vac-
uum without interacting with it — it is just the stage on which the scattering process
takes place. In order to define the S-matrix for spin chains, we first need to trans-
late this picture of vacua, particles and asymptotic states into the language of spin
chains. We discuss these concepts in the context of g-invariant spin chains. These
spin chains consist of particles transforming under some representation of the alge-
bra g and are associated to Hamiltonians invariant under this algebra. We will call g
the full symmetry algebra in the following in order to distinguish it from the residual
symmetry algebra which we introduce in the next section. The simplest example
of such a spin chain is the previously discussed Heisenberg spin chain which is an
su(2) spin chain whose particles transform in the fundamental representation. In
contrast to the discussion of this model, we will not specify the spin chain models
by introducing Hamiltonians, but base the discussion on their symmetry properties.

Spin Chain Vacua

What is the vacuum for a spin chain? Clearly the notion of space void of particles
is not suitable for a lattice model. Let us take inspiration from the discussion of the
Heisenberg spin chain. There we already encountered the notion of "vacuum" and
"(quasi-)particle". We defined one spin configuration (|1)) as vacuum orientation and
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a linear combination of states with a single reverse orientation (||)) as one-particle
state called magnon. We were able to assign a (quasi-)momentum to the motion
of this particle on the vacuum. Furthermore, we were able to build multi-particle
states. We may generalize this notion of the vacuum and excitations by picking
a specific spin orientation from the representation as vacuum configuration. This
orientation shall be denoted by aq in the following such that the vacuum state of
the spin chain is given by

|0> = |a0 ... Qg Qg ... CL[)> (31)
similar to (2.15) of the Heisenberg spin chain. The remaining possible states of a
site are excitations which we want to denote by a.
One-Particle and Asymptotic States

Just as in the discussion of the Heisenberg spin chain in (3.2), one may introduce
linear combinations of the form

N
a,u) = > e*" |a,n) (3.2)
n=1
with
la,n) = lag ... ag @ ag ... ap) . (3.3)
nth site

We interpret these as quasi-particles — the so-called magnons — moving along the
chain with momentum £ and corresponding rapidity v = u(k).

These one-particle states can be used to build asymptotic m-particle states. They
are multi-particle states consisting of m magnons that are largely separated on the
chain, i.e.

|y, ug; ag, ug; ...; Ay Upn) i= giltfimthonatodthmnm) | g ay o, ).
nM<K...Lnm T T T
n1 ng ... Nm

(3.4)

The symbols a;, ¢ = 1,...,m denote the excitations of the m particles moving with
momentum k; and corresponding rapidities u; = wu;(k;).

3.2 Residual Symmetry Algebra

Picking a specific spin orientation as vacuum configuration breaks the symmetry of
the model. Only some generators of the full symmetry algebra g will preserve the
vacuum and number of excitations. They correspond to a subalgebra g, of g which
is called residual symmetry algebra. Let us illustrate this for an su(3) spin chain.

Example: su(3) Spin Chain

In the fundamental representation the su(3) generators at each site are the Gell-
Mann matrices

010 0 — 0 1 0 0
AM=110 0], =17 0 0], A3=10 -1 0],
000 0 0 0 0 0 0
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00 1 00 —i
M=(0 00|, Xx=|00 0],
100 i 0 0
000 00
=100 1|, N=[00 —il,
010 0 i 0
L (100
d=-—=[01 0 (3.6)
V3o 0 —2

The matrices A3 and Ag span the Cartan subalgebra and can be diagonalized simul-
taneously. The state at each site of the spin chain is a linear combination of the
three eigenstates of the Cartan operators

1 0
jwy =10, ld=1|1], [=(0]. (3.7)
0 0 1

By choosing |s) as vacuum spin configuration, there are two types of excitations |u)
and |d). Only the generators

{A1 A2, As} (3.8)

transform between them and preserve the vacuum state. The corresponding residual
symmetry algebra is su(2) which is obvious since the generators A;, Ay and A3 embed
the Pauli matrices into 3 x 3-matrices. Thus the excitations transform as spin-1/2-
particles.

The full symmetry algebra su(3) generates two more residual su(2) subalgebras.
One consists of the generators

1
V2
corresponding to a vacuum |d) and the last subalgebra consists of

1

V2

{0, X5, —=(V3Xs + \3)} (3.9)

{Xe: Ar, —=(V3As — A3)} (3.10)
corresponding to the vacuum |u).

In general, one can show that each Lie algebra su(n) contains Lie subalgebras
su(n-1), see e.g. [24]. Therefore, for each su(n) spin chain it is possible to define a
vacuum state and the n-1 excitations transform under a residual symmetry algebra
su(n-1). In a concrete model with known Hamiltonian, the state of lowest energy is
chosen to be the vacuum state.

Example: The su(1]|2) Spin Chain

Let us illustrate this concept for a super spin chain, i.e. a spin chain corresponding
to a Lie superalgebra. One of the simplest examples is the su(1|2) spin chain. In its
fundamental representation the particles’ states are given by a linear combination
of three basis states denoted by Z, ¢ and 1. The first two are bosonic and the
latter is fermionic. If we choose Z as vacuum orientation, the residual algebra of
the excitations ¢ and 1) is su(1|1), cf. [14]. We discuss this algebra in section 6.1.
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Example: The su(2|3) Spin Chain

Let us move on to a more complex spin chain model, the su(2|3) spin chain. This
spin chain is interesting in the context of N' = 4 SYM with superconformal alge-
bra psu(2,2|4) which we already discussed in chapter 1. In the fundamental rep-
resentation the Hilbert space at each site consists of five possible spin orientations
{¢1, P2, d3]11, 12}, where the first three represent bosonic states and the last two
fermionic states. Choosing the bosonic complex combination Z = ¢, + i¢3 as vac-
uum state reduces the amount of symmetry for the excitations. This state minimizes
the energy eigenvalue of the corresponding Hamiltonian that is given in [25]. The
residual symmetry subalgebra of the excitations {¢1, 2|11, 12} is su(2|2) [10]. We
will discuss this Lie superalgebra in section 7.1.

The Hilbert Space of Asymptotic States

Under a residual symmetry algebra g,, which preserves the number of excitations,
vacuum and spin chain length, the Hilbert space S, of asymptotic states decom-
poses into subspaces!

I =Vo) & (Vi) ® (Vi®dVs) & ... (3.11)

asym

The space Vj is the vacuum space and only contains the state (3.1). V; contains all
one-magnon states (3.2) and V; ® Vo ® ... ® V},, contains all m-magnon asymptotic
states (3.4). Note that the sum in (3.11) does not go all the way to m = N but
stops as soon as the number of magnons is not compatible with an asymptotic state
anymore. In the next section we introduce the m — m S-matrix which we define as
an operator that maps inside the subspaces ®." , V,, for m > 2.

3.3 Spin Chain S-Matrices

Incoming and Outgoing States

As we already discussed in chapter 1, it is a special feature of theories in (1+1)
dimensions that we may order particles with respect to their velocities. We want to
use this feature to define incoming and outgoing states in a scattering process. An
incoming state in an m-particle scattering process is an asymptotic state

a1, Ut Ay U2s oo Ay U )5, € Hi, (3.12)

where the magnon of type a; moves behind the magnon of type as etc. The corre-
sponding rapidities are such that u; > us > ... > u,, and all particles participate in
the scattering process. The Hilbert space .77, contains all possible incoming states.
Similarly, for an outgoing state of an m-particle scattering process

€ Ao (3.13)

|a17 U1 A2, Uy ... A,y um>out

the magnon a; moves behind as etc., but the rapidities are in the reverse order
up < up < ... < Upy. Thus no scattering is possible. All outgoing states form the
Hilbert space 72,,;.

!Note that there occur subtleties for spin chain models with length-changing symmetry gener-
ators. This length-changing effect can be captured by making the algebra momentum-dependent,
see chapter 7.
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Definition of the S-Matrix

The m-particle S-matrix is an operator that maps an m-particle outgoing state into
an m-particle incoming state

|y, w1; Gg, U5 o5 Gy U )y = Sy 40 77 (Wi, v3) |01, 013 D2, V25 o by V) oy (3214)
and thus characterizes the scattering of m magnons. In general, an S-matrix may
depend on all the rapidities u; and v;, ¢ = 1,...,m, of both states. The object
defined in (3.14) is the generalization of the coefficients in the Coordinate Bethe
Ansatz discussed in section 2.2. For general periodic spin chains, the S-matrices are
the prefactors in the asymptotic Bethe Ansatz.

The S-matrix maps from the asymptotic Hilbert space .74, of outgoing states
to 77, of incoming states

S Ay — S, (3.15)

These Hilbert spaces correspond to the previously discussed m-particle asymptotic
Hilbert spaces (3.11). Let us label the single-particle Hilbert spaces by the rapidity
u of the particle as V.2 Thus the S-matrix is an operator that maps as

S:V,, ®V,,, ®..0V, =V, 0V, ®...0V,

Um,

(3.16)

with incoming rapidities u; > us > ... > u,, and outgoing rapidities v; < v < ... <
vn. Take as an example a free theory, i.e. the particles do not interact at all and
they may only overtake each other. In this case, the S-matrix simply permutes the
one-particle Hilbert spaces

SV, ®.0V,0V, -V, 0V,,®..0V,, (3.17)
and acts on a two-particle state as

S\az,u2;a17u1> ~ |a1,U1;CL2,U2>m~ (318)

out

Here the particle with quantum numbers a; and rapidity u; overtakes the particle
as with smaller rapidity us without an interaction.

The symmetries of the spin chain model under consideration restrict the form
of the S-matrix. In particular, since it is the map inside the subspaces of the de-
composed asymptotic Hilbert space (3.11), it must be invariant under the residual
algebra g, of the model. We will use this feature in the following chapters to con-
strain the S-matrix.

3.4 From Conserved Local Charges to Factorized
Scattering

Having defined spin chain S-matrices, we can now investigate how the existence of a
tower of commuting conserved local charges Q, constrains a scattering process. As
discussed in chapter 1, in a massive relativistic QF'T the existence of infinitely many
conserved charges of different Lorentz spin s constrains the theory’s S-matrices in
such a way that

2In chapter 6 and 7 there will be further quantum numbers labeling these spaces.
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 they allow for no particle creation and annihilation,
 there are equal sets of rapidities for the initial and final state,
e the m-particle S-matrix factorizes into two-particle S-matrices.

In the discussion of scattering for the Heisenberg spin chain in section 2.2 we ob-
served the same features. Indeed, one can translate the proof for integrable massive
relativistic QFTs into the language of integrable spin chains which we will do in the
following by transferring the argumentation given in [3].

The crucial ingredient in the proof of factorization is the definition of integrability
via a tower of conserved local charges. For massive relativistic QF Ts with infinitely
many degrees of freedom we demanded the existence of infinitely many charges Q,
that all have different Lorentz spin s. They act on one-particle states as (1.1). Let
us formulate integrability in the context of spin chains of length N as the existence
of N local conserved commuting charges O, that act as

Q,la,u) ~ k" (1+ O(k)) |a, uw) (3.19)

with u = u(k) and r € N, 1 <r < N.

Before proceeding with the proof of factorization of S-matrices, let us study
how this definition of integrability fits into the framework of integrability that we
introduced in chapter 2. For fundamental models with Lax matrix L=L()) the
existence of a tower of local charges Q, of the form (2.52) can be used as a definition
of integrability. For non-fundamental models we may construct local charges Q, as
in (2.66). Indeed, the local charges obtained in these ways are supposed to act on
one-particle states as in (3.19)3. Let us motivate this statement by studying once
more the Heisenberg spin chain. Calculating the normalized eigenvalues ¢, of Q,
from the eigenvalues of the transfer matrix (B.4) and identifying the Bethe roots
and rapidities? gives single-particle eigenvalues ¢, of the form

qr(u):i< ! — ! ) (3.20)

r\(u+ X))t (u—XNg)" !

with \g = % Note that for r = 2 we rediscover the one-magnon energy £ = E(u)
given in (B.7) in the appendix B. Using the relation (2.24) and Taylor-expanding
around k£ = 0, we find that ¢, indeed scales as

gr(u(k)) ~ K (1+ O(K?)) . (3.21)

This result is in accordance with the assumption in (3.19).

Having motivated this definition of integrability for spin chains, let us use it to
analyse the implications from demanding the conservation of Q, during scattering
processes

(D) in = (D) out - (3.22)

3In fact, that might be only true up to a trivial additive constant. We discard this constant in the
following by normalizing Q, in such a way that its eigenvalue ¢, = ¢.(u) satisfies ¢.(u(k =0)) =0
for a concrete model with known u = u(k).

4For a comment on this identification see the end of appendix B.
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The incoming and outgoing states are denoted by |...), and |...),,, and correspond to
the asymptotic states in (3.12) and (3.13), respectively. Due to locality the charges
act on asymptotic states as

QT ‘ala UL; e-5 Qmy,y um> ~ Z k; (1 + O(k;‘i’l)) |a17 ULy -5 amaum> : (323>
n=1

with rapidities u; = u(k;). The conservation equation (3.22) implies the equality of
the sum of the individual eigenvalues of the charges in the incoming and outgoing
state. Since these eigenvalues ¢, scale like k" only up to higher-order terms, the
following argumentation for spin chain models is more subtle than the proof for
massive relativistic QFTs given in chapter 1. There the one-particle eigenvalues ¢, of
Q, are ¢s ~ p°. In order to circumvent this difficulty, we assume that there are linear
combinations @), of the original Q, that act on one-particle states as eigenoperators
with eigenvalues ~ k". Their existence is not obvious for infinitely long spin chains
which, however, are of purely theoretical nature anyway. By contrast, for finite, i.e.
physical, spin chains their construction is less straightforward due to the finiteness
of these linear combinations. For incoming momenta {k;} and outgoing momenta
{ks} in an m;,, — Mg, scattering process the existence of these linear combinations
@, implies

S =Sk V>0 (3.24)
i=1 f=1

where the sum on the left hand side is over all initial momenta and the sum on
the right hand side over all final momenta. Note that we included the momentum
conservation equation given by (3.24) for » = 1. This is the analogue of the relation
(1.4) of the massive relativistic QFT. Similarly to its discussion, we can use (3.24)
for r > 0 to conclude the conservation of the magnon number and the equivalence
of the initial and final sets of momenta.

We now focus on the question whether (3.22) also implies factorization of scat-
tering. Introducing the S-matrix via (3.14) and demanding the conservation of the
local charges gives

(in|S|out) = (in|e "% S |out) Va€Z, 1 <r <N. (3.25)
For r = 1 and Q; = K, the transformation e’®* corresponds to the shift operator U
that moves the excitations on the chain by « sites. This results in a constant shift of
all magnons. Thus the conservation equation (3.25) for » = 1 implies shift invariance
of the S-matrix. In order to investigate the implications of (3.25) for higher-order
charges r > 1, we describe the magnons moving along the spin chain via a lattice
version of the Gaussian wave packet. This is in close connection to the proof for
massive relativistic QF Ts. By straightforward discretization, the wave-function of a
one-magnon state moving with momentum k; is given by

P(n) o« /dkeik(”_m)6_02(’“_1‘31)2 (3.26)

in lattice space with ¢ € R. Note that n € N, 1 < n < N denotes the sites of the
chain. For ny € N, 1 < n; < N the Gaussian wave-packet is centered around site
ny. Otherwise, i.e. for general n; € R, 1 < n; < N, the maximal probability of
finding the excitation is at the site corresponding to the nearest integer of n;. Note
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that for finite spin chains the momentum integral becomes a summation over the
allowed momenta on the chain.

Acting with the symmetry operator ¢?*?" on the wave-function (3.26) changes it
to

Y(n) o /dkeik("_"l)eg(k_kl)Qemkr. (3.27)

The integrand can be Taylor-expanded around k; since this region gives the biggest
contribution to the integral

kW= kT kN — k) + O((k — ky)?). (3.28)

The same also works for finite spin chains — here only the terms with momentum k
close to k; contribute in the sum. (3.28) gives

w(n) x /dkeik(nferarkI*l)67c2(k7k1)2€io¢(17r)k{ (329)

and thus the wave-packet is shifted in space by an amount —ark]~*. Note that this
shift is momentum-dependent. Since the magnons in a general scattering process
have different momenta, they get shifted by different amounts under a transforma-
tion €@ for r > 1. As a result, we can shift scattering events of more than two
magnons apart such that they only contain two-particle scattering events. By the
conservation equation (3.25), the probability amplitude for the original and shifted
process must be the same, i.e. m-magnon S-matrices must factorize into two-magnon
S-matrices. In particular, a three-magnon S-matrix factorizes into three two-magnon
S-matrices that have to satisfy a consistency equation

(3.30)
Thus the definition of integrability via the existence of local charges of the form
(3.19) implies factorization of scattering for the physical finite spin chains by argu-
ments similar to the ones for massive relativistic QFTs given in chapter 1.



Chapter 4

The Yangian

As we already realized in the previous chapters, integrability is closely related to
symmetries: The presence of a tower of commuting conserved local charges is one
possible defining characteristics of quantum integrable models. Another version is
the existence of hidden symmetries that form a quantum algebra called Yangian.
We define it in section 4.1. That definition once more contains a tower of conserved
charges. However, in this case these charges act non-locally and satisfy non-trivial
commutation relations. In section 4.2 we study the Yangian for a concrete example
— the Heisenberg spin chain. This discussion will reveal the close connection between
the existence of conserved Yangian generators and local charges Q,. Nevertheless,
we will argue that this connection is not always manifest. At the end of this chapter
we investigate the constraints resulting from the presence of Yangian symmetries
on the model’s S-matrix. This will help us to analyse the scattering behavior of
particles in various integrable models in the following chapters 5-7.

4.1 Definition of the Yangian

We begin this chapter with a review of the Yangian algebra on the basis of [17]
and [26-28].

Generators of the Yangian Algebra

The Yangian is an algebra containing an infinite number of generators that are
arranged in infinitely many levels. The first set contains the level-0 generators J®.
They span a finite-dimensional simple Lie algebra g with structure constants fe.

[J2, 0% = fe.Je. (4.1)

Hence the dimensionality of this level is given by the dimension dim(g) of the Lie
algebra, i.e. a = 1,...,dim(g). The Killing form k% and its inverse raises and lowers
indices. The second set of generators contains the same number of elements. These
are called level-1 generators and are denoted by Je. They satisfy a commutation
relation with the level-0 generators of the form

[39,J%) = febode. (4.2)

All further levels are successively generated by commuting the generators of the
previous level. Take as an example the level-2 generators which are given by J ~

29
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fabc[jb, jC] This procedure is only constrained by the Serre-relations

[ja’ [jb’ JCH _ gabcdef{Jda Je’ Jf}’
Hja’ jb]’ [JT7 js“ + [[jr’ 35]7 [Ja’ jb]] _ <gabcd€ffcrs + grscdeffcab){Jd7 Je’ Jf}7 (43)
where
9% aer = 31 f af Y e 1 fijns {21, 0,3} = Y wizjay,. (4.4)
i#j#k

Thus, although the Yangian is an infinite-dimensional algebra, it is spanned by
a finite set of operators — the level-0 and level-1 generators — that must satisfy
the Jacobi-like relations in (4.3). Since a Yangian algebra is always based on the
underlying Lie algebra g, it is denoted by Y'[g].

The Coproduct Structure

An important property of the Yangian is its coproduct structure. If we think of
J* and J® as symmetry generators acting on a one-particle state, the action on
two-particle states is specified by the coproduct A with

Al)=1®1,
A =J"®1+1®J%
AJY=J@1+1® 1+ f%.J @ J° (4.5)

Just like in the usual Lie algebra, the action of a level-0 generator on a two-particle
state is the sum of the level-0 generators acting on both particles separately. The
action of the level-1 generator is slightly more involved. It contains the separate
action of level-1 generators on the first and second particle but also includes the
simultaneous action of level-0 generators on both particles. Note that the last line
in (4.5) is sensitive to a rescaling of the generators due to an imbalance of the number
of generators and structure constants. For the action on an m-particle state these
relations generalize to

AT = Y,
n=1
. mo m ni—1
AT = T e Y Y B (4.6)
n=1 ni=1ng=1

Here the generators J|. and jfl act non-trivially on the nth particle and trivially on
the remaining m — 1 particles, e.g.

J=191® .. J°®...®1. (4.7)

1 2 n m

The coproduct structure reveals that the Yangian is an algebra of non-local charges:
While the coproduct of the level-0 generators acts locally on single spaces, the
coproduct of the level-1 generator acts non-locally on two spaces simultaneously.
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The Evaluation Representation

One possible representation of the Yangian generators is the evaluation representa-
tion py. It lifts the level-0 representation p of the underlying Lie algebra (4.1) to a
representation of both the level-0 and level-1 Yangian generators via

pa(J?) = p(J%)  pa(3*) = up(J*). (4.8)

For theories with moving particles the role of the parameter u is taken by the rapidity
u of the particle that is characterized by the set of quantum numbers a, i.e.

pa(3®) a,u) = p(3) Ja,u)  pa(J®) la,u) = ap(J?) |a, u) (4.9)

with @ oc u up to a model-dependent constant'. See e.g. [17] for a discussion of
this connection between both parameters in a massive, relativistic, two-dimensional
QFT. In order to be a representation for the whole Yangian algebra, the Serre-
relations (4.3) have to be satisfied for pz. For w = 0 the left hand sides of these
relations vanish trivially. Thus the Lie algebra representation p of the right hand side
has to vanish. This constraint reduces the number of Lie algebra representations
p that are suitable for the construction of evaluation representations of the form
(4.8). Acting with the Yangian generators in the evaluation representation on multi-
particle states is defined via the coproduct (4.6) as

m

P (ALY lay, U o Gy U ) = Z P (JI0) Jag, U - Gy U )
n=1

pg’m(Am_lja) |a17 Upsy ey amaum>

WE

:(n

Here p2™ and p®™ denote the representations on a tensor product of length m.

Note that there exist several realizations of the Yangian, c.f. [17]. In particular,
the generators of the Yangian algebra were first discovered in the context of the RTT-
relation (2.54). In the corresponding RTT-realization one defines the monodromy
matrix T as the solution of the RTT-relation for a given R-matrix, which is in the
case of the fundamental representation of su(n) Yang’s R-matrix

anp®m<‘]z> + %fabc Z P®m(le)P®m(J22)) |a17 Ugs e m, um> .

1 1<ni1<na<m

(4.10)

R=1I+F. (4.11)

This solution T=T(\) can be expanded for large A which yields the generators of
the Yangian algebra satisfying the same commutation relations as the generators
discussed in this section. We show this explicitly for the Heisenberg spin chain
in the next section. In this version of the Yangian, the close connection between
the Yangian and integrability via its definition by the R-matrix satisfying (2.54) is
visible.

Tn the following chapters we will not distinguish between the parameter @ and w. Thus, when
making use of the results of this thesis, one has to bear in mind a potential model-dependent factor.
Importantly, since u is shifted under a Lorentz boost, the parameter u is also additive.
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4.2 The Yangian of the Heisenberg Spin Chain

In this section we want to motivate an enlargement of the set of definitions of
quantum integrability by a formulation including the Yangian which is: The theory’s
S-matrices are Yangian invariants. In order to do so, we discuss this statement for
the Heisenberg spin chain?.

Yangian Invariance of the Heisenberg Spin Chain

We start by investigating its monodromy along the lines of [17]. The monodromy
defined by (2.42) for the Lax operator (2.38) is a matrix in auxiliary space with
matrix elements

TS = (ML ® IS, +i87 ® (0™), ) - (N ® I} + iS5 @ (0°)11) -

2

C(MIy @ T +iSRY @ (0™)F ). (4.12)

Expanding it around \g = % and tracing over the auxiliary space gives local charges.
Let us now do the expansion for large A. This yields

T5(\) = (ZS“—fzf“b" > 531552) (0%)3

1<n1<na <N

+ AN (11— LN sglsgz) I3+ AV0 (), (413)

1<n1<na <N

where we used 0% = f%¢¢ 4 §%. The leading contribution in the first term corre-
sponds to the total spin operator > S which is an invariant of the Hamiltonian.
The emergence of the generators of the su(2) symmetry algebra in the expansion of
the monodromy for large A points towards the exceptionality of this point which is
why we proceed with the analysis of the subleading contribution of this expansion.

In fact, we show that the terms in the first summand build the Yangian algebra
Y[su(2)]. Its level-0 generators in the evaluation representation p, is given by the
fundamental representation discussed in section 2.1

pu(J) =S (4.14)

The structure constants are f%¢ = je%¢. The action on N sites is given by the total
spin operators

N
N(AN1]Y) = Z (4.15)

that we discovered in the first term of the expansion. Let us now look for the level-1
generators J* of Y[su(2)]. On N sites in the evaluation representation p, for u =0
they are given by

®N(AN—1Ja) — %fabc Z Sb Se (416)

nyng’
1<ni<na<N

2Note that in [29] the relation of local charges and non-local Yangian charges in principal chiral
(1 + 1)-dimensional models are investigated.
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Indeed, this operator corresponds to the term in the second order of the expansion
in the first summand in (4.13). Further powers in the expansion of the monodromy
will give the higher-level generators. As we already discussed in the last section, the
level-0 and level-1 generators in the evaluation representation span the whole set
of Yangian generators. The second summand in (4.13) consists of the identity and
powers of the level-0 generator which can be seen by calculating

ny - n niy T n2
1<ni1<n2<N ni,n2=1

N N
oSS =41 > sS4 Z:IS;ZS;; =18°8 — 1L (4.17)
Thus we proved that the Yangian Y [su(2)] naturally arises in the monodromy of
the Heisenberg spin chain. Its generators commute with the Hamiltonian (2.9)
for infinitely long spin chains and thus the Yangian is a symmetry algebra of the
model. For finite chains this is only true up to boundary terms, i.e. the Yangian is
a symmetry algebra only in the bulk. Therefore, magnons moving along Heisenberg
spin chains must transform under the Yangian and the S-matrix — which maps
outgoing magnons onto incoming magnons — must be a Yangian-invariant.

Fundamental and Non-Fundamental Spin Chain Models

We have shown that for the Heisenberg spin chain the conserved local charges and
Yangian generators follow from the same monodromy. Thus the definition of inte-
grability via a conserved Yangian automatically yields a tower of conserved local
charges. We conclude by the arguments in section 3.4 that scattering processes
in this model factorize. This argumentation holds for all spin chains whose mon-
odromy generates both Yangian and local operators, i.e. for all fundamental models.
This implicit proof of factorized scattering from a conserved Yangian is also pos-
sible for integrable QFTs with Yangian and local charges following from the same
monodromy via the argumentation outlined in chapter 1.

Nevertheless, it is not clear whether this implicit proof is possible for all quantum
models which are integrable via a conserved Yangian. Take as an example the
non-fundamental models that we discussed in section 2.5. Although there exists
a technique to construct local charges from an alternative monodromy, it is not
clear whether one always finds the alternative R-matrix R that is essential in this
construction. Thus it makes sense to investigate whether Yangian symmetry directly
implies factorization of scattering. This study is also particularly relevant in the
context of Yangian-invariant scattering amplitudes of N' = 4 SYM and the hexagon
approach to form factors as discussed in the introductory chapter.

4.3 Yangian Invariant S-Matrices

For integrable spin chain models with Yangian symmetry the magnons transform
under the Yangian Y'[g,] corresponding to the residual Lie algebra g,.. This symmetry
has important implications on the S-matrix which relates multi-magnon states. The
conservation of the Yangian charges during a scattering process constrains the m-
particle S-matrix such that

level 0: [A™1]J* S] =0 (4.18)
level 1: [A™71Je §] = 0. (4.19)
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We investigate these constraints and their implications on S-matrices for the three
different Yangian algebras Y[su(n)], Y[su(1]|1)] and Y[su(2|2) x R?] in detail in the
following chapters. Doing so we focus on 2 — 2 and 3 — 3 S-matrices and check
their consistent factorization. In fact, the results of this discussion are not only valid
for the corresponding spin chain models. The results can be used for any Yangian-
invariant model with an S-matrix whose particles transform under the evaluation
representation (4.9) of the above algebras in the fundamental representation.



Chapter 5

Y[su(n)]-Invariant S-Matrices

In this chapter we carry out the explicit analysis of the constraints (4.18) and (4.19)
for the Yangian generators of Y[su(n)]. For this purpose, we begin with a discussion
of the algebra, its generators and its coproduct structure in section 5.1. This will
help us to set up a framework for the explicit realization of the Yangian constraints.
We then move on to the solution of these constraints for the two- and three-particle
S-matrix in 5.2 and 5.3 and discuss the results with focus on consistent factorization.

5.1 The Algebra Ysu(n)] and Its Fundamental
Representation

Generators of su(n)

Let us begin by reviewing the algebra su(n) and introducing a suitable basis for
its generators. A basis of the algebra u(n) is spanned by the n? operators R,
a,b=1,2,...n, satisfying

(9%, 2] = ;95 — 539, (5.1)

The fundamental representation of these operators in bra-ket notation is
p () = la) (0] (5.2)
with (a|b) = 6°. The generators R¢ of su(n) satisfy the same commutation relation
Ry, Ra] = GFRG — 039y (5-3)

and are moreover traceless. To form traceless operators, we may subtract the identity
operator p(1) =Y. |c) (c| from (5.2) such that

p(93) = la) (9] — 65~ 316 (el (5.4)

As expected, we obtain n? — 1 independent generators which may be arranged in
the following sets:

Ro={R},1<a=b<n-1}

R_={R,1<a<b<n}

R, ={NR;,1<b<a<n} (5.5)
The set R, contains the Cartan operators that generate the maximal abelian sub-

algebra of su(n). The operators in &, can be interpreted as raising operators and
similarly Y3_ contains the lowering operators, cf. the example below.

35
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Y[su(n)] in the Evaluation Representation

Now let us turn to the Yangian that is associated to su(n). The level-0 generators
are the su(n)-generators Y. For the evaluation representation p, (4.8) we use (5.4)
as the Lie algebra representation p, i.e.

pu(Ry) = p(R}). (5.6)
In this representation a single particle may take n "spin" orientations labeled by a
la), a=1,...n. (5.7)

These states are the eigenstates of the Cartan operators of R,. The action of
the level-1 generators Ag in the evaluation representation makes it necessary to
introduce an evaluation parameter. We identify it with the rapidity u and label
each one-particle state as

la, u) . (5.8)

These states shall form an orthonormal set, i.e. {(a,u|b,v) = 0;0,,. The operators in
(5.4) do not change the rapidity of a particle. The corresponding level-1 generators
MRy of Y]su(n)] in the evaluation representation (4.8) are given by

Pu(RE) |a,u) = up(R) |a,u) . (5.9)

Example: Y[su(2)]

Take as an example the evaluation representation for the Yangian Y[su(2)]. The
Lie algebra su(2) is spanned by a single Cartan operator Rj, as well as the ladder
operators R} and 2. They satisfy the commutation relations (5.3), i.e.

By comparing these with the commutation relations of the spin operators §*, S*
and S~ from 2.1

(87,81 =87, §5,87]=-5", [§T,87] =287 (5.11)
we can identify
S~ R, STARE ST~ M. (5.12)

The two single-particle states are |1,u) and |2,u) which correspond to the previ-
ously introduced eigenstates ||) and |1) of the Pauli matrices (2.7). We obtain the
analogous relations to (2.10) for su(2)

—pR) [Lu) =—3[Lu),  p(R])[Lu) =2,u),  p(9)[1,u) =0,
—p(0) [2,u) = +312,u),  p(R])[2,u) =0, p(R2)[2,u) = 1, u).

(5.13)

The action of the level-1 generator is given by the above relations multiplied by the
rapidity u of the particle as (5.9).
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Coproduct Structure of Y[su(n)]

In order to calculate the S-matrix corresponding to the scattering of 2 — 2 and 3 — 3
particles, we need the action of the Yangian generators on two- and three-particle
states. As discussed in the previous chapter, this is defined via the coproduct (4.6).
For the level-0 generators we find

ARy =Ry @14+ 1R,
AR =RIRIQ1I+10RIR1+10 1R (5.14)
and for the level-1 generators
ARy =R @1+ 1@ Ry + L R @ R,
A2m§:9%“®1®1+1®9%§®1+1®1®§%§+
L (RleR@1+RieleR! +10R! e R/) (5.15)
with constants fi7¢ defined by
Jodp = 040g0% — 030,05 (5.16)
The coproduct structure in (5.15) can be derived by evaluating the term® £%,.J° ® J¢

from (4.6) for su(2) in the representation via spin operators S® given in (2.4). Take
as an example the z-component f%,;,S* ® Sb. Using the identifications (5.12) gives

FraSt @8 =is' 0 8 —iSY © S
=SR-S RS -SeST +8ws)

(-9 @ R + Ry @ R + R @R} - R oRY)

=1 (fluRl @ R+ b o RY) (5.17)

Y

Identifying §* ~ 1(9R} + R}) we verify the coproduct structure in (5.15). Similar
calculations can be done for the y- and z-component. For an arbitrary su(n) the same
identification is true as long as we normalize the operators S via tr(S§°S%) = 15“b
These identifications ensure that the result is in the same convention as the results

of [17].

Y[su(n)]-Constraints on the S-Matrix

Having a representation of the Yangian generators as well as the formulas for their
action on multi-particle states, we can make the constraints on S given by (4.18)
and (4.19) explicit. For the Y [su(n)]-invariant m-particle S-matrix So_,, they are
given by

level 0: [Z(iﬁ,‘j)n, S12..m(us, UZ)] =0 (5.18)
n=1

m ni—1

level 1: (Z un(iﬁ‘g)n + badjce Z Z g:{d n2 ‘ﬁf ) Slg,,,m(ui,vi) =
n=1

ni=1ns=1

m m ni—1
Sl2...m(uiavi) (Z Un(ma z?dif Z Z md TL2 mf )

n=1 n1=2nz=1
(5.19)

!Note that the indices a,b, ¢ in fachb ® J¢ in the fundamental representation take the values
z,y, z whereas the indices in fyif R? @ RS run from 1,...,n with n = 3.
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Here the u; are the rapidities of the incoming and v; of the outgoing particles. As
we discussed in the previous chapters, it is a feature of integrable theories in (1+1)
dimensions that the sets of incoming rapidities v; and outgoing rapidities u; of a
scattering process are equal. Nevertheless, we do not postulate this feature here but
check whether Yangian symmetry yields it automatically. Thus, the level-0 condition
(5.18) implies that the S-matrix is invariant under su(n) transformations. The level-
1 condition (5.19) is a bilocal constraint. Higher orders of Yangian generators do
not impose further constraints on S as long as the Serre-relations are satisfied.

5.2 Solution of the Level-0 Constraint

Let us turn to the explicit analysis of the Yangian constraints (5.18) and (5.19) on
S. We calculate the S-matrix for two- and three-particle scattering processes but the
discussion can be easily extended to the scattering of more particles. (5.18) restricts
the S-matrix to be a linear combination of su(n)-invariant operators. There are
several possibilities to obtain these. We will discuss two approaches in the following.

5.2.1 su(n)-Invariant Operators from the Symmetric Group S,

First we use the symmetric group S,,. It contains all permutations of a set of
m objects. One can show that the permutation operators projecting onto these
permutations span the space of all linear invariants of su(n) over the tensor product
of m Hilbert spaces (see e.g. [30,31]). Thus we realize that the level-0 condition
constrains the S-matrix to be a linear combination of S,, permutation operators
that permute m particles.

Invariant Operators of Length 1

Let us examine the S,, permutation operators for m = 1,2, 3. The invariant operator
on a single site corresponding to m = 1 is given by

Pr=3"|a) (al (5.20)

where we sum over all excitation types. It acts as an identity map concerning the
particle’s quantum number a, i.e. Py |a) = |a). An su(n)-invariant tensor acting on
a single particle moving with rapidity » and conserving its momentum is thus given
by?

Ti(u) = A1(v) Y |a,u) {(a, u| (5.21)

with arbitrary factor A;(u). For A; = 1 this operator can be used to define the
particle number operator via

L= f: (Z Il(u)|AEI> = i 191®..0> Li(u)) e, ®...0 L (5.22)
n=1 u n n=1 u T

nth site

2In fact, the level-0 constraint that arises from the invariance of S under the Lie-algebra symme-
try does not require the labeling of one- and multi-particle states by the rapidity u. Nevertheless,
since this will become relevant at level-1 in the evaluation representation of the Yangian, we already
introduce the notation including u here.
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Here we sum over all allowed rapidities® «. This operator acts as

Llay, ug; ag, U ...y Gy U ) = M| a1, Us; A2, Uj . Gy Uy ) - (5.23)

Invariant Operators of Length 2

For m = 2 there exist two permutation operators which we denote by P;o and Poy
and represent their action on a two-particle state by

Py = Z |a1; az) (as; asf Py = Z |az; a1) (as; az| - (5.24)

ai,a2 ay,az

P12 is the identity map for two particles and thus describes a trivial permutation,
whereas Py really permutes the two particles’ types. An su(n)-invariant opera-
tor is the superposition of both permutation operators. Introducing rapidities and
allowing the invariant operator to change these yields the general form

Ilz(ULz;ULQ) = A |a2,u1;a1,u2> <a1701;a2,1}2| + B \Ch,ul; G27U2> (al,vl; a2,v2| .

(5.25)

Here the summation over excitation types is implicit. The coefficients Ay, and
By; may depend on u; 5 and v; 2. Denoting the momenta of the particles by k; =
k(uy), ke = k(ug), p1 = k(v1) and py = k(vy), momentum conservation restricts the
rapidities via ki + ko = p; + p2. For the S-matrix we will later on demand u; > wuo
and v; < vy due to the convention regarding the ordering of rapidities in incoming
and outgoing states as discussed in section (3.3).

Let us introduce a diagrammatic way to represent the action of Z;5 on a two-
particle state using permutation diagrams of the form

Ui U Ui U2
Tha(u12;v12) = Az >< +Bi2 l l
V1 Uy V1 Vo (526)

Here the two dots at the bottom of each diagram represent the particles before the
action of the operator, i.e. in case of the S-matrix corresponding to the outgoing state
with rapidities v; < vy. The state after the action of the operator is represented
by the top dots which are associated to the incoming state with rapidities u; > o
for the S-matrix. The lines represent the action of the corresponding permutation
operators and connect particles of the same type. Let us analyse these diagrams
in the context of S-matrices, i.e. for the ordering of rapidities as u; > wuy and
v; < vg. Then, the first diagram illustrates a process where the faster particle of
rapidity u; overtakes the second particle of rapidity u, without a change of type
but redistribution of momenta to v; and vy with v; < v,. In contrast to this, the
second diagram represents a scattering process where the two particles interchange
their type, i.e. the ordering of the quantum numbers a; is the same in the initial and
final state.

3A discrete set of allowed rapidities is a special feature of periodic spin chains and field theories,
see e.g. the discussion in section 2.2. For infinite spin chains or unbounded field theories there might
be no quantization of momentum and thus we would need to integrate over the allowed range of
rapidities.
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Invariant Operators of Length 3

Now let us move on to m = 3. Here we find 3! = 6 permutation operators that
permute the excitation types of three particles

Pias = |a1;a2;a3) (al; a2; Cl3| ) Poiz = |a2;a1;a3) (al; a2; Cl3| )
Pis2 = |a1;a3;a2) (al; a2; a3| ) Paz1 = |a2;a3;a1) (al; a2, CL3| )
Psio = |as; ar; a2) (ar;asas|,  Psa = |ag; az; ar) (a1; as; ag| . (5.27)

Thus an su(n)-invariant operator of length 3 can be written as a linear combination

U Ug U3 U1 Uz Ug U1 Uz Ug
Tio3(u1,2,3;v1,2,3) = Aros >K+Bl23 >§< +Ch23 >%<
V1 U2 V3 V1 U2 VU3 V1 U2 V3
U1 Ug U3 U1 Uz Us U Uz Ug
+D123 I ><+E123 >< ]+F123 I I I
V1 U2 V3 V1 U2 V3 V1 U2 V3 (528)

with coefficients Ajas, ..., F1o3 which may be rapidity-dependent.

Note that the number of orthogonal su(n)-invariant operators does not neces-
sarily coincide with the number of permutations in S,, given by m!. In fact, this is
only true as long as m < n. Take as an example the su(2)-invariant operator Zjs3.
Here the permutation operators obey a relation which may be represented by the
permutation diagrams as

Uy Ug U3 U1 Uz Ug U1 Uz Ug Ui Uz ug Uy Ug ug U Ug U3

RN

V1 U2 Vg V1 U2 VU3 V1 U2 VU3 V1 U2 V3 V1 U2 V3 V1 U2 U3 (5 29)

The left hand side of this equation is an operator that antisymmetrizes three ex-
citation types. Since for su(2) there are only two allowed values for the a;, this
operator vanishes. Thus for su(2) the invariant operator Zjo3 can be written as a
linear combination of an arbitrary set of five permutation operators.

5.2.2 su(n)-Invariant Operators from Young tableaux

We may also obtain invariant operators by constructing them as hermitian Young
projection operators and transition operators. In [31] it is shown that these span
the whole space of su(n)-invariants. Let us illustrate this construction for invariant
operators of length 2 and 3. Any two-particle state transforming under su(n) can
be depicted by the Young diagrams as

REENE

corresponding to the two Young tableaux
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1
B

Thus there exist two Young projection operators that project onto this completely
symmetric and completely antisymmetric representation. They span the whole space
of su(n) invariant operators of length 2. Now let us move on to m = 3 where the
states correspond to three Young diagrams

= {7 H

and four Young tableaux

= G .

s 2
We can construct four Young projectors projecting onto the three-particle states
corresponding to these tableaux. In [32] it was shown that tableaux of the same
shape correspond to equivalent representations. Thus the authors argue that there
must exist transition operators that project between these representations. In the
case of m = 3, there are two transition operators corresponding to two tableaux
of the same shape. Together with the four Young projection operators they span a
fully orthogonal basis of invariants. Note that for n=2 the completely antisymmetric
representation for m = 3 is empty. The corresponding Young projection operator
is the null operator and there are five orthogonal operators in agreement with the
above discussion. Thus, in this approach we immediately get the correct number of
orthogonal operators without looking for relations between the permutation opera-
tors.

This procedure can be applied for all particle numbers m. There exists a stan-
dard method that allows us to build the Young projection and transition operators
explicitly, see e.g. [32]. In the following, we use the approach via the permutation
diagrams since their implementation in Mathematica is easier. We use the invariants
in (5.26) and (5.28) and further constrain them by the level-1 constraint (5.19).

5.3 Solution of the Level-1 Constraint

Having found the most general form of the su(n)-invariant operators for length 2
and 3, we proceed with the level-1 constraint (5.19). In the appendix D we briefly
show how to set up a Mathematica notebook that contains the level-0 ansatz from
section 5.3 and how to implement the level-1 constraints. In this chapter we only
discuss the results.

Two-Particle S-Matrix

Evaluating explicitly the constraint for the case of two scattering particles using the
symbolic computation program Mathematica gives two solutions for the coefficients
and rapidities of the ansatz (5.26). The first one is

(1) U1 = U1, V2 = Ug, AgIQ) = 07 BS) - C(u1>u2) 5"1,’015”2,1)2? (53())
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Ui U
Il(%) (ul,Z; U1,2) = C(ulvu2) 5’“417”15“27”2 I I
Uy U2
U1 U U1 Ug
Il(g)(ul,Q;Ul,Q) = C(u17u2) 5U1,U25U27111 >< _2122 I I
Ug U Ug U

Table 5.1: su(n)-invariant operators on length 2

where c¢ is an unknown overall factor that may depend on the rapidities. In terms
of permutation diagrams, this result can be represented by the operator Iﬁ’ given
in Table 5.1. This operator projects a state to itself up to a factor, i.e. initial
and final state coincide, and it does not describe the scattering of particles. This
would-be scattering occurs if the particle with smaller momentum moves behind the
particle with larger momentum and they never meet, i.e. in our conventions u; < us.
Alternatively, the scattering did not yet take place. Thus, this operator cannot be
identified with the S-matrix we are looking for.
The second solution of the constraint (5.19) is

clur, u
(2) U1 = U2, VU2 = Uz, A%) = C(u1?u2) 5u1,1125u2,v17 Bg) = _(12))57“,?1251@,1117

2(uy — ug
(5.31)

where ¢ is again an undetermined overall factor. In terms of the permutation di-
agrams this result can be illustrated as the operator Ig) in Table 5.1. Here we
introduced the variable u;; for the difference of rapidities

This operator describes the real scattering process between two particles: The ra-
pidities in the final state are exchanged, i.e. one particle has overtaken the second
due to u; > us. After the action of the operator the state is a linear combination of
two states. The first one is the state where the particles simply overtake each other
without changing their type. In the second case they overtake and exchange their
type. Both operators in Zlg) are related by a coefficient depending on the difference
of both rapidities u;;. We denote this operator by

Siaui; vi) = T3 (ui; ). (5.33)

Since S only depends on the rapidity difference w;; of the incoming particles, we
will write S12 = S12(w;;) in the following which corresponds to Ig)(ui; v;) from Table
5.2 with dropped Kronecker-deltas.

Thus the Yangian constraint relates the coefficients Aj5 and Bis in (5.26) but
does not fix the overall factor. The set of momenta is conserved and we do not need
to impose momentum conservation. Furthermore, the S-matrix only depends on the
rapidity differences of the incoming particles. Note that the result is valid for all n.
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Three-Particle S-Matrix

Now let us turn to the 3-particle S-matrix. Explicitly evaluating (5.19) yields a set of
constraints on the coefficients and rapidities in (5.28) that is solved by six solutions.
Once more, this constraint restricts the set of incoming and outgoing momenta to
be the same. We do not have to impose momentum conservation. Let us discuss the
solutions obtained via Mathematica by directly representing them as permutation
diagrams which can be found in Table 5.2. In fact, we will find that only one of
these solutions can be interpreted as the real 3—3 S-matrix of the model.

The simplest solution is given by IS}; Similar to If? this matrix does not
scatter particles since the initial and final state are equivalent up to a factor. This
represents the situation where the particle of smallest rapidity moves behind the
other two and the fastest excitation in front of the others, i.e. u; < uy < us.

The next solution is represented by Ig% Here only the particles of momenta
ug and wugz scatter and the particle of momentum u; remains unchanged. Thus, this
operator describes a scattering event with rapidities u; < uz < us, where the particle
of rapidity u; never reaches the others. It corresponds to the two-particle S-matrix
S1o illustrated in Table 5.1 with one particle unchanged, i.e.

I3, = I So3(uas3). (5.34)

The operator I; acts on the first position of a three-particle state as an identity
map. Seg(ugg) is the two-particle S-matrix from (5.33) acting on the second and
third position of a two-particle state. In this notation we omit the dependence of
Ig% on the rapidities v;. This equation can be illustrated in a diagrammatic way

as?

U1l U2 us Uy Uy U3

th Uz Uz oo (5.35)
The diagram on the left hand side represents a scattering process with incoming
rapidities w1, us,u3. The dots at the top of the diagram represent the incoming
particles and the dots at the bottom the outgoing particles. The operator Ig;, maps
the outgoing state onto the incoming state. This action of Ig% can be depicted
as the diagram on the right hand side of (5.35). The particle of rapidity wu; is
unchanged while the remaining particles scatter. A similar situation is represented
by IS% Here the rapidities are ordered as uy < u; < wug such that only the two
particles with rapidities u; and us scatter. Once more, this operator corresponds to
the two-particle S-matrix S in the form

Igg), = Su(Ulg)Hg (536)

with S-matrix Sis scattering the first two particles of a three-particle state and I3
being the identity map for the third particle. In a diagrammatic way this operator

4Note that these relations are only true up to overall constants that we neglect for convenience.



Uy U U3

1
Tinh (15305) = ()8 0Oy By

U U2 Uz
[ w1 ug us Uy Ug U3 |
T (i3 01) = €(143) 80Oz 050 L
123(1%,2}1‘) - C(ul) u1,v1 Yu2,v3%us,v2 2
U23
| U1 Uz U2 Uy Uz Uz |
[ u1 ug ug Uy Uz U3 |
T (i3 05) = (1) 0y 1300y 000 L
123(uiavi) - C(ul) u1,v2 Yuz,v1 Yus,v3 219
_Ug u us U2 U1 U3_
(U1 U Us Uq Ug Uz U Uo Us
1
@0 N 1 _
I123(uia Ui) - C(ui)5u1,v35u2,v1 5u3ﬂ)2 Q1s 13
_UQ us uy U2 Uz Uy Uo U3 U
U1 Ug Us
L]
duiougz
Uz Uz Uy
U1 U Ug U1 Ug U3 U1 Ug U3
) 1 1
T (i v3) = c(13)0u: 0Oy 0.0 - -
123( 1) 1) ( l) u1,v2 ¥ u2,v3Yu3,v1 2u13 2’LL23
us Uy U us U Uz Uz U1 U
U Uz Ug
1
duyzuss
Uz Uy U2
Uy U2 Ug
6) (. . _
1123(uia Ui) - C(ui)dul,vaéumw(sumvl
Uus U Up
Uy Uz Uz Uy Uz Uz Uy Uz U3
1 1 1
2u93 2uy3 2ugo
Uz U U Uus U Up Uz Ug Uy

Uy U U3 Uy Uz U3

1
+— +

U3 U2 Uy U3 Uz Uy
Uy U U3

1

SU12U13U3
U3 Uz Uy

Table 5.2: su(n)-invariant operators on length 3
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acts as
U U U
1 2 3 w U U3
* U U u
Uy Uy us 2 1 3

(5.37)

Another solution of (5.19) can be illustrated as Zf;%. This operator represents
scattering processes where the particle with rapidity u; overtakes the other two but
the two remaining particles do not scatter, i.e. u; > uz > us. This can be illustrated

as
(51 U9 us
Uy U2 Ug
U9 us Ui
Uz Uz U

i.e. this operator factorizes as

(5.38)

I{;%(uz‘; v;) = S12(u12)S23(u13) (5.39)

which we verified explicitly by using the explicit form of IS% and Sy5 given in (5.33).

A similar operator is 1}32,, Here the rapidities are ordered as us > u; > u3 and the

two faster particles overtake the slowest but do not scatter themselves. This can be

illustrated by
Uy U2 us3
Uy Uz us
X@ B 7
Uus Uy U2
us (U} U2

i.e. the operator Ig% factorizes into two-particle S-matrices as

(5.40)

Il(g%(uu v;) = Sa3(u23)S12(u13). (5.41)

Note that one might also interpret the first five solutions as incomplete scattering
events.

The last solution to (5.19) is Ig%. Here the rapidities of the state after applying
the operator are in the reverse order due to u; > us > ug, i.e. this operator describes
the real 3—3 scattering we are looking for and thus we call it

Sia3(ui;v;) = Zf%(ui; v;). (5.42)
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Similar to the operators above one may check whether this operator factorizes. In
fact, there are two possibilities for this factorization which can be illustrated as

Uy U2 us Uy U2 us

Uus Uz Uy us U2 Uy (5‘43)

In the left diagram the two particles with rapidities u; and wuy scatter first whereas in
the second diagram the particles with rapidities us and ug scatter first. Consistent
factorization of the 3-particle S-matrix thus demands

Uy U2 us Uy U2 us

us U2 Uq Us U2 (75} (544>

In terms of S-matrices we may formulate these relations as

S123(“1, Uz, Us) = 512(u12)823(ul3)512(u23) = 823(U23)Sl2(ul3)823(ul2) (5-45)

where we once more drop the dependence on the outgoing rapidities v; since they
are determined completely by the incoming rapidities u;. For R = PS the second
equality corresponds to the (YBE that was introduced in (2.60). In order to verify
the factorization of Sio3 one has to calculate the right-hand sides of (5.45) for the
two-particle S-matrix Si5 from Table 5.1. Doing so, we find that the three-particle S-
matrix indeed factorizes. Furthermore, the two-particle S-matrix satisfies the qYBE
for S. This implies consistent factorization.

Discussion of the Results

Let us summarize some important features of the resulting S-matrices. In all dis-
cussed cases the Yangian fixes the linear combination of permutation operators up
to an overall factor which cannot be obtained by demanding its invariance under a
symmetry algebra with generators J in the form [S,J] = 0. This so-called dressing
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factor can be determined by imposing unitarity and crossing relations, see e.g. [33]
for a discussion of this factor in integrable field theories and, in particular, the
dressing factor of integrable spin chains arising from N =4 SYM.

Furthermore, Yangian symmetry restricts the set of outgoing momenta to be the
same as the set of incoming momenta, i.e.

{u;} = {v;}. (5.46)

This is a substantial feature of scattering processes in (1+1)-dimensional integrable
models that we already discussed above. Moreover, note that the S-matrices only
depend on the differences of rapidities. In a Lorentz-invariant continuum theory
with one spatial direction, this statement reflects the boost invariance of the S-
matrix provided that the rapidities are additive under Lorentz boosts. Interestingly,
this feature occurs in general Y[su(n)]-invariant S-matrices. In the context of spin
chains this hints on the existence of a lattice generalization of the continuous Lorentz
symmetry, see [34] and [35] for the construction of discrete Lorentz boost operators.
In fact, this feature of the two-particle S-matrix can be understood directly on the
basis of the Yangian by an argument given in [11]. The level-1 constraint (5.19) for
a general level-0 generator J and level-1 generator J and equal sets of rapidities is
given by

[Aj, 812} == (ulJ & 1 -}-Ugl & J) 812 — Slg (UQJ & 1 +u11 & J) + [J & J, Slg] =0.
(5.47)

Here J®J shall represent the bilocal term in (4.5). This constraint can be rearranged
using the level-0 constraint (5.18)

[J®14+1®J,S12]=0 (5.48)
as
— [Ulgl & J, 812] + [J X J, 812] =0. (549)

Thus the rapidity-dependence of the two-particle S-matrix is governed by an equa-
tion that contains only the relative rapidity. This implies Syo(ui, us) = Sia(u12).
For factorized m-particle Y[su(n)]-invariant S-matrices this implies their invariance
under uniform rapidity shifts.

Furthermore, we showed that the resulting Y[su(n)]-invariant three-particle S-
matrix Sio3 factorizes into three two-particle S-matrices consistently. There are
similar relations for the factorization of S-matrices describing the scattering of more
than three particles. For example a four-particle scattering process factorizes into
one three—;oarticle and three two-particle scattering events. Note that the operators
Ilé%,...,ngg) correspond to the coefficients in the asymptotic Bethe ansatz of su(n)
spin chain models of the form (2.30) and factorize similar to the coefficients of the
Heisenberg spin chain, see section 2.2.

In the following two chapters we perform the analysis of the constraints (4.18)
and (4.19) for the Yangians corresponding to the Lie superalgebras su(1]1) and
su(2)2) x R2.
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Chapter 6

Y[su(1|1)]-Invariant S-Matrices

We now turn to the Yangian corresponding to su(1]1). Its discussion is a good
intermediate step before the investigation of su(2[2) x R? since it only contains a
single boson and a single fermion in its fundamental representation. Furthermore,
it allows for a dynamic representation. We begin this chapter with a review on
this algebra and the corresponding Yangian in section 6.1. We develop the explicit
constraints on S-matrices in a theory with Y[su(1|1)] as the particles’ symmetry
algebra. In section 6.2 we analyse the solution of the Yangian constraints for the
undynamic representation of this algebra. In 6.3 we do so for the dynamic case. We
focus on the two-particle and three-particle S-matrix and analyse the results with
respect to consistent factorization.

6.1 The Algebra Y([su(1|1)] and its Fundamental
Representation

Generators of su(1]|1) and the Fundamental Representation

Let us briefly review the Lie superalgebra su(1|1) on the basis of [14]. It consists of
the supersymmetry generators £ and &, the outer automorphism 28 and the central
charge €. These generators satisfy the commutation relations

(2,6} =¢, [B,9=-29 [B 6]=+26. (6.1)

The remaining Lie brackets vanish. The fundamental representation p of this algebra
consists of one bosonic state |¢) and one fermionic state [¢)). The generators of
su(1|1) act on these single-particle states as

Q6) = qlv), Q) =0,

&¢) =0, Sly) =<l9),

Blo)=(b+1)]¢), Bl = (-1,

¢lg) = clo), ¢ ) = c ) (6.2)

with parameters b, ¢ and ¢. In the notation we used in the previous chapter for the
Y[su(n)] generators we may write the generators in the fundamental representation

!Note that we drop p from now on. It indicated whenever we used the operators in the funda-
mental representation. In the following it will be clear whether we use the generators as general
objects spanning the Yangian algebra or as operators acting on a state.
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as

Q=qp) 9, & = £10) (],
B=0b+1)[0) (0l + -1 [) W], T=c|o) (| +clv) (V] (6.3)
The central charge € is proportional to the identity operator 1 = |¢) (¢| + [1) (¥].

Coproduct Structure of Y[su(1|1)]

The generators Q, &, B, € are the level-0 generators of the Yangian algebra
Y[su(1|1)]. Their action in the evaluation representation is given by (6.2). The

level-1 generators J are denoted by 9, &, B, ¢ and act on single-particle states
as [14]

T, u) = iud |p,u) T |o,u) = wud |1, u) (6.4)

with rapidity u and level-0 generator J corresponding to J.

In order to evaluate the level-0 constraint of the two- and three-particle S-matrix,
we need the action of the level-0 generators on two and three particles which is given
by the coproduct

AQ=Qe1+(-1)eQ, A6=6c1+(-1)"26,
AB=BR1+13, AC=C®1+1®C. (6.5)

Their generalization on length 3 is listed in the appendix in equation (C.1). Here,
one has to take into account the fermionic nature of the generators Q and &. It
results in factors (—1)¥ whenever they pass through a particle. For bosonic particles
we have F' = 0 and for fermionic particles F' =1, i.e.

=D ley =+18) (D" ) = —1v). (6.6)
This operator ensures the correct statistics of the fermionic and bosonic particles.
The coproduct structure of the level-1 generators can be obtained from Table 2
from [11] which shows the coproduct of the level-1 generators of su(2[2). su(1|1) is a
subalgebra of su(2|2) that only contains one boson and one fermion rather than two.
By setting all indices a, b, o, 8 to 1 instead of 1, 2 and including the supersymmetric
grading, we conclude

AQ=9e1+(-1)ea+iaee-L(-1)feaq,
AG=621+(-1)fe6-l6ec+i-1)cee,
AB=BR1+1038-(-1)'6en—-(-1)'as6,
AC=C®R1+1RC. (6.7)

For the action on states including more particles this can be easily generalized.
We present the results on length 3 in equation (C.2). With these relations we can
explicitly use (4.18) and (4.19) to constrain the S-matrix. We will do this analysis
in the following sections.

As discussed above, this algebra is particularly relevant in the g = su(1|2) sub-
sector of the psu(2,2]4) spin chain of N' =4 SYM. The sites of this supersymmetric
spin chain are either in one of the two bosonic states Z and ¢ or in the fermionic
state ¢. By choosing Z as vacuum there are two excited states corresponding to the
states |¢) , |¢) of the fundamental representation of su(1|1) discussed above. Thus
the algebra su(1|1) assumes the role of the residual algebra g, discussed in section
3.2.
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6.2 Undynamic Y|su(1|l)]-Invariant S-Matrices

As already indicated in chapter 1, the algebra su(1|1) can be discussed both in its
dynamical and undynamical representation. Let us first study the implications of
demanding Yangian invariance for an undynamic representation of Y[su(1|1)], i.e. it
does not depend on the rapidities of the particles and the parameters ¢, g, b in (6.2)
are constants. This is relevant for conventional spin chain models. For convenience,
we normalize the algebra such that

c=1 (6.8)

which also corresponds to the conventions in [14]. Since ¢ is only an unphysical
scaling factor between the bosonic and fermionic particle we set it to ¢ = 1 for con-
venience. This set-up corresponds to models whose particles’ dynamics is governed
by a Hamiltonian that is invariant under the external symmetry algebra su(1]1).

6.2.1 Two-Particle S-Matrix

Now let us turn to the analysis of the level-0 constraint for a two-particle S-matrix.
It is the map

S12(u1,2;012) + (11)ey © (11, = (1), @ (1[1)uy (6.9)

with different sets of incoming and outgoing rapidities satisfying u; > us and v; < vs.
They are constrained by momentum conservation which is

p(ur) + pluz) = p(v1) + p(v2). (6.10)

In order to evaluate this constraint explicitly one has to assume a concrete depen-
dency between the momentum and rapidity, i.e. p = p(u). This relation characterizes
the specific model under consideration.

Solution of the Level-0 Constraints

We start analysing explicitly the constraint (4.18) using the coproduct structure
(6.5) of the Y[su(1|1)] Yangian generators. We performed the explicit evaluation of
these constraints using the program Mathematica. We show some important aspects
of the implementation in the appendix D and discuss the results in this chapter.

Since the central charge € corresponds to the identity operator of the representa-
tion, the constraint [A€, Sj5] = 0 puts no restriction on Sy. The level-0 constraint
for the generator B restricts the S-matrix to keep the number of bosons and fermions
constant, i.e. the S-matrix simply permutes the particles?

SlZ(Uia Ui) ‘¢> U1; ¢7 /02> = A12 ‘¢7 U1s ¢> U2> )

S12(ui, v3) @, V159, v9) = Big [th, ur; ¢, uz) + Cra |d, ur; 9, ug)

S12(ts, v;) |1, v15 ¢, v2) = Dig|d, ur; ¥, ug) + Era |1, ur; ¢, uz) ,

SlZ(Uia Ui) Wﬂfls Y, U2> = Fiy W>U1; Y, U2> (6-11)
2In the following we will neglect the indication in and out on the multi-particle states that

were introduced in (3.12) and (3.13). Nevertheless, we will keep in mind that the S-matrix maps
between states of ordered rapidities.
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with unknown coefficients Ais, ..., F132. Demanding the invariance of Si5 under AQ
and AG sets four of the Ajq, ..., F15 in relation to the remaining two coefficients.
Choosing Ay and Fio as free coefficients yields

1
Bys = Dig = = (A1p — F1), Cia = E9 = B (A12 + Fi2) . (6.12)

1
2
Thus, after imposing the level-O constraint there remain two degrees of freedom
which are manifested in the free coefficients Ay and Fjs. This corresponds to
the existence of two Casimirs of length 2 for the algebra su(1]1), see [14] for their
construction.

Solution of the Level-1 Constraint

Let us move on to the level-1 constraint (4.19) corresponding to éﬁ, ‘B, 9 and &
with coproduct structure given in (6.7). Imposing [AQ, S12] = 0 reduces the degrees
of freedom by relating the coefficients A5 and F5 via

i—u12
F12:A12. .
7 — V19

(6.13)

Thus there only remains an unknown overall factor in the S-matrix. The level-1
constraint imposed by A€ demands the conservation of the sum of rapidities for the
incoming and outgoing state, i.e.

V1 + Vg = Uy + Us. (614)

These rapidities are further constrained by the Yangian generator B whose associ-
ated level-1 constraint only allows for the two solutions

(1) U1 = Uy, V2 = Uz
(2) v =ug, v2=u, (6.15)

i.e. an undynamic-Y [su(1|1)]-invariant operator restricts two-particle processes to
not change the set of rapidities. Note that in the discussion of Y [su(n)]-invariants
of length 2 we also obtained two solutions and their interpretation is analogous as
we will see in the following.

The first solution in (6.15) corresponds to the invariant operator

Tho o |15 P2) (D13 D2| + D15 02) (D1 02| + |15 P2) (U1 Pa| + [th1; 909) <¢1;”¢2(’7 )
6.16

where |¢1) 1= |p,u;) etc. Tt is the identity map on two sites, i.e.
Il?<u17u2) : (1’1>u1 &® (1’1)u2 - (1’1)1“ ® (1’1)102' (617)

Thus this operator does not correspond to the S-matrix we are looking for since the
incoming state and outgoing state coincide.

In the second solution, the rapidities are in the reverse order after the application
of the corresponding operator and thus it yields the S-matrix. It permutes the
subspaces of the two particles?

S1a(ur2) = (1w, @ (H1)uy = (11w @ (11 ) (6.18)

3In fact, the S-matrix is often defined as an operator permuting the one-particle Hilbert spaces.
Since we want to check whether imposing its invariance under a specific Yangian restricts the
S-matrix in such a way that it preserves the sets of momenta, we do not demand this here. It
naturally follows from the Yangian invariance of the S-matrix.
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Its coefficients in (6.11) are given by

T4 u u
0 12 0 12
A1z = =51500; s Ovp s ———— Bz = =S150u uz0vp0
1 — U2 1 — Uiz
i U
o 0 12
Cra = —57200; upOvg s~ D1z = =510, 45 0vp0 ——
17— U9 1 — Ui2
Eis = —S%8,, 0.0 ! Fiy = =S50, 1,0 6.19
12 = 7912%1,u2 vz,ulﬁv 12 = 7P12%1,u2%2,u1 - ( ) )
— U2

They only depend on the differences of the incoming rapidities. The invariance
under & does not impose further constraints. This S-matrix satisfies the qYBE
given by the second equality in (5.45). This was checked by explicit calculation.

6.2.2 Three-Particle S-Matrix

Let us move on to the Y[su(1]|1)]-invariant three-particle S-matrix for undynamic
representations. It is the map

S123(t1,2:3;v1.2,3) * (1w, @ (11w, @ (11)0g = (11w, © (1), © (1[1)w;  (6.20)

with w; > us > us and v; < vy < vs.

Solution of the Level-0 Constraint

Similar to the 2 — 2 scattering case, the level-0 constraint for € is automatically
satisfied for all possible Sia3 since A2¢€ is proportional to the identity map on length
3. Moreover, demanding [A?9B, S;93] = 0 restricts the S-matrix to keep the number
of bosonic and fermionic particles constant, i.e.

S123 |@10203) = A1a3 |P3d26h1)

S123 |10213) = Biag [30201) + Chag |d310201) + Dias |p3dathr)

S123 |019203) = E193 |@312¢1) + Fios |p3dath1) + Glag [sdaen)

S123 [V1d23) = Hiaz |d3dath1) + Koz |d3tha1) + Lios [3¢an)

S123 [190a¢3) = Mg |p31hath1) + Niag [P03¢211) + Ora3 [13tb26h1)

S123 [V102v3) = Plag [Y3¢201) + Q123 [V302¢1) + Rizs [d310211)

S123 [@192103) = Tho3 |W3thagr) + Utas [3¢at01) + Vigs |d3that)n)

S123 [1909103) = Wiaz [th31)911) (6.21)

with 20 unknown coefficients Ajag, ..., Wia3. These are constrained by imposing the
invariance of S;o3 under Q and &. We obtain

~ ~— ~— ~— ~— ~—

Dia3 = A1g3 — Biag — Chas, Gz = Aja3 — Fia3 — Fios,

Hyz3 = Bias + Ciaz — Fias, K93 = Aja3 — Cla3 — Fias,

L1235 = —Biag + Ei23 + Fias, Nig3 = —Biag — Cloz + 2F193 — M3,
O123 = —A123 + Claz + 2193 + M3, Pro3 = —Biaz + E123 + Mo,

Q123 = —Biag + Fiaz — M3,

Rio3 = Aja3 — Biag — 2C193 — Eia3 + Flaz — M3,

Th93 = Cla3 — Fiaz + M3,

Uioz = Aja3 — Biag — Clas — Eias — Mg,  Vigs = Eia3 — Flaz + Mias,

Wieg = —Aiaz + Biag + 2C193 + 2E193 — 2F193 + 3M23. (6.22)
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Thus, there remain six free coefficients A123, Blgg, 0123, E123, F123, M123 and we con-
clude that there exist six Casimirs for length 3.
Solution of the Level-1 Constraint

The general form of the su(1|1)-invariant Syo3 given in (6.21) and (6.22) gets further
constrained by demanding its invariance under the level-1 generators of Y[su(1|1)].
A vanishing commutator of Sio3 with A2¢ implies the conservation of the sum of
rapidities

V1 + Vg + U3 = Uy + Ug + U3. (623)

The constraint imposed by £ results in the relations

i—vl—l—uQ 2@-1)13
E123 - A123 . - 1237 9
7 — V12 7 — V19
Uus — Vs 21 — V13
Fio3 = Aqgs~ + (Biaz + Chag) ——,
7 — V12 1 — V12
Uz — U3 i—U2+U3 Uz — U3
Mgs = Aqas~ + (Biaz + Chog)———— — Clas~ (6.24)
1 — V12 1 — V12 1 — V19

such that there remain three free coefficients Ajo3, Bio3, C1o3. From the combined
constraints of vanishing commutators of Si93 with A28 and A2G we obtain a set
of 35 equations that constrain the free coefficients and rapidities. Unfortunately, we
were not able to solve these for general b using Mathematica. The kernel was quit
during the evaluation, most likely due to an insufficient internal memory capacity
(16GB). Nevertheless, calculating the result for different values of bsuch asb =0, 1,2
suggests that the solutions are independent of b, similar to the two-particle case. We
obtain a set of six solutions with equal sets of incoming and outgoing rapidities

(1) vy =wuy, vg=1uy, v3=us, Biogg==Cla3=0
u
(2)  wvi=wy, va=1us, v3=1uz, Bz =0, Crog = Ajos- 2
(3 —I— U923
(3) U1 = Uz, V2 = U1, U3 = U3, Biaz = Ci23 =0
U12U13
4 Ul = Ug, V2 =Us, U3 =U1, Doz = Aja3— - ;
( ) (Z +U12)(2+U13)
113
Choz = Aoz — :
123 123 (i F un)(i + )
U3
5 Ul = U3, V2 =W, V3 =Uz, Doz =0, Cloz3 = Ajos3-——
( ) (Z + U23)
U12U13
6 V1 = U3, Vg = Uy, V3 =1uUj, DBigz=A : - ,
(6) 1 3, U2 2, U3 1 123 123 (i tn) (i + 1)
iulg
Clog = Ajos— - . 6.25
(Z+U12)(Z+U13) ( )

Once more, the number of solutions is the same as in the discussion of Y [su(n)]-
invariant S-matrices. Similarly, the solutions (1),...,(5) are scattering processes
which do not respect the ordering of rapidities of the real 3—3 S-matrix. Let us
briefly discuss the solutions to see the similarity between the results. The first solu-
tion in (6.25) corresponds to the identity map on three sites, i.e. the particles do not
scatter. The second and third solution correspond to operators that only scatter the
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latter two and first two particles of a three-particle state leaving the other particle
unchanged. In the fourth and fifth solution one particle overtakes the other two
particles. The sixth solution has the correct ordering of rapidities and represents
the real 3—3 S-matrix. Let us present the complete result for the coefficients in

(6.21)

Apps = —S0., (l + U12)(Z: + U13)(Z: + Up3) ’
(1 — w12) (1 — w13) (0 — uss)

iuy3(7 + uss)

(1 — u12) (i — w13) (1 — ua3)’

—1 4 u19( + u13)u93

i — u12) (i — u13) (i — ugs)’
i3 (i + ug3)

(i — w12) (1 — u1z) (1 — ua3)’
0 (4 + wi2)urs

Kizs = —Sros (i — u12) (i — u13) (i — u3)’

U12U13
(i — ui2)(i — uy3)’
i

0
C'123 = _8123

B3 = —Sis (

0
G2z = —Sia3

0
M3 = —Si93

U123 (1 + Usz)
i —u12) (i — u13) (i — ugz)’
i(7 + u12) (7 + ua3)
i — ) (i — u13)(1 — ug3)’
(1 + uig)uss
i — u12) (i — u13) (i — ugs)’
(i + u12)u13Usa3

- _qY
123(

Doz = —Sps (

Fiog = —8923(

0
H123 - S123 (’l - U12)<i . u13)<i _ u23)7
Ligz = =S5 — i+ I.Lu)(i * 1%23)
(1 — u12) (i — w13) (1 — uas3)’
U13

0
Nigz = —5iy3

(Z — Ulg)(i — ulg)’
—1 + Uu(i — U13>U23

O193 = —8(1]23m’ Pios = =Sty (i — u12) (i — u13) (i — ug3)’
Q123 = —S1ys (i = ui:;és " tn)’ Rizs = =Stz (i — ulz?;zj — uy3)’

Tio3 = —Sias = lZSZ(L;B_ )’ Utzs = —Sia3 (i — ulg(l: — Ug3)’

Vies = —8?23@_213), Wigg = —Stas, (6.26)

where we drop the Kronecker deltas 0y, u;00,,us005,4,- This S-matrix is determined
up to an overall factor and factorizes into three two-particle S-matrices of the form
(6.19). This was checked by explicit calculation.

Discussion of the Results

The resulting Y[su(1|1)]-invariant two- and three-particle S-matrices share many
features with the Y[su(n)]-invariant S-matrices that we discussed in the previous
chapter. Let us list important properties of the S-matrices in (6.19) and (6.26):

e They are completely determined up to the dressing factor. In order to obtain
this overall factor, one has to impose unitarity and crossing relations.

e They conserve the set of incoming momenta in a scattering process and thus
automatically ensure momentum conservation.

e They only depend on relative rapidities which can be understood by the dis-
cussion at the end of section 5.3. This feature reflects the boost invariance of
Lorentz-invariant theories and hints on the existence of a quasi-boost for spin
chains.

e The three-particle S-matrix factorizes into three two-particle S-matrices. These
satisfy the qYBE (5.45). Thus, the Yangian Y[su(1|1)] in its undynamic rep-
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resentation implies that multi-particle scattering processes factorize into two-
particle scattering processes consistently.

6.3 Dynamic Y|[su(1|l)]-Invariant S-Matrices

In a specific sector of the planar limit of N’ =4 SYM, a long-range spin chain with
full symmetry algebra su(1|2) and residual symmetry algebra su(1|1) occurs. It
does not only contain nearest-neighbor interactions, but also interactions of a larger
number of neighboring sites. In this model the central charge € corresponds to the
Hamiltonian H via [14]

¢ = €+ AH()) (6.27)

with coupling constant* X. Therefore, the Hamiltonian is a part of the symmetry
algebra in this model, whereas in conventional models the Hamiltonian is invariant
under an external symmetry algebra. Using (6.27) we can interpret the coefficient
¢ as the energy of the spin chain. Since the eigenvalues of the Hamiltonian depend
on the momentum of the magnons moving along the spin chain, ¢ becomes rapidity-
dependent. This makes the representation (6.2) of su(1]1) dynamic. Together with
the hypercharge b this parameter labels the representations of asymptotic states.
The coefficient g only contains unphysical degrees of freedom which correspond to
similarity transformations.

This model motivates the investigation of the implications of imposing dynamic
Yangian constraints on S-matrices. Doing so, we assume that all coefficients of the
su(1]|1) generators become rapidity dependent, i.e. b = b(u), ¢ = c(u), ¢ = q(u).
Then the representation of an asymptotic state is given by

(1) s eun) bun)gCur) @ (U1 ) g cun) bus)a(uz) @ - @ (11w clum) blum)qlum)  (6-28)

and the S-matrix is a map between them. The conventional spin chain discussed in
the previous section can be obtained by putting ¢ = ¢ = 1 and b = const.

6.3.1 Two-Particle S-Matrix

We begin this discussion with an analysis of the dynamic Yangian constraints on a
two-particle S-matrix which is the map

812(,“172; 01,2) . (1|1)v1,c(v1),b(v1),q(v1) & (1|1)v2,c(vg),b(v2),q(v2)
= (LD ur equa)bn)at) @ (UL us c(us) blus)g(ua)-  (6.29)

Solution of the Level-0 Constraint

We analyse the constraint (4.18) using the coproduct structure of the Y[su(1|1)]
Yangian generators in (6.5). The level-0 constraint for the generator € restricts the
two-particle S-matrix Sio to preserve the sum of the individual eigenvalues ¢ of the
incoming and outgoing particles

c(v1) + c(ve) = c(ur) + c(ug). (6.30)

4Note that we used to denote the spectral parameter by the same symbol. Nevertheless, since
we will not refer to the spectral parameter in the following, we use the standard convention here,
i.e. denote the coupling constant by .
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In the interpretation of ¢ as energy, this equation corresponds to the conservation
of energy during a scattering process.

Similar to the undynamic case, the level-0 constraint for the generator B implies
that bosons and fermions in a scattering process get permuted. Thus we can make
the ansatz (6.11) with unknown coefficients Ajs, ..., F1o once more. Moreover, we
find that the sum of the b’s of the individual particles has to be conserved, i.e.

b(v1) + b(vg) = b(uy) + b(us). (6.31)

Demanding the invariance of S5 under AL and AG relates the coefficients in
the ansatz such that there remain two degrees of freedom. Choosing A, and Fi, as
free coefficients yields

By, = A120(U2)Q(U1)Q(U2) - F12C(U2)Q(U1)Q(U2)
(c(ur) + e(u2))q(v2)q(uz) ’
Cry = Arac(ug)q(v1)q(ve) + Frac(vr)q(ur)q(us)
(c(u1) + c(uz))q(vi)gq(uz) 7
Dy — Anac(ur)q(vr)q(va) — Fiac(vr)q(ur)q(us)
el 1 Fueliabutes)
Arac(ur)q(vi)q(vz) + Fiac(vz)q(ur)q(usg
Fe (c(ur) + cua))a(va)a(u) (632

Setting ¢ = ¢ = 1 we encounter the result of the undynamic case (6.12). The re-
maining two degrees of freedom correspond to the existence of two length-2 Casimirs
of the algebra su(1[1) as before, cf. [14].

Solution of the Level-1 Constraint

We proceed with the level-1 constraint (4.19) for the Yangian generators ¢, B, 9
and G whose coproduct is given in (6.7). The level-1 constraint imposed by € implies

vie(vy) + vac(ve) = ure(uy) + usc(us). (6.33)

For a known (energy) dependence ¢ = ¢(u) the equations (6.30) and (6.33) com-
pletely determine the rapidities v; and vy of the outgoing state as functions of the
incoming rapidities u; and us.

The invariance under 9 relates the coefficients Ao and Fiy as

Fio = Ay q(v1)q(v2) e(uy) + c(ug) + 2i(vy — vg)

q(u1)q(uz) e(uy) + c(ug) + 2i(ug — ug) (6.34)

It is convenient to reparameterize the rapidities and central charges as [14]

(e o) clw) = —i(a] —a7)

(i +vi)  clv)=—ily —y;), (6.35)

where 7 = 2% (u;) and 7 = y*(v;). For the su(1|2) sector of N' = 4 SYM these

parameters are connected to the incoming momenta p; and outgoing momenta k;
via

U; =

N o=

V; =

+
+

S Y gk (6.36)
i Yi

8
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In a concrete model with known central charge ¢ = ¢(u), one may explicitly calculate
these functions. For the su(1|2) long-range spin chain of N/ = 4 SYM the new
parameters collectively denoted by x* are related to the model’s coupling constant
A by

A A
Tt - — =i 6.37
x4 el ==t (6.37)
For the undynamic case with ¢ = 1 we have
rF =u L yr = £ L. (6.38)

Rearranging the result (6.34) using the parametrization (6.35) yields

- F
Fpy = _A12Q(U1)CI(U2) Ty — Xy

- 6.39
a(o)a(vs) v — v (6:39)
and thus we obtain for the coefficients of S5 in (6.11)
+ —
Y2 —
Ay = SO D ——
v 1292 - ?J;r
By, — g0, 40u) —(@F — 2 (w5 — o) + (w8 —y)(s —vs)
q(v2) (v — i) (ot +a3 — a7 —a3) ’
Cyy — 50, Q2) H(ad — w0 (@d — o) + (v — v )Y —ve)
2 q(v2) (y2 —yi) (@] +a3 —ay —x3) ’
Dy, — g0, 02) ~(et —o)(es —ay) + (o1 — w0 (s —ur)
Pq(v) (y2 —yi) (@] +a3 —ay —3) ’
By, — g0 200) £(5 — o) —23) + (u —yi)(s — i)
Zq(v) (y2 —yi) (@] +a3 — 2y —x3) ’
- _ .t
Fpy = S?ZQ(Ul)Q(Uz) Ty — Tg (6.40)

q(v1)q(v2) o — i

Here we chose a specific parametrization of A, with respect to the unknown overall
factor S%,.

The constraints from vanishing commutators of S5 with AB and AS yield a
set of four solutions. The trivial solution is

Uy = U1 U9 = V2 (641)

which does not correspond to an S-matrix since the associated operator maps like
the identity matrix (6.16) on two sites with

VAT (1|1)u1761,b1ﬂ1 ® <1|1>u2,62,b27¢I2 — (1|1)u1761,b1,¢h ® (1|1)u2,c2,b27Q2 (642)

and ¢; := c(u;), b; == b(u;), g := q(u;).
The second solution is given by

U1 = U9 Ug = V1. (643)
Thus, the corresponding operator maps as

812 : (1|1)u2702,b2,fI2 ® (1’1>u1,617b1,¢h - (1|1)u1701,b1,lI1 ® (1’1>u2,027b2,qy (644>
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i.e. it permutes the Hilbert spaces of the two particles. For u; > us this solution is
the 2—2 S-matrix which preserves the set of rapidities. Substituting this result into
(6.40) gives the two-particle S-matrix (6.11) with coefficients

+ — + +
Ty — Ty 0 Ty — Ty
Ay =S 60, 0,0 e Bia = S750u; 1,0 —_
12Y%u1,v2%ug,v1 T = 12 u1,v2%ug,v1 T —
27 u1,v2 21x1_$§r7 12%u1,v2 21x1_x2+7
+ — — —
0 Q2 T1 — Xy 0 Ly — Lo
Cip = 8126u1,v25u2,v17_77 Dy = 8125u1,v26u27’01—7’
¥ ¥
1Ty — T Ty — Lo
Jr —
41 Ty — Ty
By = S(1)25u1,v25u2,111 ;Wa Fip = _8(1)26u1,v251t27v1' (645)
241 T 42

This is the well-known S-matrix of the su(1|2) sector, cf. [14]. It satisfies the YBE
given by the second equality in (5.45) which we checked by direct computation. For
¢ = q = 1 this result simplifies to (6.19).

There are further solutions for which the set of rapidities in the incoming and
outgoing state do not coincide. We obtain the two sets

V1 + Vg = Uy + Uz

vy — vy = £ (c(ur) — c(ug))

v1b(v1) 4 vab(va) = urb(uy) + ugb(us) (6.46)
which only differ by a sign in the second equality. The last equation ensures the

constraint [AB,S15] = 0. For the long-range su(1]2) spin chain of A" = 4 SYM the
first two constraints ensure momentum conservation which can be phrased as

Gilpr+p) _ ilki+ka) c(u) — 2iuy c(ug) — 2iuy  c(vy) — 2ivy ¢(vg) — 2ivy

= 4
c(ur) + 2iuy c(ug) + 2iuy  c(vy) + 2ivy c(vg) + 2ivg (6.47)

using (6.36).

Note that the two solutions in (6.46) correspond to the two physical situations
vy > vg and v; < vy. The latter represents a scattering process. For a known
dependence ¢ = ¢(u) one can identify the solution corresponding to the S-matrix.
For ¢ = 1 the second equation reduces to

V1 = V2 = U1 = U2 (648)

which is an unphysical constraint for a scattering process. Therefore, we did not
discuss this solution of the Yangian constraints in the previous section. Nevertheless,
one can understand the solutions in (6.46) as deformations of this trivial case.

The first equation together with (6.30) and (6.33) puts strong constraints on the
outgoing rapidities vy, v, of a scattering process. In fact, if ¢ = ¢(u) can be expanded
in a power series in u these three equations are only solved by vy, vy € {uy,us}. Then
(6.46) can be discarded since it does not enlarge the set of solutions but corresponds
to a further constrained version of the original solutions (6.41) and (6.43).

6.3.2 Three-Particle S-Matrix

We now turn to the discussion of the 3—3 scattering process described by the S-
matrix Syo3. It acts on the Hilbert space (6.28) for m = 3 as

8123(uz’§ Uz‘) : (1|1)U1,C(v1),b(v1),q(v1) & (1’1>v2,0(v2),b(v2),q(v2) ® (1|1)v370(v3)7b(v3),q(v3)

= (D) wre(un) bun),a(un) @ (L1 e(us) bluz) aua) @ (11)ug c(us) blus) a(us)-
(6.49)
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Solution of the Level-0 Constraint

Similar to the level-0 constraint for the two-particle S-matrix, a vanishing commu-
tator of Sia5 with A%¢ demands that

c(vy) + c(va) + c(v3) = c(uy) + c(uz) + c(us). (6.50)

This implies energy conservation for the su(1]2) sector of N'=4 SYM.

Demanding the level-0 constraint for B restricts the S-matrix to only permute the
bosons and fermions, i.e. we can make the same ansatz (6.21) as for the undynamic
case. It has 20 unknown coefficients Ajagz, ..., Wis3. Furthermore, the sum of the
hypercharges has to be conserved

The two remaining level-0 constraints with £ and & set 14 of the coefficients in
relation to the remaining 6. Putting ¢ = ¢ = 1 reduces the result to the undynamic
solution (6.22). Thus we find that the algebra su(1]1) allows for six Casimirs of
length 3.

Solution of the Level-1 Constraint

Let us move on to the solution of the level-1 constraints of Y[su(1|1)]. The constraint
[AQQ:, 8123] =0 1mphes

v1c(v1) + vac(va) + v3c(vs) = ure(uy) + uge(ug) + uzc(ug). (6.52)

Unfortunately, obtaining the solution to the remaining constraints [A29,S103] =
[AQQ, Sie3] = [AQé, S123] = 0 was beyond our computational power. These con-
straints are given by 35 equations restricting the six free coefficients and rapidities
12,3 directly and indirectly via the functions ¢ = ¢(u),b = b(u),q = g(u). Solving
this set of equations for the undynamic case with ¢ = ¢ = 1 and b = 0, 1,2 using
Mathematica took several minutes. For the general case we could find no solutions
because the internal capacity of the computer was insufficient such that the evalua-
tion aborted after two weeks. Therefore, we restrict the following discussion to the
question whether the remaining constraints allow for a 3—3 S-matrix that preserves
the set of rapidities with

U1 = Us, Vg = U2, V3 = Uq. (653)

The constraint [A?B,S1p3] = 0 imposes a relation on five of the remaining six
coefficients such that the whole S-matrix is determined up to an overall factor. This
result does not get further constrained by imposing [A29, S1a3] = [A2S, Sy93] = 0.
Using Mathematica we checked that the resulting matrix factorizes into three two-
particle S-matrices.

Discussion of Results

Let us summarize the results of this section:

o We completely determined the two-particle Y [su(1]|1)]-invariant and rapidity-
conserving S-matrix (6.40) up to the dressing factor. This overall factor cannot
be obtained by imposing its invariance under a Yangian.
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o We also found additional solutions which only preserve the sum of rapidities.
Together with the constraints from an invariance under € and @, this imposes
strong constraints on the outgoing rapidities of a scattering process. For phys-
ical models that allow for a power series of ¢ = ¢(u) in u these are only solved
for conserved rapidities, i.e. there are no additional solutions. Thus we redis-
covered the conservation of rapidities which is a common feature of integrable
models.

e The two-particle S-matrix satisfies the qYBE.

e The Yangian constraints on length 3 together with the assumption of conserved
rapidities completely determine the three-particle S-matrix. It factorizes into
the two-particle S-matrices that preserve the rapidities and satisfy the qYBE,
i.e. it factorizes consistently.

» We could not answer the question whether the Yangian constraints on length 3
are only solved by an S-matrix which preserves the set of rapidities or whether
there exist further solutions.

e The resulting S-matrices do not depend on relative rapidities only. We can
understand this feature from the discussion at the end of chapter 5. In the
dynamic representation of the Yangian, the generators J in (5.49) become
rapidity-dependent and thus the rapidity-dependence of S;5 is governed by an
equation that depends on the absolute value of both incoming rapidities u; and
ug. This implies that such a model does not correspond to a Lorentz-invariant
theory.

e By putting ¢ = ¢ = 1 and b = const., we were able to obtain the S-matrices
that we calculated in the last section and which are invariant under the undy-
namical Yangian Y [su(1[1)].

Note that the dynamic level-0 and level-1 Yangian constraints of the generators
¢ and € form local rapidity-dependent constraints on the S-matrix. It could be
interesting to check whether the higher levels of this central charge also have local
coproducts. Then the Yangian would allow for an infinite tower of local conserved
charges and would thus imply particle number and rapidity conservation, as well
as factorization of scattering directly via the arguments given in section 3.4. This
would unite the approach to integrability via conserved local charges and via the
conservation of a Yangian for the corresponding models.
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Chapter 7

Y [su(2|2)]-Invariant S-Matrices

In this chapter, we analyse the Yangian constraints on S-matrices for Y[su(2]2)] and
Y[su(2|2) x R?], respectively. We already gave a brief review of its importance in
the context of the AdS/CFT correspondence in the introductory chapter 1. Due
to the existence of two bosonic and two fermionic particles in its fundamental rep-
resentation and the possibility of length-changing generators, this algebra is more
advanced than su(1]1). In section 7.1 we begin with a review on the algebra su(2|2)
and its central extension. Doing so, we discuss two realizations in physical models
and thus motivate the subsequent analysis of both the undynamic and dynamic rep-
resentation of this algebra. In sections 7.2 and 7.3 we perform the explicit analysis
for two- and three-particle S-matrices and investigate whether the results allow for
consistent factorization. As above, we concentrate here on the discussion of the
results and comment on a possible implementation in Mathematica in the appendix

D.

7.1 The Algebra su(2|2)xR?* and its Representa-
tions

Generators of su(2[2) x R? and the Fundamental Representation

We begin this chapter with a discussion of the Lie superalgebra su(2|2) on the basis
of [11,36]. It consists of the su(2)xsu(2) generators Ry and £3, the supersymmetry
generators Qp, &% and the central charge €. Note that we use Latin indices a, b, c, ...
to denote bosonic degrees of freedom and Greek indices «, 3,7, ... for fermionic
degrees of freedom. These generators satisfy the commutation relations

Ry, Ral = RG — 039y, €5, £5] = 6585 — 65 L5,

(935, Q4] = —03Q) + 30,94, £, Q4] = +6397 — 50590,

(9%, &5] = +6,65 — 30, &5, [£5, 65] = —0565 + 30565,

{Qy, 65} = 0, £5 + d5NR; + 0,05 €. (7.1)

The remaining Lie brackets vanish. It will become obvious in the following that one
has to extend this algebra by two central charges 18 and K in order to obtain the cor-
rect S-matrix for the planar limit of A" = 4 SYM. These modify the anticommutators
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as

195,94} =B
{64, 65} = e%epsR. (7.2)
Demanding that 8 and K annihilate physical states constrains the eigenvalues of
these operators and guarantees that the physical result is compatible with an s1(2|2)
invariance of the model.
The fundamental representation of this algebra contains two bosonic states |¢®)

and two fermionic states [¢%) with a,a = 1,2. The su(2) generators Ry and £5 act
analogously to (5.4) as

Ny |6) = 05 |¢%) — 516°)
L5 [Y7) = 6310%) — 5197). (7.3)
Note that we continue not to indicate that we use the operators in the fundamental

representation p. In this representation the supersymmetry generators transform
bosons into fermions and vice versa with coefficients a, b, ¢, d as

Q5 [¢") = a 5, [v°), Q5 [¢7) = b eew @)
&y l¢") = ce®eap¥f),  GLIYT) =d 87 ¢"). (7.4)

Via the anticommutation relations (7.2), the eigenvalues P and K of the central
charges 3 and R are given by

P = ab, K = cd. (7.5)
The anticommutator {Q%, &5} in (7.1) demands that the eigenvalue C of € is
C = 3(ad + bc) (7.6)

and that the coefficients a, b, ¢, d satisfy
ad — bc = 1. (7.7)

Realization of su(2|2) in the su(2|3) sector of N'=4 SYM

In the su(2|3) sector of N' = 4 SYM the algebra su(2|2) appears as residual symmetry
algebra g, of the excitations of the spin chain. Interestingly, there are multi-particle
states such as |pl'¢?¢%) and [)[')?)) which have the same quantum numbers and
energies but different lengths [25]. This allows for fluctuations which make the length
of the spin chain a dynamical variable. This feature is obvious in another notation
of the fundamental representation discussed in [10] given by

Q710" = a 6, [v"), QF [7) = b ey |9°21)

Gal¢') =ce®easW?27),  GLIYT) =d 571e"). (7.8)
The generators Q% and &% act on fields by insertion and annihilation of vacuum
states. Z7 inserts an additional vacuum site and Z~ deletes one. But this length-

changing can also be captured by using the so-called braiding factor! U, cf. [37,38],
with

|ZEW) = TP (W 2ZH) = YF2|T) . (7.9)

!Note that we denoted the shift operator on spin chains by the same symbol. Since we do not
refer to this quantity any more in the following, there will be no risk of confusion.
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Here W is either ¢ or ¢ and the coefficients b and ¢ are related to b and ¢ via the
eigenvalue U = U(p) of U as

b=bU?% é=cU™ (7.10)

Since the eigenvalue U of U is momentum-dependent, the representation in (7.4)
is also momentum-dependent. Thus this discussion shows the close connection of
length-changing effects and dynamic representations for this model.

If we had not introduced the two extra central charges 8 and R, i.e. for P =
K = 0 on each site, we would have obtained

C =+ (7.11)

using (7.5) and (7.6). In the su(2|3) sector of N'=4 SYM the central charge € is
associated to the energy of the chain [10] and is not quantized as in (7.11). In fact,
due to the additional generators 8 and K this contradiction is resolved. One can
show that the one-magnon energy for non-vanishing eigenvalues P and K at single
sites and vanishing P = K = 0 on the whole cyclic spin chain is given by [10]

c7=:i;Vh-+16a5sn€(g) (7.12)
where v and [ are constants satisfying

ab = ga (1 — eip) cd = g (1 — e_ip) : (7.13)
The product a8 = ¢? corresponds to the square of the coupling constant g of the
model, i.e. (7.11) is true at leading order. This model motivates the discussion

of S-matrices that are invariant under a dynamic representation of the Yangian
Y[su(2|2) x R?]. We discuss these in section 7.3.

Realization of su(2]2) in a Condensed Matter System

In fact, the algebra su(2|2) is also relevant in the context of strongly correlated
electron systems on a one-dimensional lattice, see [39]. In this model each site is
a superposition of four possible electronic states and two of these are fermionic.
There are no length-changing effects such that the undynamic representation with
U = 1 becomes relevant and one may directly put P = K = 0 at each site, i.e.
C = j:%. Thus, there is no need to make the representation (7.4) rapidity-dependent.
The R-matrix of this model corresponds to the Y[su(2|2)]-invariant S-matrix which
motivates the investigation of the undynamic Yangian Y [su(2|2)], see [40]. Since
the symmetry algebra of this model corresponds to the leading order contribution
of the dynamic representation, we will check in the following sections whether the
dynamic S-matrices contain the undynamic results.

Coproduct Structure of Y[su(2|2) x R?|

Now let us move on to the coproduct structure of the Yangian corresponding to
su(2]2) x R?. TIts level-0 generators are the Lie superalgebra generators Ry, £3,
5, 63 and €, as well as the central charges ‘B and K of the central extension.

Their action on single-particle states is given by (7.3) and (7.4) in the evaluation
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representation. The corresponding level-1 generators J are s?%g, Ag, Ag“, A%,@,‘i}

and . Their action on single particles in this representation is given by
T u) = igul|g,u) T |, u) = igul [, u) (7.14)

with rapidity v and J being the level-0 generator that is associated to J.

In order to evaluate explicitly the constraints (4.18) and (4.19), we need the
coproduct structure of the Yangian generators. For the level-0 generators acting on
two sites it is [11]

AC=C®1+1®¢, AR =R @14+ 10 RY,

AP=PR1+UT? P, AL =£501+1® £5,

AR=RR1+U R A, AQY = QY@ 1+ UL @ QF,
AGE=64®1+Us' @& (7.15)

with Up := (=1)F U. 1 is the identity operator of su(2|2) and (—1)¥ is the fermionic
grading operator, i.e.

Llg) = ¢%) . 1) =10, (=D)7|¢") =+[6", (=17 [v*)=—[v").
(7.16)

(—1)F takes care of the correct statistics when anticommuting fermionic particles
and the fermionic operators Qi and &%. The abelian braiding operator ¢ includes
length-changing effects and can be set to 1 for conventional spin chains. The action
on a three-particle state can be obtained from (7.15) by making use of (4.10) and
incorporating all fermionic grading operators (—1)¥ and the braiding factors 2. The
result can be found in the appendix in equation (C.3). The coproduct structure of
the level-1 generators is given by

AC=CR1+1RC+IPUTR- LU 2P,
AP=PR1+UTQP-CUTQP+PRC,
AR=RR1+U? @R+ CUTTRR-RDC,
AR =R7 @1+ 1@ RY + 1912 @ RE — 1075 @ N
— 1S U @ Q] —3Q] U © &Y
+ 30 ST U @ Q) + 100 Q) Uy © &Y,
AL =85@1+10L5 -1 +i8) Ll
+ 500 Up' @ 65 + §65 Ut © QF
— 165 Q0 U © &5 — 105 &5 U @ QF,
AQY =0 @ 1+ U @ QF — 182 U @ Q) + 19] ® £°
IR U QY+ IR — e U 9 Q) + 10 e ¢
+ 3 PUR' @ 65‘5 — 36%ey 65‘5 U? 9P,
AGY =G4 @ 1+Us' ® 65+ 1R Up' ® &5 — 165 o R
+38 U ©6L - 38R L+ 3C U R6E - 165 €
— 1% RUM @ Q)+ 3% QU @ R (7.17)
On a three-particle state they act as shown in eq. (C.4) in the appendix C. The

representation of the Yangian Y'[su(2|2)] without central extension can be obtained
by setting the eigenvalues of 8 and K to 0 and of U to 1.
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su(1]1) as Subalgebra of su(2|2)

Note that the algebra su(2]2) contains su(1|1) as a subalgebra. One can obtain the
su(1|1) generators by setting the bosonic and fermionic indicestoa =b=a=0=1
and |¢) := |¢') and |[¢) := |o!). Then the su(1|1) generators Q and & can be
obtained from Q¢ and &% by putting the representation coefficients in (7.4) to

a =qand d = . The outer automorphism 28 can be obtained from the linear
combination

b—1 b+ 1
1_12$+1_l%} (7.18)

and the central charge € from su(1|1) is given via the combination of su(2|2) gener-
ators of the form

¢+ N+ L. (7.19)

This close connection of both algebras will allow us to derive the Y[su(1|1)]-invariant
S-matrices discussed in the previous chapter from the su(2|2) results.

7.2 Undynamic Y|su(2|2)]-Invariant S-Matrices

In this section we calculate the Y'[su(2|2)]-invariant two- and three-particle S-matrices
for the Yangian in its undynamic representation.

7.2.1 Two-Particle S-Matrix

The two-particle S-matrix is the map between incoming and outgoing two-particle
states that transform under Y [su(2]2)], i.e.

S12(u1,2;012) + (212)0y @ (2[2)0, = (22)u; @ (2[2)u, (7.20)

with different sets of incoming and outgoing rapidities satisfying u; > uy and vy < vs.

Solution of the Level-0 Constraint

The constraint (4.18) for the central charge € does not restrict the form of Sy since
it is an abelian operator. Constraining the S-matrix by demanding a vanishing
commutator with the generators ARy and ALF restricts it to be of the form

Si2 9", v1; ¢b702> = An |¢{a; Uq; <Z5b}, uz) + Bia |¢[a7 Uq; ¢b}, Ug)
+ %0125(1175045 %, g Qﬁfa Ug)
S12 [0, vi; 07, va) = Dia |47, us; 67, uz) + E1z |9, uy; W7, ug)
Si2 [, v15 %, va) = Fiz |, ur; ¢°,ug) + Gz [¢°, ur; ¥, uz)
Sia [V, v1; ¢57U2> = His |Y/J{a, ug; ™, uz) + K1 W[aa ug; 7, Ug)
+ 3L1oe%eay |6%, ur; ¢, ug) (7.21)

with ten unknown coefficients Ao, ..., L15. This ansatz corresponds to the ansatz in
Table 1 of [10] where the rapidities are conserved v; = uy and vy = u;. Demanding
a vanishing commutator of Sj, with AQY implies

By = Hyi, Ci2=0, D= %(Am —Hyy), FEp= %

Kio=A1, Lip=0, Gp= %(Am — Hyy), Fia= %(Am + Hip).  (7.22)
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The resulting S-matrix automatically commutes with AG®. We conclude that the
Yangian level-0 constraints fix the S-matrix up to two degrees of freedom corre-
sponding to two Casimirs of s1(2|2). Note that due to Cj3 = L2 = 0 the S-matrix
permutes the particles in a scattering event. This result is in accordance with the
level-0 result for the su(1|1)-invariant S-matrix given in (6.11) and (6.12). Note that
the construction of the Casimirs from a Killing form k% of the algebra is non-trivial
since it vanishes, see [41].

Solution of the Level-1 Constraint

Let us further constrain the two-particle S-matrix by imposing [Aj ,S12] = 0. For
J = € this constraint is satisfied as long as the sum of rapidities in the incoming
and outgoing state is identical

V1 + Vg = Uy + Us. (723)
From [ASRY, S15] = 0 we obtain a set of two solutions

(1) U1 = U, Vo = Uz, Hig = Aj

1—u12

(2) vi=wug, v2=wu1, Hiz = Ap (7.24)

Z+U12

Here we drop the Kronecker deltas d,, u,0u, 4, a0d 0y; uy0u,0,, respectively, in the
coefficient Hio. Similar to the analogous solutions in the discussion of Y[su(n)] and
Y[su(1]1)], the first solution corresponds to the identity map

Tip o< |35 05) (9% 5] + 165505 ) (05 95 | + [F; ob) (0t @b + |95t 45) <w?;w(§r, |
7.25

where the summation over the indices a, b, a, 8 is implicit. The second solution is
the true 2—2 S-matrix that permutes the Hilbert spaces of the particles as

S12(u12) © (212)u, @ (22)u = (212)u; @ (2[2)us- (7.26)

Its explicit form is given by (7.21) with coefficients

1+ u

A12 = _S[l)Q . 2 - K127 BIQ = 812 - H127 012 = 0 - L127
1 — U2

Dyy = —S(fg& =G, Epp= —8(1)2-# = . (7.27)
i—ulg 17— Uy2

Note that this result is in accordance with the S-matrix of su(1|1) given in (6.11)
and (6.19). It does not get further restricted by the constraints from Sﬁ, Q% and

ég. This two-particle S-matrix satisfies the YBE given by the second equality in
(5.45) which we checked by explicit calculation.

7.2.2 Three-Particle S-Matrix

We proceed with the discussion of the three-particle S-matrix Si3 which is the map
S123(u12,330123) © (2[2)0; ® (212)0, ® (2[2)05 = (2]2)uy @ (2]2)u @ (2]2)ug  (7-28)

with u; > ue > us3 and vy < vy < v3.
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Solution of the Level-0 Constraint

Once more, the constraint [A%€, S193] = 0 is automatically satisfied because the co-
product A%€ is proportional to the identity operator on length 3. The commutators
with the generators Ry and £ restrict the S-matrix to be a linear combination of
70 operators. We do not print this operator here since it is rather lengthy. This
ansatz gets further constrained by the remaining level-0 constraint from Q% and we
are left with ten degrees of freedom. Q% and &2 set the same constraints on Sia3.

Solution of the Level-1 Constraint

By imposing the level-1 constraints of the Yangian corresponding to the Lie super-
algebra su(2|2), we further restrict the form of the coefficients and the outgoing
rapidities vy 3. From [A?€, S1a3] = 0 we find

V1 + v + V3 = Uy + ug + us. (729)

Demanding its invariance under 9?{1‘)‘ further constrains Sis3. As in the previous
discussions of three-particle S-matrices, we obtain six solutions which all have the
same rapidities in the incoming and outgoing state. For the true 3—3 S-matrix the
rapidities in the outgoing state are

U1 = Us, Vg = Usg, V3 = Ujq. (730)

Furthermore, four of the ten free coefficients in Si23 have to vanish and another five
are related to the remaining single degree of freedom. Thus, the resulting S-matrix
is fixed up to an overall factor and permutes the particles in a scattering event. We
checked that it does not get further constrained by the commutation relations with
£ 7z ﬁ;‘“ and ég By comparing the three-particle S-matrix with the product of three
two-particle S-matrices as in the (YBE (5.45), we find that it factorizes.

Discussion of the Results

The S-matrices calculated in this section share the features of the S-matrices that are
invariant under the undynamic Yangian Y[su(1]|1)]. The list of important features
at the end of section 6.2.2 can be inherited. We only enlarge it by the point

e The undynamic Y[su(2|2)]-invariant two- and three-particle S-matrices reduce
to the undynamic Y [su(1]1)]-invariant S-matrices of section 6.3 by restricting
to a single boson and a single fermion.

7.3 Dynamic Y[5u(2]2) x R*-Invariant S-Matrices

We now turn to the analysis of the dynamic Yangian constraints for the two- and
three-particle S-matrix.

7.3.1 Two-Particle S-Matrix

The Y[su(2]2) x R?|-invariant two-particle S-matrix in its dynamic representation is
the map

S12(u1,2,01,2) : (2]2)y,c000),P(01), K1) @ (2]2)03,C(v2), P(v2),K (v2)
= (212)uy,0 ), Pur) K (u1) @ (2]2)un,Clu), Plun) K (uz)  (7-31)



70

with u; > ue and v; < vs.

Solution of the Level-0 Constraint

The level-0 constraints (4.18) for the central charges €, 3 and K impose the following
three relations including their eigenvalues C, P and K:

C(ul) -+ O(Ug) = C(’Ul) + C(’Ug),
P(uy) + P(up)U(up)? = P(vy) + P(v)U(v1)?,
K (uy) K(v9)

K(Ul) + U(u1)2 = K(U1> + U(U1)2.

(7.32)

They constrain the outgoing rapidities v; and vy and can be analysed best by repa-
rameterizing the coefficients a,b, ¢, d in (7.4) via

Q xt iy xt x”
— b= Ja— 1= "= =Jg—, d=g—|1—-"— 7.33
a= /97, \/§7< _>, c=VI Jﬁw< x+> (7.33)
with z% = 2% (u),y = y(u) and #*(u) = z(u =+ ). The parameter v is associated
to a relative rescaling between fermions ¢® and bosons ¢%, while the constant «
corresponds to a rescaling of the vacuum state Z. The condition (7.7) translates to

1 1 1
+ - _

g
and the eigenvalues of the central charges using (7.5) and (7.6) are

1 i -
C=——=+4igz” —igzt, P=ga 1- = ) E=2(1-2). (7.35)
2 T~ o xt

Demanding cocommutativity of the coproduct leads to relations between the braid-
ing factor U and the central charges P and R, see [11]. These are solved if the
eigenvalue U of U satisfies

+
U= (7.36)

o
such that the momentum p and the parameters & satisfy
Jr

== (7.37)

similar to (6.36). In these coordinates the rapidity can be expressed in terms of the

new coordinates LE:E as

1 2t +2~

= 7.38
YT 1 et (7.38)
These relations can be used to reformulate (7.32) for g, a # 0 as
+,.+ +, 4 - - - =
+ 4 - - + + - - T Y192 L1 Lo Y1 Y2
T +Tyg —x) —xy =Y +Yy — Y —Ys, —— = —_, =
' ? ' 2T T L1 Lo Y1 Y2 wizy  yivs

(7.39)
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with 2 = 2% (u;) and yF = 2% (v;). Tt is evident that they are solved by

(1) U1 = Uy, V2 = Uy
(2) V1 = U, V2 = Ujq. (740)

In order to check whether there are further solutions, we use the solution for z* =
x%(u) of (7.34) found by comparison with the discussion in [42] as

4
x(u)zﬂ—i-u J

TRET A (7.41)

Inserting this into (7.39) and expanding in the coupling constant g relates the in-
coming and outgoing rapidities at each order of the expansion. Indeed, we find that
the solutions (7.40) are the only possible solutions of the level-0 constraints imposed
by the central charges. Thus the Yangian constraints corresponding to su(2[2) x R?
imply a conservation of rapidities in two-particle scattering events. The first solu-
tion in (7.40) is associated to the identity map and the second solution corresponds
to the S-matrix we are looking for. Therefore, we concentrate the following analysis
on solution (2).

Analysing the constraints [ARY, S1o] = [ALS, S12] = 0 shows that the S-matrix
has to be of the form given in (7.21), i.e. we continue with the same ansatz as in
the undynamic case. It has ten degrees of freedom. These are reduced by eight
if one demands the S-matrix’ invariance under AQ¢. Unlike in the analysis of
the undynamic Yangian in the previous section, the constraint with AGj removes
another degree of freedom such that the S-matrix is determined up to an overall
factor. It arises since we do not assume P = 0 and K = 0 for each particle anymore.
We obtain for the coefficients in (7.21)

x Ty

0o L1 2

A12 - S12 — F
)

B q0 i —xy . 21—1/x1_ac§rx1_—x2_
2T Py Tl —1/atad et —ay )
1 2 122 T4 2

o0 27172U1 1 r] — Xy
aryxy 1—1/afad a7 — 23’

Jr
lel Lo

12 — )
Uyxi — x5

Y1 Ty — Ty
Fip=9Y 2 ,
2 1272 131 - x;
.
G1s —S?2U1 L2
L1 — T2
Uy
Hyy = —Si’g@,
Ky — 8(1]2[]1 < _21—1/:15{_“:62:95{:—35%)7
Us 1—1/2725 7 — x5

Yy Usy o7 1—1/zy 2y o7 — 23
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This is the well-known result from the literature for the su(2|2) x R*invariant S-
matrix calculated in [10]. We made use of the equivalences (3.5) given in the original
paper and which are in this thesis’ conventions

vy — @y Ty — ¥y
1—1/zyxy  1—1/a5af
of —x7 —af +ay 1 xg —af
e — =
Ty T] — Ty Xy rywyxiry 1 —1/x5x;
1 ryay —2xyxf +ayay xg —xf
Biy/SY, = —1
12/S15 = T F — - 1 —1/050- — +
Lo Xy — Tgdy —1/x5 2 L1 — T
+_ - + .+ Fo= 1 == e
Fyy/S0 ) 1 Ty ] — 20317 + Ty X7 Ty — X7
12/912 — — = - [— J— - .
r] —x9  agr] — w577 1—1/z5 ] r] — a3
(7.43)

Solution of the Level-1 Constraint

The level-0 constraints completely determine the two-particle S-matrix. Thus there
remains the question whether this matrix is also Yangian-invariant. Checking the
level-1 constraints explicitly using the coproduct structure in (7.17) shows that this
matrix is indeed Yangian-symmetric. This was first shown in [11]. By numerical
analysis, i.e. insertion of different real and complex values for z* and ¢, we further-
more checked that the two-particle S-matrix satisfies the qYBE given in (5.45).

It is interesting to check whether S;5 contains the two-particle S-matrix that is
invariant under the undynamic Yangian Y[su(2|2)]. In order to do so, we have to
set all eigenvalues U; of U to 1 and expand the remaining ingredients in (7.42) in
powers of the coupling constant g. Using av = O(g), setting the unphysical degrees
of freedom 7, and 72 to 1 and using (7.41), we checked that (7.42) reduces to (7.27).
Thus, the limit of the dynamic su(2|2) x R?-invariant two-particle S-matrix yields
the Y [su(2]2)]-invariant S-matrix.

7.3.2 Three-Particle S-Matrix

The Y[su(2]|2) x R?]-invariant three-particle S-matrix in its dynamic representation
is the map

S123(Uis i) (2]2)0y,0000),P01). K (01) @ (2]2)00,0(02),P02), K (62) @ (2]2) 03,0 (03), P(03), K (v3)
= (2[2)ur,00),Pur), K (w1) @ (212)uz,Cu2), Plun) Ko (u2) @ (212) iz Cus), Plus), K (us)
(7.44)

with u; > ug > us and v; < vy < vs.

Solution of the Level-0 Constraint

Similar to the two-particle case, the level-0 constraints of the central charges demand

C(ur) + Clug) + Cluz) = C(vy) + C(vg) + C(vs),
P(uy) + P(up)U(u1)? 4 P(us)U (1)U (uz)?
= P(vy) + P(v2)U(v1)? + P(v3)U(v1)*U(vo)?,
K (us) K(v2) K (u3)
U(w)?  U(ur)?Ulus) Uv)?  U(ui)?U(uz)*

(7.45)

B :K(U1)+
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Once more, we analyse these relations in the reparameterized form

af +ay4af —ay —ay —x3 =y Y5 Y5 — Y — Y — U3,

eiayry Yyl Ys T a3 Y Yo Vs (7.46)
- - = o o+ Tt :
Ty Ty Ty Y1 Y2 Ys Ty Ty T3 Y1 Y2 Y3

Obviously, they are solved if the outgoing rapidities correspond to the incoming
rapidities. Out of six possibilities only

V1 = Uus, Vg = U2, V3 = Uy (747)

corresponds to a true 3—3 scattering process. In order to check whether there exist
more solutions, we use (7.41) and expand in g. The first three orders restrict the
outgoing rapidities to be equal to the incoming rapidities. Thus, the level-0 Yangian
constraints corresponding to the central charges again imply the conservation of
rapidities.

Demanding vanishing commutators [A*Ry, Sip3] and [A%LY, Syp3] restricts the
three-particle S-matrix Sqo3 to be of the same form as in the discussion of the un-
dynamic Yangian constraints in the previous section. We do not present this ansatz
here since it contains 70 terms. The corresponding 70 degrees of freedom get re-
duced by the level-0 constraint with Q%. It restricts 60 coefficients to depend on
the remaining ten. The commutator with A?G? further constrains these. Since the
equations turned out to be very long and could not be evaluated analytically via
Mathematica due to an insufficient memory capacity, we evaluated the results nu-
merically for different values of the 2% and g. Doing so, we found that there remain
two degrees of freedom after imposing the level-O constrains on the S-matrix. This
is in contrast to the undynamic case where &% puts no further constraints on Sia3,
i.e. there remained ten degrees of freedoms. Thus, similar to the two-particle case,
we find that the dynamic representation of the Yangian Y[su(2]2) x R?] is more
restrictive than the undynamic representation of Y[su(2|2)]. Note that the number
of degrees of freedom for the dynamic case corresponds to the expectations from the
discussion of the representation theory of this algebra, see [36,43]. Here it is shown
that the tensor product of three one-particle states denoted by (m = 0,n =0, é)
with su(2) x su(2) Dynkin labels m and n and eigenvalues C' = (C, P, K) of the
central charges decomposes as

<07 07 C_;l> X <Oa 07 C_;2> & <07 Oa C_:3> = {17 O, C_;l + C_;2 + C_:3} S5 {Oa 17 C_;l + C_;Q + 6_;3}
(7.48)

The bracket (..) denotes a state from a long multiplet and {..} from a short multiplet
with C? — PK = 1(n+m+ 1)2.

Solution of the Level-1 Constraint

Since we found the three-particle su(2|2) x R%invariant S-matrix only numerically,
we proceed with a numerical analysis of the level-1 constraints of Y [su(2]2) x R?.
The constraints imposed by the central charges ¢, R and ‘B put no further con-
straints on the S-matrix. By contrast, the remaining constraints [A? %b, Sia3] =
[A2£9, S193] = [A29f, S123] = [A2E9, S123] = 0 are only fulfilled if the two remain-
ing free coefficients are related to each other. This relation is the same for all the
commutators such that we are left with a three-particle S-matrix that is determined
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up to an overall factor. We compared our numerical result with the product of
the three two-particle S-matrices in the qYBE and the equality of both expressions
confirms that the three-particle S-matrix factorizes.

Discussion of the Results

Let us summarize the results of this section:

e From the level-0 Yangian constraints imposed by the central charges we found
that the outgoing rapidities in two- and three-particle scattering processes
correspond to the incoming rapidities.

» We determined the two-particle Y[su(2[2) x R?]-invariant S-matrix (7.21) with
coefficients (7.42) up to the dressing factor. A discussion of this dressing factor
can be found in [33].

e The two-particle S-matrix satisfies the qYBE which we checked numerically.

o We validated that su(2|2) x R%invariance fixes the three-particle S-matrix
up to two degrees of freedom. The level-1 generators corresponding to the
Yangian algebra that is associated to this algebra further restricts the S-matrix
such that it is fixed up to an overall factor. The resulting matrix factorizes
consistently into two-particle S-matrices. This analysis was done numerically.

o The resulting S-matrices do not depend on relative rapidities only. Assuming a
conserved set of rapidities, this feature can be conjectured from the discussion
at the end of chapter 5 and 6.3.



Chapter 8

Summary and Outlook

Exploiting symmetries simplifies calculations all over physics. In this thesis we
focused on symmetries in quantum integrable models and explored their connection
to factorization of scattering. First, we discussed a version of the proof in [3] which
reveals that factorized scattering is a direct consequence of the existence of a tower
of conserved charges in a massive relativistic QF'T. We were able to translate it into
the language of spin chains and discussed some subtleties in this translation. This
proof shows the close connection between the existence of conserved local charges
and factorization of scattering in spin chain models.

We then moved on to the connection of Yangian symmetry and factorization of
scattering. We used the Yangian corresponding to specific Lie algebras to constrain
the dynamics of scattering processes. In particular, we checked whether factorization
of the associated S-matrices is a direct consequence of the Yangian. For the Lie
(super-)algebras su(n), su(1|1), su(2|2) with undynamic representations we were able
to calculate the two- and three-particle S-matrix up to an unknown overall factor.
This dressing factor has to be determined by unitarity and crossing relations. We
showed that the Yangian-invariant S-matrices preserve the sets of rapidities. This
feature is often used as a standard assumption on S-matrices in literature which we
confirmed for these specific Yangian-invariant S-matrices. Furthermore, we found
that the S-matrices only depend on relative rapidities, i.e. they correspond to models
with (quasi-)boost invariance. We were able to understand this feature on the basis
of the Yangian constraints. We verified that the three-particle S-matrices factorize
into three two-particle S-matrices and satisfy the qYBE as consistency condition.

In the case of the dynamic representations of Y'[su(1|1)] we were not able to
obtain all results we were looking for due to limitations of computational power. In
particular, unlike for the two-particle scattering we were not able to confirm that the
Yangian constraints restrict three-particle scattering processes in such a way that
the rapidities are conserved. Therefore, we assumed that the set of rapidities is con-
served, i.e. we looked for solutions that permute the Hilbert spaces of the particles.
We found this S-matrix and verified consistent factorization. In contrast to this, we
were able to show that the dynamic representation of the Yangian corresponding
to Y[su(2]2) x R?] implies conservation of rapidities in two- and three-particle scat-
tering processes. Thus, although Y [su(2[2) x R?| might appear more involved than
Y[su(1]1)] at first glance, the higher amount of symmetry makes this Yangian more
accessible in the analysis. Furthermore, the Yangian constraints fix the two-particle
S-matrix up to an overall factor and the result satisfies the qYBE. Unfortunately,
we were not able to analyse the three-particle S-matrix analytically but calculated
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it numerically. Although several numerical values for the parameters of the theory
and the particles lead always to the same result, i.e. an S-matrix that is determined
up to an overall factor and factorizes consistently into three two-particle S-matrices,
an analytic analysis is essential for an indisputable result.

The typical number of terms from the commutators of the general ansatz for the
three-particle S-matrix and the Y[su(2|2) x R?]-generators is O(10%) up to O(10%).
The calculation of a single commutator takes about 30 hours when parallelizing it
on 4 kernels. In order to circumvent these complications that ultimately led to a
numerical analysis, it could be interesting to investigate the algebra su(2|2) x R?
with respect to its representation theory. Doing so, one might directly come up
with an ansatz for S that only contains level-0 invariants. This might give more
compact constraints on the prefactors of the S-matrices and thus could facilitate
their analysis. In fact, we did that in the discussion of su(n) using the symmetric
group and Young tableaux, respectively. And indeed, in [43] the authors mention a
possibility to construct projection operators on the irreducible representations via
a supersymmetric Young tableaux construction. Another approach is the construc-
tion of Casimir operators. This is done in [14] for the 2—2 Y[su(1|1)]-invariant
S-matrix. Unfortunately, there is no non-vanishing Killing form for su(2[2) x R?,
see [44], such that it is not straightforward to construct Casimirs. Nevertheless, one
might circumvent this difficulty by using the exceptional algebra D(2,1;¢) that was
discussed in [44].

Interestingly, the resulting S-matrices in the dynamic representations of Y [su(1]1)]
and Y [su(2]2) x R?] do not only depend on relative rapidities. Thus, the correspond-
ing models are not invariant under the usual Lorentz (quasi-)boost. In [45] a new
boost symmetry of the S-matrices of N'= 4 SYM was found. It could be interesting
to investigate whether the corresponding generator explains this specific dependence
on the rapidities and to understand how it is related to the Yangian generators.

In our discussion of the Yangian constraints we always assumed the conservation
of the particle number in a scattering process. This is a characteristic feature of
integrable models and it would be interesting to check whether it can be understood
from Yangian symmetry. In order to do so, one has to analyse the constraints

(Amin_lﬁ)smin_)mout (ul ----- Min 7 v17"'7m0ut)
- Sminﬁmout (ul,n-»min; U17...7mout)(AmOUt713> = 07 (81>

where J collectively denotes both the level-0 and level-1 Yangian generators. m;, is
the number of incoming and m,,,; the number of outgoing particles. Assuming that
crossing symmetry holds, one might also transfer the 3—3 S-matrix results to the
S-matrix for the scattering process with two incoming and four outgoing particles.
Used recursively this might constrain all m — n S-matrices with m # n.



Appendix A

Classical Integrability

In this chapter we briefly develop important concepts of classical integrability which
motivate the notion of integrability for quantum spin chains. We start by introducing
the definition of Liouville integrability for Hamiltonian systems in section A.1 and
then move on by reformulating classical integrability in terms of Lax pairs in section
A.2. We do so in close analogy to [15], [26] and [46-48].

A.1 Liouville Integrability

Let us introduce Liouville integrability for classical mechanical systems. Its presence
is a note-worthy property of a model since it implies solvability of the system’s
dynamics on the basis of the Hamiltonian, i.e. without investigating the equations
of motion. We begin by discussing the notation of a Hamiltonian system. Its motion
in d dimensions is described by a trajectory (p(t), ¢(t)) in 2d-dimensional phase space
M spanned by the canonical coordinates

(pi7Qi)7 1= 1a27"'7d (Al)

with momenta p; and position variables ¢;. The time-evolution (p(t), ¢(t)) is governed
by the system’s Hamiltonian H and Hamilton’s equations of motion
. OH . OH
Di = Ex q4; = o’

(A.2)

We focus on systems whose Hamiltonian is not explicitly time-dependent, i.e.
H = H(p,q). Take as an example the one-dimensional harmonic oscillator. It is
defined by the Hamiltonian

H(p,q) = § (P + ") (A:3)

which gives rise to the equations of motion

p=-wq {=p. (A4)

This set of equations can be solved by

p(t) = Acos(wt) + Bsin(wt) q(t) = B cos(wt) — 2 sin(wt) (A.5)

~w T w
with constants A and B which can be fixed by imposing initial conditions. We

will show in the following that this solvability can be predicted by examining the
system’s Hamiltonian (A.3).
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The equations of motion (A.2) imply that the time derivative F' of any observable

F = F(p,q) is given by
F={H F} (A.6)

where we introduced the Poisson brackets

e 8f39_8f39>
{f7 g} B ; <8pi dq;  0q; Op; ' (A.7)

Such a function F' is called a conserved quantity (or first integral) if its Poisson
bracket with the Hamiltonian vanishes, i.e. {H, F'} = 0. In particular, the Hamil-
tonian is conserved and the motion takes place on a hypersurface £ = H(p,q) in
M. This can be easily exemplified by the harmonic oscillator (A.3). Without loss
of generality we choose A = 0 and the system evolves on the hypersurface

(p(t),q(t)) = g(w sin(wt), cos(wt)) (A.8)

which satisfies E = H(p,q) with £ = B2

A system’s dynamics is even more constrained if there exist further first integrals
that are independent, i.e. their corresponding gradient vectors are linearly indepen-
dent. A system is called Liouville integrable if it possesses d independent conserved
quantities F; = F;(p, q), i = 1, ...,d that are in involution, which means they Poisson
commute

(F,F;}=0 Vi je{l,..d. (A.9)

One can show that for such a system the motion is restricted to a d-dimensional
hypersurface F; = Fi(p,q), i = 1,...,d, in phase space that is diffeomorphic to a
d-dimensional torus.

By this definition every one-dimensional system with time-independent Hamilto-
nian is integrable since one can always choose the Hamiltonian itself as the conserved
quantity Fi. In particular, the previously discussed harmonic oscillator is integrable
and the dynamics (A.8) takes place on a one-dimensional torus, i.e. an ellipse. A
slightly more involved system is the d-dimensional harmonic oscillator

H=1 (p? + wqu) : (A.10)

i=1

Choosing F; = p? +w?q? for i = 1,...,d one can easily prove integrability by confirm-
ing their conservation ({H, F;} = 0V i), the involution property ({F;, F;} =0V i, )
and their independence (VF; - VF; =0V i # j).

The Liouville theorem establishes that Liouville integrability of classical systems
results in the solvability of its equations of motion. There even exists a procedure
known as solution by quadrature that enables us to find the solution of each inte-
grable system by solving a couple of algebraic equations and integrals. Therefore
Liouville integrability is a powerful concept enabling us to obtain a deeper under-
standing of the solvability of a large family of physical systems.
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A.2 Lax Pairs and R-Matrices

We will now introduce another approach to classical integrability that is not based
on the system’s Hamiltonian but on its Laz pair (L, M). This object consists of two
time-dependent matrices L and M that allow us to rewrite the equations of motion
as the Lazx equation

L =L, M| (A.11)
with commutator [.,.]. Let us illustrate this with the help of the one-dimensional
harmonic oscillator. Alternatively to (A.3) we may define this model via the Lax
pair

1
L:(p ”q> M:( 0 2“) (A.12)
wq —p —sw 0

which gives rise to the equations of motion (A.2) by the Lax equation. In general,
it might not be easy to find the Lax pair of a physical model. Nevertheless, every
integrable system admits one which can be proven by its construction via the so-
called action-angle variables. Unfortunately, this procedure is of no real practical
use since we first have to solve the system’s dynamics before obtaining the Lax pair.

We will now discuss how to transfer the criteria of Liouville integrability to a
physical system defined by a Lax pair. The central objects in the previous discussion
of integrability were conserved quantities. They can be constructed by tracing over
powers of L

fe=trL*  keN. (A.13)
These fj are constant due to the equations of motion and the cyclicity of the trace
fr = ktr ([L, M]LF1) = 0. (A.14)

In order to show that a given Lax pair defines an integrable system, we need to
show that we can obtain d conserved quantities f; that are in involution. First let
us suppose L is a diagonalizable square matrix of size D, i.e.

L=AAA""  with A =diag(ly,ls,...,Ip) (A.15)
where the [,,, n = 1,..., D, are the eigenvalues of L and A is an invertible matrix.
As a result we obtain for the first integrals in (A.13)

fr = trA" = Z I (A.16)

and we realize that the eigenvalues of L are conserved quantities. For a Liouville
integrable system d out of these D quantities are independent. For the previously
discussed harmonic oscillator (A.12) we obtain the Hamiltonian (A.3) as first integral

fo=2(p" +w’¢®) = 4H. (A.17)

Further f; either vanish or linearly depend on f5.
Now let us find out whether the eigenvalues of L are in involution. In order to
do so, an analogue of the Poisson brackets for matrices is needed. For this purpose,
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we decompose L into its entries L¥ being functions on phase space and the basis
E;; of some matrix algebra g containing the Lax pair with (Ej;),, = dixd;i

Elements defined on the double tensor product g ® g are denoted as

X, =X0l=XE;0l X,:=10X =XY1@ E;
X := X" B @ By Xo1 := Py Xip P1p = X9 By @ B (A.19)

with the D x D identity matrix I and the permutation operator P15 = P15 on spaces
1 and 2. Now we can define the Poisson bracket {L;, Lo} of matrices via the usual
Poisson brackets of its entries

{Ll, LQ} = {Lij, Lkl} Eij X Ekl- (AZO)

It can be proven (see e.g. [1]) that the eigenvalues [ of the Lax matrix L are in
involution iff there exists a matrix 715 € g ® g on phase-space such that

{L1, Lo} = [r12, L1] — [ra1, Lo]. (A.21)

In the case of the harmonic oscillator one finds that the matrix

1 1
ST N T N —
satisfies (A.21) with Lax matrix L given in (A.12).

This so-called r-matriz has to obey a constraint arising from the usual Jacobi
identity for the Poisson bracket {{L1, Lo}, L3} = {{L}, L}}, L™} B! @ EL ® ET,. A
lot of integrable systems allow for an r-matrix that is constant and antisymmetric
rig = —ro;. Then this constraint reduces to the classical Yang-Bazter equation

(¢cYBE)
(712, T13) + [r12, T23] + [r13, 23] = 0. (A.23)

Thus for an integrable system defined by a Lax pair there must exist d linearly
independent eigenvalues of L and an r-matrix obeying (A.21) and the cYBE (A.23)
for the constant and antisymmetric case.



Appendix B
The Algebraic Bethe Ansatz

We will now discuss a variation of the Coordinate Bethe Ansatz using the framework
of the Lax operator introduced in 2.3. We will not investigate it in detail but sketch
some results with the help of [15] and [16]. The central idea in this approach is
that we can simultaneously find the spectrum of all the conserved quantities by
diagonalizing the transfer matrix. We start by considering the monodromy T, (\)
as a 2 X 2-matrix in auxiliary space

A(A) B(A)
Ta()\):(c(/\) D(A)>. (B.1)

Examining the operators A, B, C and D in detail and looking at their commutation
relations imposed by the RTT-relation suggests to define the reference state by

C(A\) 0y =0 (B.2)
and the excited m-magnon states by
(A1, A2,y Am) = B(A1)B(A2)...B(An) [0) - (B.3)

Acting with the transfer matrix t(A) = A(\) + D(\) on these states and using
commutation relations between the operators in (B.1) obtained from (2.54), we find
that the states (B.3) are indeed the eigenstates of t(\) with eigenvalues’

MY = (0 DY+ 0O NI B

if the \’s satisfy the relation

A+ & UL - A
( it 3) H ki (B.5)
Ai =3 ot AT A
k#j

which corresponds to the Bethe equations (2.35). Let us compare the results for
the momentum operator and Hamiltonian of the Coordinate and Algebraic Bethe
Ansatz. The momentum can be found by using (2.47) and inserting the eigenvalue
of the transfer matrix

N+ &
k=Y k= (—iln)f?). (B.6)
j J 2

J

1See e.g. [15] for a proof.
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Comparing this result with (2.24) we find that the Bethe root A; corresponds to the

rapidity u;. The energy computed using (2.51
J
1
(B.7)

it

J=1

F =

NI

N | —

is in agreement with the previous result.



Appendix C

The Yangian Coproducts on
Length 3 for Y|su(1|1)] and
Y[su(2]2) x R

Here we list the coproduct structure for the Yangian generators of Y[su(1|1)] and
Y[su(2]2) x R?] on length 3. It can be obtained from the coproducts on length 2
given in sections 6.1 and 7.1 by considering all fermionic gradings (—1)" and the
braiding factor #. For Y[su(1|1)] we obtain

AC=¢RI1R1+1¢CR1+1®1®C¢,
A*B=BR101+1Bx1+121x B,
A’Q=Q1el+(-)'eael+(-)e(-1)"eQ,
A’6=6x11+(-1)'eeel+(-1)e(-1)"06 (C.1)

and

A =C01214+10¢01+181x¢,
A’B=B1lol+19B821+1010DB
—(-)fegael-(-)'éee(-)fea-1a(-)'ée0
—(-)fagéel-(-)ag (-6 -1 (-1)"QA® 6,
AQ=Q®101+(-)eQel+(-)e(-1)e
+loeeri+iavliec+i(-)'evane
—l-Dfegavl-Li(-Dee(-)ea-i-D)" e (-1)exqQ,
A6=60101+(-1)feéel+(-)'e(-1)eé
—leeerl-lewleec-—i(-)e6ac
+;(—1)F¢®6®1+;(—1)F¢®(—1)F®6+;(—1)F®(—1)F¢<§?G.>
C.2

The analogous results for the Yangian corresponding to su(2[2) x R? are

AC=¢R1R14+1¢€R1+1011¢,
AP=PRII+UTPR1I+UT? U,
APR=RR1Q01+U?RRQ1+UQU’® R,
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AR =RIR1IQ1I+1IQ0RI Q1 +10 1R,
A’L5=250101+1RL501+101® £,

A =001 1+U! Q@1 +UL UL ® QF,
A*G=65R101+U' @651 +U" QUL ® &5, (C.3)

and

A =C101+10¢1+1010¢
+IPUPQRRLI+IPUTPQURR+LPUTQR
— AU OPR1I-1RUTP QU P - LR RUT @B,
AMP=PRI121+UTP1+UTP U P
—CUTPRPRTI-CUTPRUTPRIP-1CUT P
+PRERTI+PRIC+UTTIPRC,
AR=RR101+UQRR1+URU DR
+CU?PRRR I+ CEUTQUT’QR+TU?RCUIR A
~ARCR1I-ARI®C-UIRA/RC,
AR =R Q1IR1+10RI@1+1010 R
+ IR QR @1+ IR @1 R + ;@R QR
— SR ORI - IR ®1QR! — ; ® R, QR
— 1S U @ Q@1 - 1S U QU Q] — 1@ 6L UL @ Q)
— QU @61 - 3Q] U QU © 6 - 509 Uy © &L
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Appendix D

Implementation in Mathematica

In this appendix we give a brief insight into one possibility to implement and analyse
the Yangian constraints (4.18) and (4.19) on S-matrices in the symbolic computa-
tion program Mathematica. We do so by showing small segments of the complete
code. These shall demonstrate the general procedure when carrying out such an
analysis. The discussion focuses on the Yangian corresponding to su(n) since its im-
plementation is less subtle than for Y[su(1|1)] and Y[su(2|2)] because it only allows
for a single type of particles. Nevertheless, we also show important aspects in the
implementation of Yangians corresponding to Lie superalgebras.

D.1 Generators and Commutators

Generators of su(n)

We begin by introducing a notation for the fundamental representation of the gen-
erators RY of su(n). We translate their bra-ket notation given in equation (5.4) via
defining a Mathematica-function called R[..] with

Rla_,b J[c_J:=Sub[{a},{b}]-1/n KD[a,b] Sub[{c},{c}];. (D.1)

Note that Mathematica does not have any function implemented that is called Sub
such that it leaves the above Subs unevaluated. The first argument of Sub corre-
sponds to the ket | ) and the second argument to the bra (| of the operator in
bra-ket notation. The indices a and b in R correspond to the free indices of Rf, ¢
is a summation index. For the generators of su(n), the indices a,b and c may take
the values 1,2, ..,n with n being the degree of su(n). The function KD[..] is the
Kronecker-Delta which evaluates to the Mathematica-implemented Kronecker-Delta
when inserting integers

KD[a_Integer,b_Integer] :=KroneckerDeltal[a,b];. (D.2)

Note that we do not include the rapidities u inside the Subs in contrast to the
bra-ket notation we used in the chapters 5-7. They only occur explicitly in the
implementation of coproducts of level-1 generators in the evaluation representation.
Furthermore for the dynamic representations of Y[su(1]1)] and Y[su(2]2) x R?],
we record the rapidity-dependence of the representation parameters and braiding
factors.
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Multiplication and Commutators

As a next step towards the implementation of Yangian constraints, we build a
Mathematica-routine that multiplies operators such as (D.1). Note that in bra-ket
notation a multiplication of two operators |a,b) (¢, d| and |k,1) (m,n| is simply

la,b) (c,d| |k,l) (m,n| = d.kday|a,b) (m,l]. (D.3)
Such an operation can be implemented into Mathematica via Multiplyl[..] with

Multiply[AA_,BB_]:=Expand[AA/.A_Sub:>(BB/.B_Sub:>Multiply12[A,B])];
Multiply12[A_Sub,B_Sub]:=KDs[B[[1]],A[[2]]1]Sub[A[[1]],B[[2]1]];
KDs[C_,D_]:=Product [KD[C[[i]],D[[i]]],{i,1,Length[C]}];. (D.4)

This routine can multiply linear combinations of operators. Commutators are im-
plemented as

Commute[A_,B_]:=Multiply[A,B]-Multiply[B,A];. (D.5)

As a first test we verify that the generators (D.1) for n = 2 span the Lie algebra
su(2). We explicitly check the relations (5.10) via

In[1]:= Commute[R[1,1] [c],R[2,1] [d]//UseKD
-R[2,1] [c]

Out[l]= -Sub[{2},{1}]
Out[2]l= -Sub[{2},{1}]
In[3]:= Commute[R[1,1] [c],R[1,2][d]]//UseKD
+R[1,2] [c]
Out[3]= Sub[{1},{2}]
Out[4]= Sub[{1},{2}]

In[5]:= Commute[R[2,1] [c],R[1,2][d]]
-2R[1,1] [c]/.n->2//SumOverIndices[2]

Out5]= -Sub[{1},{1}]+Sub[{2},{2}]
Out[6]= -Sub[{1},{1}]+Sub[{2},{2}] (D.6)

and find that they are satisfied. UseKD[..] is a self-implemented routine that
simplifies terms by using the rules of Kronecker-Deltas, e.g.

In[7]:= KD[c,1] Sub[{2},{c}]//UseKD
Out[7]= Sub[{2},{1}]. (D.7)

SumOverIndices[m] is a method that sums over 1, ... ,m for all indices that occur
twice in an expression.
Fermionic Generators

In chapters 6 and 7 we analyse algebras including bosons and fermions in their
fundamental representation. One can use Latin indices for bosons and Greek indices
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for fermions to distinguish between both types of particles. Then the fermionic su(2)
generator £§ can be implemented analogously to (D.1) via

Lloc_,B_108_1:=Sub[{a},{B}1-1/2 KD[ex,] Sub[{0},{6}];. (D.8)

Calculating the commutator of the operators in (D.1) and (D.8) using the routine
(D.5) yields terms including Kronecker-Deltas of bosonic and fermionic indices, e.g.
KD [o,b]. The routine EraseKD[. .]

EraseKD[f_]:=f/.KD[a_,b_]:>If[LetterTypela]!=LetterType[b],0,KD[a,b]];
LetterTypela_] :=Module[{s},
s=ToString[al;
If [MemberQ[Union[Alphabet ["English"],
ToUpperCase [Alphabet ["English"]]],s],1,
If [MemberQ[Union[Alphabet ["Greek"],
ToUpperCase [Alphabet ["Greek"]]1],s],2,0]1]1];
SetAttributes[LetterType,Listable]; (D.9)

evaluates them to zero. Doing so, it checks what types of indices the Kronecker-
Delta KD[..] contains by using the function LetterTypel[. .]. If these types match,
EraseKD[..] returns the original KD[..] and otherwise puts it to zero. The method
LetterType returns 1 for bosonic indices and 2 for fermionic ones, e.g.

In[8]:= LetterType[{a,B,x,A}]
outjs]- {1,1,2,2}. (D.10)

Thus we can check [Rf, £5] = 0 by running

In[9]:= Commute[R[a,b] [c],L[x,B][y]l]l//EraseKD
Out[9]= 0. (D.11)

In this framework one can also implement central charges and supersymmetry gen-
erators such as Q% from (7.4) which is given by

Qlx_,a_1[d_,8]_1:=Ca Sub[{a},{a}]+Cb Eps[«,d] Epsla,d] Sub[{d},{6}].
(D.12)

Here the constants Ca, Cb denote the coefficients a,b in the representation of Q¢.
Eps[a,b] corresponds to the epsilon symbol .

D.2 Coproducts of Generators

The coproducts of level-0 and level-1 generators are crucial for the constraints (4.18)
and (4.19). Let us show the procedure of implementing these by exemplary looking
at the Y[su(2|2)]-coproduct ARY given in (C.3). In Mathematica we define it via
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the function DR[..] as

DR[a_,b 1[c_,d ,0 ]1:=
Tensorproduct [R[a,b] [c],0ne[d, 0]+
Tensorproduct [One[d, 0] ,R[a,b] [c]]//Expand;
Onela_,x_]:=Sub[{a},{a}]+Sub[{a},{x}];
Tensorproduct[A_,B_]:=
A/ .Subla__]:>
(B/.Sub[b__]:>Tensorproducti2[Subla]l,Sub[bl]);
Tensorproducti2[Subla__],Sub[b__]]:=
Sub[Join[{a}[[1]],{b}[[1]1]1],Join[{a}[[2]],{b}[[2]1]11];. (D.13)

The indices a and b in DR[..] are the free indices of AR}, the indices c,d,d are
summation indices. The function Onel[..] corresponds to the identity operator in
(7.16). The routine Tensorproduct[..] builds the tensor product of two linear
combinations of operators, e.g.

In[10]:= Tensorproduct [Sub[{a},{a}],Sub[{b},{b}]]
Out[10]= Sub[{a,b},{a,b}]. (D.14)

For the supersymmetric generators of Y'[su(2|2)] one has to consider the fermionic
braiding U, see e.g. AQY in (C.3). This operator can be implemented into this
Mathematica-code by defining the coproduct DQ[..] of Q% as

DQ[x_,a_l[lc_,y_,d_,0_1:=
Tensorproduct [Q[«,a] [c,y],0Onef [d,d]]+
U Tensorproduct [Onef [c,y],Q[«,al [d,5]]//Expand;
Onefl[a_,x_]:=Sub[{a},{a}]-Sub[{a},{a}];. (D.15)

It includes the eigenvalue U of U/ and Onef[..] corresponding to (—1). Note that
here the coefficients Ca and Cb and the braiding factor U are treated as constants. For
the dynamic representation of Y [s1(2]2)] one has to make these rapidity-dependent,
e.g. by writing Ca[u].

D.3 Yangian Constraints

We proceed with the implementation of the Yangian constraints (4.18) and (4.19).

Yangian Constraints for Y[su(n)]

We first discuss the general procedure for the Yangian corresponding to su(n). As
motivated in section 5.2, the level-0 constraint implies that the S-matrix is a linear
combination of permutation operators. We obtain it via LOInvariant[. .]

LOInvariant[m J[a_,1 ]:=
Array[l,m!].Table[Sub[Permutations[Array[a,m]] [[i]],Array[a,m]],
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The index m denotes the length of the operators, the a’s are the summation indices
and the 1’s the coefficients in the linear combination. Let us examine the first two
operators obtained from this function. The invariant operator of length m=1 is

In[11]:= LOInvariant[1] [a,1]
Out[11]= 1[1]1Sub[{al1]1},{al1]13}]. (D.17)

This operator corresponds to (5.21) and acts on a one-particle state without changing
its type and rapidity. For m=2 we get

In[12):= LOInvariant[2] [a,1]
Out[12]= 1[1]Sub[{al1],al[2]},{al1],al[2]}]+
1[2]Sub[{al2],al1]},{al1],al2]}] (D.18)

which again contains the identity and furthermore the permutation of the two
excitation types. It corresponds to the operator in (5.25). Using the routine
LOInvariant[..] for m=3 yields the Mathematica expression corresponding to (5.28).

Implementing the coproduct (5.15) of the level-1 generators E)A%g is straightforward
when using the method Tensorproduct. Multiplying this coproduct with the su(n)-
invariant operator in (D.16) in the form (5.19) using Multiply gives the level-1
constraint. For different values of a and b this constraint yields a set of equations that
restricts the coefficients 1[1] in the linear combinations from above and the outgoing
rapidities v[i]. Denoting the outgoing rapidities of a two-particle scattering process
by v[1] and v[2] and the incoming rapidities by u[1] and u[2], the constraints
on the two-particle S-matrix are solved by

out[13]= {{1[2]1->0,v[1]->ul1],v[2]->ul1]},
{1[2]->-21[1] (u[1]-u[2]) ,v[1]->ul2] ,v[2]->ul1]}}.  (D.19)

These two solutions correspond to the solutions in (5.30) and (5.31). Similarly, we
obtain a set of six solutions for the three-particle S-matrix that are depicted in Table
5.2.

Yangian Constraints for Y[su(1]1)] and Y[su(2|2)]

We now turn to the Yangian constraints corresponding to Lie superalgebras. We
calculate the ansatz for the S-matrix that satisfies the level-0 constraints by writing
down all possible operators in the theory. Then we demand a vanishing commutator
with the generators of the Lie superalgebra. Take as an example the su(1|1)-invariant
operator. We make an ansatz using the function Ansatz[...]

Ansatz[m_]:=Module[{al,a2},
al=((Sub@@@Tuples[Partition[
Riffle[Flatten@ToExpression@
StringSplit [Alphabet["English"] [[1;;2m]],","],
FlattenQ@ToExpression@StringSplit[
Alphabet ["Greek"][[1;;2m]],","11,211)/.
Subla__]:>Sub[Partition[{a},n]])/.Sub[{a__}]:>Sublal;
a2=Array[l,Length[al]];
al.a2] (D.20)
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which evaluates to

In[14]:= Ansatz[1]
Out[14]= 1[1]Sub[{a},{b}]1+1[2]Sub[{a},{R}]+1[3]Sub[{a},{b}]+
1[4]Sub[{oc},{B}] (D.21)

for m=1. The 1’s are the coefficients in the linear combination. Note that one could
also use a single variable for the boson ¢ in the fundamental representation and a
single variable for the fermion 1. Nevertheless, the code for Y[su(1|1)] serves as
the basis of the implementation of the constraints from Y [su(2]2)]. Therefore, we
implemented it more generally and set all bosonic indices to a and all fermionic
indices to o« in the end. Commuting Ansatz[2] and Ansatz[3] with the generators
of Y[su(1|1)], exploiting that there is only a single boson and a single fermion in
the theory and demanding that the results vanish, gives constraints on the 1’s and
rapidities. The results of this analysis are the Y[su(1|1)]-invariant operators that
we discussed in chapter 6.

For the su(2|2)-invariants this procedure is more involved since both bosonic and
fermionic indices may take two values. Inserting for bosonic indices a=1,2 and for
fermionic indices ®=3,4 and analysing the constraints, gives operators containing
all values 1,2,3,4. To obtain a closed form as in (7.21), one has to make a general
ansatz only containing indices and compare both by summing over the indices in
the ansatz. The results of this analysis for the level-0 constraints with SR and
£§ at length 2 can be found in (7.21). This operator gets further constrained by
the remaining generators of Y[su(2]2)] and Y[su(2]2) x R?], respectively. Let us
illustrate this for the constraint [A@,Sm] = 0 in the undynamic representation.
First, we define a routine DCH[. .] that corresponds to the coproduct of ¢ given in
(7.17)

DCH[a_,b_,a_,B_1:=I(ul[1]C+ u[2]C)Tensorproduct [One[a,a],0nelb,]];.
(D.22)

Then, we calculate both terms in the commutator [A€, Sy via

S12DCH=
(Multiply[S120([a,b,,f3],DCH[c,d,y,0]]//UseKD)/.
{ul1l->v[1],ul2]->v[2]};

DCHS12=
Multiply[DCH[a,b,«,3]1,S120[c,d,y,0]]1//UseKD;. (D.23)

The function S120[..] corresponds to the su(2|2)-invariant operator (7.21) with
(7.22) that has two degrees of freedom Ajs and Hps which we call A12 and H12
here. The u[1],ul[2] and v[1],v[2] denote the rapidities of the two particles in
the incoming and outgoing state, respectively. Note that this example corresponds
to a calculation in the undynamic representation, i.e. the eigenvalue C of € does
not depend on the rapidity (we write C instead of C[u[1]] etc.). Manipulating the
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results via

In[15]:= ComSCH=(S12DCH-DCHS12) //Expand//SumOverIndices;
In[16]:= ComSCHlist=(List@@(ComSCH//Collect [#,_Subl&))/._Sub->1;

In[17):= Solve[Flatten[{ComSCHlist==0,A12!=0,H12!=0,C!=0}]]
out17]= {{v[2]->ul1l+u[2]-v[1]1}} (D.24)

gives the constraint in (7.23). Here we sum over all indices in S12DCH-DCHS12 using
the function SumOverIndices[..]. Afterwards we collect the terms involving the
same Subs and make a list of their prefactors. One can analyse the constraints
from the remaining generators of Y [su(2|2)] in a similar manner. The results of this
analysis are discussed in chapter 7.

D.4 Quantum Yang-Baxter Equation and Factor-
ization of the S-Matrix

In order to verify consistent factorization one has to build the operators Si5 and Sa3
in (5.45) that only act on the first two and the last two particles in a three-particle
state, respectively. Let us demonstrate how to do this for the Y [su(n)]-invariant
two-particle S-matrix. The result of the above analysis for the two-particle S-matrix
is given in Table 5.1 and we defined it in Mathematica via

In[18]:= S12[a,ul1]-u[2]]
Out[18]= 1[2] Sub[{a[2],al1]},{al1],a[2]}]-
(1[2] Sub[{all]l,al[2]},{al1],al21}])/(2(ul1]-ul2])). (D.25)

It contains two summation indices a[1],a[2], an overall factor 1[2] and the ra-
pidity difference u[1]-u[2]. The method S120on3[..] enlarges this operator to an
operator of length 3 as

S12on3[n_,a_,u ]:=
Module [{b,c},
S12[b,ul/.Sub[x_,y_]:>Sub[Insert[x,c,n],Insert[y,c,nl]//
Relabell[a, {},#]&]. (D.26)

The index n denotes the position of the particle that is not scattered, a is the
summation index and u the relative rapidity. The method Relabel[..] looks for
summation indices and renames them to its first argument. Thus one can simplify
terms such as

In[19]:= Sub[{a},{a}]-Sub[{b},{b}]//Relabel [{x},{},#]&
Out[19]= 0. (D.27)

The second argument in Relabel[..] is reserved for indices that shall not be
relabeled. Using this routine we can build the left and right hand side of the qYBE
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via

S523512823:=
(Multiply [Multiply[S120n3[1,a,u[2]-u[3]],
S120n3[3,b,ul1]-ul3]]1],S120n3[1,c,ul1]-u[2]]]//UseKD;
S512523812:=
(Multiply [Multiply[S120n3[3,a,ul[1]-u[2]],
S12on3[1,b,ul1]-ul3]]],S120n3[3,c,ul2]-ul3]]]//UseKD; (D.28)

and verify the qYBE

In[20]:= S23S12523-S12S23S12//Relabel [{x},{},#]1&
//Collect [#,_Sub,Simplifyl&
Out[20]= O. (D.29)

In order to confirm factorization of the three-particle S-matrix S123 we subtract one
side of the qYBE as

In[21]:= S123-S12523S12//Relabel [{x},{},#]&
//Collect [#,_Sub,Simplifyl&
Out[21]= 0. (D.30)
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