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Abstract

In the first part of this thesis, we consider the scattering problem for the massless modes that appear
in the context of AdS3/CFT; from the perspective of integrable models. We start by considering the
extension of the psu(1]1)? symmetry algebra by a Modified Poincaré algebra. Having found a consistent
Hopf algebra structure, we construct suitable R-matrices, both for the undeformed and the ¢-deformed
case of the su(1[1)2 _ algebra, and study the found coproducts in detail. We find interesting connections
between the boost operator J and the R-matrices. In addition, we encounter a non-coassociative structure
for one of the cases we are interested in. This prompts us to make use of the notions of quasi-Hopf algebras
and coassociators.

We then move from the framework of a 1 4+ 1-dimensional short representation to the analysis of
the boost operator and its coproduct in a universal, representation-independent sense. This leads us to
establish a classification of boost algebras and coproducts. We arrive at six different algebraic structures,
each with its own universal coproduct for the boost operator. Finally, we put particular focus on the
cases that can sensibly appear within the context of AdSs physics.

Moving on from Hopf algebraic considerations, we stay within the context of AdSs string theory,
and consider a particular 3-parameter deformed background in the Landau-Lifshitz limit. We construct
an effective field theory from the Polyakov action associated to this background. This way, we obtain
a Lagrangian up to next-to-leading order in the energy parameter , allowing us to find kinematical
quantities such as the dispersion relation of these theories. We then introduce one single complex field
that parametrises the relevant coordinates of the theory (corresponding to one mode stemming from
the S3 part), allowing us to canonically quantise it in the standard way. Analysing the diagrammatics
of the so-obtained quantum field theory, we find interesting peculiarities related to the propagator and
the ground state, and proceed to compute two-body S-matrix elements, both at leading and subleading
order in the string tension A.

In the latter part of this thesis, we then move on to a study in linear algebra, as well as particular
spin chains and their Hamiltonians. We first construct an algorithmic framework that allows us to infer
the generalised eigensystem of a defective complex matrix by perturbing it in such a way that it becomes
diagonalisable. In this case, the eigensystem is directly accessible, and from there we can then go back to
the limiting case of non-diagonalisability by again turning off the perturbation. In this construction, we
find curious particularities and differences for the case of singular and non-singular geometric multiplicity
of the considered eigenvalue, the latter case needing more caution in its analysis. In order to apply this
recipe to the eclectic spin chain, we make use of the Nested Coordinate Bethe Ansatz and find that the
analysis of the spectrum of the twisted spin chain contains sufficient information about the generalised

eigensystem of the eclectic spin chain for our developed methodology to be successful.






Lay Summary

From the earth going around the sun to our smartphones working the way they do, everything in
the universe happens for four reasons: The fundamental interactions. These are comprised of gravity,
electromagnetism, as well as the strong and weak interaction, which can mathematically all be described
as fields. Gravity, the theory dominant on large scales, can be embedded into a purely geometrical
description, the general theory of relativity. The latter three forces are dominant when describing very
small scales, and are described by a field theory that takes into account the quantum nature that we
encounter at these scales - quantum field theory. Both of these theories are overwhelmingly successful
in the description of their respective regimes, yet break down when trying to be connected. Quantum
field theory relies on the idea that the interactions are mediated by point particles. The central idea
of string theory is to do away with the notion of point particles and consider strings with no thickness
in their stead. As simple as this conceptual replacement may be, it proves to be equally consequential:
String theory features a graviton in its spectrum, making it a hopeful candidate for a quantum theory
that describes gravity. String theory can be formulated on any geometrical background, but it turns out
that some are more interesting and rich to analyse than others. In this PhD thesis, it will always be a
particular class of geometric backgrounds that are in the focus - so-called AdS backgrounds. In these
settings, two things will be accompanying us throughout this report, integrability - a particularly useful
feature of some physical systems - and deformations - a way of continuously generating new physical
models from already analysed ones, hoping that they retain crucial properties.

There will be three projects that, from different perspectives, will shine a light on string theories
of this kind. In the first part, we will embark on an algebraic study related to the massless scattering
in the AdS3 context. The algebraic objects named Hopf algebras intrinsically feature a way that lends
itself nicely to describing scattering processes, of which we will make use for both the undeformed and
deformed setting. In the second project, instead of using an algebraic approach to analyse a string
theoretical problem, we make use of an effective field theory approach in the context of a deformed AdS3
background. These approaches allow us to analyse an a priori complicated theory in the limit of some
parameter appearing in the theory, corresponding to some regime where the theory is more manageable
to analyse. In this simplified theory that only describes our model under some effective assumptions,
we can then use standard quantum field theoretic tools to gain insight on the scattering processes that
occur. In the last part of this thesis, we move on to the topic of spin chains, which are quantum models
that share a deep connection with AdS string theories and often feature properties of integrability. To
gain a deeper insight into the energy structure of the specific spin chain we are looking at, we develop a

method based on linear algebra, and successfully apply it to our problem.
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1 String Theory and the
AdS/CFT Correspondence

“ »”

.. Und jedem Anfang wohnt ein Zauber inne.” [“.. A magic dwells in each beginning.”]

— Hermann Hesse, Stufen

1.1 Motivation and Historical Context

The initial goal of string theory is an ambitious one: to formulate a single comprehensive quantum
theory of all four forces that we (currently) consider to be governing the universe, namely gravity, the
electromagnetic, weak and strong forces.

One of Sir Isaac Newton’s main contribution to the scientific understanding of nature was formulating
the first widely accepted description of gravity in the late 17th century. In his law of universal gravitation,
every body of mass exerts a force on every other body of mass in an instant fashion and with infinite

range. Its force is proportional to the product of the two masses m1, mo and decreases with distance 7:

myms

F (1.1.1)

r2
While Newton’s empirical result was astounding, it needed further modifications later on. Before any
meaningful amendments to the theory of the gravitational force were made, however, it was James Clerk
Maxwell who in the 19th century identified the electromagnetic interaction and described it using his

famous equations:

vV E=2,
€0
V-B=0,
0B
E=—
VX ot ’
. 1 0E

Maxwell’s theory successfully unified electricity and magnetism and described them as effects of more
general electromagnetic fields. To be able to work with them, the language of vector calculus needed to be
developed, and apart from more involved mathematics, the (finite) speed of light in a vacuum (commonly
referred to as ¢) also made its first prominent appearance in a physical theory. Newton’s theory of
mechanics and Maxwell’s equations were fundamentally incompatible, and it took none other than Albert
Einstein to understand this problem in his annus mirabilis at the beginning of the last century, when

he formulated the special theory of relativity (SR). This theory, where ¢ is of utmost importance again,



amends Newtonian mechanics to describe physical systems with bodies moving close to the speed of
light. Finally, with more advancement in astrophysical experiments and apparent discrepancies between
Newton’s theory and observations - such as the precession of Mercury - it was becoming more and more
clear that a fundamental revolution of the understanding of mass, time and space was needed. In 1915,
FEinstein refined his special theory of relativity into the general theory of relativity, which is commonly
formulated in the even more advanced mathematical language of differential geometry, whose central

equation is Einstein’s field equation

881G

1
G/'“J = RNV — iRgNV = CTTN’V . (113)

Einstein’s theory of gravity is in overwhelming agreement with experimental data, and is able to explain
phenomena like gravitational red shift - where Newton’s theory fell short. The scientific community
also acknowledges General Relativity to be an extraordinarily beautiful theory - the left-hand side of
Einstein’s equations contains spacetime, whereas the right-hand side contains the matter content, inviting
one to think of the famous phrase “matter tells spacetime how to bend, curvature tells matter how to

move”.

Einstein’s theory provides us with a marvellously successful model of the very large, i.e. cosmology and
gravitation, however, it seems to break down when trying to describe the very small, i.e. the (sub)atomic
physical regime. It was a monumental effort of scientists in the 20th century to formulate and develop a
theory of the quantum. At this point, we will gloss over the very beginnings of quantum mechanics (QM)
involving advancements such as the proposal of particle-wave duality, the uncertainty principle and the
Schrédinger and Dirac equations, and move on to quantum theories that involve fields. In quantum field
theory (QFT), the quantum mechanical wave function is upgraded to a dynamical state. At the bottom
of QFT lies the idea that particles are just quantised excitations of an underlying quantum field, that in
turn depend on the coordinates of the spacetime they live in with certain dynamical constraints (as in
classical Lagrangian field theory). Building on the behaviour of the operators present in QM, these fields
are operator-valued and expected to satisfy certain commutation relations that do not violate the causal
framework of SR (c.f. canonical quantisation, or for the other prominent quantisation approach, see path
integrals). The tools of QFT allow one to (perturbatively) compute physical quantities, most notably the
amplitude, i.e. the probability that a given initial state evolves into a specific final state over some time.
For scattering processes, its square-root is proportional to the modulus of the scattering cross-section.
With the instruments of QFT, the Standard Model (SM) of particle physics is able to describe the three
other fundamental forces of nature other than gravity: The electromagnetic one (which Maxwell worked
on), the weak and strong one - the former two of which can be unified. As electric and magnetic forces
appear to be two independent forces in our everyday life but can be described as one single force, the weak
and electromagnetic forces at low energies also appear to be two independent fundamental interactions,
however, above a certain energy scale, we observe that they are two manifestations of the same force.
The quantum field theoretic formulation at the bottom of this is based on work from Weinberg and
Salam and involves very important descriptive tools such as the Higgs mechanism and spontaneous
symmetry breaking. Beyond the electroweak unification, there have been proposals to unify the strong
force together with the electromagnetic and weak forces as well into a single Grand Unified Theory,

which is schematically summarised in 1.1.
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Figure 1.1: A qualitative diagram of the couplings (“force strengths”) of the three SM forces at different
energy scales. It is the (as of yet) unfulfilled hope of beyond SM phenomenologists that at some GUT

scale, the three forces merge and can be described as one unified force.

A prominent example of such a theory is the Pati-Salam model with SU(4) x SU(2)r x SU(2)r as
the gauge group, which recently has experienced a renaissance in interest due to anomalies in flavour
physics.! The framework of QFT is not without problems, however, and a common issue that arises is
divergent behaviours and, as a consequence, the failure to make perturbative calculations work. Under
certain preconditions, these pathologies can be remedied using different procedures of renormalisation,
which is the case for the Standard Model. Unfortunately, GR seen as a (quantum) field theory is not
renormalisable and therefore, while GR is a fantastic model for “all things large” and QF T together with
the SM is a splendid predictor for processes related to “all things small”, they are highly incompatible.

At first, this seems very contradictory - after all, stars and planets are made of the very same things
as bosons and mesons. Thus, it boggles the mind why a model that describes the universe very well on
small scales should not also describe it well on larger scales. This motivates the quest to find a more
universal description of nature that does justice to both ends of the scale of magnitudes, but so far, this

search has been largely unsuccessful.

1.2 String Theory and the Polyakov Action

The fundamental assumption of string theory is to replace the notion of (point-like) particles with
(excitations of) strings, and the new action and properties that come with this (closedness/openness,
length, and so on). While this might seem like a fairly inconsequential generalisation, it turns out, it
changes everything.

For a point particle, the dynamical action is proportional to the length of the worldline that it sweeps

out in spacetime. In the case of a string, it sweeps out what is called a worldsheet, and we want? the

1This is not the same kind of anomalies as the ones in QFT symmetries.
2 Also for reasons of reparametrisation invariance.



action to be proportional to the worldsheet area. The worldsheet is a curved 2-dimensional surface
embedded in spacetime - or target space, geometrically speaking. Then, the induced metric v, on the

worldsheet is the pullback of the target space metric g, of the target space, i.e.

oXH oX”

Tt = S T G (1.2.1)

which then lets us construct the so-called Nambu-Goto action for a relativistic string,

S = —T/de/—det = —T/d%\/—)'@X/? +(X - X2, (1.2.2)

where we identify T to be the tension of the string. We will always use X to refer to target space

coordinates and o to indicate worldsheet coordinates. This action is by construction proportional to
the worldsheet area, but is in some regards incommodious: The equations of motion of this action are
nasty, with a lot of square-root expressions that are rather complicated to deal with, especially for path
integral quantisation techniques. But it describes the dynamics of a string, so whatever action we choose
in its stead needs to be (classically) equivalent, i.e. have equivalent equations of motions. The so-called

Polyakov action fits our bill:

T
S = 3 d*o —det7yo‘ﬂ8aX“8gX”gW , (1.2.3)

where g,,,, is again the target space metric (and thus can depend on the coordinates X). Apart from the
manifest Poincaré-invariance of S, it is also invariant under reparametrisations (i.e. diffeomorphisms)
and conformal Weyl transformations of the worldsheet metric (classically).® At this point, we will skip
a detailed discussion on gauge fixing (that will sometimes let us choose v in Sylvester form), mode
expansions and quantisation. In this quantisation process, however, a quantity called the central charge
arises (which in CFT is just a c-number commuting with everything), and it shares a connection with
the target space dimension D. For the theory to be consistent on a quantum level, we need to set the
central charge to a value that implies D = 26, called the critical dimension of bosonic string theory. In
the second chapter of this thesis, the bosonic Polyakov action will be of great importance and interest:
The background metric g, will be an AdS3 one (that is deformed in a specific way), and in addition to
the symmetric metric, there will also be a term present that couples to a 2-form, called the B-field or
Kalb-Ramond field, which can be understood as a generalisation of the electromagnetic potential.

Moving away from a purely bosonic theory and adding fermions to our model, we introduce supersym-
metry, enhancing the previous purely bosonic symmetry of our theory to a Zs-graded one. To formulate
a theory possessing supersymmetry, we need additional mathematical ingredients in our description,
such as Lie superalgebras and Grafimannian graded variables. Skipping here again the details of the
quantisation mechanism and, more importantly, if we have to introduce supersymmetry on the target
space or on the worldsheet, we arrive at the critical dimension D = 10 for superstring theory to be
consistent. An extensive explanation and review of this can be found in [GSW12b], [GSW12a], [Zwi09],
[Pol05b], [Pol05a] and [Ton09], to name a few.

So far, although interesting and mathematically richer, we have not made an argument as to why
we put our hope in string theory as a candidate to describe all forces and interactions of nature in a
unified way. If anything, the fact that we need to work in an at least 10-dimensional spacetime to make

it work makes it tempting to dismiss it right away.* However, string theory seems to have an enigmatic

3We also want this to hold on the quantum level, with the Polyakov action thus describing a 2-dimensional conformal

field theory (CFT).
4In addition, supersymmetry is also far from established as a likely occurrence in nature.



connection to gravity. For instance, using the bosonic Polyakov action in a curved background, with
the help of the partition function formulation and vertex operators, one finds that after expanding in
metric coupling constants, a vanishing £ functional implies the vacuum Einstein equations. And more
straightforwardly, the spectrum of the closed string contains a spin-2 particle that one can identify
with the graviton, the supposed elementary particle for the fundamental gravitational interaction, while
the spectrum of the open string contains fields that we can identify with SM gauge fields. So although
formulating string theory as a consistent quantum theory might seem laborious and complicated, it offers
a lot of possibilities that makes one consider it to be a viable candidate for a theory of everything in a
very natural way. Apart from this prospect, studying string theory has also led to interesting results in
mathematics and related disciplines. We shall focus on one particular instance and type of background,

where the study of strings is of particular interest.

1.3 The AdS/CFT correspondences

1.3.1 The AdS; / CFT, Case

In general, holography in physical systems describes the duality (i.e. equivalence in some defined sense) of
a d-dimensional theory and a d+ 1-dimensional theory.> Here, we will focus our interest on the AdS/CFT
duality, which, roughly speaking, relates a gravitational theory d + 1-dimensional in Anti-de Sitter space
(x compact space) with a conformal field theory (CFT) formulated on the (conformal) boundary of
this space. Juan Maldacena proposed that Type IIB AdSs x S° String theory is dual to an N = 4
supersymmetric SU(N) gauge theory. The original paper from Maldacena [Mal98] has sparked great
interest in this subject, with close to 16’000 citations. In that same article, he also proposes a smaller
sibling to this, namely AdSs;/CFT5 - where an AdS3 string theory denotes a string theory on a background
of the form AdS3 x S% x My, with M, some suitable 4-dimensional manifold that complements the AdSs;
x §3-factor to a 10-dimensional supergravity background (see e.g. the introductory part of [Ebel8]). On
the CFT, side, we have the symmetric orbifold CFT over 7% , which is trickier to formulate and has
been, until recently, a subject of research and uncertainty. Though starting from a different dimension,
the moral of this endeavour is the same: Every physical observable in AdSs has a partner-observable
on the CFT5 side (by considering the former on JAdS3) which we expect it to coincide with, allowing
us to make use of two different physical languages to describe the same physics. We shall give a brief
overview of the holographic setting pertinent to our projects. At the bottom of why this concept is
interesting for us lies the fact that the coupling constant of the string theory maps to the one of the
(quantum) field theory, as more explicitly the weak coupling regime of the former corresponds to the
strong coupling regime of the latter. We will outline this more in section 3.4. Important or pedagogical
references that discuss this more comprehensively and beyond the case we are focussing on are e.g.
[Wit98], [GKPO02], [Nas07], [Zaf00], [DV00], [DF02], [Spi07] - all of which we are drawing inspiration
from for this introduction. In our research, we shall mostly be dealing with mathematical questions
relating to integrability or deformations that are motivated by a string theoretic or holographic origin,
and thus we shall go over the important key points of AdS string theory, holography, and we shall do so
in a very brief manner. Doing this, we also would like to comment on why approaching this topic with
integrability in mind has proven to be useful.

As mentioned above, the most studied example of AdS string theory is superstring theory on a

supersymmetric AdSs x S° background, married to A’ = 4 SYM conformal theory with gauge group

5With the feature that the former is formulated on the boundary of the latter.
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SU(N). On the CFT side, we have gauge bosons A,,, six massless real scalars ¢¥, k = 1,...,6, four chiral
and anti-chiral fermions each \Ilg/a, a=1,.4, a/a = 1,2 - all transforming in the adjoint representation.
In broad terms, conformal symmetry can be expressed by extending the Poincaré symmetry with a

dilation generator D and special conformal generator K:

(D, Pu] =
[D, M,,,] =0,
[D, K] = +iK,
(M, PA] = l(mAP M Pu) 5
(M, K\ = —i(nu Ky, — i Ky)
(M, Mpo] = i(upMyuo — 1upMyo + Mo Mup — Mo Myp)
(P, Ky] = 2i(M,, — me) : (1.3.1)

Counting the indices while taking into account the restrictions on the generators, we can see that, in 3+1
spacetime dimensions, that we now have a 15-dimensional algebra. In addition to conformal symmetry
and supersymmetry, curiously, the fields of the ' = 4 SYM model exhibit a global SU(4) symmetry®,
called the R-symmetry.” The R-symmetry, supersymmetry and conformal symmetry of A = 4 SYM
are part of the larger superconformal group PSU(2,2[4). Within this larger supergroup, the conformal
algebra lies in the SU(2,2) ~ SO(2, 4) factor of the (maximal) bosonic subgroup SU(2,2) x SU(4), while
the R-symmetry is given by the latter SU(4) ~ SO(6) factor. We will go into more algebraic detail of
this CFT in the discussion about its connection to spin chains later on in the next chapter. For now,
one further peculiarity of this theory is that it can also be proven that the running one-loop S-function
vanishes; for the one-loop case, this can be seen easily by expanding  in terms of Casimir coefficients -
for any SU(N) gauge theory, we have that (c.f. [GWT3]),

B 3
Bloyat) = QY;;W) = DN Y e -2y )

3
:fgg;g [22N — (6 N) —2(8- N) ]

for N =4 SYM
=0, (1.3.2)

where the i-sum is over real scalars, and the j-sum over Weyl fermions. To argue for the S-function to
also vanish at higher orders, one needs to make use of superspace considerations and light cone arguments
(see [GRecvS80], [BLE83], [Man83]).

On the string theory side, we are dealing with a background that decomposes into the following

factors:
SO(n,2) SO(n+1) 1 1
AdSpy1=—-—"2%, "=+ —~, T"=8"%x--- xS =U1)". 1.3.3
17 50(n, 1) S0(n) —Xt,x—/ (1) (1.3.3)

For AdSs x S°, this translated to the spaces SO(4,2) x SO(6) (modulo some smaller homogeneous
factors), which is isomorphic to SU(2,2) x SU(4). This is our bosonic ingredient, however, we want to

realise a supersymmetric target space, and in a minimal fashion, we can embed this bosonic isometry

6With fundamental SO(6) ~ bifundamental SU(4) in the boson representation.
"Technically, R-symmetry is part of supersymmetry, as it can be seen as the symmetry that “rotates” amongst the

different copies of supersymmetry (in this case, N' = 4).
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group into the supergroup PSU(2,2]4), giving us the target space (with quotient factors):

PSU(2,2/4)

5
SO0 T) x S0G) > AdSs < 57 (1.3.4)

The isometry group of this space is the (superconformal) psu(2,2|4) algebra which is, consequently,
according to the Wigner theorem, also the algebra that states from this theory transform under in
the scattering problem. From the target space given above, one could follow the Metsaev-Tseytlin
construction in [MT98] and formulate a supersymmetric coset action® - however, this might overload
this introductory part whose main purpose is to motivate why we are dealing with certain structures

that we are going to introduce later on.

In the context of the AdAS/CFT correspondence, one particular limit in SU(N) Yang-Mills gauge
theories plays a central role: the so-called 't Hooft limit (see [Hoo74]). This idea starts with classifying
the resulting Feynman diagrams according to their topologies. One can see that a diagram with P prop-
agators, V vertices and C closed lines comes with the prefactor gffljw_ 2V NC. Identifying the propagators
as edges and the closed lines as faces of a 2-dimensional surface, we can make use of the Euler formula

relating the genus H of a surface with the number of faces, vertices and edges and write:
g12/1;/[—2VNC — NC-P+V)\P-V _ N2-2H\P-V (1.3.5)

The 't Hooft limit is defined by the prescription N — oo while keeping the 't Hooft coupling A =
g%, N fixed. We can see that in this limit, higher-genus diagrams get suppressed while planar diagrams
dominate. This is also why the 't Hooft limit sometimes is referred to as the planar limit. With the
aforementioned 2-dimensional identification in mind, one can think of these planar diagrams building
a tessellation of a continuous worldsheet of a string theory. Having this in mind, this observation of 't

Hooft already suggests some kind of relationship with string theory.

In any concrete formulation of the AdS/CFT correspondence, one needs to make use of so-called
Dp-branes (see [Ton09], [Pit16], [Vall4], which we drew inspiration from). They arise in the context of
open strings, which have - in contrast to closed strings - two end points, and their dynamics are also
governed by the Polyakov action. If the latter is expressed in conformal gauge, we can see that for the

end points of the string (X* at ¢ = 0,7), we demand the boundary equation

9, X - 6X =0. (1.3.6)

This can be fulfilled by either requiring 9, X* = 0 (corresponding to end points move freely) or 6 X* =0
(corresponding to end points are fixed in space) at the end points. The former requirement is called
Neumann boundary condition, the latter is called Dirichlet boundary condition. In a d-dimensional space,
one can impose X% P to fulfil Neumann and XP+1+4=1 Dirichlet boundary conditions. This way, the

end points of the string lie in a p + 1-dimensional hyperplane, called the Dp-brane?, see 1.2.

8This idea of constructing an action within a supertrace sTr(...) as invariant bilinear is also why the p in psu(n,n|2n)

sometimes is omitted, as the projective factor is irrelevant.
9Though sometimes the p is suppressed.
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Dirichlet

e e o222

.-~ Neumann . _

Figure 1.2: Visualisation of a D-brane.

In the AdS;/CFTy correspondence, the stringy setup starts with N D3-branes, whose action can
be divided into a bulk, a brane and an interaction part (that vanishes for when the Regge parameter
approaches a — 0):

STot = SBrane + SBulk + SInt . (137)
An explicit U(N) gauge symmetry is realised by the open strings with end points on the branes. However,

since a U(1) symmetry is associated to the stack of branes as a whole (visualised in 1.3), we are only
interested in the SU(N) = U(N)/U(1) factor in this description (see Chan-Paton index in this context).

17 2
o =

open closed

Figure 1.3: Open strings ending on a stack of D-branes, with (closed) strings propagating in the bulk.
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For the (closed) string dynamics in the bulk part, we have the following metric:

dxﬁ + VH(2)(d2* + 22dQ2,) , (1.3.8)

1
ds® = ———
VH(2)
where 22 H(2) = 2* + 47g,N(a’)?, 2 measures the stack distance, xﬁ is the spacetime coordinate parallel
to the orientation of the branes. For small z compared to the parameters, we have
2

2 q]\] \2
e N e Pa TS 12y o frg N@P(d:? 4 2a03) . (139)
S

This is exactly an AdSs x S° metric with radii Rags, = Rgs = {‘/W - this means that we have
a (type IIB) string theory in AdSs x S° from the bulk part, and a N' = 4 SU(N) gauge theory on the
boundary (branes).

Strictly speaking, in order to prove the duality, one would want to show that the coupling constants
coincide g5 = g%, for all N € N, rather than just in some limit as e.g. the one we took above. This, as of
yet, still remains unproven, however recent developments in holography - especially using the techniques

of integrability - let us remain hopeful to get deeper insight into both sides of this.

1.3.2 The AdS; / CFT; Case

In AdSs, the motivation is much the same. However, here we have several different candidates for
backgrounds: AdSs x S3 x M*, where M* is some suitable 4-dimensional manifold, restricted to either of
the cases: M* € {K3,5° x S1,T*}. Only these 4-dimensional backgrounds are actually supersymmetric

in the sense that they solve the supergravity equations. For us, the M* = K3 case is not of interest and

will not be considered at any point in this thesis,'® and the super-cosets we will look into are'!
. D(2,1;a)?
Ad 3 3 1o il 1 1.3.1
Sz x 8% x8° xS SL(Q)XSU(Q)QXU()’ (1.3.10)
P 1,1]2)2
AdS; x S% x T* = SU(L112) x U(1)*. (1.3.11)

= 5L % SU@)
We are not going into excessive detail about the underlying brane configurations and arising metrics
(see [CTI8], [Mal9g], [CTI8] for specific derivations). However, the latter - being the slightly simpler of
the two siblings - is achieved by compactifying four spacetime directions on 7%, and afterwards putting
Q1 D1-branes along one of the remaining non-compact directions and then ()5 Db5-branes along this
direction and wrapping the former four compactified ones.'? The metric associated with the T*-coset
case is given by

dxﬁ

ds? = —1—
H,H,

+\/HiHj (dz* 4 2%d93) (1.3.12)

where the functions H; are again related to the separation of the Di-branes and given by H; = 1+ 65%
and H; = 1+¢; %, with ¢; being coefficients depending on coupling constants,a’ and manifold volumes.
We chose the z-coordinate to go along the D1-brane and dxﬁ = dxz? — dt?. In the near-horizon limit, we
end up with radii R3,5, = Rgs = vV@5Q1"* and superisometry algebra

psu(1,1)2) @ psu(l,1]2)5 . (1.3.13)

10The integrability analysis of the 7% background is assumed to give rise to similar results as the K3, as the K3 manifold

can be seen as a kind of discrete quotient of T4,
11Here, we already present the super-cosets, i.e. the below “2” signs are to be understood as some kind of super-embedding

rather than isomorphisms.
12There is also another realisation based on a F'1 — NS5 setup, for which mixed fluxes can be more naturally formulated.
13To make sense of the units here, we need to remember that in our framework units are distinct up to standard quantities

such as ¢, h, the Planck mass/length, and so on. See also the convention used in [Sfol5].
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For the setup of AdS; x S x §3 x S%, rather than a D1 — D5 brane stacks setup, we now deal with a
D1 — D5' — D5 brane stacks setup, with the metric in this case looking like

_ ds* (M)

1

ds? + HLdZ + Hsd2? | (1.3.14)

where My 1y is the 1 + 1-dimensional Minkowskian metric, and the harmonics Hs = 1 + z% and Hf =
1+ Z%, and Hy = HLH;. The separations of the two branes are measured by z and z’. Similar to the

above, we then get as superisometry algebra of the background
02, ;)L ®0(2,1;0)R , (1.3.15)

and the radii Ry, Ry of the two spheres satisfy
1 1 1

— = — 4+ —
R2Ad83 R% R%
& (1.3.16)

2 2
Raas, | Baas, 1
2 2 - ?
Ry R

(1.3.17)

where Rags, is the AdSs radius, as before. This condition on the radii follows from the fact that we want
our background to satisfy the supergravity equations. We can see the o parameter of the superisometry
group D(2,1;a)? appearing through
2 2
Rias, Rias,

=« =1—«

R} " R3 ’

(1.3.18)

which satisfies the above-mentioned constraint on the radii. For a € {0,1}, the AdS radius Raqs, and
either Ry or Ry coincide, with the other one decompactifying - in this limit, we get the other super-
background of AdS3 x S3 x T* which has the superisometry group PSU(1,1[2)?, as we previously stated.
Up to some subtleties, the dual CFT to the string theory on one kind of this background is given by
the large N limit of the (free) symmetric product orbifold Sym” (T4), which is to this day not as fully
understood as its AdS5/SYM counterpart. We will go into more details about different regimes, limits

and aspects of the correspondences later on when motivating the utility of integrability.
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1.4 Outline of the Thesis

This thesis is based on a collection of papers I published with my collaborators ([GW21], [NGTW20],
[GTW20], [NGW22]). These projects were, in their topics and subject matter, quite different: Whereas
[GTW20] was a natural continuation of [NGTW20], the topics of [GW21] and [NGW22] are of a distinct
nature. However, in all of the efforts presented in this thesis, we are always revolving around the topics
of integrability and deformation in AdS/CFT, and we shall always try to motivate this bigger picture in
our endeavours.

In chapter 1, we motivated the historical context of string theory, different AdS/CFT correspondences,
and explained the first appearances of algebraic structures within this.

In chapter 2, we outline the algebraic background necessary to understand chapters 4 and 6, as
well as 3 to some extent. In this chapter, we will first go over the fundamentals of spectral theory
in linear algebra, the canonical Jordan Normal Form for endomorphisms on finite dimensional vector
spaces over an algebraically closed field. We then enter the field of Lie theory, and comment on the
canonical classifications that exist to categorise (some) Lie algebras and Lie superalgebras. After this,
we will review general notions appearing in algebra such as the ones of coalgebras and bialgebras. Lastly,
we will discuss in more detail the theory of Hopf algebras, as they share an intimate connection with
quantum integrability.

Moving on from mathematical preliminaries, we start to delve into the topic of integrability in chap-
ter 3. To this end, we start by motivating the concept of integrability and explaining important concepts
of classical integrability and their appearances in physics - we will not make use of integrability in the
strictly classical sense, but a brief motivation of this is sensible before moving on to its quantum ana-
logue. Here, we briefly talk about the appearance and properties of R-matrices, and how they connect to
the algebraic exposition we made one chapter prior. We then make things more concrete by introducing
the concept of spin chains - which often constitute prime examples of quantum integrable systems - and
then illustrate many features by the example of different spin chains. In this context, we also present one
example of the different Bethe Ansétze - the Coordinate Bethe Ansatz - and apply it to the spin chain
systems that we introduced. We end the chapter about integrability by talking about its applications,
appearances and successes within the physical context that we are interested in.

In chapter 4, we then move on to our projects that we studied in [NGTW20] and [GTW20]. Here,
our setting was the algebraic study of the massless AdSs/CFT5 scattering problem from an integrability
perspective. Proceeding analogously, first with a chosen representation, and then moving on to the
representation independent case, we endow the generators of our algebra with a Hopf algebraic structure,
including the additional boost generator J that we introduce. In the representation-dependent case, we
find suitable R-matrices for each of the particular Hopf algebraic structures that we chose initially, while
for the representation-independent case we focus on a purely algebraic study that will give rise to a
categorisation of boost relations and algebras.

Leaving the realm of algebraic study of integrability, we move on to present the work conducted in our
publication [GW21] in chapter 5. Here, we are remaining within the context of AdSs and deformations,
but choose an effective field theory approach by considering a limit where it reduces to a deformed LL
model. We canonically quantise our effective Lagrangians and compute 2-body S-matrix elements by
means of Feynman diagrammatics. For this chapter, we try to make all calculations explicit in a detailed
and illustrative manner in the main part of the text and make an exposition of some standard tools of
QFT within the presentation of our work, rather than dedicating a separate section or appendix to the

calculations or methods.
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In the last chapter of the main part, chapter 6, we move on to studying spectral and analytical
properties of operators, and apply the results we find and methodology we develop to the case of the
eclectic spin chain. In the first part of this chapter, we analyse operators with singular geometric
multiplicity. We then proceed with relaxing this condition. This requires us to refine the algorithmic
framework we developed in the first part of the chapter. The strongly twisted Hamiltonian appearing in
the context of the eclectic spin chain then proves to be an ideal candidate for our methods to be applied
to. We then successfully cross-check our results with known results within the literature available to us.

In chapter 7, we present conclusions on the chapters 4, 5 and 6, going over the contextual questions
we posed ourselves initially as well as the important results. We then propose possible directions for
future research for each of the projects we presented.

Lastly, in appendix A, we provide details on the calculations and extend some considerations of
chapters 4 and 6. For the former chapter, since most algebraic computations in the representation-
dependent case (quasi-cocommutativity relations, supercommutators, et cetera) have been performed
using computer algebra, we limit ourselves to illustrate in the appendix the computations regarding
the non-coassociative curiosity we found. For the representation-independent case, we try to place the
necessary calculations already in the main part of this thesis. For the project of the latter chapter,
we placed the more general cases as well as some more involved calculations in the appendix for the

interested to study.
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2 Algebraic Footing

“Wer fremde Sprachen nicht kennt, weifl nichts von seiner eigenen.” [“He who knows no foreign

languages knows nothing of his own.”]

— Johann Wolfgang von Goethe, Maximen und Reflexionen

In this chapter, we want to give a brief introduction to the pertinent algebraic theory for this thesis.
Although it might seem an excessive excursion to the mathematical fundamentals, we shall delve into
some aspects of linear algebra in the beginning of this chapter. The reason for this is that in the
penultimate project that we present in this thesis, we will heavily rely on (and, in some part, extend)
results from spectral theory of linear algebra. As our methodology will involve a lot of technical intricacies
and subtleties, a more comprehensive recapitulation is reasonable. The standard literature of linear
algebra that we will rely on and refer the reader to encompasses the works [MKO08], [Jan03], and [Fis13].
Going beyond linear algebra and delving into the field of quantum algebra, for further reading on this,
we refer the reader to [Kas95], [FHO04], [Hum72], [Maj03] and - for a more geometric approach [Fecll].
With regard to a more pedagogical introduction, we recommend looking at the lecture notes of [Beil5].
We will to some extent follow these references when giving this introduction.

Hereinafter, whenever we refer to a field K, we mean K = R or C, and likewise, we will omit the word
“linear” when referring to maps. Particularly for the latter part of this introduction, it is also true that
whenever we mention vector spaces (which we generally assume to be finite-dimensional), we can define

analogous algebraic structures on modules over unital rings.

2.1 Linear Algebra

Naturally, we will assume familiarity of the reader with concepts such as vector spaces, homomorphisms,
matrices and determinants and start our exposition with the most basic definitions of eigentheory. Let
M € Mgx4(C) be a complex square matrix of dimension d x d. For any such matrix, we can define the

associated characteristic polynomial® as®

chars(x) = det(zl — M) . (2.1.1)

IMany authors define the characteristic polynomial as det(M — z14), thus differing from our definition of a (monic)
characteristic polynomial by a factor of (71)d. This does not affect the important properties of it, such as the roots and

polynomial divisors.
2In the context of linear algebra, we denote the identity matrix as 1. If we additionally want to specify the dimension

of the identity matrix, we refer to the r» X r identity matrix as 1, but its dimensions can in most instances in this thesis

be directly inferred.
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The fundamental d’Alembert-Gauss theorem tells us that this polynomial has n roots, if multiplicity

is factored in.> The roots = A of this polynomial are called eigenvalues of M and have the defining

property that a non-zero vector v € C? exists such that
v € ker(M — A1), or equivalenty Mv = Av , (2.1.2)

in which case we call v an eigenvector of M associated with the eigenvalue A, and ker(M — A1) the
eigenspace associated with X\. Any eigenvalue of a matrix carries two types of multiplicities: the algebraic
and the geometric multiplicity. The algebraic multiplicity n of an eigenvalue A is the degree of the root
of X in chary/(z), which is another way of saying that n € Ny is maximal such that (z — \)™|char ().
The geometric multiplicity o is the dimension of the associated eigenspace, i.e. « = dim (ker(M — A1)) =
nul(M — A1). For any of the eigenvalues {A1,--- , A} of M, we always have o; < n;.* For the case where
we have a; = m; Vi € {1,---,7}, we say that M is diagonalisable (or semi-simple). In this case, there
exist d linearly independent eigenvectors of M, which spans out the whole space using this eigenbasis.
Equivalently, this means that there exists a diagonal matrix that M is similar to via basis change to the

eigenbasis, i.e.

A 0 0 0
Dy O 0
0 X 0 O
0 Dy 0 ...
M ~ , with each block being of the foom D; =] 0 0 A; 0
0 0 Dy .. P

(2.1.3)
At first, it might seem that amongst the totality of complex d x d matrices, diagonalisable ones might
constitute a minority® - after all, the above stated feature of diagonalisable is immensely powerful.
However, within the space of Myxq(C), the set of diagonalisable matrices lies dense. Nonetheless, for
the cases where «; < n;, we have no such relation at our disposal, and these matrices cannot be brought
into diagonal form, in which case we call it defective. This is most obvious when considering that, since

at least for some j € {1,--- ,r}, we have a; < n; and thus
> dimker(M = \il) = a; < n; =d =dim(C%) (2.1.4)

which means we cannot construct a basis solely consisting out of eigenvectors. However, we can generalise

the concept of eigenvectors in order to rectify this. We can relax the condition (2.1.2), and define a
(n)

1,

generalised eigenvector (or hauptvector) of rank n of M associated to the eigenvalue \; as a vector v

satisfying
(M — A1)l = oY (2.1.5)

where «; is the geometric multiplicity associated with A\; with v(!) being the eigenvector. Recall that a
true eigenvector (for which we shall drop the (1) superindex) is by definition non-zero, which means that

the above condition defining a vector space flag does not trivialise. The property that (M f/\i]l)”vgla) =0

3This statement hinges on the fact that we are considering a polynomial over the complex numbers. Over R, char s (z)
does not necessarily split into linear factors, as some polynomials of degree 2 (such as 2 + 1) are irreducible in Rx].

4We will suppress the index of a wherever it clutters the notation (producing indices of depth 2) and its reference is
clear.

50f course, only in a figurative sense, as both sets are infinite.

6This only defines a vector space flag if, for the next higher space in the flag chain, one considers the generalised

eigenvectors up to that rank to be part of it, too.
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follows immediately, as

(M — A1) = (M — A1) Y
o= (M = ANL)via
=0. (2.1.6)

Furthermore, the vectors defined by (2.1.5) form a chain that spans out a proper flag, meaning that they
are linearly independent (but not necessarily orthogonal).”

As we have stated before, non-diagonalisable d x d matrices cannot generate d linearly independent
eigenvectors that can then form a basis of the vector space. However, from these chains, we can indeed
define n linearly independent generalised eigenvectors that in turn can form a basis of our underlying
vector space, called the generalised eigenbasis. While we can never bring a non-diagonalisable matrix
M into diagonal form using automorphisms (i.e. basis changes), we can bring it into a canonical block-
diagonal form called the Jordan Normal Form (JNF), first stated by Camille Jordan in 1870.% In its

generalised eigenbasis, any given complex matrix M takes the form

A 10 0
J 0 0
0 XN 1 0
0o J, 0 ...
M= 0 0 J , with each block being of the form J; = | 0 0 A 1 , (2.1.7)
3 ...
0 0 0 X\

where we refer to J; as a Jordan block. The following main properties hold for the JNF of M:

e The geometric multiplicity of a given eigenvalue A; indicates how many Jordan Blocks associated
to it we find in the JNF.

e The total sum of the sizes of all Jordan blocks associated to A corresponds to its algebraic multi-

plicity, as this is simply the number of times \; appears on the diagonal of the JNF.

e The JNF of a diagonalisable matrix is purely diagonal, i.e. all Jordan blocks are of size 1. In this

case, the notion of eigenbasis and generalised eigenbasis coincide.

There are several other illustrative properties of the JNF related to the minimal polynomial, but for the
sake of brevity, we will not elaborate on this aspect of eigentheory.” Linear combinations of generalised
eigenvectors of rank p again constitute a generalised eigenvector of the same rank, however, the gener-
alised eigenvectors of rank p — 1 that they are associated with may change. Even more so, any linear

combination of generalised eigenvectors featuring just one generalised eigenvector of higher rank p than

"There exists the equivalent definition of generalised eigenvectors of rank n, demanding them to simultaneously satisfy
(M = x1)"o{") =0
(M — X1l 20

This characterisation seems more straightforward, as there is no necessity to define any generalised eigenvector of lower
rank that is necessary to define generalised eigenvectors of higher rank. However, as we shall see later on, we will be very
interested in the eigenvectors of different rank associated to a given generalised eigenvector, as they form a chain that
permits us to know more about the Jordan structure of the matrix that they are stemming from. More concisely, it allows

us to define a strict filtration.
8Not to be confused with Pascual Jordan or Wilhelm Jordan.
9For the interested reader, we recommend the study of [Yan14], where Cayley theory and minimal polynomials are

discussed in some detail.
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the others constitutes a generalised eigenvector of rank p with the same generalised eigenvector of rank

p — 1 that was associated to originally. With this in mind, we are led to conclude the following:

Theorem 2.1.1. The dimension of the vector space spanned out by generalised eigenvectors of rank [ is
smaller or equal than the dimension of the true eigenspace. This means that we have dim {ker (M — )\]l)l}—
dim {ker (M — )\]l)l_l} < dim {ker (M — A1)}.

More generally, we have that dim {ker (M — A1)"} —dim {ker (M — A1)""'} < dim {ker (M — AL)"}—
dim {ker (M — /\]l)"’l} holds for any two integers n < 1.

Proof. We want to use the first isomorphism theorem to prove the former claim. Let us therefore establish
the following first: Given any vector w € ker (M — A1)!, we have that (M — A1)!~'w € ker (M — A1) by

definition. Therefore, we have the domain and codomain of the following set of maps:
(M — N1 s ker (M — M)! — ker (M — A1) | (2.1.8)
which implies together with the first isomorphism theorem that
ker (M — A1)’ /ker (M — A1)!=1 ~TIm(M — A1)'"™! C ker (M — M), (2.1.9)

where the last inclusion is only an equality for surjective induced maps. By comparison of their dimen-
sions, we then arrive at the claim.

The second claim is a generalisation of the first, which we can prove similarly:

Given any vector v € ker (M — A1)! with the feature that (M — A1)~ v # 0, meaning that

v e ker (M — A1)} /ker (M = ALY~ (2.1.10)
we know that for v, := (M — A1)Pv and ! > p the following holds:
(M — \1)'"Py, =0,
(M — M) 7Py, £0. (2.1.11)
This is another way of saying that we have
v, € ker (M — A1) /ker (M = M)I-P-1 . (2.1.12)
With this latter ingredient, we can construct the following chain of maps, in a similar vein to before:
(M = N sker (M =MD" i (ag = anyi=t = ker (M =MD [y (ap —payet . (2113

As we mentioned before we have [ > p, which using the same isomorphism theorem to before leads us

tO'lO

ker (M = A1)' /er (M — A1)t = Im(M — AL)? C ker (M = AL)'™F /o (ar — aq)r—t . (2.1.14)

Defining p € N in such a way that [ — p = n, we arrive at the following implication for the dimensions:
dim {ker (M — X1)'} — dim {ker (M — X1)'~'} < dim {ker (M — A1)"} — dim {ker (M — A1)"~'} O

This theorem is saying that, given a certain geometric multiplicity «; associated to an eigenvalue
i, when we go deeper into the flag of generalised eigenspaces, at every step there are at most a; new
generalised eigenvectors that can appear. Even more so, the second part of the theorem implies that the

number of linearly independent new generalised eigenvectors decreases with increasing rank.

1
100bviously, (ker (M = A1) /ker (M — 1)1 ) /ker (M — A1)P = ker (M — A1)! /ker (M — 1)1 ifp <L
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The eigenvectors of a Hermitian matrix are orthogonal - in this context, we mean orthogonal in the
sense that vivg = 0."' Hermitian matrices do not possess any proper generalised eigenvectors, since they
are a priori diagonalisable. For our study of non-Hermitian matrices, we should not be so lucky: Even
for non-Hermitian matrices whose true eigenvectors are orthogonal we have that, while the generalised
eigenvectors are linearly independent, they do not need to be orthogonal.'? We can recover a sense of
orthogonality for generalised eigenvectors, but we need to further broaden the notion of eigenvectors
first.

Definition 1. Analogous to the notion of a usual (right) eigenvector of M, there exists the notion of

left eigenvectors, defined to be the right eigenvectors of the Hermitian conjugate of M, meaning a vector

that fulfils
M= X0 0T M =M. (2.1.15)

Consequently, a generalised left eigenvector of rank n of M associated to the eigenvalue A\ satisfies the

relation
(Mt = x)pl™ = () (2.1.16)

For Hermitian matrices, i.e. M = MT, we also have that left eigenvectors and right eigenvectors are
equivalent.'® This is obviously not true for non-Hermitian matrices, but we can still find an interesting

relation amongst the two different types of eigenvectors for any matrix M:

Theorem 2.1.2. The left and right generalised eigenvectors of a matriz M can be chosen in such a way

that the following biorthogonality relations hold:

(ﬁ(m,aJrl*P))T Uj(flﬁ) = 0i;00p0pq » (2.1.17)

i,
where nj o is the size of the Jordan block associated with the a-th geometric multiplicity of A;.
Proof. We first prove a small lemma for this:

Lemma 2.1.3. Given a left eigenvector 0; o associated to the eigenvalue \; and a right eigenvector v; g

associated to the eigenvalue \j # X;. We then have 0; o L v; 3.

P700’.
,U ,U]:B U ,U]ﬁ J v U]ﬁ
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as we are considering A; # A;, the only possibility is that 9; o and v; g are orthogonal. |
To make a similar statement of generalised eigenvectors, we will make use of the following two relations

(i — A (@ (1)) v(’g (@(1))TMU(”) (Agl ) @) ( (1) )T(M A1) (p) (8 (1)) P

) 5.8 = \Yia Yip = J.B
~(g—1 ~ ~ 1
(O w4 = A @D o) = G (M = M)l = D)oY (2119)

The first equation in (2.1.19) allows us to deduce that a (true) left eigenvector associated to A; is

orthogonal to generalised right eigenvectors associated to an eigenvalue A; # A;: Given that we know

H1In terms of notation, we shall sometimes make the - when referring to scalar products explicit when it is beneficial
to the readability, and sometimes we shall drop it when the situation allows it. The operations we refer to, however, are
identical.

12For the case of a matrix with Jordan block sizes not exceeding 2, there is a more explicit way to reconstruct orthogonality.

13 As left eigenvectors are technically covectors, we cannot claim them to be equal. However, where this abuse of notation

generates no confusion, we shall still write equalities for the sake of brevity.
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from before that (9 (1)) ](1) = 0, we can simply inductively (over p) reason that indeed (o (1)) ( =0.1
Similarly, the second equation of (2.1.19) then extends this orthogonality to hold amongst generahsed
eigenvectors of any rank: For p = 2, we can inductively infer orthogonality with any ¢ by making use of
the second equation; starting from ¢ = 2, one can infer that (9 (2)) 525) = 0 (as all the other summands
of that equation vanish), and then move on ¢ — ¢+ 1 drawing the analogous conclusions. This induction
over ¢ is then performed for each increasing value of p. This gives us the claim for A; # A;.

For coinciding A; = A;, we have the following equality that holds for all k,[,p,q € N simultaneously

(and, of course, transitively):

~ —k—1
T
(D) (M = A )Moty = (o5 0) - of9) (2.1.20)
k l
(07 )t o5

As this holds for all k, 1, p, ¢ € N, it particularly holds for the case of k = p—1 and [ > 0, which gives us:

—p—i+1 I+1 1 !
0= (PN WP = @ Tl = @)l (2.1.21)

because p + 1 — 1 > p and thus (ﬁ;po)é)T(M — A\ 1)PT=1 = 0. Thus, we have that an eigenvector is
orthogonal to all the generalised eigenvectors except for the ones of maximal rank n;, since n; > ¢ as

the rank of the generalised eigenvector is bounded by the geometric multiplicity.

If the geometric multiplicity of the eigenvalue is one, our claim is proven: In this case, ﬁj(lo)(

onal to all right generalised eigenvectors except the one of maximal rank v(nﬁ’) As this set of generalised

~(1)

jOé

is orthog-
eigenvectors spans the full n;-dimensional vector space and ¥,/ is non-vanishing, ( oL ))Tv( ") # 0,

can be normalised such that ( ol ))Tv(nj) = 1. Additionally, by considering the above equation for the

(1+l))f (nJ )

e )05 g = 1 can be derived with the other possible combination of

extremal case of n; = ¢, (¥

parameters giving us zero.
For the above argument to close our proof, we assumed the geometric multiplicity to be one. If it

exceeds that, the proof is analogous - but a bit more technical - further details on this are provided in

the appendix A.1. This concludes our proof. O

While it might seem so at first, biorthogonality does not imply that ¢ A(nl «tl=p) _ l(pa) due to the
generalised eigenvectors generally not being an orthogonal basis, unfortunately. However, there are two

important exceptions:

Corollary 2.1.3.1. The following equalities between left and right generalised eigenvectors of mazimal
A(nl a) ( ) A1) (nia)
rank hold: and 0; , = v; .

Proof. The set of generalised eigenvectors form a basis of the vector space corresponding to its Jordan
block, and since any left generalised eigenvector to the same block lies within the same vector space, we

can expand it in terms of right generalised eigenvectors

. nl at+l-p) @
U Z mi k,o,v,p, 1V o (2122)
k.t

141t is immediate that one is analogously able to prove that we have (61(12)T . vj(.lg = 0. Consider the left-right symmetric

s

of the first equation, i.e.
(g = M@)ol = I ML — I A = ()M = At

Once more, from the fact that we have (fzf 1O>‘)T . U;lge = 0, we can inductively infer that (9,
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Then applying biorthogonality, we find that the coefficients m have to satisfy the relation

8ij0aslpg = D Miarpi(Wps) 0l . (2.1.23)
ko,

We cannot set m to a Kronecker delta &, because the generalised eigenvectors are not a priori orthogonal.
For true eigenvectors, the above restriction does not apply: As the linear combination of a generalised
eigenvector of rank ¢ and a true eigenvector is again a generalised eigenvector of rank ¢ without changing
the vector they are associated with, we are able to construct linear combinations of generalised eigen-
vectors that are orthogonal to all the generalised eigenvectors of rank 1, i.e. true eigenvectors. With
this in mind, we can indeed set m to a Kronecker delta for the case of p = 1, i.e. @Eﬁj’“) = vz(lo)( The
other relation is then obtained by expanding a right generalised eigenvector in terms of the basis of left

generalised eigenvectors, and then repeating the same arguments. O

2.2 Lie Algebras

In this first section, we shall elaborate on the general theory of Lie algebras, a topic arguably familiar

to most readers.

Definition 2. A vector space g over K together with a bilinear map [-,-] : ¢ X g — ¢ is called a Lie
algebra iff
e [,] is alternating'®
o [,] fulfils the Jacobi identity, i.e.
(X, [V, Z]|+ [V, [Z2, X]|+ [Z,[X,Y]] =0 VX,Y,Z € g, (2.2.1)
in which case we call [-,-] the Lie bracket.

For later convenience, we shall also quickly define two important types of Lie algebras.

Definition 3. Let g be a Lie algebra over K. We call g solvable iff the so-called derived series

g>[g.0] =D'g > [[g.9]. [9.9] = D*g > [[[g,a]. [0, 0]], [[9. 0], [, 0]]) = D’g > ... (22.2)

eventually arrives at the zero subalgebra o = {0}. Similarly, we call a Lie algebra g nilpotent iff the

so-called lower central series

9>1[9,0] =Dig > [9,[9,0]] = D29 > [9,0,[9,0]l] = D3g > [g,]s,[9,[g,0]]]] > ... (2.2.3)

eventually arrives at the zero subalgebra o. From this definition, it is also evident that D'g = Dig, and
that every nilpotent Lie algebra is solvable due to the inclusion Dig O DFg. The reverse implication,

however, does generally not hold.

We can now introduce the adjoint map, i.e. ad : g — gl(g) via adX(Y) = [X,Y] VX,Y € g, as well

as an important definition relating to this:

151n this context, the alternativity property means [X, X] = 0 VX € g. For char(K) = 0, this is equivalent to saying it is

antisymmetric.
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Definition 4. Let g be a Lie algebra over K. We call a subalgebra b < g'® the (maximal) Cartan

subalgebra of g if it is a nilpotent subalgebra that is self-normalising, in the sense

{a € glla,b] C b} =, (2.2.4)
—

::mg(b)

where we call Ny(h) the normalisator of b in g. Additionally (for vanishing characteristic of the field),
adh : g — g is diagonalisable.

We now make another definition that will be important for us to distinguish certain Lie algebras

that, as a class, share useful properties:

Definition 5. Let g be a Lie algebra over K, and let i < g be a subalgebra. We call i an ideal of g iff we

have
i) Ci, (2.2.5)
and we call i proper iff i # {0}, g, as both of those sets are always ideals, trivially.

With this definition at hand, we can state that a complex Lie algebra is simple iff it is non-abelian
and contains no proper ideals. Similarly, we call a complex Lie algebra semi-simple if the bilinear form
defined via k : g x g — C, k(X,Y) = Tr(adX adY) is non-degenerate. This specific bilinear form is
called the Killing form, and it is of central importance in Lie theory. Then, for semi-simple Lie algebras
over C, it can be shown that every Cartan subalgebra is abelian, which we shall keep in mind. In this
thesis, Cartan elements will be of immense importance, as the energy is represented by an element in
the Cartan subalgebra h. For complex Lie algebras g, we could have stated the semisimplicity condition

equivalently as
e g having no proper abelian ideals, or
e g having no proper solvable ideals, or
e g being the sum of simple complex Lie algebras.

In what follows, we assume K = C and g to be semi-simple and non-trivial, and we denote its dual
algebra as h*. For H € h and a € b*, the generalised o(H)-eigenspace of adH is gom)(H) = {X €
gl(adH — o(H) id)¥™(®) X = 0}. With this, we can introduce the following:

Definition 6. Given a K-Lie algebra g and defining g, = nHeb Sa(m)(H) for a € b*, one can show
that

g=ho @ Ja - (2.2.6)
agh*

For g, # 0, we call o a root of g and g, the corresponding root space. The totality of all roots is denoted
by the set PS.

Furthermore, by choosing an element H € by, '7 this induces a partial ordering on h* via

a<Beall)<BH), (2.2.7)

16 A subalgebra is a subvector space h C g with [h, ] C h. As we did in (3), we denote this by h < g.
17With the restriction that H ¢ kera Voo € ®9 C p*.
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which allows us to decompose the roots into positive and negative ones, i.e. P8 = @i U ®?, where

- >0 for+ .
a€df & a(H) as one might expect. (2.2.8)

<0 for—

Likewise, this allows us to decompose the Lie algebra itself into g =bd gy g, where g1 = @aeq,gi Oa-
Finally, we say o® € ®% is a simple root iff it cannot be written as the sum of two elements of ®% with

positive coefficients. We denote the totality of all simple roots as @ C fl)ﬁ_ C Ps.

It can also be shown that we have |®¢| = dimh* = dimb := r, the rank of g. The latter statement of
sums in h* connects to the commutator relation [gq, 93] C gats-

It is easy to see that every root space g, of a semi-simple Lie algebra is 1-dimensional. Thus,
for all positive simple roots {af,...,as}, we find (simple) generators {Ej, ..., E.} (and their negative-
rooted pendants {F1, ..., F}.}). For a Cartan basis span(Hq, ..., H,.) = b, we define the Cartan matrix as

Ayj = af(H;) '®, which leads us to define the following:

Definition 7. We call a set of generators {E;, F;, H;} fori = 1,..,rank g Chevalley-Serre generators if
they fulfil

[Hi, Hj] =0,

[Hz,Ej] =A;;E;

[Ei, Fj] = 6i; Hj

[H;, F;] = —Ai;F; , (2.2.9)

where span(Hy, ..., H.) = 4. So far, we have not dealt with composite (i.e. non-simple) generators, and

the a priori non-zero commutators they might produce. For this, we introduce the Serre relations, given

by

1 fOT’ A“ = Aij =0
where i # j and Nij; = < 2 for Ay =0,4;; #0 - (2.2.10)
1—252  for Ay #0

(adEZ)N“EJ =0
(adFi)NUFj =0

Naively, one might interpret the above as a prescription stating that every complex semi-simple Lie
algebra g with rank r can be seen as r different slo-triplets whose interaction is given by A;;. While
this might be in essence correct, this interpretation might lead one to believe that e.g. sl3 is the sum
of two copies of sls, which of course dimensionally does not suffice. Nevertheless, sls, being a very
straightforward rank » = 1 Lie algebra, plays an important role for considering Lie algebras of higher
rank.

While this concludes our general discussion of the structure of Lie algebras, we want to add a very
brief note as to why it is a rather rewarding task to consider Lie algebras of low dimension, before moving
on to the example of sl3 and carrying on with our algebraic discussion. The Lie (super)algebras that
will be pertinent to our project are all of relatively low dimension. The fact that there are not a large
number of distinct low-dimensional - or, more precisely, small rank - Lie algebras can best be seen by

looking at the Dynkin classification, which we shall briefly do.

180ne needs to be careful with this definition of the Cartan matrix, but for our purposes, it will do. There also exist

notions of symmetrised and unsymmetrised Cartan matrices, for a more comprehensive discussion, please see [FHO04].
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Firstly, we state that we can use a well-known invariant bilinear form, the Killing form &, to construct
a scalar product on h*, essentially by first restricting /<;|hxh to the Cartan subalgebra!®, and then taking

its dual inverse, such that we end up with a scalar product (-,-) : h* x h* — C, with the property that

Aij = oi(H;) = 2< 05) (2.2.11)
T (af, a7)
One can show that this?® implies A;; = 2 and, for i # j,
(Aija AJ’L) € {(07 0)7 (_17 _1)a (_27 _1)7 (_Sa _1)} ) (2212)

which simplifies the situation (see e.g. [Beil5]).

Cartan matrices, as constrained as we stated them to be, can be represented by Dynkin diagrams.

Given a specific Cartan matrix A;;, they can be constructed as follows:

e For a rank r Lie algebra g, first, we must draw r nodes, one for each diagonal element A;; = 2.

Each node carries a (mental) label from 1 to r.
o Nodes no. i and j are connected by max(|A4;;|,|4;:]) € {0,1,2,3} edges, where i # j.

o In case of (Ai;,4;;) € {(—2,-1),(—3,—-1)}, the edge carries an arrowhead pointing from node
number 7 to j for |A;;| > |Aj].

As it turns out, there are only so many different Dynkin diagrams - and correspondingly semi-simple
complex Lie algebras - that can exist: There are 4 distinct infinite families A,,, B,,, C,, D,,, and a handful

of exceptional cases Fg, E7, Eg, Fy, Go. Their diagrammatic representation can be seen in 2.2.

;N
;R
By oodooes

4—{ F4 *—e-o—o

G2 [ == ]

=
} !

|
E

$

(a) The infinite families
(b) The exceptional cases

Figure 2.1: The different Dynkin diagrams

With regard to the Cartan structure, A,,, By, Cy,, Dy, correspond to sl,y1,802,11,5Ps,,,502,, respec-
tively. From this, it is also obvious that for the small-rank Lie algebras we have e.g. A1 = B; = C} and
By = (5.

Lastly, we shall just quickly illustrate what we have discussed here by making an example, namely

sl3. It has rank r = 2.

19Whose representation matrix is, naturally, related to the Cartan matrix.
20We again need to stress that we are only interested in the finite-dimensional case.
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A2 *—e

Y (b) The Dynkin diagram of sls.
(a) The root system of sls.

Figure 2.2: The Lie algebraic structure of sls.

In figure 2.2a, we see the positive (teal) and negative ( ) roots of sl3, where a superscript s
indicates that they are simple roots. For instance, af, a3 are the positive simple roots, while the root
Q12 = af + a3 is composite, which can also be seen by [Eq:, Eas] = Ea,,. sl3 has a rather trivial Dynkin

diagram, as can be seen in figure 2.2b, stemming from the Cartan matrix

2 -1
-1 2

A= (2.2.13)

With respect to simple complex Lie algebras, one can state that g is simple iff its Dynkin diagram is
connected, indicating to us that e.g. Dy = s0(4) is not simple.

This concludes our discussion about ordinary (bosonic) Lie algebras. Before moving on to the gener-
alisation of these notions in form of the super-case, we shall briefly introduce the very basic ingredients

of representation theory.

Definition 8. Let g be a Lie algebra and V' a vector space over K. A linear map p,
p:g—gl(V)=End(V), (2.2.14)
is called a representation of g on V' iff it is a Lie algebra homomorphism, i.e.
p([X,Y]) = [p(X), p(Y)] VX, Y € g, (2:2.15)

where the Lie brackets are defined on g and gl(V') (the latter of which can be understood as the commutator
for us). If p is a injective map, we call the representation faithful. In mathematics, the tuple (p,V') is

referred to as a g-module.?!

Obviously, there exist many possible representations for any given Lie algebra - e.g. the trivial rep-
resentation p = 0 always exists for any g. There exists one particular notion that distinguishes one type

of representation from others that we shall highlight.

Definition 9. Let g be a Lie algebra and V' a vector space over K, and p : g — gl(V) a representation.
A subspace W C 'V is invariant under p iff have

p(X)weWVYweW and VX €g . (2.2.16)

p = ply, is then a subrepresentation. A representation p £ 0 on V is called irreducible iff V' has no
proper invariant subspaces. Otherwise, we call it reducible. In the language of modules, we call an
irreducible representation a simple module. Additionally, if (a reducible) p on V' can be decomposed into

a direct sum irreducible subrepresentations, we call it completely reducible.

21In the literature, the nomenclature is sometimes used in a confusing way, by e.g. referring to V as the representation
itself.
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One important result within the field of representation theory is that for complex semi-simple Lie

algebras, every reducible representation is also completely reducible.

Definition 10. For a Za-graded vector space g = g° @ gt, we define the degree of an element |A| = a for
Aeg® a=0,1. We say g is a Lie superalgebra iff it is equipped with a bilinear map [-,"] : g x g — g if
it fulfils (VW X,Y,Z €g)

o |[X,Y]|=|X|+|Y]| mod 2, i.e. it respects the grading,

o [X,Y] = (—D)"*XIVIY, X], i.e. it is super-alternating,

o (—)XIZAIX [y, Z]] + (—)YIIXIY, [Z, X]] + (=D)I?IVN[Z)[X, Y]] = 0, the super-Jacobi identity.
In this case, we call [-,-] a (Lie) superbracket.??

The entire discussion about definitions, Cartan classifications, Chevalley bases, roots and Dynkin
families generalised straightforwardly (or linearly, more precisely) to the super case, which is why we
will not reiterate this in a comprehensive “super-introduction” here. However, we would not do the topic
justice if we did not explain some important super-notions.

For this, it is helpful to introduce a prime example: Given a (finite-dimensional) superspace V =
Vo @ Vi with homogeneous basis By, |n) = €1, €my Emt1s -+ Emtn (where the first m basis elements
span Vp, and the latter n basis elements V7), we can equip the superalgebra End(V') with the standard

Lie superbracket for associative superalgebras
[a,b] = ab — (—1)l*l1Plpq, (2.2.17)

it has the structure of a (m|n)-dimensional (or m + n-dimensional) Lie superalgebra and is commonly

referred to as gl(m|n). In the basis B, |,), we can identify the elements of gl(m|n) with blockmatrices

al(mln) ;{ %‘i

where even and odd parts - i.e. the parts with respective 0,1 mod 2 grading - of it can be represented

by23
}, gl(m|n); = { } (2.2.19)

where the dimensions of the submatrices A, B, C, D should be self-evident. All of the relevant Lie super-

of the form

}, (2.2.18)

Al O
01D

0| B

gl(mln)oi{ =10

algebras will be subalgebras of gl(m|n) or closely related to them, so we can stick with this identification

with blockmatrices for the following definitions.

Definition 11. For a given element X € gl(m|n) realised through
A| B
C

st: gl(mln) — gl(m|n)

; (2.2.20)

we define the supertransposition through

22There exist many superbracket choices in many instances.
23Note here that the odd part does not form a subalgebra, whereas the even part does.
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X X5, (2.2.21)

At 7ct

Bt Dt
(—1)IXINVTy st xst which naturally reduces to the known property (M My)t = MLM} for ordinary matrices
M;.

For the above X, there also exists a super-equivalent of the trace:

where X5t := . For supermatrices X, Y, the supertransposition fulfils the identity (XY)*t =

sTr: gl(mln) - K
X — sTr(X), (2.2.22)

where sTr(X) := Tr(A) — Tr(D). For the Lie superbracket on gl(m|n), the supertrace fulfils the identity
sTr([X,Y]) = 0.

Using the supertrace, we can define an important subalgebra of gl(m|n):
sl(mln) == {X € gl(m|n) | sTr(X) = o} . (2.2.23)

While one can prove that sl(m|n) is simple for m +n > 1 and m # n, for m = n we have sTr(1) = 0,
thus sl(m|m) has a 1-dimensional centre 3 = span(1), which makes the algebra non-simple ([FSS96]). It

makes therefore sense to look at the projective algebra
psl(m|m) := sl(m|m)/3 (2.2.24)

instead. psl(m|m) is simple for m > 1.

As mentioned before, not all Lie superalgebras will be relevant for our project. In fact, we will be
focusing our efforts to basic Lie superalgebras, meaning the ones whose even parts are reductive and who
admit to a so-called invariant (super)form. For a given Lie superalgebra g, this means that a bilinear

form
() gxg—K (2.2.25)
fulfils
(X,Y],2)+ (-)XWlv [x,z) =0 VX,Y, Z e g, (2.2.26)
which also can be reformulated by making use of the properties of the Lie superbracket as
(X,Y],2)=(X,[Y,Z]) VX,Y,Z €g. (2.2.27)

In most of the literature, to be a basic Lie superalgebra, this invariant form is required to be non-

degenerate. In the super-case, the Killing form of g is defined as follows:
K(X,Y) =sTr(adXadY) for X,Y €g. (2.2.28)

The Killing form is invariant in the above sense, and also invariant under automorphisms of g. Fur-
thermore, for simple Lie superalgebras g, the Killing form is graded symmetric satisfying (X,Y) =
(XYY, X) VX,V ,?* invariant, and fulfils x(go, g1) = 0. Additionally,

o for g of the type Am ntm,Bmn: Cnt1y Dmongm—1, or Fy, Gz, its Killing form is non-degenerate,

and

24This is also sometimes referred to as “supersymmetric” or “super-symmetric”.
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o for g of the type Am.m; Dm+1,m, D2,1;0q, its Killing form is identically zero.

In this thesis, most of the above algebras will not play a role and we shall forego an extensive exposition
of their definitions and properties, and the reader is referred to consult [Kac77] for a comprehensive
discussion.

The notion of (simple) roots A(y) = {a1, ..., -}, Cartan subalgebras b, Serre relations and generators
E,, F, stays mostly the same for the super case, with the difference being now that there are even and
odd generators and roots and the Lie bracket gets replaced by the Lie superbracket. Reminiscent of
the ordinary case, all basic Lie superalgebras admit a non-degenerate inner product (.,.) : g x g = K
with (Ea,, F—a;) = (FBay, F—a, )0k and (Hy, H)) = (Ea,,E-a,)Akr, where A is the Cartan matrix
analogously. Except for the simple Lie superalgebras of type A, n, Dnti.n, D2 1:q, this inner product
always coincides with the Killing form (that is non-degenerate in these cases).

In the Cartan theory of Lie superalgebras, there is one subtlety to be addressed: Generally, there
exist an infinite number of choices of generators and roots for any given Lie (super)algebra a priori. For
a basic Lie superalgebra, there always exists a simple root system A, which has the fewest odd roots.??
We call this root system the distinguished root system A? of the Lie superalgebra, which gives rise to the
distinguished Cartan matrix. Lastly, as in the bosonic case, these Cartan matrices can be symmetrised
canonically, but we will skip the procedural details of this and assume the Cartan matrices A° to be
symmetrised wherever necessary.

As a last step, let us discuss briefly the Dynkin classification in the super-case. We consider a basic
Lie superalgebra g of dimension n and rank r = dim(h), with simple root system Ay and symmetric

Cartan matrix A3, = (o, ;). The Dynkin-recipe is then the following:

1. For each even root in A, we draw a white node. For the odd roots in Ay, we have to distinguish
between roots of length zero (A3, = 0) and of positive length (A3, # 0) - for the former, we draw
a grey (or marked) node, for the latter we draw a black node. The nodes are (mentally) numbered

by the index of their corresponding root.
2. Nodes k and [ are then linked by zy; lines, with

_ 2| AR s s
* Pkl = min(AL AL for Ay, # 0 # Aj,

- 2|4 s s _
o Zrl = m for Akk 7é O7All = 0,
o zu = [Ay| for Ay =0 = A

3. Lastly, we add an arrow to the line between nodes k and [,

 pointing from k to [ for A7, # 0 # Aj, and |Aj,| > |A7]|, or for A}, =0 # A}, and |4]] > 2,

« pointing from I to k for A}, =0 # Aj, and |Aj| > 2.

As we mentioned before, there are many different, inequivalent choices for simple root systems for any
basic Lie superalgebra. Had we started this procedure with the distinguished one A¢, we would have

constructed the distinguished Dynkin diagram for g. In this kind of diagram, the fewest odd roots are

25 Although this may only seem to be a mathematical curiosity, it actually has important physical implications. One
example can be found in [HS19] or [Seil9], where depending on the Dynkin diagram used to deform the string background,

it will satisfy supergravity equations or generalised supergravity equations.
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pictured. For completeness’ sake, we list the Dynkin super-families

Amn Sln41,n+1

Brn . 05P2n 11,20
corresponding to ,

D'm?ﬂﬂ 05p2m,2n

Cn—i—l 05]32’2“

and the exceptional super-cases Do 1. for o ¢ {0,—1} (which can be understood as a deformation of
D(2,1)), Fy and G5. Again, for a comprehensive discussion on this, we refer the reader to [Kac77],
[F'SS96] and [Serl7]. For our purposes, the A,, , family will be the most important one, but we outline

the diagrammatic overview of the basic cases in 2.3 (see also [FSS96]).

1 1 1 1 1 1 1

m times n times

2 2 2 2 2 2 2
—_————

n—1 times m—1 times
2 2 2 2
n—1 times

1 2 2 2 1

n—1 times
2 P P 2 P P 1
—_——
n—1 times m—2 times 1

Figure 2.3: Distinguished Dynkin diagrams of the infinite families of the basic Lie superalgebras.

The above shows again the infinite families, and in 2.4 we find the exceptional cases.
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& @ —O=E=0

Figure 2.4: Distinguished Dynkin diagrams of the exceptional cases of the basic Lie superalgebras.

From a representation theoretic perspective, for the practical scope of this thesis, there are no par-
ticularly intricate differences: The grading of a superalgebra has to be respected by the representation
space we choose and the representation we construct - and we will straightforwardly see this in the
representations we are dealing with in chapter 4. The only subtlety that frequently appears within the
context of superalgebras that we shall point out is the one of short and long representations. We first
recall one important fact about semi-simple complex Lie algebras, namely that every representation that
is not irreducible is completely reducible. For simple complex basic Lie superalgebras, the situation is
unfortunately not quite the same, as there exist many representations for them that are reducible but
not completely reducible. This fact is what prompts us to introduce the notion of typical and atypical
representations of superalgebras.?S The situation as it presents itself for semi-simple complex Lie alge-
bras finds its analogue in the typical representation of superalgebras. We refrain from going beyond the
scope of this thesis by means of providing a detailed exposition on highest weight representations, and
simply state that if (p, V) is an irreducible highest-weight representation of a superalgebra g with the
property that any highest-weight representation of g to the same highest weight A can be written as the
direct sum V), @ W (where W is some other representation of g), then (p, V) is a typical representation.
If an irreducible representation of g is not typical, then we call it atypical. For a more comprehensive
discussion on these results, please see [Kac78]. In the language of physicists, typical and atypical mod-
ules are referred to as long and short representations, respectively. For a representation to be short, it
has to fulfil a so-called shortening condition, and shortening conditions play an important role in the
discussion of physical representations within string theory (see e.g. [Tor11], [FZ00], [AGH97]), restricting

the representation to some extent.?”

Lastly, representations of the algebraic objects we are about to introduce work straightforwardly as
expected, with some of the theorems and lemmata also holding for analogous structures.?® We shall

therefore not reintroduce all of the representation theoretic definitions for them.

263trictly speaking, we are here talking about basic classical simple complex Lie superalgebras, which is a mouthful.
27Long and short representations share a meaningful connection with the appearance of anomalous dimensions, see e.g.

[DO03].
285chur’s lemma, for example, also finds its analogue for algebras.
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2.3 Algebras, Coalgebras and Bialgebras

We will now take a step back in our (Lie) algebraic discussion, and we shall introduce some more
fundamental algebraic notions (for additional examples and explanations, [Kas95] is a good pedagogical

introduction). We start with the most fundamental structure, the algebra.

Definition 12. Let A be a vector space over K, and p: A® A — A and v : K — A be maps. (A, p,v)

is called an (associative) algebra iff the following diagrams commute

id®v

K@A~A~AQK ————— AR A Ao A A id®pu Ao A
v®id id 1% u@id u
Az 4 - A A—" s 4
unital associative

In this case, we call p the multiplication (or product) and v the unit.

The diagram regarding unitality translates to the following relation,
pwo(v®id =id=po(idev) . (2.3.1)
The diagram regarding associativity implies that we have
po (p®id) =po (idep) . (2.3.2)

We call an algebra (A, p,v) commutative or abelian iff u(x,y) is symmetric under the exchange of
x and y. Defining the permutation map 7x x : X ® X - X ® X, a®b— b® a, we can also say that
(A, p,v) is commutative iff = poma 4.

Lastly, we call a map F : A — A’ an algebra morphism iff Fopu =y o (F® F) and v' = F o wv.

We now introduce a concept that is in a sense dual to the one of the algebra - the coalgebra.

Definition 13. Let C be a vector space over K, and let A : C — C ® C and x : C — K be maps. We
call (C, A, x) a coalgebra iff the following diagrams commute

2 CeC
A id id®y C T C (24 C
iA A®idl
x®id -~ -~ ;
ceC KeC~C~CeK CoC 9% coceC
counital coassociative

In this case, we call A the coproduct (or comultiplication) and x the counit. We call (C,A,x)
cocommutative iff o coA = A. We shall henceforward denote the opposite coproduct as mc,c oA = A°P.

These two diagrams are, similarly to before, implying the equations®®

(id®x)ocA=id=(x®id) oA, (2.3.3)

290ne could also dualise the unitality diagram by flipping all the arrows and arrive at the way of representing the

counitality relations.
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and
(id@ A)o A= (A®id)o A, (2.3.4)

respectively.>°
We call a map F : C — C’ a coalgebra homomorphism iff Ao F = (F® F)o A and x' o F = x hold.

For expressions involving the coproduct, Sweedler ([SU69]) introduced a useful notation. For A(c) €

C ® C, we write (in three variants)
Ale) = z:c;c Ry = Zc’ @ =cVec? . (2.3.5)
k (e)
Finally, we mend the notions of algebras and coalgebras together and arrive at something new: the

notion of a bialgebra.

Definition 14. If (B, p, v) is an algebra, (B,A,x) is a coalgebra and p, v are coalgebra homomor-
phisms®!, respectively, then we call (B, u, v, A, x) a bialgebra.??

2.4 Hopf Algebras

Having gone through a plethora of new algebraic definitions, let us now finally come to the piece de
résistance of this algebraic discussion: the introduction of Hopf algebras. Hopf algebras will be of
singular importance for the latter part of this report. For a very brief and pedagogical introduction that

is pertinent to our efforts, we refer the reader to [Hecl8], and also [PTV13].

Definition 15. Let (H,p,v, A, x) be a bialgebra and let S : H — H be a map. We call (H, u,v, A, x, S)

a Hopf algebra iff the following diagram commutes

HoH S®id HoH

> e

HH —— HoH

H X K v H

antipodal

In this case, we call S the antipode. Hopf homomorphisms are just maps that are algebra and coalgebra

homomorphisms that are compatible with the antipode(s). The above diagram can be expressed with the

30Notice that we will use id, 1 and 1 all meaning essentially the same thing - fortunately, there will never be an ambiguity
on what it means. However, we shall try to use the 1 symbol when talking about evaluated expressions for instance, and
id when we want to stress the identity as a map.

31This is equivalent to A, x being algebra homomorphisms.

32There is a subtlety to be understood in the above statement: Using for example the definition of a coalgebra homo-
morphism as introduced before, one would try to combine the maps p and A via Aop = (u® p) o A’ - which is ill-defined.
This is actually understood as coalgebra homomorphism p : B ® B — B, where the (B, A, x) is the coalgebra-part of the
bialgebra, and (B ® B, A ® A, x ® x) is the tensored coalgebra that is the codomain of the pu-map mentioned before. The

statement that p is a coalgebra homomorphism then translates to the following condition
Aop=(pepo(A®A),

which is a map from B® B —+ B ® B.
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equations

Sxl=po(S®idoA=voyx, (2.4.1)
1xS=po(id®S)oA=vox, (2.4.2)
where the x-operation is the convolution defined by the equations above.

Definition 16. Let (H,u,v,A,x,S) be a Hopf algebra. We call H quasi-triangular if there exists an
invertible element R € H ® H such that

« AP(WR =RA(h) Vh e H,
¢ (A®1)(R)=TRi3Ras,
o (1®A)R)="TRi13R12,

where R;; € H® H® H has RM as the i-th tensor factor, R\?) as the j-th tensor factor, and 1 as the
remaining tensor factor, e.g. R1o = R 1. In this case, we call R the universal R-matrixz of H. Leaning

on this superscript-notation, we may introduce the notation
R=Y RVoR®,
i
wherever it is convenient. In this context, the superscript (i) refers to the order of tensorial factors
(exactly as before), whereas the subscript i refers to the summand of the linear decomposition.

For such an R, the above axioms and properties of a Hopf algebra automatically imply on the one
hand

(moA)®id (R) = [A® ®id] (R @ RY)

=Y APRY) o RP

=Y RARMRT @ R

—Ris lz ARM @ RP | Ry,

=Rz [(A ®id)(R)] Ryy
=R12R13R23R15 (2.4.3)

where we have in the third step that

Ri2

S ARM) @R
7

Ry =Y (R@id) [A(RE”)R* ® RZ@)]

i

=Y " RARMR TR . (2.4.4)
i

However, on the other hand we also have

(1o A)®id] (R) =m12(A ®id)(R)
=m12(R13R23)
=Ro3Ri3 . (245)
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Equating both these expressions, we then get by transitivity that

Ri12R13R23R 5 =RasRi3
=
R12R13R23 =R23R13R12 , (2.4.6)
where we used the invertibility of the R-matrix. We call the last equality the so-called the Yang-Baxter
equation (YBE). This equation will be important, even central, in the next chapter when we talk about
integrability. Quasi-triangularity also implies the following antipodal relations:
(x®id)(R) = (id® x)(R) =1,
R=(deS)(R™"), R =(S@id)(R),
(S®S)(R)=R. (2.4.7)
The first two equations follow from counitality and from the quasi-triangularity relations that involve
R, in the sense that we have:
R = (id®id)(R)
= (([d®x)cA)®id)(R)
=R (([d®x) ®id)(Ra3) - (2.4.8)

has to be =1

Since the first tensorial factor in Ro3 is the identity, and the latter two are just R, we have that the
following needs to hold,

x®id)(R)=1, (2.4.9)
proving our claim. The equation (1 ® x)R = 1 is proved in a similar way. Furthermore, the relations
in the second line can be proved as follows by recalling the antipodal relations proposed before, namely

via the following:

1=eid)((x®id)(R))

=(vox®id)(R)
=((po(S®idoA)) ®id)(R)
((po(S®id)) ®id)(R13R23)
((po(S®id)) ®id)(Ris) R, (2.4.10)
(S®id)(R)

where we again made use of the fact where the identity appears in the triple tensor products.?®> The last

equation implies that we have
(S®id)(R) =R *'. (2.4.11)

33To get from the penultimate to the last line of this equation, we shall make things explicit in index notation for the
curious reader. With the expansion of the R-matrix in some appropriate basis R = R;; X; ® X; (and we shall refrain from

displaying the identity with Kronecker-indices for ease of reading), we deduce the following:
(1o (S ®id)) ®id)(R13Ra3) = ((no (S ®id)) ®id) ((Rij Xi @ id ® X;)(Rap id ® Xa ® Xp))
= ((no (S®id)) ®id)(RijRap Xi ® Xa ® X;X3)

@ RijRap S(Xi)Xa ® X; Xy

= (R,‘j S(Xz) & Xj) (Rab Xa® Xb)
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The other equation on line two is proved in an analogous way. Lastly, the third equation is proved using

the ones appearing on the second line, namely via:

R=(id® S)(R™)
=({1d® S)((S®id)(R))
= (S®5)(R) . (2.4.12)

So far, all things that we discussed here foots on the fact that we have coassociativity. However, there
exist analogous notions of bialgebras and Hopf algebras that survive even if we relax this condition. While
this might seem like something solely interesting to purely algebraic considerations, as we shall later see,
it will play a curious role in this thesis. For this particular topic, we recommend the mathematically
inclined reader to have a look at [Hal02], whose definitions we will use and where a comprehensive
discussion can be found, but also [Dri98], [CBPV19], [MS92], and a perhaps more relevant approach is
presented in [DZ19].

Definition 17. A quasi-Hopf algebra H satisfies all algebraic axioms of a Hopf algebra but for the ones

concerning coassociativity. A quasi-Hopf algebra satisfies the relaxed set of the following conditions:

(id®A)o A= (A®id)oA)]dT,

e (id®x)oA=(x®id)oA=id,

o [([d®id® A)P][(A® id® id)®] = [(id® ®)][(id® A ® id)®] [(® ® id)],
e (id®x®id)® = id® id,

where ® € H® H ® H is an invertible element we call the coassociator. For ® = 1, we recover a

coassociative Hopf algebra.>*

Similarly to the coassociative case, for quasi-Hopf algebras, there exists also a notion of quasi-

triangularity and, subsequently, a quasi-YBE.

Definition 18. We call a quasi-Hopf algebra H quasi-triangular iff there exists an invertible element
R € H® H called again the universal R-matriz of H, fulfilling

« A?(h)R =RA(h) Vh € H,

. (A ® Zd)R — (I)312R13((I)132)71R23(I)123’

= (S®id)(R)R
= (1o (S ®id) ®id)(R1z)R ,

In the three equalities following (;), we made the multiplication p implicit factors together, i.e. po (a ® b) = ab, for

presentation purposes.
34The above equations in bulletpoints 1, 3 and 4 are to be understood in the following way, respectively:

o« For h € H, this equation is to be understood as
([d® A) o A)(h) = [ (A®id) o A) (k)] &~
¢ This equation is to be understood as written not as a map, meaning it is just an element (or multiplicative factor)
in the quartic tensorial space of H.

¢ This equation is to be understood as written not as a map, meaning it is just an element (or multiplicative factor)

in the double tensorial space of H.
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. (Zd® A)R — ((1)231)717%13@2137%12(@123)71’
where ®° = Y, ‘I’fil(l) ® @?71(2) ® @?71(3) for & = o123 =3~ oM o 0o and o € S5. Fora
quasi-triangular quasi-Hopf algebra, the universal R-matrix fulfils the quasi Yang-Baxter Equation

R12®312R13(@132)717%23@123 — @3217%23(@231)717?,13@2137%12 . (2413)

We can easily see that for the coassociative case, this reduces to the ordinary Yang-Baxter equation.

Technically, we additionally have to require the existence of a quasi-antipode S accompanied by two

a,B € H, ie. a triple (S, a, 8)) satisfying
> S(aM)aa” = x(a)a

Y aaVBS(aal?) = x(a)8 , (2.4.14)
for all A(a) =", agl) ® a§2), as well as
S aas@P)adl” =id
3 5@ Ve P as@ 1Y) = id (2.4.15)
where we used the notation
d — Ppl23 — Zq)(l) @ ®? o1 = (@~1)128 = Z(Irl(l) ® -1 ® 10 (2.4.16)
for the coassociator and its inverse. However, if for o = § = id the equations in (2.4.14) still hold, then

the antipode-coassociator equations in (2.4.15) heavily simplify and can be more compactly written as

u(]l@u)[S@]l@S}@_l —1

u(y@]l)[]l@S@n}cb ~1. (2.4.17)

As it turns out, the only instance where we shall ever make use of quasi-triangular quasi-Hopf algebras,

we are allowed to make this simplification, as we shall see in chapter 4.

This concludes our algebraic discussion in this preliminary part of the thesis. We again note that the
generalisation is straightforward for the case of graded algebra: Wherever tensor products appear, we
have to make use of graded tensor products in their stead, and rather than permutation maps we have

to use graded permutation maps, and so on - the exposition stays the same mutatis mutandis.
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3 Integrability

“It is better to solve one problem five different ways, than to solve five problems one way.”

— George Polya

Integrability is incredibly rare in the vast landscape of theories and models in physics (see e.g.

I They form a special class of physical models

[MM74]), especially within higher-dimensional theories.
that can be solved ezactly, rather than perturbatively or in the form of some kind of approximation.
Though rare, integrability appears in classical mechanics and field theory, condensed matter physics and,
more recently, in gauge theory and string theory - most importantly in the AdS/CFT context.

The ambitious goal of this chapter is to provide the reader with an introduction to the vast topic
of integrability, brief and fragmentary as it may be. We will do this in two subsections: One dealing
with classical integrability, one with quantum integrability - where we also shall emphasise the aspects
most relevant to our later considerations. For the keenly interested reader, there are many references
to choose from that cover these topics more extensively, e.g. [Torl6], [Lam15], and an excellent course
whose notes can be found in [Beil6]. In our presentation of this we will at some points loosely follow

the approaches of these references.

3.1 Classical Integrability

The natural way to start reviewing classical integrability is in the context of Hamiltonian mechanics.
Given a 2n-dimensional phase space manifold M with (canonical) coordinates q; and momenta p;
with i € {1,...,n}, and a Hamiltonian®> H : M — R, a curve v = (g;(t), pi(t)) C M is a solution to the

Hamiltonian system iff it fulfils the equations of motion

on _ o
Op; — 0q;

= —pi, (3.1.1)

which in terms of Poisson-Hamilton brackets {f,g} =, (g; 865 — gg gj) can be expressed as

d

d
H ¢} =——q, H,p} = ——p;. 3.1.2
{H,q} i {H,pi} i (3.1.2)

Given initial conditions at some initial time ¢ = ¢y, one wants to find a general expression for the

3. Given all the Hamiltonian systems possible, it is frequently very

solutions (g;(t),p;(t)) at all times
difficult or infeasible to find a closed expression for a general solution in terms of elementary functions.

Therefore, it makes sense to take a step back and see if the Hamiltonian system can be analysed by

1See also: Coleman-Mandula Theorem [CM67].
H

2We assume, for this introduction, our H to be time-independent, i.e %—t vanishes.

3Depending on the situation, one could also look for this on some interval t € (a,b) instead.
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different means - finding conserved quantities, properties such as periodicity or boundedness of the
solution, behaviour near critical points, and so on.
We now arrive at a very important notion in classical integrability in Hamiltonian systems: the

existence of integrals of motion. A function F'(g;,p;) on M is called an integral of motion iff

{F H} = %F =0, (3.1.3)

where we also assumed F' to be time-independent in the same sense that H is assumed to be. It
is immediate that H is an integral of motion every Hamiltonian system possesses. Now, if the 2n-
dimensional phase space manifold M features n independent, smooth integrals of motion whose Poisson
pairwise brackets vanish, then M is (classically) integrable. A system of this kind can be solved by
solving a (finite) number of integrals and algebraic equations, so-called quadratures.* These so-called
Liouville-integrable systems have many interesting mathematical properties, most of which we shall not
allude to in this introduction - for further reading, see e.g. [BBT03].

We can approach this in a more algebraic way, for which we need to introduce some new notions first,
the first of which is the so-called Lax pair: We call two k x k-matrices L, M with entries that depend on

qi, p; Lax-related, or more simply the Lazx pair, iff the resulting Lax equations,

% — M, L, (3.1.4)

are equivalent to the Hamiltonian equations of motion. Provided such L, M exist for a given Hamiltonian
system, we can automatically generate a family of conserved quantities F;,, = TrL™, which is an integral

of motion by virtue of the cyclicity of the trace, as we can easily derive:

dFm

d
dt r(dtL )

En(e ()

—

k
~0. (3.1.5)

Finding such a Lax pair is often difficult and by no means straightforward, as it is not unique and there
is no canonical way to construct it and k is undetermined a priori.

If we want our Lax pair to describe an integrable system, we have not specified how the fact that
integrals of motion F;, should pairwise Poisson-commute manifests in the Lax formalism. For this to be

the case, we require the existence of the classical r-matriz which fulfils

{L1, Lo} = [r12, L1] — [ra1, Lo, (3.1.6)

where we introduced the tensorial notations Ly = L ® 1 and Ly = 1 ® L as well as ri5 = r and
ro1 = m(ri2), where 7 is the permutation. In this context, we recommend the reader to read the

first chapter in [ARU20] which outlines this theory masterfully, and whose explanation we shall draw

4Keep in mind that these integrals can be tricky: In the case of a massive particle in a central potential V(r) with
Lagrangian 2L = m#2 4 mr2<i>2 — 2V/(r), we can find an expression for the angular coordinate ¢. However, depending on

the potential V(r), the resulting integrals cannot be expressed using elementary functions.
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inspiration from. Note that r lives in the tensor product space with two factors (i.e. 7 € Myxr @ M)
The Jacobi identity associated with the above equation (3.1.6) lives in the double tensor product space

with three factors. This means that we also defined now

Li=Lelel, (3.1.7)
Ly=19L®1, (3.1.8)
L; =11 L. (3.1.9)

The Jacobi identity of (3.1.6) constrains the r-matrix in the following way:
0 =[L1, [r12,T13] + [r12, 23] + [r32, r13]) + {L2, 713} — {L3,712}] + cyclical permutations .  (3.1.10)

In order to further illustrate that the above equation follows from the Jacobi identity, it is easiest to

make the underlying calculation more explicit. The Jacobi identity of (3.1.6) is given by:

{L1,{L2,L3}} + cyclical permutations =0 . (3.1.11)
Using (3.1.6), we have
{L1,[r23, La] — [rs2, L3]} + cyclical permutations =0 , (3.1.12)
or, more explicitly,
{L1,r93Lo — Loras — r32L3 + Larsa} + cyclical permutations =0 . (3.1.13)

Besides the Jacobi identity, the {-,-}-bracket also fulfils the Leibniz property in both arguments. For

the second argument, it looks as follows for arbitrary arguments f, g, h of the underlying space:

{f,gh}y ={f,93h+g{f.h} . (3.1.14)

With this, (3.1.13) becomes the following:

{L1,723} Lo 4+ 1r23{L1, Lo} — {L1, La}roz — Lo{L1,723}
— {Ll, 7‘32}[/3 — 7‘32{[/1, Lg} + {Ll, L3}T32 + L3{L1, 7‘32} =+ CyChC&l permutations =0.
(3.1.15)

Using now (3.1.6) for all brackets of the form {L;, L;}, we arrive at the following expression:

({L1,723}, Lo) — [{L1,732}, L3)
+ro3r12L1 — 1oz L2 — ra3ro1 Lo + a3 Lorar — T2 LT3 + LiT12723 4+ 121 Laros — Larairas
—132113L1 + 139 L1713 + 132731 L3 — 132 L3731 + r13L1730 — L17r13732 — 131 L3732 + L3r3iras

+ cyclical permutations =0 . (3.1.16)

Now we need to make two important comments: Firstly, looking at (3.1.10), as the commutator with
the L; is the outermost bracket, we would want the L;’s to appear on the “edge” as a factor of the terms
for this. To this end, we observe that Lj and r;; commute provided i # k # j due to their tensorial
structure, which means e.g. Lire3 = ro3L1. Wherever we will move the L;’s to the right, we colour the
term in blue, and wherever to the left, we will use the colour . Some of the terms above have L;’s
sandwiched in the middle, which cannot be moved to the edge of the term, e.g. ro3Lo7r21. We want to see

that these terms cancel out, as they are not appearing in (3.1.10). Secondly, while we have so far only
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a third of the terms explicit (as the other two thirds are cyclically related to the former), for the next
intermediate steps we will make all terms explicit to allow for the possibility that for some cancellations
or combinations related to a term in the “first third” might otherwise not explicitly appear. With these

considerations, we have:

0 =[{L1,723}, L] — [{L1, 732}, L] + [{L2, 31}, La]—[{ L2, s}, La]+[{Ls, 712}, La] — [{L3, 712}, Lo]

6]
+ro3riala — 123791 Lo +-1ro3f5701 —1r19L1793+L1712723 +191E5T 23 — Loraira3

2
—132713L1 + T327‘31L3M +risLlirsa—Li7r13732 M + L3r3 32

+ 131723l — 131732 L3 +1ra3rf3T30 —193L9131 + Lorasrs +raedfsrs; — L3raars;
— 113721 Lo +ri3rioly —rasdAT2 +ro1Lor13 — Loro1713 —raedqT13 +Lir12713

5
+rigr31 L3 —r12713L1 +refAT13 —r31Laria + Larzirio +rasfiTie —Lirisrie
1
—121732L3 + ro1723 Lo —1rord5T03 +r39L3ra1 — L3rsaro —resdmTon + Lorasray .

(3.1.17)

= B
EEE

Above, we can see that indeed all “L; sandwich terms” cancel, and if we collect illustratively all terms
that could be related to an outer L; commutator (which were underlined in the equations above), we

get:

—[{La,m13}, L1] + [{ L3, 712}, L1] + rogriaLy — r3erisLy + rizria Ly — rigrasla

—ri27T13L1 + r13rseln — Lirasria + Liriaras + Larseris — Lirisrse + Liriaeris — Larisrie , (3.1.18)

which is exactly the term explicitly written in (3.1.10). For the remaining two thirds of the terms, the
situation is analogous and thus (3.1.10) is obtained this way.
If » does not depend on the dynamics, then we can disregard the Poisson bracket terms in the above

equation, as it is just equal to
0 =[L1, [r12,713] + [r12, 723] + [r32,713]] + cyclical permutations (3.1.19)

in this case. While this is of course not exhausting all possible solutions of r, the above equation is
fulfilled if

0 =[r12,713] + [r12, 723] + [r32, 713] (3.1.20)

holds. This equation is called the classical Yang-Bazter equation. In many instances - and in the
immediate surrounding of the famous Belavin-Drinfeld theorems - one encounters r-matrices that fulfil
712 = —7ro1, which simplifies subsequent calculations hugely.

More often than not, we can parametrise L, M such that it depends on one common variable, often
denoted as u, a spectral parameter. All equations and quantities (such as r) related to L, M then depend

on this auxiliary parameter,

= [M(u), L(u)], (3.1.21)
and for r which lives in the tensored space (and has thus one parameter per each space)

[Tlg(ul, UQ), 7“13(11,1, UQ)] + [7“12(?1,1, UQ), T23(U2, U3)] + [7“13(111, Ug), 7“23(U2, U3)] =0. (3.1.22)
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Most of the time, the r-matrix can be written in difference form, meaning that r(uy,us) = r(uj — ub)
for some other spectral parameter u’. The reason why this can often be achieved is related to results
by Belavin and Drinfeld, which we shall not reiterate in full - the interested reader is recommended to
consult [BD98] and [BD83] in this context.

As the Lax matrix L can depend on u, so can the family of conserved quantities Fj, it generates.
All in all, this means given such a parameter u, our whole problem now has a functional character, and
we can take a look at the analytic properties of our u-dependent quantities and make use of tools from
functional and complex analysis. In fact, the analytic study of the eigenvalues A;(u) of L(u), amongst
others, has proven to be a fruitful and interesting field of research (c.f. the so-called spectral curve).

In much the same way when one goes from classical harmonic oscillators to classical field theory -
before any kind of quantisation is even thought of - we now go from coordinates ¢;, p; to fields ¢ and
conjugate/derivative quantities related to it, which leaves us with infinitely many degrees of freedom
and, thus, an infinite-dimensional phase space manifold M.> On the one hand, this changes things
considerably, on the other hand not so much: We still have the analogous notions of integrability.
There are a few new formulations, such as the zero-curvature formulation, that essentially defines a new
local gauge field A, whose defining property is that its associated connection £4 = A, (u) — Aj(u) +
[A;(w), Ay (u)] vanishes iff the equations of motion are satisfied, i.e. as the entries of A involve fields and
quantities of our theory, the resulting equations from imposing flatness of £ 4 are the Hamilton-Lagrange
equations exactly. Using this Laz connection, one can also define a field-theoretic version of the Lax pair
(c.f. monodromy matrix). A stellar and succinct review of this can be found in [BBT03]. However, in this
project, this will not be of utmost importance, and we shall distance ourselves from the Lax formalism,
and only mention this in the context of the historical exposition of integrability within AdS/CFT. This

concludes our introduction of classical integrability.

3.2 Quantum Integrability

In this section, we would like to introduce integrability in a quantum sense, however, this is more
difficult than it might seem: To formulate a (universally accepted) definition of quantum integrability
for a quantum system is rather difficult. What we can do is look for the usual suspects that we associate
with a notion of quantum integrability, and identifying and elaborating on these indicators is what this
subchapter is going to address.

From quantum theory, be it quantum mechanics or quantum field theory, we recall the existence of
the scattering matrix, or in short, the S-matrix. The S-matrix relates free states of the asymptotic past
and free states of the asymptotic future, thus containing information about the interaction.® Given the

S-matrix of a quantum theory, we define the R-matrix by
R =n(9), (3.2.1)

where 7 is the permutation, either graded or ungraded, depending on whether there are fermionic
elements in our theory.

Mathematically speaking, the R-matrix is an endomorphism between tensorial spaces R: V ® V —
V ®V, that can depend on parameters underlying the fields of V', i.e. R(u1,us) (c.f. spectral parameters

of the classical r-matrix).

5Which also makes M less useful to think of.
6We shall not delve into the long but beautiful motivation for S-matrices in either of these realms, for a reference to

this, see e.g. [Sch07] or [Sch14].
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Within the framework of integrable theories, the factorisability of the S-matrix plays an important
role (and the R-matrix, subsequently), which is to say that higher S-matrices can be reduced to the

product of 2-particle S-matrices. In 3.1, we are looking at a 3 — 3-process in this context.

Figure 3.1: Factorisability of a 3-particle process.

We can see this as a graphical representation of the quantum Yang-Baxter equation:
Ri2R13R23 = RogRi3Rao. (3.2.2)

We will revisit this equation later on in this project.

Quantum integrable models are usually characterised by a solution to the quantum YBE (ABA,
parametrisation of the Hamiltonian, etc). The nomenclature of this equation is by no means coincidental
- let us demonstrate the correspondence of both the classical and quantum analogues by the following
consideration: Start with the (quasi-classical) A-expansion R = 1 + hr + h%p + O(h3) and look at the
right-hand side and left-hand side of the quantum YBE (see [Kup99]):

RisR13Re3 = 1+ h(r12 + 113 + 723)
+ 12 (p12 + p13 + pas)

2
+ 7* (112713 + T12723 + T13T23)

+0(h*) (3.2.3)
and

RosRi13R12 =1 + I (ro3 + 113 + 712)
+ 1% (p23 + p13 + p12)
+ h? (rosris + rosriz + r13712)

+O0(h*) . (3.2.4)
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Comparing both sides of the equation, we see that they differ (in order h?) exactly by

[r12,713] + [r12,723] + [r13,723] = 0, (3.2.5)

which is exactly the classical YBE for r.

The property of a theory not to allow particle production in processes also has a deep connection
with integrability - one illustrative example of this can be found within 1 + 1 dimensional QFT. If one
starts with the Lagrangian of a ¢* theory,

1 1 ot
L=5(00) = 5m*¢* = A r (3.2.6)
supplemented by the usual Feynman diagrammatics, one can then start to compute the Feynman am-
plitudes of scattering processes. We shall do so for one specific setup at tree level. If one starts with 2
particles as incoming legs, the number of outgoing legs has to be even in this theory. As our interaction
vertex is of order 4, going beyond the 2 — 2 process to the 2 — 4 process, one can show that the 2 — 4

amplitude is constant and can be cancelled by adding another interaction vertex of the form

)\2 ¢6
—aer (3.2.7)
to the Lagrangian. We define
A
B* = el (3.2.8)
with which the modified Lagrangian then takes the following form:”
_ 1 2 1 9.9 ¢t A ¢°
£=300) —gmi " = A~ L2
1 m? (1 1 1
— 5(a¢)2’ @ (2/32¢2 + 164 + 6!,8%6) : (3.2.9)

Having dealt with the 2 — 4 process, one can then go to the 2 — 6 process and find again that its
amplitude can again by counteracted by the addition of another interaction term, this time of order ¢8.
This procedure then goes on for all 2 — 2n processes with n € N, and after an infinite series of added

interaction terms, the Lagrangian then takes the form

1 5 m?
L=5(09)" - i (cosh(B¢) — 1) , (3.2.10)
which after the substitution 8 — i reduces to the known sine-Gordon model,
1 m?2
L= 5(8@2 N (cos(Bg) — 1) . (3.2.11)

We know that the sine-Gordon theory is a prototypical example of an integrable model, and we were led
to this theory by the sole imposition of there being no other 2 particle processes apart from the 2 — 2
process, which forbids particle production. A more detailed exposition of this argument can be found in
[Dor96], whose structure we tried to follow. More generally, the feature of no particle production can be
seen as a consequence of factorisability (reflected in the R-matrix YBE), which is the central equation
in quantum integrability.

Rather than try to provide a general exposition on the notion of quantum integrability, it is more
instructive if we illustrate what we have discussed so far by means of an example that will also be

imperative for us to be familiar with to understand the latter parts of this thesis.

"The fact that we can add terms of this form to our Lagrangian without spoiling renormalisability is connected to the

fact that we are formulating our theory in a 1 4+ 1 dimensional space.
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3.3 Spin Chains and Bethe Ansitze

Having talked about quantum integrability, it is only appropriate to also talk about some of the models
where integrability can be found. Though few and far between, integrable systems can appear in many
different settings. One prominent and historical example of quantum mechanical models that are known
to frequently feature integrability are spin chains. A fantastic introduction to this topic was laid down in
[Beil6], and further references are [Fad96] and [LM16]. We will follow these references for the motivation
and structure of this chapter, as well as [Sta05] and [BS05].

Originally, the concept of a spin chain arose within the study of magnetic materials, which was
assumed to be a system with a certain number (finite or infinite) of sites that possess a particular spin
configuration. The totality and interplay of these configurations (described by the Hamiltonian) then
gives rise to the energy of the system.

A priori, any Hamiltonian that has terms connecting any two sites is an admissible operator, however,
more often than not one focuses on Hamiltonians that only exhibit nearest-neighbour interaction terms.
Of course, there exist integrable spin chains with larger interaction range,® but the treatment of those
spin chains is less standard ([KL22]) and we shall forget about the existence of these spin chains for the

scope of this chapter.

3.3.1 The Heisenberg Spin Chain
The su(2) Case

A pedagogical and prototypical type of a spin chain is the so-called Heisenberg spin chain. In order to
define this model, we need to define the space where a potential Hamiltonian can act on. We assume
that for one site, the spin configuration state |x) can be any (complex) linear combination of |0) and
|1) - meaning that |x) € V = C2. This space of L € N sites is then just the L-fold tensor product of
VvV, VE = ®,€:1 Vi = C2". For our case, we will always assume the chain to be periodic, meaning we
understand any label £k = k& mod L. A convenient basis to choose for V'’ is given by simple states,

meaning states of the form

|X1 T XL> ) where Xi € {07 1} . (331)

V1 is our (Fock) vector space of states, and as with every vector space, we can straightforwardly de-
fine linear operators on it. The most important one is the Hamiltonian H : V¥ — VI, that can be

decomposed into a sum of local Hamiltonians H; ; : V; ® V; = V; @V},

L

H=> Hig1, (3.3.2)
k=1

where again the indices are to be understood mod L. The local Hamiltonians of the Heisenberg spin

chain are given by

Hij=XM(1i®1;) + As(07 @ 07) + Ay(0f @ o) + As(0] ®@07) , (3.3.3)
T N, | N’
i, lead Pad o?

7 i,5 (2%

where the subindices are referring to the space (i.e. the site) on which a certain operator acts, and o* are

the su(2) Pauli matrices. One can show that this Hamiltonian gives rise to a quantum integrable model

8Inozemsev’s spin chain, for example, has a Hamiltonian kernel for which every site interacts with the other, see e.g.
[BFGLRI10].
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for any value of the constants \;, however, we will focus on the particular case where 2)\yg = -2\, =
=2y = —2);, = 1.9 With this choice that is referred to as the X XX Heisenberg spin chain, our local

Hamiltonians reduce to:
Hij=1i;—Pij, (3.3.4)

which is manifestly su(2)-invariant, with P, ; being the permutation operator of the indexed spaces and

1, ; acting as the identity on all sites

3.3.2 The Coordinate Bethe Ansatz

Now that we have defined the space and the Hamiltonian, we can finally state and tackle the spectral
problem, i.e. the problem of diagonalising the Hamiltonian. Rather than making this a purely compu-
tational problem of linear algebra, in the Coordinate Bethe Ansatz (CBA), we proceed by making a
reasonable ansatz for our eigenstates, and perhaps adding corrections to it later on. In our approach,

we start by defining the vacuum state via:

0)=10---0) , (3.3.5)
L times
with vanishing energy as H; ;11 |0) = (1;;41 — Pii+1) |0) = |0)—|0) = 0. Since we have that [}, 07, H] =
0, we will categorise our eigenstates in terms of how many |1) excitations or spin flips we add to |0), and
we shall denote this number with M. ' The vacuum eigenstate with the energy £ = 0 solves the case
for .

For , we first observe that there exists another operator that commutes with our Hamiltonian
H - the shift operator U: The shift operator in the spin chain picture can be defined as the discrete
version of the operator generated by the momentum, which means that its eigenstates have plane wave

form. For M = 1, we can propose the eigenstates of H to have the following form:

I site k
|p):Zeipk|O-~-O//1\0~-~0), (3.3.6)
k=1

=:|k)

and when acting on this state with the Hamiltonian, we get

L
Hlp) =Y e
k=1

1—e? 4+ 1—e % )|k)=4sin? (£ 3.
e? + e ) k) sin (2>|p>, (3.3.7)

from Hp_1,  from Hy 41
En=1(p)

which indeed proves that |p) is an eigenstate associated to eigenvalue E(p). For closed chains, the fact

that L shifts should leave a state invariant further puts a constraint on the permitted values of p, in the

sense that this condition quantises the momentum to fulfil p = %Tm, me€ {0,---,L—1}.
For , we start with the following expansion:
site ki site ko
W)= > U(ky,k2)[0---0"1 0---0"1 0---0). (3.3.8)
1<ki<ko<L .
=:|k1,k2)

9Notice here that one of the constants \; was free to choose from the beginning (non-trivially), as overall normalisations
of the Hamiltonian only scale the spectrum, but do not alter the spectral problem. Additionally, we are also free to shift

Ao without any such change.
10We can do this because the Hamiltonian H commutes with the total spin operator, as mentioned before, thus the

eigenstates of H must also be arranged in terms of M.
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Now, when acting with our Hamiltonian H on a state like this, we need to distinguish two cases; when
ky = k1 + 1, and when ko > k1 + 1 because of its nearest neighbour structure. Then, H |¥V) = E |¥)

takes the form:

20 (ky, ko) — U(ky — 1, ko) — U(k1 + 1, ko) + 20 (ky, ko) — W(ky, ko — 1) — U(ky, kg + 1)

EU(ky, k) =
22U (k1, ko) — \I/(k‘l -1, kg) —U(ky,ka+1),
(3.3.9)
for ko > k1 + 1 and ka = k1 + 1, respectively. Bethe proposed an ansatz for this (see [Bet31]),!
\I/(k-l’kz) — eip1k1+ip2k2 4 S(p27p1)eip2k1+ip1k2 ) (3310)

Without any restriction on the function S(ps,p1), this ansatz plugged into the first equation of (3.3.9)

gives us the 2-particle energy, which is just Eyj—a(p1,p2) = Ey—1(p1) + En—1(p2).*2 The second
equation of (3.3.9) then gives us the su(2) S-matrix,
eP1tiv2 _ 9pip2 4 |
S(p2,p1) = (3.3.11)

" eip1tips _ 9¢im +1°7
In the case of M = 1, the L-fold shifting provided us with a quantisation constraint for our momenta
- so far for the M = 2 case, our momenta values are unconstrained. We can make a similar argument
again, though: We are defining our quantities always mod L, which means that ky, = k1 + L, and likewise
ko = ko — L, which is something our wave function needs to reflect, i.e. U(ky, ko) = W(ko, k1 + L). This

then gives rise to the conditions:
el = S(py,pa) eP2l = S(pa,p1) . (3.3.12)

We call these conditions the Bethe equations, and with those restrictions on our momentum variables,
we have solved the spectral problem.
For , the story can be generalised quite straightforwardly. We start with an expansion for

the eigenstate in line with what we did above:
|y = > ke, kar) ke, Ear) (3.3.13)
1<ki<-<ky<L
for which we again use Bethe’s ansatz of plane waves,
\I’(kl, R ,k'JVI) — Z Aaeipa(1)k1+-~+pa(M)kM ) (3.3.14)
cESN

Using the Schrédinger equation, we get that the energy dispersion relation is again just given by the
sum of the M 1-particle energies. It also constrains the coefficients, as for e.g. M = 3, the Schrédinger

equation also implies!'?

~ Ayiz Az
S(p1,p2) = Atz Az’

_ Az;p Aoz
S(p1,p3) = Avsg = Agys

1 This ansatz is also in line with features of integrability: For an su(2) integrable scattering system, momenta either
exchange or stay the same. The first summand represents the former in a scattering process, while the second summand
represents the latter.

12The fact that the energy can be written in a decomposed way like this is a sign of integrability.
13The subindices of the A follow from the elements of Ss.
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Azor  Auzz

Spg,pg = = . 3.3.15
( ) Agzr Aizs ( )
Imposing periodicity then gives rise to the following equations:
oimD _ Ai3o _ Aqa3 ’
Azzr Aizz
el _ Azis _ Agsi ’
Az Asziz
; Azr  Asziz
elPel = 250 — : 3.3.16
A213 An2s ( )

Moving to general values of M, the computations are similar and the Bethe equations can be generalised

to take the following form'* given by

M
e?it = [ Sws.pm) (3.3.17)
m=1
m#j
where m =1,--- , M, S is the same 2-particle S-matrix as above. From an eigenvalue perspective, this

concludes our discussion for general M. However, we have not made explicit how we would extract the
eigenstate coefficients for this case. The end result is the same as for the M = 3 case above: It indeed
turns out that, for the su(2) case, the conditions given by the nearest-neighbour Hamiltonian equation
together with the periodicity equation suffice. This means that for every M, enough equations can be

generated with this to find all the necessary coefficients this way.

The su(3) case

So far, we have discussed the case of two flavour excitations, meaning that each spin site can either be |0)
or |1). We now delve into a system of higher rank - meaning that we additionally allow another flavour,
|2), to appear on the sites.'® Provided we choose a Hamiltonian analogous to the one for su(2), i.e. being
built from a sum over the local Hamiltonians as in (3.3.4), we will still find integrability, factorisability
will apply, and, in order to analyse the many-body processes, it suffices to study the 2-body case. As
the other cases are already encompassed in our discussion, it is enough for us to analyse the case of
one excitation of |1) and |2) each to exhaustively describe the 2-body problem of this higher rank. We
denote by M the total number of non-|0) excitations, and by K the number of |2) excitations. For the

M =2, K = 1| case, we make the following ansatz:

12) D 1<k <ho<L le(kl,kz)l~~-0"€1 ,0---0, 5 0---)
|¥) = = ! 2 : (3.3.18)
|21> Zl§k1<k2§L W21(k17k2)|"'0\5 0---0 kl 0>
1 2

The crucial difference to the discussion before is that the 2-body S-matrix has to take into account that

our excitations are of distinguishable flavour - something that our ansatz of course has to reflect, too.

14The fact that the M particle process can be described in terms of the 2-particle variables again foots on integrability

and factorisability.
15We are well advised to point out one subtlety here: In both the case of higher rank (i.e. going from the fundamental

su(2) — su(3)) and higher spin (i.e. going from su(2) spin % — su(2) spin 1), we are dealing with representations on spaces
with 3 flavour states. However, they are not equivalent: In the su(2) spin 1, we still have only one raising operator that
can be applied twice on the lowest weight state, whereas in the su(3) we have two (both of which can only be applied once

on the lowest weight state) due to their ranks being different.
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Having now an ansatz for an eigenstate, we get two equations for the cases ko > k1 +1 and ko = k1 +1
when acting with the Hamiltonian on it (H |¥) = E |¥)):

2Wio(ky, ko) — Wig(ky — 1, k) — Wig(ky + 1, ko)
EWiy (ki ke) = 21 (k1 ko) — Win(ky ko — 1) — Wig(ky, ke + 1) (3.3.19)
3Uia(k1, ko) — Wia(kr — 1, ko) — Wia(ki, ko + 1) — Woi (ke k2) ,

and two more equivalent equations for swapping W9y <> ¥15. Once more we make an appropriate ansatz

inspired by the one from Bethe for the position space wave functions:

ip1k1+ip2k A ip2k1+ip1k
\1112(]“’]{2) = Ajpe™? 1+p2ka + AjpeP? 1+ip1ka ,

oy (ky, ko) = AgpePrhrtivakz o 4, gip2kitipiks (3.3.20)

The A and A terms again symbolise the cases where the momenta just pass through each other and
are exchanged, respectively. The first equation (ko > k1 + 1) of (3.3.19) again reassures us that the

dispersion relation is given by

M
E=Y 4sin? (%) : (3.3.21)
j=1

where we still have M = 2 for the moment but the generalisation is immediate. The latter equation
in (3.3.19) (with ks = k1 + 1) is again addressing the case when particles hit each other and exchange
their momenta in a non-diffractive way,'® but this time, the exchange of momenta also can come with an
exchange of the flavour. This again is a restriction on our coefficients A, A, and can choose the following
way to relate them:

Asy
Ay

Aqo
Aoy

T1122 (P2, 1) R?%(Pza p1)

(3.3.22)
Rt (p2,p1) T3l (p2,p1)

T and R are the transmission and reflection amplitudes, respectively, meaning the amplitudes when
particle pass through each other or back-scatter. Equation (3.3.19) (i.e. the case ko = k1 + 1) can then
be solved, yielding

(1= eirn)(1 — eir2)
 eip1+ipz _ Qpip2 +1°7

R35(p1,p2) = R5i(p1,p2) = (3.3.23)

eiP1 oiP2

eiP1tip2 _ eip2 4 1 ’

T3 (p1,p2) = Ty (p1,p2) = (3.3.24)

With this result, we can then finally state the 2-body S-matrix in the basis of the 2-particle states
22),]12),[21) , [11):

533 (pi, ps)

1) (pispj)  R35(pi,pj)

S(pispj) = =S, (3.3.25)
Ry (pi,p;) T3 (pisp))
where with the methods from the previous chapter we have
eitip; _ 9oipi +1
St (pispj) = S35 (pirpj) = (3.3.26)

_eipi"!‘ipj — 2eipj + 1 ’

16As in the su(2) case, non-diffractivity (and in the same sense integrability) is an assumption when making Bethe
ansitze of this form. While the specific momenta are not conserved, the conservation of the total set of the M momenta

{p1, -+ ,pm} as an unordered (and consequently also the total sum of them) is.
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as this can just be seen as two lower-rank su(2) < su(3) subsectors that we already solved before. One
can check that, when evaluated on a basis of 2= = 8 three particle states!” that the above S-matrix

satisfies the quantum YBE that we know from previous chapters, as well as unitarity, i.e.

S3,253,152,1 = 52,153,153, , (3.3.27)
Sy oSo1 =1 . (3.3.28)

These properties of factorisability are ultimately the features of integrability that allow us to reduce the
setting of an arbitrary number of particles to the 2-particle case - which is more easily analysed. For the
general M particle case, the position space wave function comes with the following Bethe-style ansatz
(Wlth k; < ki+1):

M

o % ) o (5) ki
V. o190, (k1, -+ k) = Z A.(..§122...e 2= Prorka . (3.3.29)

oc€ESMm

We again derive some kind of quantisation condition for the momenta that appear in our spectral
parametrisations, as they are a priori unconstrained. This is the case because so far we have not made
use of any boundary conditions - which is another way of saying that we are working within the framework
of an infinite chain that can (and most of the time, will) indeed feature a non-discrete spectrum. If we
demand periodic boundary conditions on |¥), with the analogous arguments as we made before, we

arrive at the Bethe equations for our case, explicitly,
el |W) = Sj 41 SjarSin - Siar - Sjg-1[¥) (3.3.30)

with the subtle difference that this time around, these equations are equations of matrices. This concludes

the generalisation for the higher rank case for arbitrary M to the extent that we will need.

For our spectral discussion, we have left out one detail in the su(3) case: While the spectrum is
determined with the methods we established, we have not explained in a concise manner how we get the
eigenstates in an explicit way. This is because this discussion involves further intricacies - especially for
the case of twisted spin chains - that will be the cornerstone of our discussion in the chapter revolving
around our publication [NGW22].

3.4 Why Integrability?

In the former part of this thesis, we introduced different AdS/CFT correspondences, however, we have
not motivated in a concise way why integrability can be particularly useful in this context. For one,
integrability has been observed in both the string side (see e.g. [BPR04]) and the CFT side (see e.g.
[MZ03]) - given how rare integrability is, the appearance of it on both sides of the correspondence
can be seen as an indication that there is connection that relates them. To discuss the appearance of
integrability within one instance of an AdS/CFT correspondence in more detail, we shall outline in 3.2
a map of the different parameters of the theories that appear, what regimes they control and how they

are connected:1®

7These are the 8 states in the su(2)®3 C su(3)®3. Likewise, for the su(2), the S-matrix is given by a phase as
u(1)®3 C su(2)®3.
18For an even more comprehensive discussion on this, we refer the reader to [BAAT11].
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loop expansion

—

interacting classical strings

genus expansion

A

Figure 3.2: Parameter space map N =4 SYM or strings on AdS5 x S5.

Starting on the left-hand side of our map, we find the regime of weak coupling (with small A =
g% Ne), corresponding to classical gauge theory. In this region, going to higher loop orders in the
Feynman expansion will generate perturbatively accurate results in gyy (but exact in N.). On the
diametrically opposite side at large A (and small gs,), we are in the regime of free classical strings,
where we can move perturbatively around the A = 00, gs,, = 0 point via an expansion in A (i.e. the
o-model receiving quantum corrections) or an expansion in gy, (i.e. the genus/handle expansion of
the worldsheet). Lastly, the planar limit, where we have N, ! — 0, we have discussed before that
planar diagrams dominate, but expanding away from this limit would mean also taking diagrams of
non-planarity degree > 0 into account. The grey area in the map corresponds to the region where we
do not have straightforward limits that allow us to probe for information on both models, so there is a
large perturbative region where the above approaches are well-separated, unfortunately - in very general
regimes, we do not really know how to handle these theories. Integrability is in a sense a global property,
and we hope integrability can connect the regimes to which we have perturbative access to the ones we
do not. And indeed, the tools of integrability have proven themselves useful in the context of AdSs,
and recently, developments in AdS; have sparked new hope for the lower dimensional sibling.'® Many
integrability techniques (such as Bethe anséitze of different kinds, spectral curve approaches, et cetera)
have been successfully applied to different parts of the above map, and a comprehensive discussion on
all techniques and appearances would go beyond the scope of this introduction. However, it is sensible
for us to illustrate that integrable features on both sides of the correspondence exist and motivate some

of our approaches to analysing the correspondence that are to follow.

3.4.1 Spin Chains and Conformal Field theories

So far, we have motivated and established the connection between the AdS-part and the CFT-part of the
duality and how it arises within the different contexts of AdS;/CFT4 and AdS3;/CFT; settings. Aside

from these two obvious entry points, there is another approach to shed light on (one side of) this duality:

9For a more comprehensive introduction on this lower dimensional duality, we refer to [BSZ10].
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The study of certain spin chains. To justify why we dedicated a considerable part of this preliminary
chapter as well as the thesis later on to spin chains and tools to analyse them, we shall now try to
explain this seemingly implausible connection that spin chains and conformal field theories share. In this
effort, we shall - for illustrative reasons - again stick to the case of AdS5;/CFTy, where the conformal
field theory part is given by A/ = 4 SYM. References that we refer the reader to and whose pedagogical
structure we will draw inspiration from include [Min12], [Min06].

In conformal field theories, the crucial new ingredient on the level of the algebra is D, the generator

associated to dilations. Conformal scalings act on coordinates via
T — AT, (3.4.1)

where X is a constant. These scale transformations preserve “angles”, but obviously do not preserve
the metric/distances. In quantum field theories generally and conformal field theories more particularly,
we deal with the notion of local operators that are evaluated at some specific spacetime point z. It
is common to see that local operators are just defined via their charges/quantum numbers that they
have with respect to the symmetries of the system. For a local operator O(z), the generator D acts via

conjugation (on the level of the group), meaning
O(z) = AN PO@)NP = \"20(\x) , (3.4.2)

where we call the spectral quantity A the conformal dimension.?° On the level of the representation of

the algebra, we have then
. 0
[D,0(x)] =i |-AO(x) + x%O(x) . (3.4.3)

Using the Jacobi identity as well as the conformal commutation relations, one can then prove that, if a
given local operator O(x) has conformal dimension A, then [K,,, O(x)], the commutator of a generator

of a special conformal transformation with this local operator, has conformal dimension A — 1:

(D, [K,., O(0)]] = [[D, K], O(0)] + [Ky, [D, 0(0)]]
= i[K,, 0(0)] —iA[K,, O(0)]
= —i(A—1)[K,,0(0)] (3.4.4)

where we made use of the fact that A does not depend on spacetime and the fact that at the origin, we

have
[D,0(0)] = —1AO(0) . (3.4.5)

With this property, we can define primary operators @(O) as the local operators that are annihilated by

the special conformal transformations and have a definite conformal dimension A, i.e.

[D,0(0)] = —iAO(0) . (3.4.6)

While primary operators might seem scarce as they need to fulfil an intricate set of conditions, we
can define other operators from primary operators, that inherit some of their properties: A descendant

operator associated to O(z) is generated by taking O(z) and commuting it with the other generators

20The terms scaling and dilation, as well as scaling dimension and conformal dimension, are used interchangeably within

QFT. At times, the latter notion is just referred to as dimension.
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of the conformal algebra.?! Additionally, we call a primary operator chiral iff it is annihilated by some
part of the supersymmetry, having as a consequence that the scaling dimension does not receive any
(quantum) corrections. Chiral primaries are the prime ingredients to build local operators from - keeping
in mind that while the scaling dimensions of chiral operators does not receive corrections, other operators
built from several chiral operators might. The primary operator, which forms the highest weight of
the representation, together with its descendants forms an irreducible representation of PSU(2,2|4).%2
Apart from being a defining property for local operators and their descendants, the conformal dimension
appears in other places too in a crucial way: Within a conformal field theory, the observables associated

to local operators that we are interested in are give by the n-point correlation function,
(O1(21) -+ On(an)) - (3.4.7)

Lest we forget that we are dealing with a QFT that possesses conformal symmetry - this heavily restricts
how correlation functions can look like: For the case of two scalar local operators, translational, rotational

and conformal invariance imply that the 2-point function has to be of the following form

(01 (21)Oa(2)) & —= (3.45)

LT2

where we define z15 = z1 — x2, as translational invariance implies dependence on the difference of
two spacetime points only. The correlation functions of primary operators determine those of their
descendants, whose functional form is (in part) characterised by the conformal dimension they carry. It
is therefore hugely important to know about the conformal dimension spectrum of our operators if we
want to compute the theory.

We now make more explicit what we expect of these local operators O(z) in our N' = 4 SYM setting.
Imposing gauge invariance on the physical observables coming from the theory, one quickly finds that the
local operators that fit the bill are given by products of traces of fields that transform under the gauge
group in a covariant way. For single trace operators (STO), we can prove this quite straightforwardly:
Let us start with a scalar field ¢.2> In N = 4, the fields in question transform all under the adjoint

representation, implying the gauge transformation behaviour

¢—¢+la, @], (3.4.9)

where a generates the gauge transformation applied (and might be local) and ¢ is a covariant scalar. Its

covariant derivative we define via
D¢ = 0.0+ [¢, Ayl (3.4.10)

where the gauge connection (non-covariantly) transforms as A, — A, + d,a + [a, A,]. Expressed with

the exponential transformation E = e®, we have the following transformation behaviours:

¢ — EQE™", (3.4.11)
A, — EAE™' +(9,E)E™" . (3.4.12)

210ne can show that the supercharges have scaling dimension %

22In general, these representations are infinite dimensional, but by imposing some conditions on the primary operator

and one can build operators with % higher dimension.

O(z), the amount of independent descendants can be restricted - for example by letting O(x) commute with (some of) the
supercharges. This is why, for superconformal theory, the crucial ingredients are the superconformal primaries, see [Ebe21]

for a comprehensive discussion on this.
23We shall drop the spacetime dependence of the field ¢, the generator a, and the gauge connection Ay
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Now, we can see why the covariant derivative is a suitable building block in gauge theories, because the

trace of it is gauge invariant:
D,¢ — ED,¢pE". (3.4.13)

Thus, the single trace operator of fields =; which are either covariant fields or covariant derivatives
thereof,

Ox)=Tr[Ey---Ef] , (3.4.14)

is a gauge invariant quantity.?* From this point, we could analyse the possible operators that could
appear within our theory because, as it turns out, there are only so many, although infinitely many,
allowed distinct combinations that the rules of the theory allow us to build. However for the sake of
illustrating the connection between spin chains and CFT this is not necessary, thus let us assume them
to have the form above for our arguments.?> As we mentioned before, in our specific model, we classify
our STO in terms of the sextuplet of charges given by the rank 6 Cartan subalgebra of the bosonic
symmetry group SU(2,2) x SU(4) C PSU(2,2|4),
Lorentz SO(1, 3) spins that sit in SU(2, 2)
—~
(A, 51,52 ; Jl,JQ,Jg ) . (3415)
————
R-charges that sit in SU(4)

The spins and R-charges can be computed in the usual way, the (bare) dimension Ay, meaning A(gy pr —
0), can be guessed by looking at the way they appear in the Lagrangian: For scalar fields ¢ in 3 + 1
dimensions, we know that the kinetic term together with the measure of the action integral has to be

dimensionless. Thus,
0 = [d*z(0¢)?] = [d*z] + 2[06] = -4+ 2+ 2[¢] = [¢] = 1 = Ag(¢) . (3.4.16)

Expanding our (scalar) single trace operators in a basis representative of the SO(6) labels that they

carry,
Ost = oy ... i, Tr [ -+ ¢™] | (3.4.17)

with i; € {1,---,6}, and «, ... ;, being the SO(6) indices, allows us to write o € ®£:1 C?. We can
therefore interpret this SO(6)-tensor system as spin set up with a natural Hilbert space structure.

We are now going to be brief in our exposition of what initially was the great feat of the authors in
[MZ03]: To show that there exists an isomorphic identification of the N =4 SYM spectral dimension
problem (for scalars) and the Hamiltonian spectral problem of an SO(6) spin chain with nearest neigh-
bour interaction - in the planar limit. If one starts with a (more general and normalised) form of a scalar

operator,

vt

,].(_2
Oal(z) = Ur)? g [Piy - ¢ir] (3.4.18)

VCoNL
where we compactly write o« = i - - - iy, similarly to before. Turning the coupling off, we find a tree-level

2-point correlation function of the form
6511 . 6ZLL +o(fB)-terms 1

<Oa($1)@6($2)> ‘tree-level - Ca (1’%2)A0 ) (3419)

24This is even more straightforward if the induced adjoint representation on the level of the group is considered, since it

acts conjugatively.
250One can also prove that, in the N — oo limit, the dimension of a product of STO equals the sum of the dimension of

the factors, so the spectral information of local operators (that are in their most general form products of STO) is fully

described by the spectral information of STO, with some caveats.
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where 8 = ji---jr, Ag = L for L scalar fields, the constants C, are a factor from symmetry, and the
o(B)-terms refer to cyclic permutations of the 5511 5f£ factor in its SO(6) indices stored in 5. If we
want to compute the 1-loop contribution to our 2-point correlation function, the large N limit heavily
simplifies our problem, because (for the justifiable assumption that L << N) the index contractions
that correspond to non-planar diagrams get suppressed by a factor of ﬁ We end up summing only the
scalar diagrammatic contractions corresponding to a gluon exchange, the self-energy corrections and ®*
interaction terms contributing involving adjacent fields, and end up with the following expression (after
some compact rewriting and introducing the t’Hooft coupling A as a convenient expansion parameter in
the N — oo limit):

<O ((El)O’B $2 >’1 loop

A log (A%23,) & L gt
(2P i1 — Kppor — 1+ 0) | 22T " 7
1602 22k ; e k+1 ki1 —1+0C) oel + o(f8)-terms

(3.4.20)

where C' is a constant, and Py ;41 and K} 41 are the permutation and trace operators that exchange

and contract the SO(6) flavour indices of the k-th and k 4 1-th slot site within the trace, respectively,

J1 | Jk—15Jk sIk+1 | SiL _ sj1 | Jk—1gjk  sik+1 | SiL
Proa167 - §J 1 IRGT L gTe = TP gi sl i (3.4.21)
J1 | Jk—1 ik sTk+1 . SIL _ §1 | Jk—1§5 . JeIk+1 . JL
Kot 81 GI 01 I8 — 71015, Gkl (3.4.22)

meaning that Ky 41 also alters the tensorial degree of the quantity (as contraction always does).?S

Adding the tree-level and one-loop contributions of the 2-point correlation function that gives us summa

summarum:
20 _
<Oa (1’1)0 (x2)>|tree—1eve1 + 1-loop
1 L , ,
x%L 1— 6.2 log A2x12 Z (2P 1 — Kp o1 —14+C)| 6]} ---8]% + o(B)-terms .
k=1

(3.4.23)

had we started with (3.4.8) and expanded then for relatively small v << A (from small coupling gy as,
with Ag being the bare dimension and 7 being the anomalous dimension with A = Ag + 7), we would

have ended up with

1 1
(O1(21)02(22)) v [1—~log (A%z1,)] , (3.4.24)
12 12

we can see that, in spirit, we are able to replace v with the operator

L
A Z
- W (-2Pk)k;+1 + Kk7k+1 + 1 - C) 5 (3425)
k=1

and through this transform the problem of finding the anomalous conformal dimensions of our theory
from a diagrammatic computation into the spectral problem of the matrix I".  Even more so, we can
therefore map the entire problem onto one of spin chains: Any scalar STO containing L fields?” can be
identified with a state of a Hilbert space V =V} ® - - - ® Vi, where every V; is the representation space of
an SO(6) representation (c.f. (3.4.17)), and V' can be identified with the state space of a 1-dimensional

spin chain of length L. On this space, I' acts as an operator

I:Vig@ - @V,->Ve eV, (3.4.26)

26 One should note that, however, K k,k+1 is not a true contraction in the differential geometric sense.
27More directly, the identification can be made for the previously defined a-tensor.
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and one can show that I' is Hermitian and that it commutes with the shift operator U that we introduce
and discuss later in the chapter about spin chain methods. We can therefore see I' as the Hamiltonian
of the so-defined spin chain, and due to the operator structure of Py ;41 and Ky py1, it only carries
nearest neighbour interactions amongst the spin chain sites. This Hamiltonian is integrable (see [Res83],
[Res85]), and we may make use of the toolset of spin chain integrability techniques, such as Bethe ansétze.

We have so far only illustrated the correspondence only for an algebraic subsector, but there have been
efforts to extend that: At one loop, the above identification has been extended to the full superconformal
PSU(2,2/|4) symmetry (c.f. [Bei04] [BKS03]), although a similarly extensive description for arbitrary
loops is still to be developed. However, all of these efforts have the analogous goal: At any given
higher loop order, we would just be confronted again with another spectral problem given by an effective
Hamiltonian.

For the AdS;/CFTy correspondence, CFT-based spin chain developments are, unfortunately, few
and far between.?® The reason here again is connected to the insufficient knowledge in detail about this
CFT side: In contrast to its higher dimensional sibling, within the AdS3/CFTs correspondence we find
that it can be supported by both an RR and NSNS flux. Usual superstring techniques work for the sole
appearance of RR fluxes, however, the symmetric orbifold CFT that we mentioned before is built on the
NSNS formulation.

3.4.2 String Theory

When motivating the AdS/CFT correspondence and its origins, we came across the ’t Hooft limit
involving the 't Hooft coupling A. Taking particular limits within analysing a theory allows us to focus
on the behaviour of the model in certain regimes. The Lagrangian structure of both the AdSs x S® and the
AdS3 x S3 x My (super)string is very involved in the general case, but reduces to a more manageable form
expanding around some useful limiting parameters. For the former background, a prominent approach is
taking the BMN limit, after Berenstein, Maldacena and Nastase (see [BMNO02]). In their seminal paper,

the authors choose the limit where the angular momentum J and N have the following behaviour:

J =00,

N — o0,

% - fixed . (3.4.27)

The strings the authors are considering then give rise to a vacuum ground state that, a priori, does not
receive quantum corrections (c.f. BPS states), and on which the spectrum of excitations can be built
using creation operators. The specific string setup they choose, which is related to point-like strings in

a pp-wave background, then lets us find the following energy relation:

ATgNn?
E-J:Z\/H%Nn, (3.4.28)

where FE is the energy of the corresponding string state, g is the string coupling, n is the mode number

associated to the Fourier expansion in modes and N,, is the number of oscillators. In this limit, the AdS

Raas = \/4mgNa'? . (3.4.29)

28Nevertheless, there have been developments of spin chains from the string theory perspective (see [BOSSt13a],
[BOSST13b], [BOSSS14b], [BOSSS14al, [LOSSS15], [FS22a], [FS22c], [FS22b] and [BOSST17]). However, there are also

issues with these spin chains due to the presence of massless modes (see [AA16]).

radius is given by
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In this regime, the Hamiltonian that lends itself to the description is the light-cone one, which takes the

form
p=—, (3.4.30)

and for the ground state BMN vacuum we have that p~ = 0, meaning that in that case we have £ = J. In
this particular regime of our theory, the spectral information is directly accessible by applying bosonic
and fermionic creation operators to this BMN vacuum, and more importantly, for the unique BMN
vacuum we can identify the ground state (with light-cone momentum p™*) |0, p; ) with the scalar chiral

primary operator of N' =4 SYM consisting of .J scalar complex fields, i.e.

1
0, VAN ™(Z7) . 3.4.31
10, p+) TN ( ) ( )

the l.c. string side S———
=0y, the CFT side

The conformal dimension A of O is then equivalent to the energy E of |0,p;). Due to the chirality of
the primary operator, the conformal dimension is protected from quantum corrections, and likewise due
to the BPS-nature of the string state, the energy will not receive quantum corrections either - further
reassuring us in this identification. Going beyond the ground state, while the string state can just be
manipulated by creation operators, the chiral operator on the field theory side gets decorated with fields
different from Z. In summary, while in the previous section we motivated a close connection between
local operators and spin chain states, here the connection is between local operators and string states.
In some sense, the BMN picture was a bellwether for the later application of spin chains and their
integrability techniques to AdS/CFT correspondences.

So far, we have discussed this relation for the AdS;/CFTy correspondence, and much of the discussion
is analogous for the massive part of the spectrum of AdS;/CFTs. However, the fact that we have massless
excitations within the setting of AdS3/CFTy makes things arguably more intricate, both on the CFT
level as well as in the relationship amongst spin chains and AdSs/CFTy consequentially, as we mentioned
before. However, both the AdS;/CFT,4 and the AdS3/CFT;y correspondence share a different link to
integrability: For each of their background worldsheet o-models, classical integrability has been proven.
For the AdS5 x S® case (endowed with a particular RR-flux), the Lax connection has been found (see
[MSWO02], [BPRO4], [AATO05], [AFPZ07], [AFZ07]), where in the latter references the authors proved that
the resulting S-matrix can be made equivalent to the one of the corresponding CFT of the correspondence.
For the AdS3/CFT; case, the construction of the Lax connection is more intricate due to the presence
of the massless modes that are absent in the AdS;/CFT,4 case. However, classical integrability of the
GS supercoset action featuring a crucial Z4 symmetry has also been proven for the AdS3 backgrounds
of our interest (see [SW12], [BSZ10], [CZ12], for a comprehensive contextual introduction also [Sfol5]).
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4 The ¢g-Poincaré Algebra

“Un tas de pierres cesse d'étre un tas de pierres, dés qu’un seul homme le contemple avec, en
lui, limage d’une cathédrale.” [“A rock pile ceases to be a rock pile the moment a single man
contemplates it, bearing within him the image of a cathedral.”]

— Antoine de Saint-Exupéry

Paul Dirac proposed what is often referred to as the relativistic dispersion relation, or more canonically

energy-momentum relation,

E% =p*+m?, (4.0.1)

I

which is well known due to its abundant occurrence in modern quantum field theory. However, this is
not the dispersion relation that appears within the AdS/CFT context. Within the CBA and spin chain
considerations we have made in the previous chapter in the context of AdS;/CFT4, had we gone beyond
the first loop order of and considered the all-loop case of the su(2) = s0(3) < s0(6) subsector of the spin

chain, we would have encountered a dispersion relation of the form
E? o m? + 4h? sin? g : (4.0.2)

where h is constant and m = £1. The AdS3/CFTy case is arguably more difficult and richer. Most
importantly, here we are allowed to assume massless modes in the spectrum, leaving us with a massless

dispersion relation of the form?!
E? o sin? g . (4.0.3)

In our efforts, we will solely focus on the massless sector of the AdS3/CFTy scattering.
ATt was [GHOT7], amongst others, who pointed out that one can interpret the connection of E. with

E - essentially a difference between having p and sin £ - as a so-called g-deformation: One can indeed
see that [p] ; = e2l-e 2% sin &,
e2 eZ—e 3
relativistic dispersion relation is a crucial element in a theory with Poincaré symmetry, embodied in the

where we introduced notation that will be clarified later on. The

dispersion relation by the Poincaré algebra. It is then a natural question to ask for a different theory
with g-related dispersion relation E: Does a g-analogue of the Poincaré algebra exist as a symmetry of
this system? FE and p, which are Lorentz quantities, appear in a natural way in our theory, so we only
have to see whether we can define a boost operator J in our theory to complement them.

We will define these g-analogues, or g-deformations, more concisely later on, but we shall point out
that they have been studied within the context of quasi-triangular Hopf algebras long ago (see e.g.
[Jim85], [Dri86]). This has also been previously analysed in the Poincaré context (c.f. [LRNT91]).

IFor more details on the emergence of the magnon dispersion relation within AdS/CFT and the spectral differences of
the AdS5 and AdSj3 cases (massive and massless) within our field of research, one can consult [BDS04], [AF09] or [BAAT11],

to name a few references.
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In our analysis of our g-analogue of the Poincaré symmetry, we will mostly be concerned with one
generator: the boost J. In [GHO7], the authors considered a 1 + 1-dimensional Poincaré algebra in the
N =4 SYM context of AdS;/CFT, which they identify with the F,(1,1) algebra, which is a deformation
of the pseudoeuclidean algebra. They then introduce the boost generator as the translation generator of

an elliptic rapidity variable z, meaning J = % and transforming
Jizm—z4c. (4.0.4)

Here, the dispersion relation of the present excitations was identified with the quadratic Casimir of the
deformed algebra via C' = % + h? (e”’/ 2 _ e/ 2)2 with $ playing the role of the energy generator, and
h is connected to the tuning of the deformation. Building upon this, supersymmetric considerations of
this have been made in [You07], although falling short in lifting the entire algebra to a Hopf structure.
The work presented in [BT18] further refined this idea by analysing the coproduct of the boost more
closely. One might also add that our particular interest in boost operators is by no means novel: Boost
operators have been studied in different contexts, such as the study of o-models and spin chains (see e.g.
[SW83], [BBL0g], [KY11]).

Within the context of AdS3;/CFTs, we again have the main difference of massless modes being allowed,
which makes the theory richer (see e.g. [OSST13]), yet sometimes more involved to deal with. In our
case, focussing on massless excitations will be of crucial importance and allow for additional freedoms
in the choice of the Hopf algebraic embedding of the energy. We adopt the motivations outlined for the
AdS5/CFTy case, following [BT18], as well as the problem studied in [ST16], and revisited in [BST18].
They studied g-deformations in the massless sector of the AdS3;/CFTs integrable scattering problem,

where they also underline the intricacies that the presence of a boost operator in this context brings.

4.1 The Algebra and its Satellites

4.1.1 The Algebra

Recall that our setting is AdSs x S2 superstring theory, the algebra in question for the scattering problem
can be reduced to just studying su(1]1)? = su(1]1) ®su(1]1)g. Throughout this report, when we use the
index A we refer to left or right handednesses, i.e. A = L, R. Introducing this notation, the non-vanishing

relations and generators of our algebra are the following:

{94,684} = Ha, [Ja,pa]l = iHa, [Ja4,94a] =iHaP4,
[34,04] =059Q4,  [34,64] =636 (4.1.1)
The grading of the respective elements can be inferred from the nature of the (anti-)commutation relations
they obey. A priori, (bg, (bf’; and ® 4 are functions of the momentum generators pa, with no immediate

restrictions, and J4 are the boost generators. However, as we want our superalgebra to satisfy super-
Jacobi identities?, they fulfil

i94Pa = [Ja,94] = [34,{04,64}] = {[34.94], 64} + {[34.64],Q4} = (6T +65)Ha . (4.12)

So, we already got acquainted with one central element: the energy Cartan element $4 that contains

the dispersion relation.?

2We shall drop the “super” from now on where it is obvious.
3Actually, also p4 is central, though not as interesting as $ 4. Whenever we refer to the centrality of operators in this

context, we mean that a generator is central with respect to every operator but the boost generator.

64



In addition, we are interested in centrally-extending our su(1]|1)? to su(1|1)%, by assuming the anti-

commutators involving fermionic generators of different handedness not to vanish:
{921,9r} = B, {6.,6r} = R&. (4.1.3)

Central extensions have also played a role within the context of AdS; (see [BALHI16]), and we can
interpret their appearance as our approach reflecting the presence of quantum effects.?

For the sake of clarity in nomenclature, let us summarise the different algebra “types” that appear:’

central adding

5u(1|1) 5u(1‘1)c.e.

extension boost/momenta

Boost superalgebras 8B .

4.1.2 Outer Automorphism Symmetry

su(1]1)2, has another fascinating feature, as was discussed in e.g. [Regl6]: su(1]1)2, possesses a large
outer automorphism group, GL(2)?. This means that it features an outer symmetry that, when acting
on the generators, leaves the algebraic relations invariant. Automorphisms have been proven to be
vital within the field we are studying, see e.g. [BALH16] and [BHH17]. Within our context, this outer

GL(2)2-action is defined as:
(G
[ Sl (4.1.4)
Qr Qr

(o) —(82)

where (), p) is in GL(2)2. In addition, we can define an algebra from the group action in the following

way
[t())\7QL] = [t§7QL] = QL ) [té\?@R] = _[téaGR] = GR ) [tiagR} = QL ) [ti,DL] = 6R )

[tS,QR] = [t§7DR] =Qpg, [t87GL] = —[tg,GL] =6, [ti,QR} =6, [t?,67]=9Qr. (4.1.5)

The commutation relations of the outer symmetry generators with p vanish, and the commutation
relations with the central elements can be inferred by means of super-Jacobi identities, always being of

the schematic form:

[t {5, 3} = —{[t, 8.8} + {3, [t. §']} , (4.1.6)

where t is any of the outer symmetry generators, and §, §’ are fermionic generators that in a super-bracket

{-,-} give rise to a central element. One example of this relation is given by®
[t’i,f)[‘] = [tp,,{Q[”GL}] =P. (4.1.7)

The action of the outer symmetry generators on the boost generators follows from the action on its

ingredient generators - we will see that the boost generators will always be chosen to consist of central

4We make one small remark regarding the underlying algebra we established: It is clearly not simple. One easy way to
see this is that (p)su(1|1)c... possesses a centre, which already constitutes a non-trivial ideal. Disregarding the center, even
(p)su(1|1) is not simple. Simple algebras and their quasi-triangularity properties have been studied and classified within
this context in more detail, and further analysed (see [KT94], [BD98], [BD83]), but we cannot build upon this in a direct
way.

5We will sometimes refer to su(1|1)c.e. as a “boost algebra” already, as we will - in the setting of the 2-dimensional short

representation - not introduce separate symbolical nomenclature for the superalgebra enhanced by the boost.
6Here, the second superbracket vanishes, as

2, 9.]) =t ,{Qr, 6} = —{[t”,Qr], 6.} +{Qr, [t ,6.]} =P .
SN—— SN——

=0 :QR
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elements and differential p-operators, whose commutations relations with the outer symmetry generators
we have already discussed.
Given our notation, one can infer that the generator basis for one GL(2) given by to,t3,t4,t_ can

be understood as the following set of matrices (see 4.1.4)

<1 0) (1 0) (0 0) (0 1)
, : , . (4.1.8)
0 1 0 -1 10 00

It is worth singling out one special linear combination of symmetry generators, namely what is commonly

referred to as the hypercharge operator B = 2i(t}) — t§):
[%,DL] =219y , [%,GL] =-2i6 , [%,QR] = —-2i0r , [%,GR] = 26p . (4.1.9)

Interestingly enough, the action of GL(2)? leaves the B-charge invariant.

4.2 The 2-Dimensional Short Representation

4.2.1 The Representation

In a first step, we consider the above algebra to admit a certain representation, more precisely a 2-
dimensional short one.” In a 1 + 1-dimensional space with basis {|®), |¥)} with charges {i, —i} under

B, we define the following representation for the fermionic elements

6L =9Qgr= E;p)<8 ;), QL =6r= Eép)<(1) 8), (4.2.1)

which is a representation that is well-defined if the two copies are considered independently. With the
above representation, we consequently have that $ = ; = Hr = hsinf = %E(p), where E(p) is the
energy and p the momentum without any reference to handedness.

What we left out so far, however, is how a boost operator of handedness A acts on a boost operator
of handedness B # A. Within this particular representation, this question can be answered immediately

and we can consistently set

. i els 4 e it . i els ye it

[JA7QB] - 2\/ﬁ 2 QB ) [JA763] - 2\/ﬁ 2 6B b

N N N N e~ — P

[JLfB] = [JRam} = [\JL,-@] = [L‘Rvﬁ] = 7[314’53] = T ) (422)

where A # B, keeping in mind that )4 p contains the (massless) dispersion relation E, and we have
w= %. We will later see that, for the algebraic relations of J to be satisfied, it will always feature a
0p term, and the commutator of the boost operator with a generator involving (or depending on) p will
just be given by the derivative action. Furthermore, it is sensible for us to comment on the appearance
of the momentum generator p: A priori, we view p like any other generator from our algebra, but then
also see that the momentum appears in exponential functions within our algebraic relations, dispersions
relations and, later on, coproduct braiding factors. If featured in this non-trivial way, we always have to
think about the momentum as being evaluated, meaning that the corresponding momentum charge (i.e.

eigenvalue) takes its place - for unambiguous well-definedness.

"In [Regl6], short representations are referred to as atypical modules.
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4.2.2 Different Hopf Algebra Structures

As a next step, we want to endow our superalgebra with a Hopf structure and find suitable R-matrices.
This mostly boils down to finding consistent coproducts for our algebra. We will do this once for the
undeformed algebra we defined in (4.1.1) and (4.2.2), and once for a g-deformed algebra we introduce
later. For the former, we will only review briefly the modus operandi and the results we found in
[NGTW20], which is where a full discussion can be found. For the latter, whose approach is a bit more

intricate but grosso modo quite the same, we shall be more detailed in our explanation.

The Undeformed Case

We start with the very general coproduct ansatz for our fermionic elements
A6L26L®€iap/4+€i0p/4®6[1, AQL:QL®€ibp/4+€idp/4®QL, (423)

where a, b, ¢, d are constants. Keep in mind that defining coproducts for the fermionic generators
immediately defines the coproduct structure for all central elements. We know p to be primitive, i.e.
Ap=p®1+1®p, so apart from the fermionic elements, there will only be AJ 4 left to be determined.
The constants in (4.2.3) are restricted by [AQ 4, AG 4] = A$ 4, which we shall make explicit by example

{AQA, AGA} :(QA ® eibp/4 + eidp/4 ® QA) (GA ® eiap/4 + eicp/4 ® 6A)
+ (GA ® eiap/4 + eicp/4 ® GA) (QA ® eibp/4 + eidp/4 ®QA)
:QAgA ® e(a+b)p/4 + DAeicp/él ® GAeib‘D/4 . GAeidp/4 ® 6iap/4QA + 6i(c+d)p/4 ® QA6A
+ GADA ® e(a+b)p/4 + GAeidp/4 ® eiap/4DA _ DAeicp/4 ® GAeibp/Al + ei(c+d)p/4 ® GADA

={94,6,4)} Reilatbp/4 | iletd)p/4 o {94,864}
—— S——
=9 =9a
=94 @ e'lattp/4 4 ciletd)p/4 o ¢

=A$4 . (4.2.4)

The condition A$)4 = A°PS)4 is necessary to hold for the existence of an R-matrix, since )4 is central,

since we have
AP($HA)R = RA($Ha) = A(Ha)R, (4.2.5)

from the centrality of £ 4, and since R is invertible, we have indeed A$H4 = A°P$H 4. This means we

want
A§ =@t et Pl g ARG = I @ 5 4 @ eI/ (4.2.6)
to coincide, which happens if®
at+b=c+d. (4.2.7)

At first, it might seem that we have four independent (physical) parameters a,b, ¢, d that span out all
possible coproducts. However, this not quite accurate: Redefining our supercharges via the exponential
shift

&y > 6L =¢e""56,

8Note that, depending on the form of the ), this is a sufficient condition but not necessarily a requirement for A, =

A°P$ 4 to hold - see the bosonically braided family introduced below.
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Q1 — QL = eiaQQL , (4.2.8)

and requiring that as = —ag, as we do not want the eigenvalues of the energy Cartan generator to
change, we can see that (4.2.6) is unchanged regardless of whether we choose the redefined supercharges
or the original ones. A straightforward way to see this is the following relation, of which we will also

9

make use later on,” namely

A(e°PT) = ¢ioP @ ¢ OPA() | (4.2.9)

where ¥ is any element of the Hopf algebra. Thus, one realises that the only physical directions in
parameter space are along a — ¢ and b — d - a fact that we will come back to later on.

At this point it is imperative to emphasise once again that the results dependent on the coproduct
of the energy are very much dependent on the form of the energy $): This analysis heavily relies on the
fact that $ x e2? — e_Tip7 as for generic forms of § the coproduct choice we made above would not yield
A$H = A°P§, which needs to hold for all central elements. We will elaborate on this further when we
specify scenarios different than the massless one in the outlook. Summa summarum, this constrains our

ansatz to appear in two families:

e The bosonically unbraided family, a+b = c+d = 0, which contains the trivial braiding a,b,c,d = 0

and the braiding a = —b = —¢ = d = —1, which are the ones most commonly used in literature.

e The bosonically braided family, a +b =2 and ¢ + d = —2, as well as its parity transform obtained
by the parity transformation p — —p.

For this undeformed present case, we shall be brief in our explanations, and mention the crucial
results succinctly. Later, when dealing with the g-deformed case, we will be more comprehensive in the
explanation of our modus operandi, which will be much the same for either case.

For the R-matrix, we start with an ansatz (c.f. 6-vertex models)

0 0 0

ri r2 0 (4.2.10)
ro1 T2 0

0 0 -1

o o o =

Having the coproducts for X = Q4, S 4 at hand, one can make use of the quasi-cocommutativity condition
that A°°X,R = RAX 4. One would best go about this by evaluating this condition on all 2-particle
basis states, i.e.

(x1x2|APX 4R — RAX alx3x4) =0 ,x; € {®,T}. (4.2.11)

These equations give rise to the following R-matrices:

9This relation amongst primitive elements and group like coproducts holds more generally. This is the only instance

where we will make use of it, however. It can easily be proven the following way:

eiocp ® 8'Lap :(eiap ® ]1) (]l ® eiap)

() ) (= (52))

— (eiap®1[) (ell(g)iozp)

:6iap®]l+]l®iap

:eiaA(p) .
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bosonically braided family bosonically unbraided family

— T Y x X - 2 -
T aPL(EHY) B2 . ar2(@ty) g, £ _ed (bt Bl tex (bte)pr gy 2
ri1 = ri1 = ; ;
sin B13P2 sin BL 4 qin 22
9" g P1—P2)(z—y) [ pTI in pTQ 268 [(b+d)p1+(ate)pa] o I:agc(Pl _ p2)] in pTl sin DTZ
rig = rig =
sin % sin L 4+ sin B2

8
8
P . P2
sin ZL 4 sin B2

Z
2eg(p1—p2)(m—y) sin 2L sin 22 i . i .
\Y 2 pi cxlatd)pa o BL_ .4 (at+d)py . B2

sin p142rP2 r22 =

cos ((m +y)(p1 — p2) — 2(p1 + P2)) 2e§l(ate)p1+(+d)p] [“*C(pl - pg)] sin 1%1 sin 1%2

21

. Pl . P2
sin BL 4 sin B2

cos ((r +y)(p1 — p2) + 2(p1 +p2)>
8

APIEH) o re Gty

rog = —
sin m;pz

Here, we re-expressed our braiding parameters as a = 1 4+ x,¢c = —1 — y with respect to our original
parameters for the bosonically unbraided family.'°

It is sensible to first make a few comments about what we expect the boost operator J to look like.
Here, we can let ourselves be inspired by the approaches we outlined in the motivation for this problem,

such as [GHOT7], and thus a particularly useful representation of the J is in differential form:
Ja =190y . (4.2.12)

Apart from producing consistent commutation relations, it makes sense for the boost operator to have
this form. As conventional Lorentz boosts can just be understood as transformations that lead to
translations in the rapidity variable, the differential nature of the representation is to be expected. If
we want the boost to feature the momentum differential (rather than some uniformised rapidity as in
[GHO7] as mentioned before), the appearance of the energy as a prefactor is naturally warranted. Later
on, this so-called differential representation will be examined more closely. On the level of the coproduct,

we can expect the algebraic form to be
AJa =i1(AHA)(AD)) + tail. (4.2.13)

The tail will involve fermionic elements, the most important condition that AJ4 remains bosonic, mean-
ing that the tail has to contain an even number of fermionic generators. We start with a very general
ansatz that fulfils this:

AJa = A(p17p2) (am + 81)2) + B(plap2) (8101 - apz)
+C(p1,p2) E@Q+ D(p1,p2) ARG + F(p1,p2)B @1+ G(p1,p2)1 @B . (4.2.14)

10Tt might be useful at this point to give an example of how the evaluated coproduct of a fermionic element looks like in

the 4 X 4 matrix representation that we use in the quasi-cocommutativity equation. For Qg (4.2.1), we arrive at

0 e iUt Ep,) cir0+0gp,) 0
—in(+e) g
AQg = 0 0 0 e 41: (p1)
0 0 0 —e~ 1P1(1HY) B(py)
0 0 0 0
and ) ;
0 6ip1(1+I)E(p2) e—ip2(1+y)E(pl) 0
_i 1+
AOPQR _ 0 0 0 e 4ip1( U)E‘(pl)
0 0 0 —eiP1(+0) B(py)
0 0 0 0

where one needs to pay attention to the fermionic signs arising in the computations.
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Having this at hand, once again, we impose the coproduct to be an algebra (homo)morphism.!! In this
case, this is to say that we want [AJa, AT] = A[Ja, %] to hold for any fermionic operator T. After

solving some involved system of equation, we find the following coefficients:

bosonically braided family bosonically unbraided family
APt A:i<sinp—l+sinp—2)
2 2 2 2 2
JRLLCIC AL D T B = ihcot T2 P2 ooq PL P2 (cosp—l teos 22 _ae 7p1+p2)
2 2 2 2 2 2 2 2
a2+ +p1(y—1) eﬁ(aprcm o1 e s
c= ——m@m MM [T(pl,pz) C= ——F—F— ((21<0c —sin — +a —c— YT(py, p2)) cos —
8 8(cos BL — cos £2) 2 2 2

otp—1+cotp72—i(r+y)j|

p 3p p
+ (2iscc P2 in 222 L0 ot T(pl,p2)) cos —1)
cot 21 + cot D2 2 2 2

p P c
—icot 2L 4 icot 22— iB(p1,P2)
2 2

—ilapo—c
D= e aler2ery) p1_ 3p1 P2
) D:pli((2isec—sin7+a—c+T(p1,p2))coS—
e%[l’Z(l*l‘)*Pl(yi’l)] 8(cos =5+ — cos ) 2 2 2
-— 47T(P1:P2) P 3p P
s [ +(gzscc—zsmi+a7c7T(p1,p2)) cos—l)
L +cot B2 4i(a+w) : : :
) Pl P2 ot oty rrlw Ty ih p1+p p p
—zcofv?-%—wot?—tﬁ(mypz) 2 :I F = (4cos L 2(asin—1+csin—2)
cot BL 4+ cot B2 32(cos p—l — cos ) 2 2 2
ih [ _1 P2 P P,
P [e 2P1[Y(py, pa) — 2] sin = — 2(a + ¢) cos 2L gin —2 — 2asinp; + (a — c)sinpy
2 2
i, i P1 P2
p1 + p2 mzPZSinflfye 2P1 Emg +2(cos—7cos—)T(pl p2)mn—)
— @ sin ————= + B(p1, p2) 7 B ] 2 2 2
2 cot 1 + cot 2 ih P1 po
) G:ﬁ(Z(ai»c)coﬁ—ﬁm—
ih Z P 32(cos =5 — cos =& 2 2
G:—[52p2['r(p1,p2)72]sin—1 (cos 5 7)
8 2 p1+p p P
) ) s PP (i Ly 22)
p1 + P2 ze2P2 siinl —ye7§p1 bmp—2 2 2 2
+ ysin ——= — B(p1, p2) ] + (a — ¢) sinpy + 2csing
2 cot BL + cot B2 ¢ ) sin py P2

P P P
4 2¢cos 2L cos Z2)1(pq, pg) sin —1)
2 2 2

In either of the cases, T(p1,p2) and 5(p1,p2) are an arbitrary even and odd function, respectively,
representing some residual freedom unfixed by the requirement of the algebra homomorphism property
of the coproduct: The former ambiguity arises from the fact that the algebra homomorphism property of
the boost coproduct for Q compared to & does not give rise to independent constraints on AJ, while the
other comes from the fact that the quasi-cocommutativity relation with the R-matrix allows us to add an
op-invariant term to it. By making use of our representation and seeing how the respective coefficients
appear in the Boost coproduct, we can construct operators from these functions, which we denote by T

and 3 . We can make the ambiguities explicit, and express the quasi-cocommutativity relation as
(A®F+ 5 + TR = RAT+ 5+ 7). (4.2.15)
For the bosonically braided family, we have

N csc B csc B2

p= B(plaPZ) (6171 — 6p2) B(pl p2)64(112 p1) 02 2 P2

4h
Pl P2 __ X .
x +(20t 2(2 Ly [t § @ 4 emilrtim ap 6] | (42.16)
cot 71 + cot

as well as

A

T = Y(p1, po)ei -7 [e‘i(xp2+yp1)6 ®Q—e 1@t Qg 6} +

*ip 2172

+T(p17p2) B®YJ+T(p17p2)

HOB. (4.2.17)

The op-quantities related to the above are obtained by exchanging p; <> p2 and add fermionic signs

where necessary.

11n the literature, the words homomorphism and morphism are used interchangeably oftentimes. While we introduced
functions like the above as (co)algebra morphisms, we will refer to this as the homomorphism property, as is standard in

the literature (outside of purely algebraic fields such as category theory).
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For a particular choice of T and (x =y = 0), we can write a kind of evolution equation for R using

(apl - apz)R - [57 R] =0, (4218)
and likewise, T also gives rise to an interesting equation,
(Opy = Op)R— (T =T?) =0, (4.2.19)

if we fix

P1—p2
COS 3

: 4.2.20
4ihsin B sin 2 sin 21522 ( )

Y(p1,p2) =
For the bosonically unbraided family, we find

T = Y(p1,p2)et @179 § @ Q — T(py, po)et P12 9 @ S+

ieilatb)py iek(atb)ps

5 BeH+ Y(p1,p2)————H®@B. (4221)

+ Y(p1,p2) 5

We also find an evolution-like equation for R, this time for a particular choice of T,

(Op, = Op, )R = [T, R] =0, (4.2.22)
in the setting of

a=-b=cF2=d==+1,
B +ei(p1tp2) (sin - + sin £2)

T = 2

p1tp2
4

4.2.23
4h sin B sin B sin ( )
Unfortunately, we still lack a good explanation for both the occurrence of these ambiguities in the
coefficients, as well as for their curious connection with the R-matrices. We plan to perhaps address this

in the future.

Deformed case

We now turn our attention to the g-deformed case, whose motivation we outlined in the very beginning

of this chapter. We first define g-analogues or q-deformed quantities via

x

_¢-a”

[z]4 R (4.2.24)
One can easily see that we have
TR il I
[x]g1 = ;1_13 PR x . (4.2.25)
With this, the su(1|1) algebra gets deformed to:
{96} =[9],, (4.2.26)

with the following new g-action for the boost operator defined as follows

0] = oo = PHEa el — espie = BT s,
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[3.p] = alflq, [3,9] = Bsinp , (4.2.27)

where both a and § are constants depending on the deformation g and the coupling constant A. Similarly
to how the previous algebra appears in the context of strings in AdSs x S3, this algebra appears in the

context of a well-known algebra called 7n-deformation, (Ang, X 55)77, where the deformation parameters

2n

q and 7 are related as ¢ = e ¢0+7®  with g being the string tension. Furthermore, in the following,
we are going to identify £ = E/2 per our dispersion relation, exactly as we did in the undeformed case
before.

Regarding the representation, we can use the same one as for the undeformed case, with the sole
change of H(p) — [$(p)]y. Much like we did before, we can again make the distinction between the cases
of braided and unbraided energy, which we will now analyse step by step. That is the main reason why
we are considering these two algebras together. In either case, rather than analysing general coproduct
braiding with parameters a, b, ¢, d, we focus on one representative case each.

In the unbraided energy case, we have the following Hopf algebraic structure to deal with:

A6:6®6_£pq_%+e%pq%®67 AQ:Q@@%pq_% +e_£pq% ®Q,
® [9], - (4.2.28)

vl

Ap=p1+1®p, A, =9, ®q% +q~

Making again the same ansatz for the R-matrix and imposing quasi-cocommutativity with the fermionic

elements, we arrive at the following R-matrix elements:

o (5],- < (2,

e (B3] ’

(30245 4 b 2452 B TE]
q q

T12 =
(255, |

(e%(Pl—Pz)qEIX%+e—%(p1—p2)q—%> [E1] [Z]
q q

21 =
[252], ’

(4.2.29)

T22 = E+E
[ 1 2]q

One can check that in the limit of no deformation, i.e. ¢ — 1, as the R-matrix above we recover the
one we obtained when we considered the undeformed case (for the same choice of braiding parameters).
Regarding the coproduct for the boost, we start with the following ansatz (resembling the ansatz we

chose before):

AJ = A(p1,p2) (apl + apz) + B(p1,p2) (8171 - apz)

p1t+

FOp1,p2)e ™ T2 S @0 + D(p1,p2)e T2 QRS + F(pr,p2)B @ 1+ Gpr,po)l © B, (4.2.30)

where we, with great foresight, already extracted some bosonic, op-invariant factors out of D and C.

Again, in order to arrive at an algebraically consistent expression for our coproduct, it is enough to

check the algebra homomorphism property with the supercharges as well as the momentum operator -

this fixes the action on the central elements automatically. Furthermore, we glossed over the fact that

while Ap is unambiguously defined, the story for Asinp is not quite the same: While one could think

about expanding sinp as a series and then assuming that the algebra homomorphism property for A
E

to hold for polynomials of arbitrary order, and thus arrive at sin Ap. One can see that [5](1 cos(£),
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sin(£)0, [%]q or 0p [g]z are indistinguishable at the level of the representation, but they have different

coproducts. Whatever choice one prefers to make, we shall denote it by Asinp. In any case, we arrive

at the following solutions for the coefficients of AJ:

« 01

Alp1,p2) = SA[E]; = S[EL + B2 (4.2.31)

2(Asinp) — [E1 + E3] sinpy _ sinps

a a\TE], ~ (B2l
Blpi,p2) = 5 T Smgz - 2 ) (4.2.32)

[El]q - [EZ]q
C(p1,p2) — D(p1,p2) E1-8y iB(p1,p2) + Y(p1, p2)
=q 1 , (4.2.33)
2 (255,

where a similar ambiguity or freedom is present as we have seen in the undeformed case. This time, we

shall make it explicit:

E1—Ey T( ) E)—Ey _E1-Ey
& q 4 P1,P2 ;P1tP2 _ijP1tp2 q 4 q 4
q

(4.2.34)
where again T (p1, p2) is some arbitrary, op-invariant function. Sadly, par contre to the undeformed case,
we still have not found a relation between the ambiguity of this case and the corresponding R-matrix,
be it in the form of an evolution equation or by any other means.

For the case where the energy coproduct has a non-trivial braiding, our approach is much the same.

The fermionic coproducts for the braided energy case that we shall consider read:

A6=6®67£pq7%+e%pq%®6 , AQZQ(X)e*%pq% +e£pq’% ®9,
Ap=p@1+1®p, Afl,=[9,0e 2 +e @[5, , (4.2.35)

where, keep in mind, this is again just one representative choice of braiding parameters. Imposing again

that the R-matrix be quasi-cocommutative with our algebra elements, we arrive at:

g 2 sinB —¢ 7 sin &t
= sin pP1+Dp2 ’
2
; E1—E ; E1—E _ _
(eﬁ(Perz)q* 14 2 +e*ﬁ(P1+P2)q 14 2) /sm%lsm%
T pry
12 sin p1tp2 ’
2
; BB ; i)
(ei(pl-‘rpz)q 12 +e—i(p1+p2)q— 1 2) /Sin%lsin%
T =
21 sin p1tp2 ’
2
Ey . E1 .
q7 sinf — ¢ sin B 1.2.36
SRS L S LA S (1230
2

Once more, we make an ansatz for what we expect the boost coproduct to look like:

AJ = A(p1,p2) (Op, + Op,) + B(p1,p2) (Op, — Op,)
+C(pp)g TG @A+ D(prp2)g T Q@G+ F(py,p)B @1+ Glpr,pa)1 @B, (4.2.37)

where we again already extracted some bosonic factors out of some of the coefficients. Using this, we
arrive at the following solution:

A(p1,p2) = %[E]q(m +p2) ,
$aP1) | i\ i@iip) [EL $aP2) i\ —ieites [E2
(a[El}q+4)e " [z]ﬁ(awﬂq 4)6 e [,
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— ¢q(p1 + p2) 2

ex(P1+p2) [E} + e~ 1 (P1+p2) [&}
2 14 q

1 Opy B F-G _i E
C(phpz):*i <A(P1,p2)10gq1712+26 1(p1tr2) [72} > ,
q

1 OpB1 F—-G i Eq
D(p1,p2) = % (A(phpz)logqpl—264(1’1“’2) {7} > ,
q

F i i A
(P1,p2) + G(p1,p2) = e dmr) 1 1. pe) (Q—icotIL1 +icot pj) )
2 2 [M]
2 q
F(p1,p2) — G(p1,p2) _ e aP17P2)
2 - [E(P1+p2)]
2

apl Ey - 8172 Ep
4

(A(pl,pz) loggq + T(pl,pz)) ; (4.2.38)

q

where we abbreviated E; = FE(p;). We need to address some particularities of this solution: The
|®D) component of the quasi-cocommutativity condition fixes all the functions appearing in our ansatz -
however, the resulting coproduct does not fulfil the remaining components of said condition, meaning we
find a contradiction. Furthermore, the T operator does not seem to quasi-cocommute with the R-matrix
as it did before.
The braided and deformed case bears yet another important distinction compared to the cases anal-
ysed before: The coproduct choices we have made turn out to be non-coassociative. Thus, not all Hopf

algebraic requirements are fulfilled. We are going to address this in the subsection to follow.

4.2.3 A Non-Coassociative Curiosity

One can readily check that the coproduct of q% is not group-like, namely Aq% #* q% ® q%lz As the
coproduct of the supercharges that we proposed involves this factor, this implies that (1 ® A)AQ #
(A®1)AQ and (1 ® A)AG # (A ®1)A&.1?

In chapter 2, we introduced the non-coassociative analogues of Hopf algebras - quasi-Hopf algebras.
We can find a coassociator for our case that is a hopeful candidate to let us define a quasi-Hopf algebra
with the structure we have, and it has the following form:

1

P = eXp(% ® woz + w12 & %), Wik = Y

bgq<EQ%-%pw-—EQy)—l%pm)n®11. (4.2.39)

The coassociator is measuring in a very direct sense by how much the coproduct fails to be coassociative.

In our case, this is directly visible by the abstract relation:
w= 2 108a(A(B) - Auia(B)) (4.2.40)
where Agivial () = @1+ 1® 2. To see why this coassociator is indeed correct, the Weyl-type relations:
e = N (B2 PG =GB (4.2.41)
are helpful. The pentagon relation can be proven straightforwardly, i.e.
[(11 R1® A)cp} [(A R1® 1)@} = (1) [(11 RA® 1)@} (@®1), (4.2.42)

and one can see that we also have

loxyol)d=121, (4.2.43)

128ee footnote 9 for an elaboration on the origin of group-like coproducts as the exponential of primitive ones, and the

inverse implication thereof.
13 As will be made more explicit later on as well as in the appendix A, this arising non-coassociativity only appears when

the deformation is turned on, connected to the facts that p is primitive and the energy corpoduct is braided here. This is

most evidently visible in 4.2.39, which trivialises for the undeformed case of ¢ = 1 (or for a primitive E, for that matter).
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(Teox)A=KxeL)A=1, (4.2.44)

the latter of which we already knew to be the case for the counit y, as the quasi-coassociative structure
does not enter this equation (for more detail, see the appendix A).
Finally, the Hopf algebraic relations for the antipode S,
o(S®id)ocA=vox, (4.2.45)
o(id®S)ocA=vox, (4.2.46)

evaluated on any generator z of our algebra give

p(S @ 1)A(x) =

u(1® S)A(z) = (4.2.47)

From this, we can directly conclude that for = p, which is primitive, we have

(S@1)A(p)
Seol)(peol+1cp)
(

(

Sp)o1+1®p)
p)+p, (4.2.48)

I
%tt’;

from which we can follow that S(p) = —p. With this result, we can also conclude that S(E) = —F since

[£], o sin () is an odd function of p and we have —[£], = [=£],. The antipode-coassociator relations
our antipode needs to fulfil, as mentioned before, are then'*!?

plep[setes|o =1 (4.2.49)

p(p®1) []1 ®S® ]1} o =1. (4.2.50)

In order to understand this equation for our concrete coassociator, we will need to make the following

considerations: Let us, for instance, start with the equation
,u(,u®]l)[]l®5’®]l}<1>:]l. (4.2.51)

If we evaluate this on a given sate, for example |PPP), we have to first consider what the antipode does

to what is to its right-hand side:

[]1@5@11}@@@@: [11@5@11 (B @ wa + wiz @ B)|GOD)

[]1®S®]1 P(1 ® waz + w12 @ 1)|2PP)
= exp (]l® (E( —p2 +p1) + E(p2) — E(p1))
182 (E(=p2 + p3) + E(p) — E(ps)) © 1) |90®) . (4.2.52)

The term p(p ® 1) then, in terms of domains and codomains, takes a 3-particle space and returns a
1-particle space - it therefore “collapses” all of the momentum labels into one, i.e. ps = p1 = p3. We see

then that the exponent of the above vanishes. This is the case for any state we evaluate the equation (and

14Recall here that our multiplication is associative, and we can choose either one of (1 ® ) = u(p ® 1) in the relations

- whichever lends itself more conveniently.
15 As briefly alluded to before in the preliminary part of this thesis, in the non-coassociative context the antipode appears

as a triplet (S, «, 3), with generally more complicated relations to fulfil than the ones we prescribe (see e.g. [Dri98]).
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its partner equation) on: The antipode will always flip the sign of the momentum/energy corresponding
to one of the tensorial spaces appearing in the exponent of ®(~1), meaning the exponent will always be
proportional to

E(=pi +p;) + E(pi) — E(p;) - (4.2.53)

Again, once the nested multiplication is performed, all indices of the tensorial spaces have to coincide,
and thus all exponents of ®(—1) become zero.'® With this, (4.2.49) is clearly fulfilled, and we can thus
conclude we have a true quasi-Hopf algebra on our hands.

The natural question we ask ourselves now is whether our quasi-Hopf algebra is also quasi-triangular.
For the R-matrix we introduced above, one can indeed prove that the generalised Yang-Baxter equation
holds for the above coassociator. More interestingly, even though we are dealing with a non-coassociative
case, this R-matrix also satisfies the regular Yang-Baxter equation of quasi-triangular Hopf algebras.
This rather curious result is owed to the structure of the coassociator: Although ® is not proportional
to 1®1®1, it is purely diagonal and thus rather simple. The hands-on computation of the generalised
Yang-Baxter equation revealed that, evaluated on 3-particle states, each of its components is indeed
equal to its regular counterpart times ¢¥/2 factors. To make things more explicit, let us start with a

given 3-particle state |x1x2X3) and let us denote the generalised Yang-Baxter equation
GYBE := R3 P12 R 3(0132) 71 Ry @123 — @32 Ry3(0%31) 1 R 130713 Ry, . (4.2.54)

Evaluating this equation on all 3-particle states (which is a lengthy calculation that we discuss in the

appendix), we indeed find that for our coassociator we can write more compactly that
(X1x2X5] exp(~wi2 ® B)GYBE exp(—wi2 ® B)x1x2x3) = (X1x2X5 YBE[xixaxs) ,  (4.2.55)
Vo IxXixhxG) and |x1x2x3) 3-particle states, where
YBE := Ri12R13Ro3 — RosR13R12 (4.2.56)

denotes the regular Yang-Baxter equation. In particular, this implies that, indeed, for our case, the
GYBE and YBE are algebraically equivalent.
This quasi-Hopf structure, as it turns out, can be reduced to a twist. If a coassociator is induced by

a twist F, it can be written as

d = Fosz(1 @ A)F) A1) (F HFL, (4.2.57)

BRa—a®RB

from one can check that F = ¢ generates a coassociator of the form

d— q%®(Aa7ll®a7a®ﬂ)+(Aafll®a7a®ﬂ)®% 7 (4258)

for any [, B] = 0. We can see that the coassociator from our quasi-Hopf algebra corresponds to setting

a = %. Undoing this twist implies stripping the coproduct entirely of all ¢®/* factors, leaving only

the braiding factors that depend on the momentum. We can clearly see in this example how twists

16The reason why in (4.2.52) chose the specific way of evaluation to show this is the following: A priori, the term
u(u@ﬂ)[]l@&‘@ﬂ]@

needs to be evaluated on a 1-particle state - this way, the calculation gets less straightforward. It is easier to first evaluate
the term [Il RS ® 1} ® on a generic 3-particle state (after which the expression depends on three spectral parameters

p1,D2,p3), and only then let the u(p ® 1) “collapse” it and give zero once only one spectral parameter is present - given

the specific form of the exponent in (4.2.52).
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dramatically alter the physics, since removing the non-coassociativity lands us in a completely different
model with a different R-matrix, R = .7-"2_11Rf12, that, as one expects, still fulfils the ordinary Yang-
Baxter equation.

It would be interesting to investigate what precise conditions a coassociator has to fulfil in order for
the algebra to be non-coassociative (i.e. the coassociator not being the identity), but the YBE and GYBE
still coinciding, as was the case for us, and, ultimately, if this has a physical explanation or reasoning.
One could state a conjecture that block-diagonal coassociators of a similar form to ours fulfil exactly
that.

4.3 The Generalised Boost Superalgebra

In this section, we are going to generalise the algebra we have worked with thus far. While we have
up to this point assumed that the two momenta of the su(1|1)r @ su(1]|1) are identical, i.e. pr = prg.
We will now drop this assumption, and allow the two momenta of the su(1]|1) algebras to be a priori
uncorrelated.

In the previous part of this chapter, we circumvented the question of how a boost generator J acted
on remaining generators of different handedness, by looking at a particular representation. Given now
our assumption of uncorrelated py,, pr, we will answer this question in the most general way possible.

Inspired by what we know about energy and dispersion relations, we assume the Cartan energy
generators ) 4 to be positive even functions of the momentum generators in the sense that 4 = H4(pa).
Drawing inspiration from a differentially acting form of the boost, we postulate the action of a boost of

one handedness on the momentum generator of opposite handedness to be

[Or,pR] = i9L0LR , [Or,pL] = i9RORL , (4.3.1)

where the functions 045 resemble momentum Jacobians and are assumed to commute with $) 4. Deter-
mining these functions will be instrumental in getting insight into the possible algebraic structures that
allow for a boost operator of any handedness to act consistently. As we assume the other generators of

the algebra to be momentum-dependent as well, we generalise the above relation to

B3, XB) = Ha0a[IB, XB] , (4.3.2)

where X g represents a generator of the algebra with well-defined handedness B # A, and the action on
central elements with no defined handedness is deduced by means of either Jacobi identities or Leibniz
rules, such as [J,B] = ((b%ﬁR + szbgmam)qs.

The equation (4.3.2) is supposed to hold for all generators X g with definite handedness in our algebra,
that also includes boosts Jp. Obviously, since [Jp,Jp] vanishes, by (4.3.2) we also expect [Ja,Jp] to
vanish. There is a second argument to be made for [Ja,Jg] = 0, namely the underlying Z,-symmetry
given by the L <+ R exchange, which would require that [Jr,Jr] = [Jr,Jz] for the (bosonic) J4, which
together with the antisymmetry of the superbracket for bosonic elements implies [J,Jr] = 0. We will
revisit this point when we see how that is non-trivially realised in a particular representation.

We now elaborate on the functions 045, which control how the left-handed and right-handed side of
our algebra interact with each other. The Jacobi identities involving Ja,JB,pp give us restrictions for
4B (A # B)

0= 3z, 3r:Prl] = Or, [Jr, PRl + [PR, 31, IR]]
= [J,19r] — QRr,19LOLR] , (4.3.3)
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where we used the argument above to assume the pure-boost commutators to vanish. This, after evalu-

ating the commutators, gives us:'”

—i9L[IR,OLR] + HRORLPLLOLR = HLOLRPR - (4.3.4)

Of course, there are more equations for the 045 given by additional Jacobi identities generated, such as:

[z, Or: 9l = Or, T2, 9r]]
[, 9rPr] = [Jr, DLOLRDPR] ,
[, 9r]®r + Hr[IL, Pr] = [Jr, HLOLRIPR + HLOLR[IR, PR] ,
HL0Lr®% = —iOL[JR, 0LR]PR + HRORLPLPROLE , (4.3.5)

and their L <> R exchanges. As an example, the last equation of the above was obtained the following

way: Starting with the third equation, i.e.

[0, 98Pk + DR[IL. Pr] = [Jr, DLOLRIPR + HLOLE[IR, PR
= [Jr, HLOLR|PR + HR[IL, PR, (4.3.6)

and noting the following relation

AR HL] = HRORLIL, HL] = iHRORLHLDL , (4.3.7)

we can show that:

cancels

cancels
[Gr,9r]|Pr +M =[3r, DLOLrPr +HL[IR,0Lr]PR + W ,

(4.3.8)

leaving us with:

Br,98] Pr= [Jr.Hz] %rPr+9L[Jr, 0Lr|PR , (4.3.9)
=iHLOLRPR =iHRORLPL
giving us the wanted relation. However, all these relations above do not add any further restrictions on
our first Jacobi identity, so it suffices to consider (4.3.4).

(4.3.4) gives us the guideline to find the different solutions for ? 45, and we can see five distinct ones
right away: A first solution is the trivial case 945 = 0. A second solution is 0r;, = 0 and 0, g = (Hr,
and a third solution is obtained from the second one by swapping handedness, where ¢ is assumed to
be a constant with respect to the momentum. The remaining two solutions are given by 045 = 1 and
oap = —1.

Let us now check more thoroughly to see if there is any other possibility. For this, we will start by
showing that any possible solution for ? 45 has to fall into one of two categories: either 0, g0z, =1, or

at least one of the functions 07,z = 0 is vanishing. To see this, we need to analyse the the equation
0LRORL(1 —0LRORL) (DL PR — R PLHR) =0, (4.3.10)
as well as its handedness-swap. To derive them, one starts by considering the Leibniz rule, i.e.

[Jr:9LRORL] = [JR,0LrR]ORL + OLR[IR, ORL] - (4.3.11)

17For this, as well as for the equation before, we are using the following relations:

(L, 9] =i9.PL , [Jr,HR] =i9rPR , [Jr,OL] = iDRORLPL , [JL,HOR] = i9LVLRPR -
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For the next step, it is in this context prudent to remember that the action of the boost operator on dgy,
and its handedness-swap was consistently found using Jacobi identities, but is not initially covered by
(4.3.2), and we need to impose this to be the case for mathematical coherence. Similarly, we also need

to impose the equations

NL[Ir,OrL] = 0RLHOR[IL. ORL] ,
ALIR, 0LRORL] = ORLHOR[JIL, OLRORL] , (4.3.12)

which is just an extension of the already imposed (4.3.2) to the d-algebra ingredients above. These

equations can then, with a little bit of algebra, be combined: Multiplying (4.3.11) with —if) ,, we get

—i9L[IR, 0LRrORL] = —iDL[IR, OLRORL —IHLOLR[IR, ORL] - (4.3.13)
@ @

The term (D) can be easily evaluated by (4.3.4) directly, while for the term 2) we need a handedness-swap
of (4.3.4), i.e.

—i9R[IL,0rL] + HLOLRPRORL = HRORLDL , (4.3.14)

together with the first equation in (4.3.12) in order to get the wanted handedness of the boost generator

and indices of the 0, giving us in total

—i9L[JR, 0LRORL) = 0L RORLOLPR(1 —dLRORL) , (4.3.15)

and similarly for its handedness-swap. By the second equation of (4.3.12), we know that $1,[Jr,0LrORL]—

OrLHRIIL, 0LrORL] = 0, which when evaluated leads us to the equation
0LRORL(1 — OLRORL) (O9LPR —ORLPLHR) =0, (4.3.16)
and the analogous equation for the handedness-swap. As we are operating in an integral domain, we can

look at the factors , separately. The above consistency conditions can be simultaneously fulfilled
for 09,g = 0, 0gr, = 0 or (1 — 0, Rr0RL) = O if we require the vanishing of . One can show that no

further solutions for ? 4p come from requiring simultaneously

NLPRORL — HRPL =0,
ARPLOLR —HLPR =0, (4.3.17)

which would originate from assuming # 0: By taking e.g. the first equation in (4.3.17) and left-
multiplying them by 01 r, we get:

HL®RORLILR = HrDLOLr 2 HLDp = Vprdrr = 1 ) (4.3.18)

where we used the second equation of (4.3.17) after the equality © and always assume that 0 commute
with the central elements (and consequently, ®). By the deduction that 0r;0,r = 1, we proved our
initial claim that no further solutions arise.

So far we have found five solutions, and the defining equations are relatively transparent if we assume
one of the 0 4 to vanish. Let us see if there exist any other and less obvious cases that fulfil the condition

0r,r0rr = 1. Then, the constraining equation reduces to
HL[IR,OLR] = iNDLOLRPR — iHRPL . (4.3.19)
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We can now define an auxiliary 0 variable via 0y = LRIk Together with the above equation, we then

also have

—i9L[R0LR] = —iOLOR[IR, OLR] + DLORILRPR = HLHRILRDPR — HRDL . (4.3.20)

Therefore, i$1[Jr,0rr] = @1 notably simplifying the constraint. Using Jacobi identities or Leibniz
rules, one can then also prove that 09 is central with respect to all elements of the algebra including
the boosts,

ORIGL,0LROL] = OR[IL, OLRIDL + HROLR[IL, HL] = 0LrOLIIR, 0LRINDL +iAROLRHOLDL
= —i0LRORPLAL +iNRILRHLPL =0 . (4.3.21)

From this centrality property, we deduce that 37 z$7, needs to be proportional to the identity, with a

proportionality constant we shall call € C. This then gives us the relation,

HLOLr = (HR , (4.3.22)

which constitutes another solution. This is leaving us with six possible solutions, which we classify as:

B3] : 045 =0
separable algebras = 5:0,r =0 and 0rr = (O,

B35 : 0rr =0 and 0L r = (Hr

Be:oap = +1
differential algebras = %‘ii s 0ap = —1
BL: N0k = (Hr

This is a nomenclature that lends itself to our situation nicely, separable and differential, but we shall
go into more detail on that in due time.'®
Before delving into all of these algebras, and in spite of the fact that we want to lay our focus on
a representation-independent analysis, we shall describe in greater detail what is arguably the most
important representation of our algebra - the differential representation:
Ja =194 4 . (4.3.23)
dpa
The differential is to be understood like a material derivative e.g. from fluid mechanics, in the sense that

d 0 dpr, 0
e ¢ [ %rg (4.3.24)
dpr  Opr  dpr OpL

04, P and R depend explicitly on both momenta, for which this representation is convenient. Thinking

of the boost as some kind of decorated derivative, we can understand

dHa

’ 4.3.25
o (4.3.25)

/
(I)A: A=

and 07z and 0z as nothing but momentum derivatives of generators. In addition, ? 45 assume the role

of Jacobians. In this sense, we can also display the material derivative nature of the boost as

d 0 0
— = —— 4+ 0Rpr— . 4.3.26
dpr ~ Opr " apr ( )

18While the %g can consistently be formulated for any value of ¢ € C, for it to be a true differential algebra, we need to

impose ¢2 = 1.
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In this representation, we can also write our postulated starting equation in (4.3.4) and its L <+ R

symmetric as

dorr
dpr

dORr

NLHR .

= (HLPr — HrRPLORL) VLR , DLHr

= (f)Rq)L - fJL@RDLR) DRL . (4327)

The six solutions naturally acquire an induced representation in this way. B3] is the case where pr and
pr, are independent of each other. B3 and B3 imply instead pr = +pz, and Hr(pr = +pr) = Az, for
A constant.

Furthermore, we can infer the algebraic action of the outer symmetry generators on the boost operator
within this differential framework, since it reduces to computing the action of the outer automorphisms
on $4, as e.g.

d d
[t?,3L] = [ti,ifJLd]TL] = i[t’l,ﬁL]dpr ; (4.3.28)

and where we have [t”, $.] = P.

[J,Jr] should vanish in this representation too, as we generally stated, and we quickly want to
demonstrate that this is indeed the case. The differential representation for the boost features a material
derivative, and as 045 depends on the momenta pa,pp, [Jr,Jr] also features such derivatives, as for
example (with (4.3.25) in mind)

(L, 3R] o oot — —919r(0p,0rL) — DLOLR(DppHR)ORL — DLOLEAR(OppOrL) + DRORL(Op, D1L),
(4.3.29)

which is exactly the right-hand equation (4.3.27) after expressing the material derivative in terms of
partial derivatives - and thus vanishes. Analogously, the vanishing of the d,, coeflicient can be proven
by a L <+ R handedness exchange.

Above, we were able to see that a decisive difference of the material derivative with respect to the
ordinary (holonomic) partial derivatives is that two material derivatives might not commute due to the
possible momentum-dependence of 9 4 5. However, this in turn is an essential ingredient for the vanishing

of [Jr,Jr] = 0.

The Different Algebras

We have established the six different solutions to our algebraic problem, and divided them into two
different categories: If (at least) one of the 045 vanishes, we are dealing with a separable algebra, and
differential if it fulfils the relation 945054 = 1. We shall now examine more closely the cases we have
established.

Separable Algebras

We shall start our closer inspection with the 87 case. The algebraic relations are as follows:

[Ja,pal =iHa , [Ja,94] =iHaPa ,
[Jr,pL] =91 , [Or,Pr] = 9r ,
[34,94] =994 , [34,64] =95 64 ,
[, Xr] =0, [Qr, XLl =0,
[3.4.B] = 638 | 34, 8] = 038R, (4.3.30)
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where X 4 is any generator with well-defined handedness A. In the language of the differential represen-
tation, we can see this case as p;, and pr being wholly uncorrelated, making all Jacobians (and cross
commutators, by consequence) vanish.

In the first chapter, we spoke at length about the importance of dispersion relations. And as we
will see, the separation of this algebra is best explained when we assume relativistic $% = p% + m?.
Focusing on the bosonic part of our algebra spanned by boost generators, momentum generators and
energy generators, we see that this subalgebra reduces to a known finite-dimensional Lie algebra, as
pa = $HaPa. We then want to compare the case to the standard solvable Lie algebras of dimension 6,

and use the notation and classification of [Tur90] with basis choice

T12 = —IJL.R ,
n12 = $HRL — PR,L »

n34 = NR,L +PR,L » (4.3.31)

where the n; span the nilradical (which in this case forms an abelian subalgebra) and the z; form
its algebraic complement (that itself does not form a subalgebra). Our algebra corresponds to Ngf /f 8
with « = § = 0 and 8 = v = —1 in the notation of [Tur90]. Nafvé, however, is indecomposable for
~v2 + 6% # 0 and of8 # 0, which is not our case and implies that our algebra corresponds to a direct
sum of the 3-dimensional left-handed and right-handed sides. For $4®4 o [paly, this is the case as
well, which corresponds to the magnonic dispersion relation by selecting a particular value of ¢, i.e.
% = h?% sin? B2 + m? with hy a constant, as we've already elaborated on in the motivation.

As mixed-handed commutators vanish in 8%, the functions qﬁg and ¢4 (as defined in (4.1.1)) in this
setting can be constrained more straightforwardly. The algebraic relations (4.3.30) together with 4.1.2

constrain the expressions for the central elements:

iRPP, =R ((ﬁm) + (Qf)iﬁ) = [34, B+ [Ja, 8], (4.3.32)

since ® 4 depends on p4 only, while 8 and K can depend on both momenta. However, the Jacobi identity

involving two boosts of different handednesses and one supercharge gives the restriction

for A # B. Assuming we can write the boost to be proportional to a derivative of the momentum, this
can be interpreted as the functions qﬁi and gbg only depending on the momentum p,4. This forces the
central elements to be separable in the momenta, i.e. B = PrPr and K = KrKRL. In the differential

representation of the boost, this is immediate:

d d
AP =[4.P] =3P = i—logP= H;'03 . (4.3.34)
dpA dpA N——

only depends on pa
The same argument can be made without referring to this assumption, as (4.3.33) still holds since the
adjoint action of J4 only vanishes on pa-independent elements because of 945 = 0. Thus, the same
argument follows as J4 vanishes on P~1[JIp,P] for A # B.
Sadly, the central elements in AdS; physics are o sin(22+22), thus the %B{ algebra is not suitable for
any serious application in this regard.
For the 985 algebra, we can see that this case can be transformed back to the Bf algebra by redefining

one of the boosts in terms of the 9B7-boosts 3?4

Jr= 3% — ¢HRIY (4.3.35)



so all of the reasoning applies here with minimal changes. Similarly can be done for the B3 with the

redefinition
3 =30 —¢HL3% (4.3.36)

In all of the B¢ algebras, it is fairly easy to see that [J4,Jp] = 0, as mixed commutators vanish for the

“maternal” ‘Bf algebra.

The %‘fi algebras

From the differential perspective, 045 = 41 implies that we have either p;, = pr or pr, = —pg.
This means that either the two copies built on each su(1]1) are exactly the same or one is the parity-

transformed of the other. This solution only exists provided
hr
Hr[pr(pL)] = aLREfJL(pL> ; (4.3.37)

with h4 constants such that sign(OABZ—f) = +1, as can be easily understood in the framework of the

differential representation. After performing the identifications (4.3.37), the algebra can be simplified to

{094,864} = Ha, [Ja,pa] = iHa, [Ja4,94] =iHaP4,
[34,94] =0%Qa, [34,64] = ¢5 64,
{Qr,9r} = P, {6L,6r} = R,
halde$] = (heof+hro?) B, halis. &) = (heof +heof) 8,

ha ..
[Ja, XB] = ﬁ[dB,XB] ) (4.3.38)

with A, B =L, R, A# B, and X being any generator with well-defined handedness. Here, we explicitly
have made use of ha$ 5 = 0aphp$Ha. The above relations also imply [Jr,Jr] = 0, as Jz, and Jgr also
coincide for 045 = 1.

Once more, concentrating on the 6-dimensional algebra formed by the bosonic generators J 4, 4 and py
with relativistic dispersion relation % = p% +m?, it is now reduced to a 5-dimensional algebra by iden-
tifying Hr = Hr = H. We find that this algebra has a 2-dimensional centre spanned by the generators
pr F pr and Jr — Jgr- In the algebra of %f, the remaining 3-dimensional algebra obtained after we

mod-out the centre is the following:

\JL‘;‘JR’pL;‘pRifJ} :i<pLﬂ2LpR i;,) , (4.3.39)

which correspond to one of the four irreducible 3-dimensional solvable algebras presented in [dG05]. This
construction can be extended to different dispersion relations, thanks to the restriction g = $r,, which

keeps pr, F pr and J;, — Jr as central elements.

Differential Representation

Let us briefly examine the differential representation for the B¢ algebra. We are going to choose the
following particular dependence on the momenta for the central generators, motivated by the AdSs
setting:

N =hr

sin <7DL+ZLR“‘> ’]1 . (4.3.40)

Sinp;"]l7 RocP x

sianL’]l, HAr =0rrhr
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where 1 is the identity matrix in 1|1-dimensional space, and hy, and hg are positive constants.!? More-
over, we set the two boost to be equal up to a multiplicative factor hpJr = hrJr, which is consistent with
the constraints imposed by the Jacobi identities specialised to the algebra in question. This, together
with the constraint p;, = +pg, also implies 07, gh 9 = hp$Hr for this representational setting.

We shall now assume that p;, = pr = p > 0, in order to simplify the expressions that have absolute
values - this is without loss of generality. The supercharges can be rescaled by setting ¢@ = ¢°, and
thus:

£}

(34, Q5] = ZTA Q5 , (4.3.41)
il

(34, 65] = ZTA Sp (4.3.42)

for arbitrary A, B. We now want to redefine our supercharges in such a way that their momentum

dependence can be viewed separately to their purely algebraic features, by:

O = WQL ) Qr = 4/Bhrsin gQR )
hy . pa Ihe 14
6[, = m&@ s GR = FRSlngsR y (4343)

where o and 3 are real numbers and {Q L, S L} = {Q RS r} = 1 as a consequence of the algebraic relation

for $4. For the other two central elements 8 and K, we can proceed with the same motivation and see

sin 2K . (4.3.44)

B = |hphrap 5

. Pa
sin = P R=
bln2 ,

1
thR@

Using the fermionic anticommutation relations and the fact that P, K o 1 from centrality, we can find

constants v and 7 such that we can write
{Qu.Qry=P=71, {5,,8z}=K=nl. (4.3.45)

We can set one of the parameters, e.g. v, to be equal to 1 by redefining QA — %QA and Sy — ﬂS’A,
however, there is no way to simultaneously be able to set = 1 and v = 1. Recalling the anticommutation
relations of our algebra, one can see that 7 is connected to the shortening condition: More concretely,
1n = 1 is a precondition for the representation to be short. Letting 1 thus be unconstrained, the hatted

quantities give rise to the following relations for any values of z and y:

{(1+a2n)QL — (1+2)Sk, 28, +Qr} =0, (4.3.46)
{yQL+ Sk, (y+1)SL — (y +nQr} =0. (4.3.47)
Therefore, the relevant relations in this representation are:2°
I+ IR, % =9+ 9k, WL +3rHL +Hr] =i(HL + Hr)(PL + PR) ,
{QL7 SL} = {QR7 gR} = {QLv QR} = ﬁfl{SL, gR} =1, (4.3.48)

which constitutes a complete separation of the su(1|1) algebra from the modified Poincaré algebra, as
we initially expected. 7 here is chosen such that the anti-commutation relations can be normalized in

this way, making o and [ obsolete.

19h 1 + hg is usually identified as a coupling constant appearing in the dispersion relation of the fundamental excitations

in the context of the AdS3/CFTs duality.
20We could just as well state the algebra without reference to handedness for this particular case.
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The B¢ algebra

Using our paramount equation (4.3.2) for the B¢ algebra, we arrive at:
[3a, XB] = (C +(1- C)DAB> BB, X8, (4.3.49)

for any generator X and any A, B. No linear combination of p;, and pg is central, thus our momentum
centre is empty. However, we can construct the boost operators J;, and Jg of this algebra from J; and

J% from the B algebra by making the following identifications:

)
|
)

)

o mo

2+
0 ~
R+ CJ

Il
<

L
R (4.3.50)

[N

The above also implies [Jr, Jr] = 0, as we can just re-express [J,Jg) in terms of [J9,3%] = 0.
We shall omit the discussion of the differential representation for this algebra, as it follows from the

considerations that we have already made in this regard.

4.4 The Coproduct Map for the Boost Operator for the %‘fi
Algebras

In the previous chapter within the framework of the 1 + 1-dimensional short representation, we have
already acquainted ourselves with the intricacies and non-trivial structure that arise when trying to
construct and understand the coproduct of the boost. In this chapter, we shall do the same from a
representation-independent point of view. As we will see, we have to go beyond the elements of our
algebra in our construction, and we have to make use of elements of the GL(2)? outer automorphism
generators of su(1|1)2, . This is in analogy to what has been observed in [Hec18], but in the study of
the universal R-matrix of psu(2|2)... of the AdSs scattering problem. There, it also was found that it
is essential to utilise the generators associated to the outer automorphisms, which are dual in the sense

of the non-degenerate Killing form to the central elements.

4.4.1 The Braided Energy Coproduct Case

In the case of our energy coproduct being braided, we start off with the ansatz
AG :6L®6ipL/4+67ipL/4®6L , AQ;, :QL®eiPL/4+e*ipL/4®QL , (4.4.1)

with similar coproducts for the right supercharges, with p; substituted by £pg. From this, our central

elements are forced to take the form

ipr/2 —ipr, /2 ipR/2 —ipr/2
N x eiPr/2 _ g=ir/2|q Np x ePr/2 _ o—pr/ 1,

B ox & (ei(pLipR)/4 — e—i(pLipR)/4)1[ \ (4.4.2)

where the + corresponds to the sign of the respective R-handed coproduct choice. These constraints are
due to the fact that central generators of the algebra need to be of cocommutative form.

In each of our algebras, we face different challenges regarding the coproduct prescription. In Bf, P
and R need to be separable to be consistent, while the coproduct imposes them to be a trigonometric
function of the sum or difference of the two momenta. These two restrictions together make the situation a

bit intricate, but a simple way to simultaneously accommodate for them is to set them to zero and consider
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the algebra 045 = 0 as separate su(1]1) algebras. Furthermore, we run into trouble for p;, + pr = 0,
but this is just a consequence of A and AR becoming trivial in such cases, therefore eliminating the
restriction that allowed to fix them, as we will see later.

Looking where we came from, in the setting of the representation in the previous chapter with B¢
and 6 = Q7,6 = Qg, we had

N e_£p®e%p
A32A04+f[6®9+n®6] , (4.4.3)

where the derivative part is given by A¢J = Ja ® cos § +cos § @ Ja.
This map did its job within the borders of the short representation, but for a generic representation,

the following, unfortunately, does not vanish any more
(GL®0,+9,®6.),A0k] = e PG, @ P+ P @ eiPrS, . (4.4.4)

However, when computing the commutator of a coproduct of the boost with AQg, we would want
the terms involving &, to disappear completely. Unfortunately, no matter how creative we try to be
with the tools and ingredients provided to us from within the algebra su(1]|1)2, we cannot find a remedy
for this. Thus, we need to go beyond that: We need to make use of the outer automorphisms to get rid

of the unwanted contributions:
tail, =6, ® QL+ Q. @6, —ar (P + KRR )) - Br (1L @P+11 @ K) | (4.4.5)

where avy = —eiPA ® eiP4 and Ba = e iPA ® e~ iPA, Now, the situation seems to be rectified: The
commutators with all the labelled R fermionic generators vanish and the commutator with L fermionic
generators, which were already zero, are not modified. For the right-handed copy of the algebra, we can

similarly write:
o — A P A P
tailp =GR Ar+ Qr @G —ar (P2 + R t?) — B (2P +t2 @ K) . (4.4.6)

This expression commutes with the two labelled L fermionic generators, and the two ingredients we just

introduced will form a centrepiece in our tactic to tackle to problem of the 945 = £1 construction.

The B7 Algebra

The Bf algebra will be our first focus point, as the restriction 8 = K8 = 0 completely separates the
two algebras. This makes our job easier: We can just consider equation 4.4.3 and write the appropriate
subindices. Mostly for purposes that will be clear later, we will upgrade the fermionic tail with the

expressions we wrote above even though the new terms give no contribution for the case at hand:

e—ip/4 ® eip/4

AJr(0a =0) = A¢Jr(0a =0) + 1 taily,
N R e—ip/4 ® etp/4 )
AJr(ap =0) = AJr@ap = 0) + ————tailg . (4.4.7)

The B¢ Algebra

Let us now focus on the B¢ algebra. By the identifications that the algebra allows us to make, we
can set Jr, = Jr = J, then, the action of J is perfectly analogous to what the action of Jr + Jg is
in the case where 0,r = 0gr, = 0, which we just discussed. At the level of the algebra, this relation

is unproblematic. At the level of the Hopf algebra, the situation changes: The 0, = 0gy = 0 case
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exhibits problems between coproducts and the constraint of the central elements, so we are forced to set
the latter to zero. However, if we want to draw some parallels between how the boost operators act for
the different values of 04p rather than redevelop all ingredients and tools for each algebraic case from
scratch, the upgraded tails we used in equation (4.4.7) are necessary. One needs to be aware that by
simply adding two 0, = 0rr, = 0 boost coproducts (or boost coproducts of any kind, for that matter),
the derivative term would appear twice, hence it is necessary to subtract the so-obtained result by one
AoJ. This happens because at the end we have to identify p; = pr, which makes it appear twofold.
Therefore, the combination of generators that makes the coproduct map a homomorphism and that

reduces to the correct expression for the short representation is

AJOap=1)=AJL(04a =0)+ AJr(®a5 =0) — AT , (4.4.8)
. . . e™iP © eiP
AﬁzA()J+’£a1[L+ta1[R:Aoﬁ—i-T{GL@@QL+QL®6L+6R®QR+QR®6R
—a PR +t)+ R +t0)] - B[ +) P+ () +t7) @ 8]} . (4.4.9)

To illustrate that this does indeed render the results of the 1 + 1-dimensional short representation
once this representation is chosen, we shall make things more explicit. This representation is poten-
tially problematic as not all the outer automorphism generators are well-defined there, however, the
identification P = H4 = K gives us
e~ iP @ eiP
—
with ¥ = ti +tr + 7 4+ t”, which is well-defined in this representation. Indeed, we can easily see that
[Z,9] =9 and [T, S] = &, which implies that

AF = Ao + 2620+2096 - afH®T— BTN , (4.4.10)

260+2006-aNRT-TRHAX]|=[602+Q16,AX] (4.4.11)
for either X = Q or &. Thus, our coproduct map for the boost for the 0, = gy, = 1 reduces to the
appropriate one in this representation, which supports that our result is indeed correct.

The %‘% Algebra

In the %‘% algebra, (4.4.2) appears to fix two of the central elements to be trivial in this case, by virtue
of how the momenta are correlated. However, this is not true as the coproduct structure allows us more

freedom as the central elements 3 and K, compared to the B7 case, now fulfil

AP=P21+10P,
AR=RR1+10RK. (4.4.12)

Then, we can fix the four central elements to be
N1 x Hr o P o & o (/2 — e P/ (4.4.13)

and a similar approach to the Bf algebra can be used.

4.4.2 The Unbraided Energy Coproduct Case

The bosonically unbraided coproduct is defined by the following choice of coproducts for the fermionic

generators 21

AQA =04 ®eT +e T @0, ,

210Of course, there are many equivalent coproduct choices to choose from, we choose the most natural one.
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AGA=6,0e T +eT 6, . (4.4.14)

In contrast with the bosonically braided case, here the coproduct of the boost also involves the hyper-
charge operator, as we have already seen in the short representation (thus the universal expression must
account for that, also). In order to construct an analogous expression to tail4 for this case, we also
need to substitute any 2 operator present in the tail of AJ4 by another operator that acts as the usual
hypercharge on A-handed operators, whereas they would have to vanish on operators with the opposite
handedness. We call these operators B 4 and they can be written in terms of the outer automorphisms

generators as

—iBr =ty —th — 13 — 1§,

—iBp =ty —th+ 13+ 1], (4.4.15)
which allows us to write

taily, ZG[%L R1-1 ®SBL} + Fy [GL@)QL —ﬁRti ®m+ﬁ3ﬁ®ti]

+F_[Qr @6, —arPet] +art) @ 8] , (4.4.16)
tailp =G [Bre 1 - 1B+ F4 [Qr @ Gr+ art! @ R—a Pt} ]
+F_ [Gr@Qp+BLAat’ — Bt @9 , (4.4.17)
where G, F1 are suitable functions of the momenta and we once more have ay = —eiPA @ ¢1P4 and

ﬁA — e—iPA ® e—ipA_
Having constructed the tail 4-equivalent for this fermionic coproduct, we can follow the prescription

we used above, giving us

AGL(OAB = O) ZAOJL(DAB = 0) + taily, AGR(DAB = 0) = AoJR(DAB = 0) + tailg , (4.4.18)

AJ(0ap =1) =AJL(0ap =0) + AJr(0aB = 0) — AoJ
=AJ+G(B1-12%)
+F (69, +Qr0Gr—B(tL@P-Rt)) —a(BPatd —t* @ R))
+F (Q,96,+Gr@0r—a(Pat, —t)®8) - aP-8et’)),
(4.4.19)

keeping in mind that we have imposed the identifications p;, = pr = p as well as Bgr + B = B.

With this, we have analysed all the pertinent cases and can conclude this line of investigation.
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5 Deformed AdS3 in the
Landau-Lifshitz Limit

“Fs gibt zwei Arten, sein Leben zu leben: entweder so, als wdre nichts ein Wunder, oder so, als
wdre alles ein Wunder.” [“There are only two ways to live your life. One is as though nothing
is a miracle. The other is as though everything is a miracle.”’]

— Albert Einstein

5.1 The Setting

As was alluded to in the introductory part of this thesis, the powerful tools of integrability have been
astoundingly effective and successful in the setting of AdSs x S°, and more recently also within the
AdS3 x S3 x My context (we want to cite [BAAT11] for an extensive review on the former). Given this
amazing track record, it makes sense to, when looking for specific backgrounds to study, look out for
integrability as a feature. One approach to this is to study novel backgrounds with the somewhat starry-
eyed hope that they can be proven to be integrable - in the sense that the generated physical theory is
integrable - thus having the powerful integrability toolset at one’s disposal. However, in the totality of
all possible backgrounds to study, integrability is likely to be a rare occurrence, unfortunately (see e.g.
[MMT74]). A more prudent course of action is to pick a starting point, i.e. an integrable background, that
we already analysed and see if we can change it into something new that still exhibits the initial features
that we want it to preserve. Following the previous chapters of this thesis, this is a roundabout way of
saying that we want to deform a background in an integrable way. A methodological way of tackling this
is needed, and has been done (see [K1i02], and then [DMV13], [DMV14], [KMY14b], [KMY14a]) - leading
to so-called Yang-Bazter deformed backgrounds. In contrast to the AdSs setting, the AdSs x .S xT* space
admits two independent Yang-Baxter deformations, meaning that two a priori independent deformation
parameters appear in the model.! Additionally, the AdS3 x 5% x T* background is supported by both an
RR and an NS-NS flux, which yield an additional deformation parameter (and, like the YB deformations,
is integrable [CZ12]). Since both of these ways of deforming an AdS3 x S® x T* background do not depend
on one another, we may hope they can also be applied in tandem, leading to an integrable background
that is deformed in a three-fold way. This is indeed the case (see e.g. [DHK'19]), and we shall refer to
backgrounds deformed in this particular way as 3-deformed.? It is this setting that we will delve into

with our analysis that is to follow based on our publication [GW21].

IThis is due to the (super)coset structure of the embedded superbackground for AdSz x S x T4, see the introductory

chapter for details.
2In this exposition of these backgrounds, we will refrain from addressing the question of whether they are suitable

supergravity backgrounds. This discussion involves a lot of subtleties, such as the particular and inequivalent fermionic
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5.2 The three-deformed R x S? action in the Landau-Lifshitz
Limit

We already stated the (bosonic) Polyakov action before, this time however, we add the so-called Kalb-

Ramond term to it,

S = Lﬁ /dr/da ( —det ’wo‘BaaX“aﬁX”gW + eo‘ﬁaaX“aﬁX”BW) , (5.2.1)
™

where we re-expressed the string tension using a rescaled parameter A, 7 is the worldsheet metric, g
the target space metric and B the Kalb-Ramond field. We shall always stick to choosing «, 3, -+ as
worldsheet coordinate labels, and p,v,--- as target space coordinate labels. Abbreviating worldsheet
coordinate derivatives, we shall refer to T-derivatives of a quantity = as z, and o-derivatives as x’. Since
B is a two-form, we need to introduce the completely alternating tensor symbol €, where we choose the

convention
€7 =—e"T=1. (5.2.2)

The metric and B-field we are interested in, g and B, written as infinitesimal form elements, appear in

the following way:

1 11—=¢*p*(1+p%
ds? = — | — 22 TP 7052 ogx_p(1+ p?) dpdt + 2qx+p° dpd
s FA|: 152 p° —2qx-p(1 + p°)dpdt + 2qx+p° dpdyp
— (1422 + %) (A4 p?) dt? + 2x x—p° (1 + p?) dt dyp + p* (1 — p*x %) dyp? }
1 1 2,.2 1— 2
+ o [ w dr?® —2qx_r(1 —r?)dr déy — 2qx 17> dr dos
S —-T
(1 (=) (1= 12 dof + 2x-r2(1 =) dgr doz +r2(L+ X2 dod |, (5.233)
_ _agq 2 2 2 2\.,2 2 2
dBf*FfA(1+p )[2*p = Q2+p )X —p x+} dt A dyp
— % (1—172) [2 + 22 + (r* —2)x% + rQXi} dpy A dgs | (5.2.4)
S
where
Fa=1-x1p*+x2(1+p%) = p*(1+p?) (5.2.5)
Fg=1+x3r" +x2 (1 =)+ ¢*r*(1—r?) | (5.2.6)
a= ! . (5.2.7)

\/(q2 +x3+2)" +4(2 - 32
Here, {t,p,®} are the coordinates of the AdS3 part, whereas {r, ¢1,¢2} are the ones of the S3. x4
are the deformation parameters originating from the two-fold YB deformation, and ¢ the one from the
flux-based deformation.

In any study of a classical Lagrangian, looking for conserved charges from the beginning might
simplify the analysis to follow. In our case, four of the coordinates, @ = {t, ¥, ¢1, ¢2}, are cyclical, and
translations in these variables leave the action invariant, thus quantities of the form g—é are constant for
any ¢ € Q.> The conserved charges associated to shifts in angles are associated with angular momenta

(S, Ji, J2), whereas shifts in time as usual correspond to conservation of the energy F.

Dynkin diagram one chooses at the foundation of the YB deformation (for both the two-fold and one-fold case, see [Seil9]

and [HS19], respectively) and properties such as unimodularity.
3This assumption is correct only if the equations of motion are of Euler-Lagrange form.
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Computing these conserved charges (as well as defining calligraphic analogues that are normalised

by v/)), we arrive at the following expressions: *

E:ﬁe
A {qx p(L+p)p = XX+ (L4 PP )0 + [T+ X2 (1 + p?)](1 + p°)

—aq(l+ P2 - p¢* — 2+ 202 = PN (5.2.8)
S =vVAS

VA [P do . ' j
e - o e RV | R LR (e L

2 0 FA
—aq(l+p*)[2 = p*¢® = 2+ p*)x2 — "Xt } (5.2.9)
J = \/Xj1
_ VA [?T do 2 2 2\ ; 2 2\ / 2y
= o |l =0 =6 - P (1= o r(1 = )
—ag(1 = )2+ 7% + (12 = 2x2 + 123 6h ), (5.2.10)
JQ = \/XJQ
f 27 d . . .
=9 FZ{ = (14 x3r%) b2 = xax—r (1 =161 + qx47°7

+ag(l = )2+ 2% + (2 = 2x% + %31} }. (5.2.11)

We have already mentioned that the T coset factor will not carry any dynamics in our case, there is
another simplification we are going to make: We want to truncate the AdSs factor by setting p — 0,

5 Thus, the only coordinate from the AdS; part surviving is the time,

heavily simplifying our metric.
contributing with a —dt? factor in the metric. This reduces the dynamical part of our product manifold

to R x 8% CAdSs x S3 x T4

In this study, we want to analyse the S-matrix that arises from the 3-deformed model. This action,
rich and intricate as it may be, is too complicated still to analyse in the detail we would like to (see
[BMSS20]). Therefore, we will choose an approach that makes physical quantities more computationally
accessible - by constructing an effective field theory associated to it. For the case of AdSs x S®, although
less rich in deformations, this has already been done in a particular way (see e.g. [ST04] or [KRT04] for
related work) that we shall try to imitate called the Landau-Lifshitz limit, or LL-limit in short. In this
limit, one assumes the total angular momentum, i.e. J = J; + Ja, and string tension to be large. The
construction starts by defining the “fast” and “slow” coordinates of the theory, for instance given by
@1 F ¢ for us, respectively, and in the case of AdSs x S°, the leading contribution essentially describes

a (classical) ferromagnet.

Before performing any expansion, there is an important topic to discuss. On the worldsheet side, the
metric v is so far undetermined and to be constrained by the action as the other variables are. However,
due to our reparametrisation symmetry, we are allowed to pick any particular gauge. While - a priori
- the gauge choice should be irrelevant for any physical quantities we compute, it turns out that some

gauge choices are more apt than others for our expansion. The simplest and most natural choice of gauge

4Here, there was a typo in our original paper [GW21] in the definition of E.
5For this to be a consistent truncation, p = 0 needs to be an admissible solution to the (untruncated) equations of

motions of our model. Luckily, in our case this holds true, as one can check by evaluating the equations of motions for p.
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for «y is the conformal gauge, meaning

-1 0
ab = , 5.2.12
¥ ( 0 1) ( )

which heavily simplifies the metric part of the Polyakov action to

Sy = Z—j dT/dJ (-X - X+X'X), (5.2.13)
where the --product signifies the implicit contraction with the (curved) target space metric, as it did
in the introduction. With the residual conformal diffeomorphism symmetry, we then would also choose
t = k7, exhausting our full reparametrisation freedom, which also fixed £ = k and § = 0. The natural
expansion parameter within the conformal gauge is k, however, we are interested in taking the limit of
large J (or J = J1 + Jo, equivalently). To do so, we would need to make use of less trivial so-called
non-diagonal uniform gauge (see [KRT04] for the appearance of this in the AdSs x S® case), making
computational efforts more difficult and the procedure we described before inadmissible. However, we

are bound to make a curious finding: At leading order, the expansions in inverse powers of k and J
agree (see (2.28) in [KRTO04], where \ o x~2):

M2 =k24+ 0. (5.2.14)

This implies that it is pragmatic for us to simply expand the action in conformal gauge in inverse powers
of k and limit our considerations to the leading order terms only. We will follow this approach for the
remainder of this chapter.

We have to identify some of the coordinate combinations to be fast and slow to then re-express our

Lagrangian accordingly. To this end, we introduce slow coordinates a, 8 and rewrite®

¢1:KJT+OZ+5,
P2 =KT+a—pf. (5.2.15)

In these coordinates, our Lagrangian takes the following form:

. [?r? (r? —1) — 1] (% — 2 9 )
%FSL: ] ( )+(1—r2)[1+x2_(1—r2)] [(H+d+,3) —(o/+ﬂ')]
— 20 xs (1)1 [k @) = B2 = o 4 B2 2 (1430 (ke a = B)° = (o = 8]
—2aq (1= [P (x5 - x> + %) + 22 +2] [ (r+d) — Ba’] — K*Fs (5.2.16)

where we can see (only) the lattermost term to originate from the time contribution from the AdSs part.

5.2.1 Leading Order in

Rescaling 7 — k7 and 9, — % and expanding (5.2.16) in (inverse) powers of x, we arrive at the

following:

6In the cited literature, it is common to first express the fast coordinates as u & 3, and then later fix u = t — «, with u
exhibiting the fast behaviour. Given the static choice we made above, we shall express our coordinates in their final form

right away.
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£0<2) — ,
£® =21 - rz)w , (5.2.17)
Fs
with odd orders in k vanishing. We immediately are confronted with an issue: There are no time
derivatives appearing at leading order, i.e. in £(2), and only constant radius solutions would emerge from
this alone.

To arrive at the above expression, we have assumed that the deformation parameters x4+ and ¢ are
of order x°. A priori, this assumption was only justified by convenience, but we now need to make an
adjustment to it: In the concrete case above, we want to “downgrade” the leading order contribution
to appear in £ only, where we encounter dynamics (7-derivatives) for the first time. Performing the

rescaling

qg— =, (5.2.18)

would indeed produce the desired result. However, this assumption would give rise to a different problem:

Recall that the B-field term only appears with a factor of ag in front, then the above redefinition would

yield
1
aq >~ —, (5.2.19)
2
where the above equality is true in the limit large . Instead, the redefinition
X+
X+ - —,
K
q— el (5.2.20)

however, does the trick: The flux term appears now with a tunable parameter at leading order. If we
further disregard total derivative terms with respect to time of « in the Lagrangian (as they leave the

equations of motion invariant), we arrive at the following expression for the leading order Lagrangian:

) 2 1
£ = —21-2r)f+ a4 82 -2l 41— — (e —x P17 20 ()
(5.2.21)

where ¢ = ~. For the non-linear sigma model that we are studying, there exists an additional

q
VG —x%)

set of constraints called the Virasoro constraints. In our gauge choice, they can be written as”

X X' =0, (5.2.22)

1 .
5 X7+ X?)=0. (5.2.23)

For our metric and fields, we arrive at:
[ +(1—-2r)3k =0 (1> , (5.2.24)
K
2 2 9 2 . 2\ 2[ /2 | /2 130 1
m—()@r—x,)r(1—7")+2[a+(1—27")ﬂ]+(1—2r)[a + 574 +20'5'=0 =

(5.2.25)

"Here, the prefactor % is convention, as that is how it appears for the stress-energy tensor (which is the variation of the

action with respect to the metric) to vanish in the bosonic Polyakov framework.
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The former of the two equations implies o' = —(1 — 2r%)8’ + O (%), from which (5.2.21) yields upon

substitution:
. 2 1
L£O = 21 — 2B+ 4r2(1 — r?) B2 + 4G(1 — r*) B’ + 1 ! 2 (xy —x_ )21 —-r*)+0 (2) .
- K
(5.2.26)

We have performed several limits and rescalings to our fields and Lagrangian, it might therefore be
prudent to have a sanity check available as to whether what we ended up with is still sensible. Indeed,
looking at the result of [KY14] in (2.28), which describes the leading-order action of a fast-moving string
in R x S3,

1 . .
L= _1”2%2 sin® 20 + 2k[@1 + cos 20¢5| — % — sin® 2053 (5.2.27)
we can identify the above with (5.2.26) with the identification of sin@ = r, helped by the fact that
then sin? 260 = 4r2(1 — r2), cos20 = (1 — 2r2) and 0> = 1’:?_2, and recalling that we need to s-rescale

r-derivatives and the deformation parameter k23> = ., and that 2, is a total time derivative.®

We now arrived at a Lagrangian that features two real fields (as we were able to completely eliminate
a), and ultimately, we would like to compute the S-matrix associated to it. In that light, it is more

useful to merge 5 and r into one single complex field via the definition:

d=\1—1r2%8
ot = /1 —r2e 28 (5.2.28)

Re-expressing (5.2.26) in terms of this new field, we arrive at

o 2\ 1f i S 2\ 4 1t
po - M= peee OO0 ol idoo” — (s —x-PIoP( ~ o)

Ly @RR 100" + 2061 + 622~ 10 (67
51— 16)0s Hesart .

We started with a real Lagrangian containing real fields only and rewrote them in terms of one complex

(5.2.29)

field, the resulting Lagrangian, however, should still be a real expression in its totality. The is appearing
might seem disconcerting, however, one can find that our Lagrangian is of Hermitian form. In the
beginning of this chapter, we tried to motivate why expanding in inverse powers of x is the most natural
approach for the worldsheet gauge we chose. With our next goal being the computation of S-matrix
elements, it makes sense to choose a formulation for large J and A, and we want to decompactify the
coordinate o. With large J, one method to do this is by redefining ¢ — % (and keeping the scaling
difference of o and 7, also imposing 7 — 7). As a consequence, the deformation parameters receive a

rescaling as well:

qa—Jq (5.2.30)
X+ = JIx+ (5.2.31)

Now we will follow the approach from section 3 of [MTTO05]: The expansion around ¢ = 0 corresponds
to evaluating the corrections around the BMN solution. As the overall J factor in front of the action in
the Landau-Lifshitz limit has the role of the Planck constant, we can choose to expand around ¢ = 0 by

rescaling

6o 2 (5.2.32)

Vo

8Since the authors in [KY14] use a different coordinate parametrisation (e.g. defining their S3 angles with a minus sign),

there are some relative sign differences in two of the terms in their Lagrangian compared to ours.
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The power of J that accompanies a given term is then a simple indicator of the order in which any
products of ¢ and ¢! appear, and if we keep contributions up to quartic order in the fields, meaning
1

quadratic order in 7, and adding a total time derivative —2/ to make a form of the kinetic term easier

to deal with, we arrive at
TTHLO = (¢ (=idy + iG05)§ — B(—i0s + 1Dy )T — (x4 — x-)*¢' 6 — 6'¢)

- oy [0+ P62 PR 0 (55) . G2
We will only use quartic interaction term for our S-matrix calculations regardless of the order in k, and
we shall later see that the diagrams generated by this interaction term are indeed sufficient to compute
the contribution to the 2-body S-matrix that we are going to look for. Thus, while higher interaction
terms in % exist, we do not need them for our purposes.

After having introduced yet another expansion parameter, it might be prudent to recapitulate all the
expansion parameters, where they come from, what scale they control and what their purpose is: We
began by wanting to analyse our model within the effective theory framework of the Landau-Lifshitz
limit. To this end, we demand the angular momentum J and the string tension A to be large in such
a way that the “dimensionless” angular momentum, 7, is also large. Our gauge choice then made us
choose (large) x instead of the angular momentum as the initial expansion parameter of our Lagrangian
- but fortunately the two expansions coincide at leading order. After calculating within the large k
framework and performing some rescalings, J appears in front of the Lagrangian and serves as pseudo
h-constant for the expansion of our fields around the BMN solution, and then indicates the interaction
order of our effective Lagrangian featuring ¢ (i.e. whether the contribution of a certain % is quadratic,
quartic, et cetera). Simultaneously, the other parameter that sets the LL scale, A, is then used as the
expansion parameter of our vertices, kinematical factors and dispersion relations - our ingredients for
the Feynman diagrammatics - and finally the S-matrix elements. The different rescalings and particular
expansion parameters we were focusing on also allowed us to compare our results with other authors

that used those expansion parameters.

5.2.2 Next-to-leading Order in «

So far, our considerations ultimately regarded only the leading order, we now want to expand our analysis

beyond this. With the first step being again the unaltered Lagrangian,

o [q2r2 (rz—l) —1} 72— p'? 9
%Fsﬁz o ( )+(1r2) [T+ x% (1=17)] {(n+a+ﬂ) —(o/+6')2]
—2x_x4 (r*—1)r? {(Iﬁ +a)? — 32— o+ 5/2} +72 (1+ x3r?) [(Iﬁ: +a— ﬁ)z — (o — ﬂ’)ﬂ
—2aq (1 —7%) [P (x3 =2 + &%) +2x2 +2] [B (s + &) — Bo/] — K*Fs (5.2.34)

with the same rescalings in 7 and the deformation parameters, we arrive the NLO contribution in

orders of

-2 2,2 12 (] _ 2
£0) =(y- )2 (1 - )G b (L) ¢ MR e
+ (x— —x4)’r?(1 - 7“2)0/2 + B2+ 2(x- — x4 (1 -r?)B
~ ~ 2
+24(1 —r*) (48 + (X5 — X2)r)B + (x=x4)*r*(1 = r*)p’

—2(1=r%)a’ (2 = x1)r?8 - 24p)
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+a((L =28 — (1= ) ((x- — x4)*r +2G8)). (5.2.35)

The same modus operandi applies: Now we want to get rid of the coordinate « in our Lagrangian by
making use of the Virasoro constraints - this time expanding them up to second order in % The crossed
Virasoro constraint (i.e. the one involving terms that feature both ¢ and o derivatives) serves to eliminate
spatial derivatives of o, whereas the non-crossed Virasoro constraint serves to eliminate time derivatives
(in both the Lagrangian and the aforementioned constraint for o). It is prudent to recall one thing in
this instance: £(°) does not feature any ¢ terms (except for a total derivative —2¢ that we can disregard).
This implies that for the non-crossed Virasoro constraint to second order,

7“/2

1—72

~ b = PP ) 2 (L2 (- 2+ 7 2 4 =0 ().

(5.2.36)

any term C would neither contribute in £(°) nor £2) upon resubstitution for ¢, and we can therefore
stick to the leading order expression for this constraint. The same holds for the other one: For the

Virasoro constraint with cross-derivatives we go one order beyond, yielding

0+ 0 (:4) =[(1-2r*) 8 + o] + % {o/ (O —dx—x+ + X302 — 1) + &+ (1 — 2r?) 5]

+ =02 )= 1)+ (1 -2r%)a+ B8] B — T;/f 1} . (5.2.37)

In the constraint above, & appears in the second order % term only. Thus, we only need to substitute
the leading order expression for & from the other Virasoro constraint in order to consistently make (5.2.37)
free from & appearances, and then solving the resulting equation for o’ as we did before. However, this
time as the leading order expression for ¢ involves o/, (5.2.37) would be an equation cubic in o’ upon
this substitution - rather tedious to solve. Lest we forget: We are only looking for an expression for o
that is correct up to the order we are considering. With this in mind, we can eliminate o/ from our
constraint for & first, only using the leading order expression in % for o/ since we substitute it into the
constraint for & that we also only need up to leading order. With this subtle trick, we first end up with

an a-free expression for &,

(2 =1) (42 =2) 5= (2= 1) (- = x )2+ (4-82) 87) ) +17
2(2—1) ’

&= (5.2.38)
that we can insert into the constraint for o’ without generating a cubic equation for it. Imposing then
o’ to be of the form o = Ay + % (which again, is correct because we are looking for a result up to
this order) and solving for the coefficients A;, we arrive at an expression for o’ that we can use in our

Lagrangian to take care of the o/-appearances,

o =—(1-2rHp
1 , .
T U—me (”"l —2r2(1 = ") (X3 — dxax— —x2) —x—(x- —2x4) — 2ﬂ)5/) . (5.2.39)
while the isolated total derivative d-appearances can be disregarded and for the residual (non-leading
order) appearances, we can use (5.2.38), and arrive at a Lagrangian without any « at all:
,];.2
1—1r2

£(2) _ _ 47“2(1 _ 72)5'2 +oee (5.2.40)

where, for brevity, we only display the terms involving a time derivative here. Our Lagrangian now

features two fields only, r and 3, and is in a sense much simpler than what we started with. There is a
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different issue that we have not addressed so far: After the above substitutions and expansions, our £(?)
features squares of time derivatives of our fields, i.e. 72 and 2. Non-standard contributions like these
make further computations more difficult. Additionally, if there was a way to construct a Lagrangian
that is (classically) equivalent to ours without these squared derivatives, we could make an argument
that these squared derivative terms are in a sense unphysical and an artefact of our particular choice of
fields and expansion. Indeed, there exists a classical field redefinition such that these unwanted terms
are no longer present - we will follow the methodology summarised in the appendix of [KRT04]. Since

we want to change our Lagrangian at order =2, the way we redefine our fields will reflect this, i.e.

6—>6+%+...,
K

;
ro Tt (5.2.41)

These redefinitions affect the Lagrangian expansion via

c(ﬂ+g,r+%):£(°)(5+g,r+ HL;)'F ,:22 (5.2.42)
!
5 . ) 35 £(0) )
LB+ Dort Ty = £0(p ) ¢ EEEDEIRECGN AL (504

where dp is the variational derivative with respect to F', and we shall drop the dependence of the
Lagrangians on arguments for simplicity’s sake from now on. While this is a legitimate way to redefine
our fields, we have not explained why we have hope for this to be our remedy. The crucial observation
is that our Lagrangian, i.e. the first two leading order, depend at most linearly on the time derivatives

of the fields, meaning it is of the form
L0 = A(r, )8 + B(r, B)i + V(r, B) (5.2.44)

which implies the variational derivatives to be at most linearly dependent on time derivatives as well

6L =05 A(r, B) B + 85 B(r, B)i- + gV — %A(r, B), (5.2.45)
6L =8, A(r, B)B + 0, B(r, B)i + 9,V — %B(r, 8, (5.2.46)
or, more concretely,

éaﬂd‘)) =[(2=4%) B =g’ + (L=r?)r?B" +1v (5.2.47)
5,00 {2 (- = x2)? — 48’ +48°] + (;(’“)12)2 - 85} Pt (v —xa)? 1487) - 2
(5.2.48)

Thus, it is possible to find two functions 3 and 7 such that
LP 4 350 + 76,0 (5.2.49)

contains no square time derivatives. We directly find as solutions for our wanted field redefinitions
g+ (4r? =2) B +r (r? =1) p” P

8r(r2 —1) 8r(r2 — 1)’
87 =" —r(L =) [(142r%) (x4 +x-)® = dx- (x= + 2x17%) =46 +4(1 — 2r%)5"]

B =
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rr'?

+ = +4r(1—r?)3. (5.2.50)

With the prescription we established in (5.2.41) and the so-generated new fields, we find for our next-

to-leading order Lagrangian the expression

po_ T 02— v (1= r?) £ 2= r) 4 ]
4(1 —r2)3 2(1 — r2)?
4(]27‘/2 + (7,//)2 1
T+ 70 0 =0 () ]
1
+ 5()(2_ - xi)rr" + terms involving 3 , (5.2.51)

which is now free from squared time derivatives. With this Lagrangian, we then make use of the same

way of re-expressing [ and r simultaneously with a single complex field, i.e.

é=\1—1r248
ot = /1 —r2e72F (5.2.52)

and, as before, rescale as we did in (5.2.30) for ¢ and the deformation parameters, and for large J, we
then arrive at the following expression for the next-to-leading order Lagrangian written in terms of the
field ¢:

L= % [L(O) FATIL® A2 ® 4 ] , (5.2.53)
LD = 26767 + 63 = A9 — (63 — )66+ 96" — 26" + 676")

+A0E + )0V + 8id (010 - 61| + % 2061267 — 267676 — 26" 200"

+40"¢" (670" + 0™ d) + (87)2¢" + (6)%6° + (X2 — x—x+ + xD(61)*¢” + (67)%¢7]

= 8x-x+ (x— = x4)8f* = 4ig(67d — 9T ) [(x— — x1)?[f* + 207 ¢'] + 43°[(67)* 0"

+ (¢>T’)2¢2]} +0 <}2> , (5.2.54)

where the % expansion became % after the rescaling of the fields.

5.3 Canonical Quantisation of the Field Theory and S-matrix

5.3.1 Canonical Quantisation and Dispersion Relation

Following [BMSS20], we want to compute the S-matrix related to the Lagrangian analysis that we
conducted, and later cross-check their results with ours. To this end, we shall fall back on one of the
standard tools in QFT that we mentioned briefly in the introductory chapter: Canonical Quantisation.
Our Lagrangian, after all the rescalings we performed and limits we assumed, is akin to the one for a
complex scalar field,” and we shall borrow a lot of methodology from the quantisation of such a field for

our purposes. The standard mode expansion of a complex scalar field (in two dimensions) is given by:

R L b;ew(mt—ipo) 7 (5.3.1)

otto) = [~ (

90r, to be precise, the positive-energy part thereof and after adding a boundary term to it, to get the canonical

representation.
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e—iu(p)t+ipa+a;f)eiUJ(p)t—iP<7) ’ (5.3.2)

o) = [ ol (b
where alf) and b\ are the creation and annihilation mode operators. While we remain inspired by this,
our case allows for a handy simplification of this ansatz. Let us consider our Lagrangian again,

T HLO X1 LB =61 (=i, +1G0,)§ — (=0, +1G0,) 6T — (x+ — x-)*¢1d — o"¢/

— 55 (61797 + 86" — 20 — x4V

5 (079" + 03 = AU — (02 = 3679+ 816") — 2id(¢"9 + o)

FAOG + )01 + 8670 — 66)) + s (2611267 — 26166 — 2(g1 90"
+40" (670" + 0™) + (61)2¢" + (67)20% + (X2 — x—x+ + XD [(67)%0" + (¢7)?¢]
= 8- x+ (= = x4 )P 18" = 4id(67'6 — 9T ) [(x— — x4 )?I8]” + 2079 + 4% [(¢7)%¢"

+ (¢T')2¢2]) +0 (JlQ) : (5.3.3)

where the blue part is the part of our Lagrangian that is quadratic in fields, and after normalising it
in a canonical way by dividing it by a factor of —2 (to get a canonically normalised kinetic term), we
shall from now onwards refer to it as our quadratic (free) Lagrangian £p. There is, however, a decisive
difference between the relativistic Lagrangian of the standard complex field and Lg: In the former, the
kinetic term features a second order time derivative, i.e. within the contraction - - - — ¢p9?¢' - - -, whereas
our Lagrangian only features a single first order time derivative. This allows us to work with mode

expansions that only feature positive frequencies for ¢:

d 4 A d , ,
¢w®:/§%fMWww, wwwzfﬁﬁw@mw7 (5.3.4)
~—_— — —_— —
-4 =:pt

with [ap,al] = (2m)d(p — k) canonically satisfied. We can then define a ground state |0) such that
¢(t,0)|0) = 0 holds.
Defining our (now quantised) fields in this way, we can find the dispersion frequency relation w(p)

using the equations of motion for one of our fields, e.g. 1°

oLp . OLp oLp
5ot~ % oa =~ o g5 =0 (5.3.5)

with the observation that

O o (iwlo)"d

ng = (ip)"o ,

2 ()

88? = (—ip)"d , (5.3.6)

we finally get, acting on a state, the following equation for the dispersion relation at leading order:

[—w(p) —dp— (x+ —x-)?] = [w(p)] — [Gp+1p°] =0

10 he contraction Ou (%) is to be understood as a sum, and not as a metric contraction - this has already happened
i

on the level of the Lagrangian.
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=

2w(p) = p(p — 24) + (x- — x+)* . (5.3.7)

For the O(A~!) order, the calculation is analogous, and summa summarum we get the following expres-

sion for the dispersion relation

wlp) = 2 N 8\ A2
(5.3.8)
In [BMSS20], the authors computed the (exact) dispersion relation within the framework of light-cone

(x—= —x+)2+plp—23) (2 —x3)2+p*(p—20)* + 202 + x3)p* — 16¢°p e ( 1 >

gauge quantisation,

Q- (p) = \/p2 —2agp(2+¢* + X2 +x3) + ¢ + T+ XD A +x2) = x4x- - (5.3.9)

though in order to draw a comparison of this with our result, we need to make the same assumptions that
are made in [BMSS20], namely small momentum and deformation, achieved by continuing to assume A

is large and setting in their result

; (5.3.10)

giving us'!

0 (§> 1= @ +OM3), (5.3.11)

where the offset by 1 comes from the subtraction of the fast coordinate. Thus, we can see that our
results coincide in the first two orders in % We therefore establish consistency between their approach
and ours.

Having now established the free (quadratic) part of our Lagrangian, £z that we work with, canonically
quantised the complex field ¢ appearing in it after identifying its equations of motion and dispersion
relation, it is time to deal with a quantity that lies at the heart of QFT: The propagator. The propagator,
or the 2-point correlation function for the (free) field ¢, represents the amplitude for a given particle
to travel from one point in spacetime to another - which is another way of saying the amplitude that a
particle is annihilated in one point and a particle created at another point. Without going into too much
detail about Green’s functions and similar considerations, knowing that our quantised fields (in their
mode expansions) are constructed precisely to describe these events, it makes sense for our propagator

to be of the form'?
D(t, 0) = (O[T {(t,0)8' (0,0} 10) , (5.312)

where T stands for the time-ordering. There are different ways to account for this time ordering, and for
the order of succession in which these events happen, leading to different propagators describing different

amplitudes of scenarios. Canonically, there are three different propagators: The advanced, retarded and

H1n [BMSS20], the flux deformation parameter g is accompanied by an additional sign factor that we need to take into
account when making this comparison.
12Here, we use the fact that our propagator has to be (Lorentz-)translation invariant and therefore only needs to depend

on the difference of two spacetime points, which allows us to place one on the origin.
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Feynman propagators.'® The advanced propagator D (t, o) described the scenario where the particle is
created at o before being annihilated at 0, while the retarded propagator Dg(t, o) represents annihilation
before creation. For the standard complex scalar field with squared time derivatives appearing in its
Lagrangian, the (Feynman) propagator features two poles consequently - switching to momentum space
via a Fourier transform and looking at its equation of motions shows that imminently.!* The equations of
motion for £ only feature a single time derivative, leading to a simple pole in the propagator.'® Dgr(t, o)
only features one pole, and the time ordering of this choice can be represented with the insertion of a

Heaviside function:

Dr(t, o) = ©(t)(0¢(t, 0)6'(0,0)|0)

dp —iw ipo dpl
=00l ( [ Laye ) ([ Lal )1

= O(t)(0] ( / gﬁf; (af,a, + 2m3(p — p'))ewwpa) 0) . (5.3.13)

The term involving the annihilation and creation operator vanishes, and we can use the fact that we

represent a Heaviside function in the complex plane as

270(t — ') :z’/dQ’em(tt) (5.3.14)
Y +ie
and then arrive at after redefining Q = w(p) +
dpdQ) o i
Dn(t — 1Qt+ipo
r(t,0) /(2@2e Q— wip) +ic
dpdQY i otine =
= / (5 )ze_ZQt"'Zp"DR(Q,p) , (5.3.15)
™

where D r(Q,p) is the retarded propagator in Fourier space. Thus far, the features of our quantised
fields, their mode expansions in the interaction picture, and their propagators have been similar to the
analysis in section 3 of [KZ06], and their observations are applicable to our case, too. Firstly, the 2-body

S-matrix only consists of a sum of bubble diagrams:

The reason that only bubble diagrams contribute is fairly easy to see: If we were to truncate any
diagram at any point, due to U(1) charge conservation of the Lagrangian (i.e. the invariance under

¢ — €'*¢), the number of forward-time propagators minus the number of backward-time propagators

13The sum of the former two equal the sum of Feynman and anti-Feynman propagators.

14Here, what we left out for brevity would be brilliant to illustrate this point: In the language of Green’s functions, in
momentum space the equation (of motion) for the propagator function can be directly “inverted” using distributions, and
double derivatives that lead to squared appearances of the momentum variable leading in turn to double poles, loosely
speaking.

15Similar to the argument and situation in [KZ06], we argue that the particles we created cannot travel back in time,

which makes the choice of propagator that we are about to make sensible.
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has to be a constant for any truncation point. In addition, we established before that, due to our field
annihilating the ground state, our particles do not travel backwards in time, which means we only have
forward-time propagators in our diagrams. Since we also can truncate a diagram at the very beginning,
i.e. when only external legs are present, this means that the number of these propagators is always
equal to the number of incoming or outgoing external legs of the diagram. As we are considering the
2-body S-matrix, only quartic vertices will be present and only Lagrangian interacting terms involving
(no more than) four fields shall be relevant. This leaves us with the only possibility of bubble diagrams.
Furthermore, this has a similar consequence on the non-renormalisability of the ground state and the
propagator/Green’s function: For there to be any correction to the energy, for the ground state, there
would need to exist non-trivial vacuum diagram contributions. Likewise for the propagator, there would
need to be higher order 1-particle propagator contributions arising from our theory for there to be any

corrections (c.f. mass-renormalisation of the propagator). However, those diagrams precisely, e.g.

vacuum contributions Q QQ

propagator contributions

are not allowed in our theory. The most straightforward way to see this again is by considering the
total number of propagating lines at any truncation point: For the vacuum contributions, we start and
end with 0 external legs, but have non-zero external legs if we were to truncate it at any point in the
middle. Similarly, while propagator diagrams always have one initial and final external leg, higher order
contributions will feature point-loops that cause the number of the external legs to be higher if we were
to truncate the diagram at any point involving a loop.

In our Lagrangian, the quartic contribution ( ) is

TTHED 4 ATHLR) g1 (—i0s + iG05)§ — $(=i0s +iG05)0" — (x4 — x-)*6T0 = 6o/

+ﬁ (010" + (2 = x)216f — (E = X366 + 6 ”) - 2ia(6™¢/ + 679"

(G + )T +8id (670 — 19)) +

+0 (;) : (5.3.16)

which we shall refer to as 1, which itself is expanded in A7,

o0

V, = Z szi))\*i , and more revelantly for us,
i=0
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(1)

Vi=V" 4 V4T +0\?). (5.3.17)

As we alluded to before, the order of the appearing fields can more easily be seen by the order of % that

is accompanying a given term, as is evident above.

5.3.2 The 2-body S-matrix

The creation and annihilation operators a:f,, a, in the (quantised) mode expansion create and annihilate
a state with momentum p and energy w(p), respectively. The 2-particle in-states and out-states that we

need in order to compute 2-body S-matrix elements later can be defined the following way,
p.p) =abal,|0) . (kK| = (Olawa . (5.3.18)

With our quartic vertex contribution that incorporates the relevant interacting terms, we define the
S-matrix via

S, ko k) = (k, KT ] 497V ) (5.3.19)

In our expansion approach for the S-matrix, its leading-order in A consists of all the bubble diagrams
with V4(O) vertices (i.e. such that the total order of any particular contributing term stays O(A°))). For
the O(A™1)) contribution, we will have to take all diagrams into account that feature one single ‘Q(l)
vertex and all others being V4(0) vertices (i.e. such that the total order of any particular contributing term
stays [O(A™1)] [O(A%))] = [O(A71))]). For each order in A, this combinatorial approach in building
the terms works analogously.

In our action, we integrate over the worldsheet coordinates t, o, but our action does not feature them
in an explicit way - which makes the action as a whole invariant under shifts in these coordinates. For the
quantities conjugate to them, this leads to conservation laws at every vertezr. The S-matrix is therefore

expected to include the following delta functions:
8((p) +w(p') — wlk) — w(kK))(p +p — k — k') (5.3.20)

Using some re-expression tricks, we can reformulate this product of d-functions into an easier expression
involving a kinematical factor K: For any &(f(z))-function whose conditional argument f € C2(R) only
has simple roots {xy,---x,} ¢, then
n
o(x; —x
57y = 3 A=) (5.3.21)
217/ ()]
For §(w(p) + w(p’) — w(k) — w(k"), i.e. f(p) := w(p) + w(p') — w(k) — w(k'), the expressions get a bit
complicated. For the sake of the argument, let us assume an easy homogeneously quadratic dispersion
relation w(p) = p?, and then argue why for our dispersion relation, the same result holds. Firstly,
d(p+p —k — k') implies that we can re-express p’ = k+ k' — p in f(p), leading us to:

1 1
3 (0)=p" —kp—Kp+ kK, Sf(p)=20—k—FK, (5.3.22)

whose two simple poles are at p = k and p = k’. Thus, we have so far that (again with p’ =k + k' — p)

5(w(p) +w®) —wk) —w(k)) = gf}f::/) + ‘;i,__k];) : (5.3.23)

16We also assume the derivative of the argument function not to vanish at the root points, for well-definedness.
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We reinstate the appearance of p’ now, and remember that we have another -function as a factor, and
can establish that

S(p—k)¥(p+p —k—k)
d(p—K)op+p —k—FK)

which finally gives us for (5.3.20)

(p—k)o(p' — k')

5
o(p— K)o(p’ — k), (5.3.24)

S(p—k)o(@ — k) +(p—K)S(p' — k)
20k — k|
= ;,(5(29 —k)o(p' — k) +d(p—K)o(p —k)) .

dw(p) _ dw(p
dp dp’

I(w(p) +w(p) —wk) —w(k))d(p+p —k - k) =

h—

K(p,p')
(5.3.25)
One can check that for the expression of our w(p) in (5.3.8), we arrive at the same final expression.
This comes from the fact that the d-function for total momentum conservation is the same (and a linear
constraint for p’ in terms of p) and f(p) gives rise to an analogous pole structure, leading to (5.3.24) and
eventually the same kinematical factor in terms of w(p).
Our focus is still expressions only up to a certain order in terms of our expansion parameter, and if

we substitute our expression for w(p) into the expression for our kinematical factor, we get

1 1 p*+pp + 0%+ x2 + x5 —3d(p +p') + 2 1
K(p,p) = = + o= 5.3.26
(p,p) o 20— 1) +0 (3 ( )
—
K (0) K@)

Leading Order in )\

In a first step, we single out the leading order quartic vertex in A that we need in order to generate the

tree-level contribution!” and diagrammatically illustrate it in 5.1,

— (ke KWV lp o) = =V (0,9 b K) = 20x— — x4)* +pp + KK (5.3.27)
\ /
/ \
Figure 5.1: The diagram of (5.3.27), already imposing {k,k'} = {p,p’}, as we will later discuss amply.

We will not make the diagrams that differ only by a permutation of momenta pictorially explicit.

In the expression of K (p,p’), we also only need the leading order term, and arrive at the expression

of the tree-level matrix element (having in mind the momentum implications from the §-functions):
0) 1
St(ree = _5 (V4( (pvp b,p ) V (p7plvplvp)) K(O) (pvpl)

7The symmetry factor for standard diagrams is (2!)2, which is needed for the computation of the correct contributions.

For simplicity’s sake, we will suppress the 1/J factors, as they can be reinstated at the end of the computations by

substituting ¢ — ¢/J (if the complex units are consistently carried).
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'+ (x— — x+)?
p—7p

= _ZVAI(O)(p>pI>pap/)K(pap) - 27’

(5.3.28)

From [BMSS20], we can take the S-matrix element Syy to compare our expression against. To this end,
we need to perform the following rescaling again:'®

R (5.3.29)

Then, the leading order in large A gives us

s = i| 20 _§<;)2;/§p+p/)2 +la= e -] . (5.3.30)

and when setting the light-cone gauge parameter to o = 0, our S-matrix elements coincide.

Staying at the leading order in A for the vertex, we go one order beyond in the order of the diagram
we are considering, as illustrated in 5.2 below.

RN
ki

Figure 5.2: The diagram corresponding to the above.

p+p —p

ve
A

We therefore need to perform the following loop integral

dQdp ~ ~ 2
M= / #Dﬁm,p)m(w(p) +w@) = Q—wp)p+p —p) (VSO0 0 oo+ — p)

_ / dQddp 2(x= = x+)* + 0" +pp + 9" = p))? (5.3.31)
(2m)? [ = w(p) + id[w(p) + w(p) = Q= w(p+p —p) +ie] | -

which has two simple poles, at Q1 = w(p) — i€ and at Qs = w(p) + w(p’) —w(p + p’' — p) + i€, as can be
seen in 5.3.

18Here, A in [BMSS20] has a different meaning. Additionally, the appendix in [BMSS20] has typos whenever Q; is
addressed, which should be kept in mind when performing the calculation.
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XQl

Figure 5.3: The poles of I(V),

We can compute (! using the residue theorem, as the integration over the arcs tends to zero for arc

radii 7; — oo. It does not matter which integration contour we choose, so we shall go with A;:

M) = 27 lim (Q— dp 20— = x+)? +pp' +p(p + 9" = p))?
B A / (2m)? [ — w(p) +iel[w(p) + w(p) = Q —w(p+p = p) +ie]
_ /@ i2(x— —x4)2 4+ +plp+p —p)?
21 w(p) +w(p') —wlp) —wp+p —p) + 2ie

(5.3.32)

Inserting the leading order in A of w(p) into the equation, we can see that the resulting integral is

divergent by mere power counting;:

1O A / dp —2(x- — x> +pp' + plp+p — p)]?
2 p(p —2¢) + ' (P —24) — p(p—29) — (p+ 9 —p)(p+p" —p—27) + O(A"1) + 2ie

_ [dp P20 —x4)* +pp +pl0+p — )
2 p? +p? —p? — (p+p —p)2+ ON1) + 2ie

(5.3.33)

Again, we approach this integral using contour integration: Here, we implicitly assume p > p’. The
poles of p are at p and p’, and which pole receives a positive and negative imaginary part from the ie
prescription we chose depends on how we interpret |p — p’|, meaning which of the two momenta is larger.

In our case of p > p/, the pole at p has a positive imaginary e correction.

(1
[

Figure 5.4: The pole of p at p, the € here represents some momentum-rescaled quantity that leads to an

imaginary part in the upper half plane allowing us to choose the upper half-circle as a consistent arc.

As illustrated in 5.4, we close the arc parametrised as a half-circle in the upper half plane, and expand

107



the (divergent) arc part in terms of a sharp cut-off parameter = we introduce:

10 o Res L 20 = x4)* 4o+ plp 4" — p)?
p=p2mp? 4+ p2 —p2 — (p+p —p)2+ O(A"1) + 2ie

residue part (R)

_ /ﬂ 2040 =20 —x4)? +pp’ + B’ (p+pf — Ze)]? (5.3.34)
0 - 277])2 +p/2 _ EQeQiG _ (p+p/ _ Eei9)2 + O(A—l) + 24e : e
arc part (A)
For the residue part, as we are dealing with a simple pole, we can simply evaluate it as
i[2(v_ — 2 / /I 2
R—omi lim — 20 = x)" +pp" oo +0" = p)]°
PR pr A = p? = (p = p)? + O + 2ie
€E—>
/ _ 2\ 2
—2(p—p) (pp 0 —x) ) , (5.3.35)
p—Dp
while the arc part gives us once expanded in powers of =:
T . de —2(y_ — 2 / Eie liE’iQQ
A:/ =0 9 20— —x )" +pp' + 2T (p +p' — ZeT) (5.3.36)
o 2 p2 +p12 _ :26219 _ (p +pl _ 5610)2 + O()\—l) + 24e
T odf [E2e20 p+p)_ (p +p/)2 p2 +p/2
=10 =10 2 / -1 ——2
A Ze — = 2(x_ — — 0-= OE
/06%{2+26+(xx+)+pp 1t T +O0(E™)

As a regularisation scheme, we choose to impose that positive exponential power integrands of p to
vanish, i.e. fdppo‘ = 0 for a > 0. For =, this lets us disregard all Z" with n > 0 in the integral. Thus,
we have that A = 0, and finally for the total (V)

0= (p—p) (2(X — x4’ + 27”’/) , (5.3.37)

p—r
From the two vertices in the diagram we get an imaginary unit factor each of (—i), and from the overall
d-functions we get the kinematical factor K (p,p’) for the S-matrix element. Lastly, not forgetting that

the diagram illustrating the process has a symmetry factor of 2 that we need to divide by, we arrive at:

) 2
0 (—1)? (= = x+)* +pp/
S op = 5 K. =2 ( — . (5.3.38)
p—p
We can immediately generalise this computation to the n-bubble case, as each loop bubble contributes
with precisely this factor, i.e. '
_ 2 I\ "
S ) toop = 20" ((X‘ X4)”+ b > . (5.3.39)
n oop p— p/

Summa summarum, we can sum all the relevant contributions to the S-matrix

0 > (0 = (x— —x+)?+pp'\"
SO(p,p') =1+ S5 + ZSIE-BOOP = 1+22in( P )
n=1 n=0

11 e oxa) e

_p—p il —xe )] v T 7 (5.3.40)
p—p —il(x- —x4)*+pp] L_ L4 0eoxa) e -
p p pp

Curiously, this S-matrix does not depend on the deformation parameter ¢ coming from the flux, which
might be due to the particular rescalings we performed on all of our deformation parameters. Further-
more, for x4+ € R, this is a unitary S-matrix. Lastly, in the limit of zero deformation x4+ — 0, we recover

the Heisenberg S-matrix, which is consistent with what we expect.

19Here, there was a typo in our original paper, as the exponent n of the imaginary unit and the S-matrix factor describes

the case of n — 1 bubbles, rather than n. For the summation of Zf;o, this is inconsequential, though.
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The S-matrix we obtained appears in a very compact form - perhaps even suspiciously so: A priori,
one may think that the set of assumptions that led to our S-matrix was incomplete, and that we
oversimplified the problem at hand. After all, we are restricting our considerations to a purely bosonic
model and consider no coordinate contributions coming from the T factor of our manifold which could
potentially lead to other fields contributing to our S-matrix processes. The authors in [BMSS20], for
example, consider four possible field excitations rather than just one. However, here we can make use
of arguments akin to the ones outlined in [RTT06], where the authors discuss (within the undeformed
AdSs5 x S% context) LL-type models with larger sectors containing the SU(2) one. Firstly, each type of
excitation is associated to a Dynkin node in its diagram, and thus one can assign an abelian conserved
charge to them. Therefore, each appearing term in the Lagrangian has to be uncharged with respect
to these charges, and conserve the quantum numbers associated to them. Two important implications
follow from this: The first one is the absence of cubic vertices, and the second one is that, because the
excitations appearing in this Lagrangian are magnons around the ferromagnetic ground state, we can
always choose all present propagators to be of retarded nature. We also have as a consequence that
there exist no interaction terms that could correspond to the annihilation of one type of excitation pair
and pair-creation of another type of excitation. With the restriction on the vertices and propagators
that can appear in our diagrams, we can therefore assert that loop contributions that (for example
as intermediaries) contain different excitations than the excitations that appear on their incoming and

outgoing legs are indeed absent. Therefore, the S-matrix that we computed is not incomplete.

Next-To-Leading Order in A

All of our tree level and next-to-leading order level considerations have so far been limited to the case
of the leading order A setting. In order to get the first-order correction in A to the S-matrix we just
computed, we need to be aware that our S-matrix is built out of different ingredients: The vertex
contribution, and the kinematical contribution from the rewriting of the J-functions that appear - they
both feature contributions of order O(A~!) as we can see in (5.3.16) and (5.3.26). The first-order

correction to the tree-level S-matrix is given by
ASie = =i [KOVO 0,0, 0.0) + KOV (0,0, 0,0)] (5.3.41)

This expression features no summands involving K (") and V4(1) at the same time, as this would result
in the term being a correction to the S-matrix of order O(A~2), thus it makes sense for the leading and
subleading corrections of the vertex and the kinematical factor to appear in this chiastic way.

While we have a handy expression for K1), we need to find one for V4(1):

Nk, KV |, o) =V (0,0, ) = 8xax- (- = x4)? + p'k(p + 0 + k + 49)
+pp'K' (p+p + K +44) + pkk' (p+ k + K +4G) + p'kK' (0" + k + k' + 49)
+24(x- —x )+ +E+E)
— (o0’ + KK') [pp" + kK —dxex- —4(x- — x4)* —4¢%] . (5.3.42)

Proceeding methodologically exactly as we did for the leading order A calculation, with (5.3.41) we then

arrive at

ASlie = —1i [K(O)Vf)(p,p’,p,p’) + KOV p, ' p,p)

_ 200 )0 = xa)? £ e (0 4 9%) + dle + ) 1200+ (- — )] + 200 ax- + @)

p—p
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g pp’ + (x— — x4)2[P* +pp' + % + X2 + XL = 3d(p+p') + 2¢°]
(p—p')? '

(5.3.43)

While this was straightforward enough, for the case of next-to-leading order A contributions on the 1-loop
level, things are a bit more tricky, as there are three distinct origins of contributing terms, and one is
quick to lose oversight.

The first and arguably easiest contribution comes from taking the O(A%)-order term I™") that stems
from taking O(A°)-order vertices,?’ but taking the O(A~!)-order correction to the kinematical factor,

KW when constructing the S-matrix:

(—)?
S§1100p, = ( 2 K(p,p/)l(o) ‘O()\*l)
-\ 2
—1
) 2) K® (p,p/) 10

_ (_i)z / 1 / 2(X— — X )2217}7/
= (p—p)K()(p,p)< p_;, ) . (5.3.44)

Considering just K9 as contributing kinematical factor, there are still two other contributions at next-
to-leading order we need to consider: One from the next-to-leading order contribution to the vertex
(leading to 51 joop,2) and one from the next-to- leading order contribution to the dispersion relation w(p)

that appears in the propagators (leading to 51 joop. 3)). Diagrammatically, this is illustrated in 5.5.

N
7Nk
- -

W
V() V() x K1 + 0/1 v (0/1) x K©) + V(o V()

Figure 5.5: Schema of the contributions that lead to S;_ll)oop 15 Si_ll)oop 5, and S1 l)oop 3, Tespectively. The

index (0/1) refers to the fact that both O(\°) and O(A~!) ingredients are present.

0)

The latter two contributions emerge from the following 1-loop integral that we need to analyse

2
(1) ’ ’
(0) / ;o vV, (p.p,pp+p" —p)
9y {h (0,0 p,p+p —p)+ A———

2 _
! / (27)2 [Q — w(p) + i€][w(p) + w(p) = Q= w(p+p' — p) +ie]

The [ dQ integration can be performed immediately as we did before (with pole in the upper and lower

(5.3.45)

half plane that we can equivalently choose for our Cauchy arc), leading us to:

—~
(=]
=

2
Vv (pp pptp —
(p,p’,p,p+p’—p)+‘W]

(5.3.46)

il
I<2>:/@ [4

2 w(p) +w(p') —wlp) —wlp+p —p) + 2ie

20 And O(A\°)-order dispersion relations in the propagator, consequently.
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Using the expansion in A of the energy, i.e.
w(p) = wP(p) + D (PAT + O (A7), (5.3.47)

we arrive at the following expression:

O N
1(2):/@ 1[1/4 (p,p'sp,p+p p)}
27 w(p) +w(p ’) w(p) —w(p+p —p) + 2ie

/dp 2zV4 (.0 02+ = PV 0.0, o0 + 1 — p) to(t
YT WO (p) + wO(p) —wO(p) —wO (p+p — p) + 2ie A2

o 1
i@ 4@ 40 <A2) , (5.3.48)

The latter term is manifestly of order O (%), and can be solved similarly to the integral before, just now
dealing with a different numerator (again with pole at p = p + i€’):
(0 1
dp 2iV{" 0.0 pp+ 0 — Vi 00 o0 +0 —p) _ 20x= — x4)> + 2p/

M = [ L = 5.3.49
271w (p) + WO (p) — WO (p) — WO (p+p’ — p) + 2ie p—p ( )

X (2(><+x— + o0 ) (x= — x4)2 + 20 ® + %)+ dlp+ ) 200" + (x= — x+)*] + 200’ [x4x= + &7 ) :

Re-expressing this compactly, this gives rise to the S-matrix contribution:

1 (—1)? =
500 - S RO
(_i)2 (0)27,(0) / (1) ’ /

The integral 1(®), however, is not yet manifestly of the order we want it to be. We can again use the

A-expansion for w(p), and the fact that for large A, we have

1 1 b
=—+A1+00?) . 5.3.51
a+ % a + a? +OAT) ( )
Applied to our case, we then get:
i [V(O)(p v,p,p+p — p)}2
I_(2) dp 4 sy Py

21 w0 (p) + wO (p') = wO(p) — WO (p+p' — p) + 2ie

=1(1) as we calculated before

B /dp VO o1 _p)} [ (p) + O (@) = wD(p) — O (p +p - p)] 0(1)
AJ 2n [w® (p) + wO (p) — WO (p) — WO (p+p' — p) + 22’6]2 )
(5.3.52)

The leading order A contribution (that is not of our interest when computing the first order A correction
to the S-matrix) appears in a natural way in this setting. The second term is computable using Cauchy’s
trick, as well - here we are dealing with second order poles though, and things are a bit involved, but still
within computational means. Nevertheless, we shall choose a different approach to evaluate I(?): Let us

consider the zero-order vertex integral without expanding the dispersion relation w(p) in terms of A, i.e.

2

dp i [‘/4(0) (P, pp+p' — p)}
/ (5.3.53)

271 w(p) + w(p') — w(p) —w(p +p/ — p) + 2ie
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This is an integral with simple pole at p = p and p = p’ (ignoring the imaginary e shifts), and for an

integration contour closing around the former, we get

; (0) / ’ 2 i (0) , , 2
dp ’[V‘* w.ppp+p _p)] o 1 i\Vi (o0’ o0+ = p)
/ o () T o) W) Wt 7 =) e e ) ey T ) — ) —wlp T 7 — ) e
(5.3.54)

In order to see how the denominator behaves when computing the residue, the following two Taylor
expansions (both around the point p = p) are useful:
w(p) = w(p) + (p—p)w'(p) + O ((p —p)?)
wip+p = p) =w@) —(p—p)' @)+ 0 ((p—p)*) - (5.3.55)
This means that we have the following:

2

: V(O) ’ r_ _ V(O) ’ NG
/dp iV (e, pp 0 —p) Ly (p,p'p,1")
21 w(p) +w(p') —w(p) —wp+p —p) + 2ie lim,_,,, (p—p)W’(p)—(p—(gzu;/)(p’)+0((p—p)2) + 2c
2
[szo)(p,p’,p,p’)}
= G o . (5.3.56)
%4 lgop I PR

2
We are in luck, as this just corresponds to [V4(O) (p,p’,p,p’)] K(p,p'), of which we just need to isolate

2
the A~ term, meaning K (p,p’) [V4(O)(p,p',p,p’)] . Thus, we get

0 _ D oz
>

1-loop,2

_ (=2

2
KOK® (p,p) [szo) (.0, p.0)| - (5.3.57)

Having now all of our S-matrix contributions at hand, we can state our final result for the next-to-leading

order S-matrix element:

1 1 1 1
AS U = AS L AS L AST
_Z‘ 2 2 )
_( 2) {(K(O)) Vi .0 0.0 Vi (0,0, p) + 2K O KW (Vfo)(p,p’,p,p’)) }  (5.358)

Now, we could in principle repeat the same calculations that we performed for the tree level A case and
arrive at the n-bubble contribution - which, in turn, can be divided into three contributions, depending
on whether the next-to-leading order contribution from the kinematical factor, from the vertices or from
the dispersion relations are taken into account. Likewise, we could compute further terms of higher order
in the Lagrangian and use them to compute higher corrections in A of the S-matrix. As this is not very

illuminating, we shall make here a caesura.
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6 Jordan Blocks and the Eclectic
Spin Chain

“Sélo el misterio nos hace vivir, sdlo el misterio.” [“Only mystery allows us to live, only
mystery.”]

— Federico Garcia Lorca

6.1 The Eclectic Spin Chain

In the preliminary chapters of this thesis, we have elaborated on the fact that spin chain Hamiltonians
appear in the effective expansion of the dilatation operator acting on STO. We have discussed how
this arises in undeformed theories, but as this thesis is revolving about deformed settings, we are also
interested whether this method can be extended to theories exhibiting some kind of deformation. This
has been done within the context of a special case of a deformed AdSs x S® theory called the fishnet
theory (see [GK16]), a non-hermitian QFT, which means that the spin chain associated to it has a non-
hermitian Hamiltonian. The ~;-deformation is, roughly speaking, obtained by deforming the product of
the fields in the Lagrangian within A’ = 4 SYM theory in an integrable way - losing conformal invariance
outside of the limit of infinite twisting in the process. As we have motivated in the preliminary part of
this thesis, these theories can then also be studied by analysing an effective spin chain associated to it,
as has been done in e.g. [FSW14] or [ISZ19], and then revisited in [AS21], whose su(3)-notation we shall
follow.! On this conformal field theory side (in the limit of the strong twist), we will care about three
distinct (bosonic) scalar fields ¢*, which the leading order dilatation operator sees as three distinct spin
chain states |i), with ¢ € {1,2, 3}, being of the form

L

ZIFDU_H

=1

D =Dy + 9212151’52’53 + 0(94) =Dy + g2 + 0(94) R (611)

where we assume the spin chain to be closed - as this will let us connect the spin chain picture to STO
later on - and of length L. The first term of the expansion of the dilatation operator D is the bare scaling
dimension of the operator - which is just Dy = L for scalar fields like ours. Pi* is an operator that is -

or resembles half of - a permutation and whose action is defined as

P21) = &112) , P[32) =& [23) , P13) =&, 31) , (6.1.2)

n contrast to the notation we used in the introductory part of this thesis for su(3) spin chains, instead of flavours
|0}, |1),|2), in our notation the flavours present on the spin chain sites will be [1),2),|3). This is a mere reflection of the

different notations used in this context, and we shall choose ours in such a way that it is consistent with [AS21].
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while all other matrix elements vanish. The twisting parameters are allowed to take any complex value
¢ € C. We will define the single trace operator consisting of L ¢! fields as the ground or vacuum state,
meaning on the spin chain side that we define
|1, 1) (6.1.3)
—

L times

as the ground state onto which we put excitations. Following (6.1.2), we can identify ¢? with the right-
moving excitations and ¢3 with the left-moving excitations. This nomenclature comes from the notion
of left- and right-movers in CFT, and the fact that our Hamiltonian lets us make this identification
straightforwardly. We will denote the number of ¢? states present in a given state as M — K, whereas
the number of ¢> states is represented by K, such that the total number of excitations, i.e. non-¢! states

is given by M, consistent with the notation we introduced before. For example, the state
1,2,1,1,2,3,3,1,1,1) (6.1.4)

is then an L = 10, M = 4, K = 2 state. We will always assume K < M — K < L — M without loss of
generality. If we have K = 0, then our spin chain only features one type of excitation - this case resembles
the much simpler su(2) setting that we are already familiar with (barring the new permutation), and the
Hamiltonian can be diagonalised straight away. If K > 0, however, the situation is quite the opposite:
The Hamiltonian is nilpotent in this case, and no nilpotent operator (that is not identically zero) is
diagonalisable. The simplest way to see this is to understand in more direct terms what it is that our

Hamiltonian does to a given state:

| 7172713"' 7132337"' 33517"' 31737"'> . (615)

[2)— «[3)
Our Hamiltonian moves |2) states to the right, and |3) states to the left. Since H|23) = 0, they are not
able to pass through each other and have to accumulate at some point, Thus, a “23 wall” (of which there

may be several) forms after successive application of the Hamiltonian, meaning?

| 11,1, 11,2, 02,8+, 3,1, -, 1,1, ) (6.1.6)
12)— 23 wall —|3)
After having applied the Hamiltonian a sufficient number of times (for which we will provide an upper
bound later on), all non-|1) states will have accumulated around the 23 walls and form a locked state,
and these locked states vanish when applying the Hamiltonian once more on them). Periodic spin chains
featuring this nilpotency property are called eclectic, as coined in [ISZ19].

After a first situational overview, we can more concisely recapitulate our intentions now: With our
strongly twisted I:I, we have a linear operator on a finite dimensional vector space whose basis we can write
down - we have all the necessary ingredients at hand to start our JNF triangularisation: Find eigenvalues,
eigenvectors, hauptvectors, and then generate the necessary JNF basis similarity transformation matrix
out of the latter two. We shall not go down this road, instead, we will diagonalise the Hamiltonian
associated with the v;-deformation, which is diagonalisable in general, and after having solved the spectral
problem for this Hamiltonian (which is much simpler due to its semi-simplicity), we will consider the
limit of large twists.

Let us now talk about the spin chain associated to the =; deformation. In the introduction, we

studied the su(3) XXX Heisenberg spin chain, whose analysis will lend itself nicely to the case we are

2To see this, we also need to keep in mind that our chain is periodic.
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about to explore: The effective spin chain that originates from considering v; deformation is given by an
integrable deformed su(3) XXX chain, and in this context we shall refer to the process of deforming it
as twisting. The maximal number of independent twisting parameters ¢; an su(3) spin chain can exhibit
is 3 - this is because we have three different flavour states |i), and any permutation operator in the
Hamiltonian ideally still has to satisfy P o P = 1 (which links any matrix elements to its transposed
pendant). In terms of such a maximally twisted permutation operator P, we can write the Hamiltonian

we are interested in as

L
Hg, gogn) = 2P, (6.1.7)
=1

where our twisted permutation operator P acts non-trivially on sites ¢ and j as follows

P[11) = |11) , P[22) = |22) , P[33) = |33) , (6.1.8)
N 1 . 1 - 1
P[12) = — |21), P[23) = — [32) , P[31) = —[13) ,
q3 q1 qz
P[21) = ¢3[12) , P[32) = q1[23) , P[13) = ¢ |31) .

The so-constructed Hamiltonian is only Hermitian for ¢ = ¢, ! i.e. when the twisting parameters are
complex phases |¢;| = 1. Fortunately, it is semi-simple for any finite value of the twisting parameters,
though, as was remarked in footnote 2 in [AS21].

In the (normalised) limit of strong twisting, we recover the eclectic spin chain Hamiltonian we alluded

to before, i.e.

ﬁ51>52753 = lg% EI:I(LQL?’ (6.1.9)

€ €

i
N,

) I
however, the eigenbasis for the Hilbert space stemming from H ceased to be a basis once the limit of
strong twisting is applied: The Bethe vectors (i.e. eigenstates of the energy) of H for any finite value of

q = % coalesce into states of the following form in the limit of vanishing e:

l(k)) = Ze%’““/LUlu, C1,2,0..,2,3,...,3) (6.1.10)

1=1
where L is the length of the spin chain, and U is the shift operator whose action is defined via
Ulni,...,np—1,n5) = |ng,...,np,n1). Excitations are not able to move from their relative positions in
states with this configuration, and we call these states locked. They are, of course, eigenstates of the
Hamiltonian H for any &1, &2, &3, but since they do not span out our Hilbert space but only a subspace
thereof, so we do need more advanced methods to be able to make up for this loss in dimensions, which

is going to be the goal of the sections to follow.

6.2 Exceptional Points and Jordan Blocks

6.2.1 A Twisted Warm Up: The L =3, M =2, K =1 Case

As we explained before, the strongly twisted limit of H is non-diagonalisable for K > 0, and since
L—-M > M — K > K, the simplest non-diagonalisable case is K = 1,M = 2, L = 3. It is our
intention now to compute the eigenvectors of Iqul,qQ,qs’ and then study the spectrum’s behaviour as the
twisting parameters approach exceptional points, meaning points where the Hamiltonian ceases to be

diagonalisable.
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Without any previous knowledge about the situation, the most general ansatz we can make for a

state of an L = 3 spin chain is given by?®
=Y Po)o(1)a(2)o(3)) . (6.2.1)
oES3

The twisted Hamiltonian transforms even elements of S3 into odd elements of Sz - this is because it
consists of transposition permutations only, and the signature of an element in S,, is multiplicative. In
the basis

{]123), |231),|312), |213),]132), |321)} , (6.2.2)
it takes the following form
0 0 0:a3 ¢1 @
0 0 0:ig g @
~ 0 0 0:i¢1 ¢ g3
Hg1,02.05) = LTI T : (6.2.3)
a3 a2 @ ‘
1 1 11
q1 qs3 q2
1 1ig
q1 qs3 .|

As we mentioned before, for any choice of ¢;’s, this matrix is diagonalisable. The characteristic polynomial

(which has to be even for matrices of this form) is,

6 4 3q§q§q§ + 3q‘f<12£13 (qg’ + qg) - 18q?ng§’ + Sqfngg (qg + qg’) + 3q1q§q§ 5
=z — 9z — 333 x

char ~ (x
(q1.92,93) a7a5 93

H

(6.2.4)

6 (.3 3 5,2,2 4 3 3 3,6 3,3,3 3,6 2.2.2 (.3 3 4.4 3.3 (.3 3
a7 (q2 +q3) — 39¢7a543 — 3979243 (q2 +q3) +ayag + 12974543 + a7az — 3974543 (q2 +(13) — 34q14543 + a543 (q2 +q3)

419293

The evenness of the characteristic polynomial for this case forces the eigenvalues to come in pairs,*

A=z /Z% : (6.2.5)
ij

1 (1 —q2)(q2 — g3)(q3 — q1) qi
M=+— |9+ -y = 6.2.6
? \/5\ 414243 sz: q; ( )
1 - - — i
Mot o (@ —®)(e—g)la—a) S & (6.2.7)
V2 419293 i i

We can check that, indeed, the Hamiltonian becomes nilpotent in the limit of strong twists, meaning
that all its eigenvalues will vanish: EljE = lim¢_,¢ eAii = (0. The analysis to follow is the same for all three
pairs of eigenvectors (and their eigenvalues), but focusing on the eigenvectors associated to the first pair

of eigenvalues,

£ _ (@1 + a2 + g3)* <Q1+Q2+Q3 g1+ q2 + g3 Q1+Q2+Q3111> (6.2.8)
! 2(q1 + @2 + g3)% + 3(\)2 A ’ AE ’ A )
they become collinear (and thus linearly dependent) in the large twist limit
+1
lim v = —(1,1,1,0,0,0) . (6.2.9)

e—0 \/g

3Here, once more we are dealing with the change in notation - our choice here merely reflects the most natural choice

in each situation.
4The sums ZZ ; Tun over the all possible combinations, also the ones where ¢ and j coincide.
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Here, we can explicitly see how we lose vectors of our base when we approach the non-diagonalisable

limit, as in the strong twist limit, the Hamiltonian has the following JNF form,

0 1:0 0:0 0
0 0.0 0/00
g | 000 o0 (6.2.10)
0 0/0 0/0 0
000 00 1
0 0;0 0;0 0

meaning that we have three 1-dimensional eigenspaces (represented by one block of size 2 each), and
therefore cannot span out the 6-dimensional space. This illustrates that, pairwise, eigenvectors will
coalesce and we will only have their distinct true eigenvectors after having taken the limit. We “lose”
half of our Hilbert space - as was what the authors observed in [AS21].

We shall try to gain deeper insight as to whether we can make up for these lost dimensions by
finding information about the eigensystem of the Hamiltonian before the limit is taken. The authors
in [GN16] had a similar motivation when analysing a spin chain in a slightly different context, and
although the ideas in that work did not treat any Jordan blocks bigger than size 2, their initial intention
was instrumental in the formulation of our methodology.

The starting point and guiding philosophy for our approach is that, while the twist parameters still
are of finite value, we want to consider linear combinations of eigenvectors that coalesce to the same
vector and analyse their behaviour once we take our limit. To show in a first instance that there is some

promise in this idea, for the case above, if we consider the following linear combinations of eigenvectors®

vf‘—i—vf _ 1

camole = — —_(0,0,0,1,1,1) . 6.2.11
Vexample |’Ui’>+’l)17| \/3( ) ( )

One can check that

(A — 01)2vexample = 0 while (A — 01) vexample # 0, (6.2.12)
making Vexample & generalised eigenvector of rank 2 of lim._,q vf = lim.,0v; . For the other two pairs
of eigenvectors, the same procedure reveals all the missing generalised eigenvectors in the limit of strong
twisting, and our Hilbert space basis is completed. We, although coincidentally for the moment it might
seem, in this way recover information about the generalised eigentheory problem of the strongly twisted
Hamiltonian prior to twisting, which is precisely what we wanted. We systematise this procedure in a

formal way in the next subsection.

We will in the next subsections go on to motivate that the geometric multiplicity of the eigenvalues
of the defective matrix in the limit is indicative of how involved our analysis is going to be. As one might
expect, the study will turn out to be much more involved as soon as the geometric multiplicity of any
eigenvalue exceeds one, as in this case the eigenvalue has several Jordan blocks in the JNF - so when
we refer to “the” Jordan block associated to A, there is ambiguity. Our introductory example might at

first glance seem already to be more involved than any preliminary minimal case we could consider, as

5In the normalisation that we chose, the linear combination does not depend on the twist parameters anymore - however,

we are still in the setting of finite twist.
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the three Jordan blocks featured in the JNF are all associated to the eigenvalue 0 - we have geometric
multiplicity three! The reason why the eigenvectors associated to the different blocks do not “interfere”
with each other is that they are associated with different total twisted momenta, where the momentum
operator is the generator of the shift operator U we introduced before. We have [ﬂ, U] = 0, thus the
eigenvectors that correspond to different momenta cannot mix, even if they are associated to the same
(vanishing) energy. This is most easily made apparent if we make the representation of the U operator

in the basis we used for (6.2.3) explicit,

g | 1900000 , (6.2.13)

In the block diagonal form, we can easily see that the eigenvectors in (6.2.8) are also eigenvectors of U,
and that each of the three pairs share indeed the same charge under U, explaining the pairwise grouping

and non-mixing.

6.2.2 Distinguishable Jordan Blocks

In a first, we limit our considerations to the cases where all the eigenvalues of a matrix have geometric
multiplicity one - meaning that at most one Jordan block is generated by each distinct eigenvalue, we
call this the distinguishable case.

We first introduce the necessary ingredients for the methodology we want to develop: Let M € My (C)
be a complex N x N matrix. Furthermore, let M = M(e) also continuously depend on a complex
parameter €. It is our assumption that M(€) is semi-simple almost everywhere, meaning Ve € C except
for finitely many. We will parametrise the e-arc in such a way, that M (e) ceases to be diagonalisable at
€ = 0, forming an exceptional point, where it becomes a defective matrix whose JNF exhibits a single
Jordan block of size N. The eigenvectors and eigenvalues of M (€), v; and A;, naturally depend on e, too:
As the entries of M (€) depend on €, so will the characteristic polynomial and the eigenvector equation,
subsequently. We will, however, suppress making this dependence explicit wherever it is natural to do
so with the aim of uncluttering our expressions.

Let o(M(e)) = {A1, -+ , A} be the spectrum of M (e). Since we assume that in the limit of e — 0,
the matrix is similar to M(e) = J, where J is a Jordan block of size N associated to an eigenvalue, let
us call it A. As we have o(lime_,0 M (€)) = o(J) = {A}, we have lim. {1, -+, A} = {A}, implying

that in the limit all the eigenvalues coincide and we get
lim A; = im A\; = A (6.2.14)
e—0 e—0

for any two eigenvalues A;, A; of M (€). This has an important implication on the eigenvectors in the limit:
As the relevant functions in our quantities depend continuously on € and products of finite well-defined

limits equal the limit of the product, we have that

0 = lim [(M(e) — \1)v;] = |lim (M(e) — /\ill)} ELI% vi] - [M(o) ~ 1 lim )\l} ELI% vi] . (6.2.15)

e—0 e—0 e—0
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We argued before that all the eigenvalues coincide in the limit, and therefore [M(0) — 1 lim._,0 A;] is
independent of the index i. Furthermore, lim._,ov; solves the eigenvector equation for M (0), and we
know that M (0) is similar to a Jordan block and thus only has one true eigenvector,® implying that all
the eigenvectors v; of M (e) coincide in the limit as well (up to scalar factors, so they are collinear). What
the authors in [AS21] call the “collapse of Bethe vectors” reflects this fact and is only to be expected.
As the geometric multiplicity in this setting is one - we are in the distinguishable case - we cannot draw

the same conclusion for the indistinguishable case, and things will be more involved later on.

We have now seen how eigenvectors can appear in the limit this way, it is only natural to ask ourselves
now whether generalised eigenvectors can appear as limits, too. Let us first look at the following linear

combination

[M(G) — )\11[][M(€) — )\21](0(1 V1 + Q2 ’02) =0, (6.2.16)

where a; € C might depend on €. In the ¢ — 0 limit, this equation becomes

MIO) = Ui ] [M00) 1l o] [ligon 1+ 020 =

2
- [M(o) ~1lim )\Z} Eg%(al v +as)| =0, (6.2.17)

with A; being eigenvalues of M (e). The last equality in (6.2.17) is the defining equation of generalised
eigenvectors of rank 2, and it implies that, somehow, this linear combination in the limit encodes some
information about the generalised eigensystem of the matrix we are considering. We have shown above
that the linear combination («; v1 + agvq) satisfies one of the two conditions that could make it a
candidate for a rank 2 generalised eigenvector, however, for general values «; it is just a true eigenvector
only, since

lg%[M(e) —M1](a1v1 + azve) = 213(1) as (Aa— X)) va=0. (6.2.18)
=0 in the limit
Therefore, the limit of (ay v1 + g v2) is only part of ker{[M(0) — 1 lim_,o A;]*} because it is also part
of ker{[M(0) — 1lim. o A;]}, but we do not want the latter to be the case. This can be avoided by
considering a coefficient «y that diverges as (Ay — )\1)*1. The same must hold for aq. It is particularly
useful to assume that indeed both a;l X |v1 —v3], all while assuming that lim._,o(A2—A1) (@1 vi+azve) =

0 for well-definedness. Conversely, if we find two (finite) oy and ay such that they do not vanish in the

Q1 vitag v

N2 gives us the generalised eigenvector

e — 0 limit and lim._,o(a1 v1 + ag va) = 0, then lim,_,q

of rank 2, since in this case we have

lim[M(e) — A1) QL0 T 0202)

lim N = 113%) agv2 0, (6.2.19)

and likewise for Ay as a starting point.

We need to remind ourselves that we are working with complex vector spaces, meaning that collinear
unital vectors can differ by a phase factor (as opposed to just a sign), which means that for coalescing

eigenvectors we can have lim._,o v; = €% lim._, v;. We introduce a factor 5 to take this phase difference

SRecall that the number of Jordan blocks in a JNF corresponds to the dimension of the eigenspace associated to an

eigenvalue.
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into account in the following linear combinations”

£ U E Bjv; ) o
Vi T Toi £ By with 5 = vjvi , (6.2.20)

with |v|? = vTv being the usual vector norm. Then, lim,_q w';

- to lim._,g v;. The expression lim._,q w;; is in the limit indeterminate (of type

is equal - up to a potential phase factor
“27). With our previous
considerations, the latter can then be seen to be the generalised eigenvector of rank 2 when applying
L’Hépital’s rule. In proposition 4.3 in [GN16], a similar result was motivated, for which we have now
found first-hand explanation. The choice of v;, v; is inconsequential, and lime_,o w;; will always equal
the generalised eigenvector of rank 2 (see 2.1.1). This is a consequence of the fact that we are in the
case of geometric multiplicity 1, so we know that we (at most) get one linearly independent eigenvector
of rank 2.

Having discussed how we get generalised eigenvectors of rank 2, we now extend this procedure to
generalised eigenvectors of rank n: For this to be achievable, we need linear combinations of M (e) of
order n. The “candidate” vector combination from which we want to construct a generalised eigenvector

of rank n satisfies

M(o)—nlg%Ai] lim Zlam ~0, (6.2.21)

for any constants «; provided that v; are, as before, eigenvectors. Here again, as this is one of the two
defining equations for generalised eigenvectors of rank n, so we want to manipulate the combination
lim_,q (Z?:l a; v;) in such a way that we can extract the generalised eigenvectors of rank n from this.

The previous method can recursively be extended by substituting the (true) eigenvectors v; by the

appropriate ones®?

(n—1) (n—1) (n—1)
w.;. — . wy. .
ww) =2 ﬁk] kl with

(n=1) _ ( (n=1) (n—1) 0) _
Y T T D) BV = i) el and W) e (62.22)

% Ji

There are some caveats associated to this: With the above, we are actually solving the condition
n+1
[M(O) ~ 1 lim AZ} w™ =0, (6.2.23)
€E—

which does not provide us with the full picture, as we do impose [M (0) — 1 lim,_, A\;]" w(™) # 0 (recalling

the definition of a generalised eigenvector of rank n + 1), but we do not impose
[M(O) ~ 1 lim Az} w® = =D (6.2.24)
e—

By solving for a weaker condition, we do not get “pure” generalised eigenvectors of rank n + 1, but
rather a linear combination of generalised eigenvectors up to rank n + 1 (as all of them also satisfy the

relation (6.2.23)), with the guarantee that there is a non-zero contribution of the generalised eigenvector

"Throughout this project, we will encounter normalised limits of this form which, technically speaking, are indefinite -

in 1 dimension, the limit

is not defined. This is because the limit value depends on the “direction” with which z is approaching 0. For some
directional choices of © — 0, the above limit exists. Likewise, for limits of this form in our context, we just need to think
of the limits as directional limits where necessary, as the resulting vector - which might get a different phase depending on
the direction we choose - will have the desired properties.

(n)

81n the introduction (see (2.1.5)), we defined v(") as the generalised eigenvector of rank n, and here w; will give rise

to the generalised eigenvector of rank n + 1.
9Here, k is not being summed over, but we choose a compact form of notation that lets us drop the k-dependence where

it is inconsequential.
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of rank n 4 1 in this linear combination. Finally, it goes without saying that we cannot recursively use
this process ad infinitum: As a starting point, we used n distinct eigenvectors to arrive at a generalised

eigenvector of rank n. As a Jordan block of size N (which M (€) in the € — 0 limit is similar to) can only

(N—1), To

give rise to IV independent generalised eigenvectors, we can only repeat this recursion until w; 7

go beyond NV — 1 as a superindex, we just do not have the necessary ingredients.

Let us state and prove the following proposition that addresses the completeness of our recipe:

Proposition 6.2.1. Let n < N — 1, and be the setting as above. Then the following hold:

)

. n . . . .
e Fvery lim._,o w( s meither zero nor does it diverge.
ij

(n)

e lim._,g w;; is orthogonal to any lim._,o wgn) with m # n.

Proof. o All w(™ are normalised for any e, and as the norm is the composition of continuous functions,
we know that the limit of the norm is equal to the norm of the limit. Therefore, lim._,q w(") ¢

{0, £o0} as it is normalised to be 1 for any value of e.

. We start with generalised eigenvectors of rank 1 and 2. The claim is then that

(lime—o vj)T(limcﬁg wz(jl )) vanishes. Rather than computing this limit, it is more straightforward
to equivalently compute lime_,olime ¢ (v; (e))T(wS)(e’)) The ¢ — e limit can be continuously

taken right away, and using (6.2.20), we arrive at

1 i
i My = tw® () = fo @y oy (V) = Byi(v) - vj)
(lmg v,)" (i i) = ling im (0;(6) (w3 (€)) = (03 () (wiy(6) = lim ——r—p =2

(6.2.25)

If we now use the definition of §j; and use the fact that the eigenvectors are normalised, the

numerator vanishes for any e, including in the (continuous) point € = 0:

(v] vl)—v;'vj (v; vj) 0
- T~u-uz| = |v4—vT~v-v-| . (6.2.26)
i J oYY v Jon1

Analogously for , we can more generally prove the orthogonality between the vectors

wfjn)( ) and w(z 1)(6) in the limit

(nfl))T (n 1) ﬁ(n 1)( (nfl))T.wj(Zfl)

n— n k
@' () (W () = —2 .
|w(k )

n—1 n—1
ST

=1

n—1 n—1 n—1 n—1 n—1 n—1
_ eV — @i eV i )Y
- n—1 n—1 n—1 n—1
‘wz(k )_(w§‘k ))T'wz(‘k )w§’k )|
0
: (6.2.27)
n—1 n—1 n—1 n—1
|w'fk )—(w‘gk ))T'wgk )w(k )\

which vanishes in the same way.

The remaining scalar products are proven inductively: Using the definition of w( +1)( ), it
is easy to similarly show that wgl)( ) and w(m+ )(€) are orthogonal provided w( )(€) and ng )(e)
are orthogonal (assuming that the superindices never coincide). With our starting point that we
have proven the claim for indices pairs (n,n — 1), the just established fact that (n,m) = (n,m+1)
and that (n,m) < (m,n). Thus, we have the claim for the following index pairs:
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(172) E— (1,3) (LNﬁ 1)

(2,3) ———— (2,4) (2,N—-1)

(N—6,N—5) —> (N—6,N —4) (N—6,N—1)

(N-5,N—4) —> (N-5N—-3) —> (N—-5,N—2) —> (N—5 N —1)

(N—-4,N-3) —— (N—-4,N —2) (N—-4,N-1)
(N—3,N-2) (N—3,N-1)
and, finally, (N—-2,N—-1).

This concludes our induction and proves our claim.

From this proposition, we can infer an important isomorphism corollary:
Corollary 6.2.1.1. The span{lim._,o v;, lim¢_,q wg), oo limeyg wg-vfl)} s a vector space of dimension
N and isomorphic to the vector space spanned by the set of generalised eigenvectors of M (0) in the sense
that the identification of each individual w™ with its corresponding ker (M — X)) /ker (M — A1)

can be made.

), it is irrelevant what initial choice of eigenvectors we make in

i; - The previous proposition implies

that the NV vectors that generate this space are all non-zero and orthogonal, proving the former part of

Proof. For the resulting lim._,¢ wl(;%

their construction, and we shall take one representative for each w

the claim.

) is a linear combination of generalised eigenvectors of up to rank n. We are still in

lime_,q wl(:f
the case of geometric multiplicity 1, and ker{(M (0) — A1)"} /ker{(M(0) — A1)"~1} is one-dimensional.
Hence, ker{(M(0) — A1)"} and span{lim._,q v;, lim¢_o wg), o lime g wE;L_l)} are isomorphic as vector
spaces in the sense that we established that each of these sub-vector spaces are as was stated in the
claim. O

Indeed, we have now shown that the vectors {lim._,ov;,lim._o ngl-),...,limeﬁo wl(;-v*l)} that we
generate using our methodology correspond to the full set of generalised eigenvectors of M(0), and
we can read off the rank of each generalised eigenvector by the superindex (plus one) we assigned it.
However, in addition to the restriction that the geometric multiplicity of the eigenvalue A is not allowed
to be larger than 1, we implicitly also assumed that M (0) is not allowed to feature any other eigenvalues
- this of course is not true in general. However, it suffices to analyse each eigenvalue separately, and our

methodology is correct as long as all the present eigenvalues have geometric multiplicity one.
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From the point of view of constructing an algorithmic method to find the generalised eigensystem of
matrix that is non-diagonalisable for some values of the parameter that it depends on, we provided a
concise recipe of steps to follow - but some of the steps featured expressions that, while correct, are not
particularly “user-friendly” in computations.'® We shall make two simplifying remarks to make things

more computationally accessible:

e In (6.2.20), we always make sure to normalise our vectors - by dividing by the norm. However, this
is not wholly necessary: The reason for the normalisation was mainly to provide us with the correct
power in € of a given vector. Therefore, instead of dividing by the whole norm in denominator, we
can just divide by the e-power that arises from it. We shall make use of this fact while applying

our methodology within the context of spin chains later on.

o While we always assume the limits to exist and be well-defined where we take them, there is another
subtlety we have not addressed so far: In order to get the generalised eigenvector of rank n+ 1, we
need to compute the difference between eigenvectors of a diagonalisable matrix. If however, in the
process, we already take the limit at some point when dealing with the w1 vectors and end up
continuing our computation with the generalised eigenvectors of the non-diagonalisable matrix in
the limit, we potentially end up with the generalised eigenvector of the wrong rank. This is due to
the fact that

n—1 n—1 n—1 n—1 n—1 n—1
lim §z ) 512] )wl(cz : 1IIl w]('i ) hmﬁ%o[ﬂ( ) I(cz )] (6 9 28)
e—0 \w(" 1) ﬂ,i?—l (n— 1)| e—0 | (n 1) 5 n—1) (n 1)| ’ -

for general w1 Tt is therefore imperative to always observe the correct order of “limits”, as to
avoid spoiling the result, which is a key difference between our method and [GN16]. We illustrate
this in the appendix.

6.2.3 Indistinguishable Jordan Blocks

We now want to extend our methodology for the case of a matrix that (at an exceptional point) is defective
possessing eigenvalues with geometric multiplicity larger than 1 - so far our recipe and statements
depended heavily on this fact. As we shall see in an instant, there are some intricacies associated to
the non-distinguishable case, and we will illustrate this both by making examples within this subsection
(related to the spin chain scenario we are interested in) and more algebraic ones in the appendix.

We are starting this off by considering the simplest setting where the strong-limit Hamiltonian
12151’52’53 develops more than one Jordan block (of non-minimal size) and that exhibits the subtlety
that we want to illustrate - with the additional assumption that the total twisted momentum of the

states vanishes. This is given by the L = 5, M = 3, K = 1 spin chain. A priori, this spin chain has

5
= 2.2

10To mention one such instance: We will later apply our methodology to the context of Bethe ansitze, where the
(diagonalisable) eigensystem is already presented in an involved form. With these starting ingredients, it might be difficult

to compute scalar products and norms of linear combinations were we to blindly follow our presented expressions thus far.
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states that we need to include in our basis. Thanks to the shift operator commuting with the Hamil-
tonian, we can focus only on the vanishing momentum sector,'!, as the other sectors have the same
structure (as discussed in [AS21]), reducing the number of states to 35—0 = 6 - which is manageable as a
matrix representation. This case has already been studied in [AS21], and the authors claimed that the

Hamiltonian was similar to a JNF with one Jordan block of size 5 and one of size 1, i.e.

FIL=5M=3,K=1 ., S (6.2.30)

Before applying the limit of strong twist, the finite twist (spin chain) Hamiltonian takes the following

form for the same restriction of zero total momentum:

2 g3 QG 0 0
q% 0 g 9 qg+gq O
s =3 K=1 _ | o m o I (6.2.31)
(q1,92,93) I S 1 o
q2 q3 O 1 a3 2
1,1 1 1
O &t v & 0 @
0 0 1 1 1
q1 q2 q3

In an initial step, we shall still stick to the methodology for the case of geometric multiplicity not
exceeding 1 in order to precisely see where our established toolset breaks down, and only then try to
find a remedy for it. We first shall use (6.2.31) to make its eigensystem more accessible, as this matrix
is otherwise very tedious to diagonalise. Here it is important to remember that HL=5M=3K=1 ha5 an
auxiliary role in so far as we are only interested in what it approaches in the limit, but not how. We are
therefore free to choose a matrix A(q) that parametrises the approach to the limit in a different, perhaps
more convenient way. Therefore, we are free to modify (6.2.31) in whatever way pleases us provided
that in some continuous limit (that for simplicity’s sake we assume to still be at the same point) it still
coincides with the defective limit of HL=5M=3K=1" e do this to arrive at a spectral problem that
we can actually solve, since for generic characteristic polynomials of degree 6, the solution is not always
attainable in terms of elementary functions. The following two modifications fulfil this requirement and

are choices for A(q):

2 3 @1 @ 0 0 2 ¢35 @1 @ 0 0
0 0 g5 g3 q1+q2 O 0 0 ¢ ¢ a+qe O
go_ |00 0 e gy (000 e (6.2.32)
00 0 1 q3 2 0 - 0 1 B @
0O 0 0 O 0 q3 0O 0 0 O 0 qs
00 0 0 - 2 00 0 0 - 2

Substituting ¢; — %, the six distinct eigenvectors of H®) are

v = (13070707030) ’

1 The zero-momentum restriction corresponds to us restricting our analysis to one block appearing in the Hamiltonian,
as the analysis for the different momenta values is analogous. In (6.2.10) for example, the zero momentum restriction

corresponds to us only looking at the very first block in the top left corner.
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2 £S2+ 2
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(& + 52)53%,

s 1442 et )
§2€7 2+\/>£3 2+\/§
2\/ 2+\f o€ 4-3V2 ., 8-52

06:(£§ 2—\f(£1+£2)§3 \f(& 52)57_2_\/5536"‘ I,

2
(& + 52)53%,

22 1 1 1-+2 *
SRS EINER f§263, Bk PR . ) , (6.2.33)
2 2 2 22 2 -2
all approaching 4, in the € — 0 limit, where we introduced the notation
A'L: )" ) a,1,7 Ty . 2.34
i; = (0 0 ~ 0 0) (6.2.34)
mdaex

That means in the limit, we are dealing with one true eigenvector. We go on in our recipe and find the

following five vectors!?

wiy = —(vi' 2L (6.2.35)

and we find that they all are proportional to @iz = (0,1,0,0,0,0) in the limit of vanishing e. Going one
step further and constructing the four vectors
1 1 1 1
o2 = i)

w?) = ! : (6.2.36)
’ €

we find that, in the e — 0 limit, they span out a two-dimensional space given by span{ds, @4}, which
initially might seem to be contradicting 2.1.1 given that we only found one true eigenvector in the limit.
However, one can find that the two vectors 43, iy differ by a true eigenvector, (0,&3 — &1, &3, —&3,0,0),

of the strongly twisted Hamiltonian. One step further in the recipe, we end up finding
. 3) _ N
ll_r}réw (0,0,0,0,1,0) = 45 ,
lim w® = (0,0,0,0,0,1) = a . (6.2.37)
e—

Summa summarum, we can display the genealogy of our limits in the following way:

Span{lim v; } Span{lim wfjl) } Span{lim wff) } Span{lim wg)} Span{lim w }

’ < > ﬁ
(o
In this horizontal “family tree” of vectors, we find the true eigenvector to be on the very left. As we move

up generation by generation to the right, we get the vectors that our algorithmic framework generates

at each subsequent step. Looking at the above diagram, it might be tempting to conclude that the JNF

12Notice that here we made use of one of the simplifying prescriptions.
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associated to our problem exhibits one Jordan block of size 5 and one Jordan block of size 1. We need to
show this explicitly, however, by finding two Jordan chains of generalised eigenvectors satisfying (2.1.5)

- one of length 5 and one of length 1. Indeed, this is what we find after a healthy dose of algebra:
253“6 363(&1 + &2)lis + 263(E7 + &5 + 36162) (3 + 0gy) — 2(EF 4 &3 + 4676 + 46163)00

4¢3 -
2 2651 — G361 + &)t — G(&6 +38)ls + (G + G +668)0s _ 1@ ) — (G + &)l _
483 263
ﬂ“g =Hfa, =0,
I:I[fs(ﬁfi —tig) — (61— &2)l2] =0, (6.2.38)

where we implied H = lim._,0 I-:I(i £ €31

e’e’e)

This is consistent with what the authors found in [AS21],
but we shall improve on this method later on.

Let us now analyse the case of H(®), whose six eigenvectors are

U1 :(1a050707070) )

(A +VB)E] — 260e €
_( 3+\/5 7—(1—{—\/5)53270,62,0,()) ’

(1= V5)EZ — 265e €
1}3( 3_3/5 7(1\/5)63230362307()) ;

V4 = (gl - €2voa _€a€70a 0) 5

v = (202 V2)Ed - [(1 - 3v2)&s + (3 — 5vD&Ge + (1 + VDE + (3 - VDa& + 4¢3l

40 = V2)Ee — 23 = V2)(& + &2)&s€?
242 ’
(1-v2)[(1 - 2v2)&€ —4£2e3—(3—\@)gle?’,(z—\@)ggé,fzé) ,

= (—22+ V) +[(1+3v2)& + 3+ 5v2)&lehe - [(1 - V)& + (3 + VD)aato + 4€5]¢,

41+ V2)Ee — 2(3 + v2)(&1 + &2)Ese?
242
—(14+V2)[(1 +2v2)£26® — 4€9e® — (3 +V2)&163, —(2 + V2)&3€, \/564) : (6.2.39)

_(1 - \/5)5562 + 51637

’ (1 + ﬁ) §62 - 5163a

As before, the six eigenvectors all collapse into 47 in the e — 0 limit. However, if we go one step further,

the first difference with the H(®) analysis already arises, and we get that the vectors

wf) = oo (6.2.40)

' €
lie within a two-dimensional space spanned by the two vectors @, and iz — 14, which both fulfil the
properties of generalised eigenvectors of rank 2. And indeed again, it is true that 4o and a3 — 44 differ

by the true eigenvector (0,& — &1, &3, —&€3,0,0). Continuing the prescriptions in our recipe, we find:

lim w® = d3 + dg , lim w® = a5 , lim w® = 4 . (6.2.41)
e—0 e—0 e—0

Our “family tree” of generalised eigenvectors then looks like

Uy — 1y

U3+ﬁ4 Hﬁg) Hﬂ(i
1

27



In the end, the structure of H® that we computed is similar to the one of H(), with the sole difference
that instead of a “fake generalised eigenvector of rank 3”, we found a “fake generalised eigenvector of
rank 2713 The results of our analysis are not a particularity of the L = 5, M = 3, K = 1 case: Performing
the same analysis for the L =7, M = 3, K = 1 case, the structure we would arrive at implies the case to
feature one Jordan block of size 9, one Jordan block of size 5, and one Jordan block of size 1, which we

colour-code in the genealogical diagram to illustrate our point:'*

[114 —_— 'I,Al]f,

NVAY
N/

This is consistent with the result the authors found in [AS21], in their Table 1, and the computation in
[ACS22].

The Untangling of Mixed Jordan Chains

We have now, as a representative example, analysed some cases where degenerate Jordan blocks appear.
We have seen that, although the core assumption of onefold geometric multiplicity that we used in the
formal construction of our tools was not fulfilled, our recipe still manages to shed light on the Jordan
structure of our cases. We shall now, in more detail, study which steps of our recipe remain untouched
by the relaxation to allow higher geometric multiplicities, and which steps we need to alter.

Our starting point will be again a matrix M (¢) that is diagonalisable a.e., but that at ¢ = 0 it becomes
defective. This time, we assume geometric multiplicity to exceed one, meaning that the eigenvalue
appears in more than one Jordan block of the JNF of the defective matrix. Revisiting (6.2.15),

M(0) — 1 lim A,} {hi% vz} ~0, (6.2.42)

e—0 €

we remind ourselves that this gives us a sufficient (though not necessary in the strict sense) condition
implying that, in the limit, any eigenvector of M (¢) becomes an eigenvector of M (0). This still holds for
higher geometric multiplicities, naturally, but, we no longer have the promise that whatever vectors we
get in this limit suffice to span out the eigenspace ker{(M(0) — A1)}, as this eigenspace is now higher-
dimensional and we might only get a limiting space by the vectors [lim._,qv;] that is one dimensional
(for example, all limit eigenvectors might be collinear). One can check that for the L=5M =3, K =1
case, the “naive” limit space of span{lim._,ov;} Cker{(M(0) — A1)} does not give the full eigenpicture,
and true eigenvectors appear as generalised eigenvectors of higher rank. We shall later on refer to this

phenomenon of misplaced eigenvectors as chain mizing.

13By “fake” we are referring to the fact that it these vectors might, mendaciously, give us the impression that there are

multiple generalised eigenvectors of a certain rank, but they can be connected by ones of lower rank.
14Recall that this is just illustrating how we count, not whether what we get are true or fake eigenvectors of a certain

rank.
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At its core, this is due to the fact that there exist linear combinations of eigenvectors of M (e) whose

coefficients diverge at the exceptional point e = 0 and fulfil

n—1 n—1

[M(e) — 1A (e)] Z a;v;(€) = O(e) while liH(l) Z a;vi(e) = O(°) . (6.2.43)
1=1 7 1=1

eigenvector equation fulfilled only for e = 0 constant € behaviour in the limit

What the above equation describes is that there exist (true) eigenvectors of M(0) that cannot be ex-
tended to true eigenvectors of M(e). A priori, there is no way for us to know which of the true eigen-
vectors of M (0) cannot be accessed in the limit by true eigenvectors of M(e) (as this depends on the
e-parametrisation of M (¢)). We will exemplify this by finding four different parametrisations of matrices

that all coincide in the ¢ — 0 limit to the same matrix,

01 0
00 O0f . (6.2.44)
0 0 0
Our parametrisations are given by
€ 0 € 0 1 € 0 1 €
2 et ¢ 2 et e e 0 0 0 & 1. (6.2.45)
0 0 0 0 € e 0 O 0 0 €

If we were to apply our recipe to these cases, we get, in order, the following genealogical diagrams:

) ——> 1o Uy —> o

/ \ flg —> U] —> Qs Uy —> Gy —> 43

~ ~

us us

We get four different diagrams! Therefore, having a limit matrix with a JNF possessing geometric
multiplicity higher than one makes the analysis less transparent, and it is impossible to separate one
Jordan chain of M (0) from the other, as the above diagrams show (hence the term “chain mixing”). The

situations only gets direr as Jordan blocks grow bigger; e.g.

e 1 € 0 O
0 & 1 € 0
0 0 € & o], (6.2.46)
0 0 0 € 1
00 0 0 &

which has the following genealogical diagram (notice the “double jump” containing the @4 vector on the
bottom),

o U3 s
\ / ,
1y
which implies that we cannot determine whether lim,_,ow® = @5 is a true eigenvector, a generalised

eigenvector of rank 4 or one of rank 2.

15We shall make the rectified analysis of this example explicit in the appendix.
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Before we lose all hope, let us stress two important observations: The first one is the fact that our
methodology is still complete - in the sense that, in the end, the complete generalised eigenspectrum of
M(0) will be generated. It is fairly straightforward to see this: Similarly to the case of distinguishable
Jordan blocks, this method gives us non-zero, non-divergent and most importantly orthogonal (and,
thus, linearly independent) vectors, and we just plainly repeat this process as many times as M (¢) has
distinct eigenvectors. Additionally, the assertion that eigenvectors of M (€) become eigenvectors of M (0)
in the e — 0 limit still holds.

The second key observation is that for any generalised eigenvector of rank n found at a given step,
its associated eigenvector of one rank lower has to appear one step prior. This can be understood the
following way: Let us assume that we have a “misplaced” eigenvector in the n-th step of our method,
then we may find a generalised eigenvector of rank m at the n+m — 1-th step. By the earlier statement,

then we have a linear combination of vectors satisfying:

[M(e) — 1A, (€)] Z av; = O(e) . (6.2.47)
i=1
If we now define coefficients
B; = & (6.2.48)

Y
IT7 (N = Angjm1)
for 1 < ¢ < n, where ); is the eigenvalue associated with v; and + is a constant, then the following linear

combination of n +m — 1 vectors fulfils

m n+m—1
[T M) = 1xnpi—a()] D Bivi=0Oe) . (6.2.49)
j=1 i=1

This implies that linear combination of this form contain information about generalised eigenvectors of
higher rank, which we might be able to extract by applying the tools we already established.

Let us now motivate how we plan to separate the mixed Jordan chains: If we still were in the case of
distinguishable Jordan blocks, then the number of different vectors we obtained in the n-th step would
equal dim(ker{(M(0) — \;1)"}/ker{(M(0) — X\;1)"~1}). With theorem 2.1.1, we could then assume to
find the same number or fewer vectors in the n-th step as in the first step. Therefore, if the dimension
of a vector space we obtain in a given step is greater than the dimension of the vector space we obtained
one step prior, that is a clear indication that we have found an eigenvector “in disguise”.

Our chain mixing problem is then solved by the following consideration: As we are able to find at
least some of the true eigenvectors of M (0), it would suffice to untangle the mixed chains if we were able
to reconstruct a Jordan chain from its generalised eigenvector of rank 1.

This can be achieved by first using corollary 2.1.3.1 in order to identify a right generalised eigenvector
of rank 1 of M (0) with a left generalised eigenvector of maximal rank (i.e. a right generalised eigenvector
of highest rank of MT(0)), and then using the definition (2.1.5) we can find a left generalised eigenvector
of rank 1. Using then again 2.1.3.1, the vector we found this way can be identified with the generalised
eigenvector of maximal rank of the same Jordan chain as the generalised eigenvector of rank 1, that was
our initial ingredient. From this point, we simply need to go down in our Jordan chain like in (2.1.5),
and we are done. Recapitulating, if v is a generalised eigenvector of rank 1 of M (0), then the generalised

eigenvectors of the Jordan chain it is associated with can be generated via
M) [M(0)]" v with0 <1< m, (6.2.50)
and m € Ny such that [M(O)T}m v # 0 while also [M(O)T]erl v = 0. The issue of chain mixing was also

found in [AS21], where the authors called it unezpected shortening, however the authors did not provide
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a method to deal with it. We have this addressed this point, and put the final cornerstone in our recipe

that now gives us unambiguous results for any Jordan setting.

6.3 Coordinate Bethe Ansatz for Twisted Spin Chains

In the previous sections, we established a comprehensive toolset to construct the generalised eigensystem
of a defective matrix by perturbing it in a diagonalisable way, and then using our prescriptions when
taking the limit. We now want to apply our machinery to the case of the eclectic spin chain with
an unrestricted number of excitations of flavour 2, but only one excitation of flavour 3, which is the
M > 1,K =1 case. We want to assume that M > K, since the M = K = 1 case just featured two
flavours on the spin chain (namely flavour 3 and 1), and is therefore diagonalisable and thus there is no
need for our machinery to be involved. As was the setting for matrices, we first needed to diagonalise
M (€), and likewise we first construct the eigensystem of the twisted Hamiltonian (6.1.7), still assuming
general (non-exceptional) values of the twist parameters. We can then make use of our recipe and analyse
the defective K =1 case in full.

Our first step involves then the construction of the eigensystem of (6.1.7) for general length L,
featuring excitations of two different flavours (meaning that, with the ground state flavour 1, three
distinct flavours are appearing). To this end, we shall use a slightly modified (i.e. twisted) version of the
Nested Coordinate Bethe Ansatz (NCBA) that we introduced for the su(3) spin chain in 3.3.2. For the
original method, we again refer the reader to [BS05], but also to section II.O in [SJS06], although the
latter, while more complete, is arguably harder to consult due to its datedness.'6

Our first step in the CBA was to make an ansatz for the position space wave functions. In this, it
was particularly helpful that our Hamiltonian in the untwisted case commuted with the shift operator
- hinting at an invariance that we also want the eigensystem to reflect. This is no longer true: the
twisted Hamiltonian in (6.1.7) no longer commutes with the (usual) permutation operator, however, it
still commutes with the shift operator U that we have defined before. We can still make a plane-wave
ansatz (c.f. [Blo29]) in spite of the twisting parameters appearing, although we have to include them in

some non-trivial way in our ansatz:

n1 n1
; 5) 4 it i . q
13 (p1, p2)) = E [A23€l(p1"1+p2"2)22 + AggelPimatram) §L2:| 5'721’1+5731’2+|0>
1<ni<no<L 42 h)

n9 na
+ Z [A32ez(p1n1+pzn2)q3m +A3261(p1n2+p2m)q£;1] 57?;,1+S121,2+|0> , (6.3.1)
1<n;<na<L 72 q

17 as the L-fold tensor product of states of type 1, meaning

where we again define the pseudo-vacuum
|0) = ®L_,|1). As a notational difference compared to the introductory chapter, we introduced “creation

operators” for the excitations of flavours 2 and 3, that work as
SEF0) =[1,--,1, § ,1,---,1). (6.3.2)
~~
at site n

To make our notation a bit more economical, we suppress the explicit momentum dependence, which

we shall understand to be one on p; and ps if not specified another way. As in the introduction, we

16Tn [dLO7], a version of the Nested Coordinate Bethe Ansatz using ZF operators is presented. However, we will not
make use of it.
1"Here, we speak of a pseudo-vacuum rather than an ordinary one since the signs and constants appearing in our

Hamiltonian determine which configuration corresponds to the ground state, meaning there is a priori no unique notion of

a ground state (e.g. ferromagnetic vs. anti-ferromagnetic).
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analyse as a next step the Schrodinger equation ﬁ(ql)qz,qg)ng) = FElipo3) - again, we will make the
distinction between the case where the well separated case of the 2 and 3 excitations gives rise to the

energy equations, yielding
E=L—442cos(p1)+ 2cos(ps) , (6.3.3)

which is the same as for the untwisted case (the twist parameters do not make an appearance), and the

case where the 2 and 3 excitations are next to each other, giving rise to

A 1 e'P2 _eiP1 —(1—e1)(1—e'P2) A
321 _ [ ¢1qz2as 1—2eiP1 4ei(P1+P2) 1—2eiP1 +ei(P1+pP2) 23 (6 3 4)
A = —(1—€'P1)(1—€'P2) P2 _piP1 A. : e
23 1—2eiP1 fei(P1+P2) 419243 757 Teil(P1tp2) 32

So far, we have only dealt with the mixed-flavour case, where the two non-1 excitations of the spin state
are of different flavour (which is why the wave function carries the index 123). In order to get the full

2 — 2 S-matrix, we also need to consider the single-flavour cases, for which we will make the following

ansétze:
‘77/}22> = Z [A22ei(171n1+]02n2)qg1+n2 4 AQQei(P1n2+P2n1)qu1+n2} S?L;+S'r2L’2+|O> , (635)
1<ni<nz<L
et(Pini+panz) _ etpinatpani) 5 5
wss) = D {A%m—i-nz + A33n1+n2} S 85710) (6.3.6)
1<n1<n2<L P )

whose dispersion relation and S-matrix element are the same as the (untwisted) su(2) spin chain. Thus,

the full 2-particle S-matrix for the twisted case is of the following form:

1—2¢™P2 4 ei(P1+P2)
T 12e1 el PP 0 0 0
0 1 P2 _eiP1 —(1—€’P1)(1—eP2) 0
S( ) = q1G2q3 1—2¢'P14¢i(P1+P2) 1—2¢?P1 et (P1tP2)
b2,P1) = —(1—€'P1)(1—€'P2) ipa _giv1
0 1—2¢iP1 feiP1¥p2 419243 75 ip1 yoie1Tp2) 0
+ +
_1-2¢'P24iP1tr2)
! 0 0 1—2¢iP1 fet(P1TP2)
(6.3.7)

So far, our momenta are not quantised. As we are dealing with a closed spin chain, we expect our
spectrum to end up being discretised. Similar to the untwisted case in our introduction, we do this by
imposing a periodicity condition on our wave function (keeping in mind that we are now dealing with
a twisted theory). Expressing the wave function as a sum over the sites, [1;;) = >, . [¥ij(n1,n2)),
imposing periodicity on this wave function is tantamount to having [¢;;(n1,n2)) = [¢;;(n2,n1 + L)), as
we already mentioned in the introduction in a different context. With our ansétze for the different wave

function components, the so-generated matrix Bethe equations are

Q3LA22 Azz Az 4;512122 Az A22
oy a5 Ass _ Assz — S(p1pa) Az oip2L g5 " Ags _ Ao — S(paup) Az
5 " Aso Aso Aso qk Ao Aso Aso
Qs L Ass Ass Ass qa LAss Ass Ass
(6.3.8)

We know that our theory factorises, because we still have an integrable theory with an R-matrix, and

thus like before we can immediately extend these equations to larger M (and K):

Pl gl IOL =IO — S i) S ok par)S Pk P1) -+ S (s PE—1) - (6.3.9)

In (6.3.9), fi indicates the flavour of the k-th excitation, which consequently gives us a dressing factor

a5 Lif fr = 3 and a one of qk if fi, = 2, consistently. These additional factors are forcing us to adapt
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the regular NCBA (for the su(3) spin chain) to accommodate for the twisted nature of our model. For
general values of M, the twisted generalisation follows closely our outline in the introduction, and we
can postulate the following ansatz:

M DM
. i) peni 43 24 @2+ 3+ 24+
W)y =>">" (o) 25700 Wsnl Sz = Sy S0} (6.3.10)
k=10c€Sn
where we kept in mind that we are and will only ever be interested in the case K = 1. In (6.3.10), we are
adopting the notation of [SJS06] (or are at least inspired by it), and we are re-expressing the coefficients

from before via

Yo (id) = Azs
Y1(id) = Az
Pi(1) = Az
o (1) = Agg | (6.3.11)

where 7 € Sy is the transposition 7 = (12) = (21) in cycle notation. Acting with the matrix Bethe
equations on this, we can extract a recursive recipe out of it that was outlined in [SJS06] and we shall
extend to twisted models.

In order to make our computations more compact in their expressions, we shall work with a normalised

S-matrix of the following form:

Mg OGO |y = s(pry prat) - - - 80k D) 5Pk P1) - - - 5(pis Pr—1) [1)

(6.3.12)
1 0 0 0
S(plap) = - 1= 267ip] * e%(p " S(plvp ) = ’ 19293 173¢ipi+ez;)p_|j+pi) l—25ipi+ielejtPi.) 0
J — 9¢ipi + i(pitps) J (1—e'P5)(1—eiPi) ipg _gipi
1—2ewi +e 0 (A—ei)(A—e"i) (1 ags —EDi=eT___
1—2¢iPi ¢ (Pj+Pi 14243 o civi 4t @ TPi)
0 0 0 1
(6.3.13)

In the literature, it is more common to see these quantities written in terms of rapidities rather than in

u;

u;i 18 Thig makes our
u;+1

their explicit momenta formulation. We will choose the rapidity variable e’ =

expressions much more compact, and the undressed S-matrix is then

1 0 0 0
0 1 wj—u 1 0
s(ui, Uj) — q19293 ulj—ur‘rl u]—u;+71u1 (6.3.14)
0 = D923 1 0
0 0 0 1

Let us now analyse the product and the action in (6.3.12) and try to untangle it. We shall only focus
on coefficients of the form ¢y (id), and consequently drop the (id) argument for compactness. We then
start with the action in (6.3.12) from the inside

s(ug, ugt1) .. S(ug, upr)s(ug, ug) ... s(uk, uk—1) |) , (6.3.15)

only relevant action on ¥y _1

18This definition of the rapidity variable is the inverse of the one used in [AS21], coming from the opposite momenta
definition that they choose in comparison. With these rapidity variables, we can directly compare our Bethe equations
against the ones of [AS21].
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which lets us quickly write down the equation for v_1,'°

Ukg—1 — Uk
Vi + q192g3
u

L
A _ =
q3 EWVk—1 771 o+ 1

I -1 - 6.3.16
P V-1 ( )

Further untangling this product, we can likewise extract equations for the other coefficients 1/,

1 (1—1) Up—1—1 — Uk

L
A = - 6.3.17
43 Ak Pr—1-1 PP V% R L E ey TVh—1-1 5 ( )
0) 1 Uk—1—1 — Uk (I—1) 1

= + Vi1, 6.3.18
i Q19293 Ug—1-1 —up + 1% Ug_j—1 — Uk T+ 11/} ! ( )

where we defined )

Up—1 — U 1

M — ot BT Drot s (6.3.19)

01423 w1 —ug + 1" gy — g+ 1

and, naturally, £ — [ — 1 and the other superscripts are integers implicitly understood as mod M. We
should also stress that (6.3.17) holds for all [ with the sole exception of | = M — 1 (corresponding to
k—1—1mod M = k), where one has to substitute ¢ by qu. This is due to the fact that f; = 3 and
fi =2 1if | # k for the part of the wavefunction associated with the coefficient 1.

So far, we have only talked about the coefficients appearing in the wave function with argument (id)
that we suppressed, but more often than not does 1 (id) carry this argument. Fortunately, there are
not one but two ways to get from the (id) to the (o): Either by using the periodicity condition, or by
applying the S-matrix to ¢ (id) in an appropriate way (as we implicitly for the M = 2 case in (6.3.8),
comparing both orders of the momenta).

We can combine (6.3.17) and (6.3.18) by finding equations for 1/),(!_1) and 1/),(!) using (6.3.17), and
then resubstituting it into (6.3.18), finding the following equation

Vi—1—1 _ 1 qigeqs + (ug — we—1) (19203 — g5 i)
Yot (10203 G5 e+ (010203 — a5 M) (uk — ug—i—1)

(6.3.20)

Akin to the considerations the authors made in [SJS06], we can analyse the dependencies of the above
equation: the right-hand side depends on indices k& and k — [, whereas the left-hand side only depends
on k — . We therefore argue that, if we define

F= BB L, (6.3.21)

719293 — Akq¥

then (6.3.20) takes the form?°

Yh11 1 Up—] — T
V- ¢1G2q3 Uk—1—1 — T+ 1~

(6.3.22)

Therefore, £ must be a constant, or else (6.3.22) would not depend only on the difference k£ — . We can

then solve for the eigenvalue A\, we arrive at

:E—uk—l

(Z?%)\k = q14293 (6-3-23)

T — U
In [SJSO06], the authors would take (6.3.22) to find an expression for a general ¢; in terms of a

(that can be normalised, as the 1; form a representative of an “eigenvector”), and then substituting this

19We are only allowed to do that because no other s-matrix factors will act on _1, and we can equate it to the Lh.s.
of (6.3.12).
20Had we stuck to momenta variables, then (6.3.20) takes the form

Yoojo1 (ePrk—i—-1 — 1)[q1qags(1 — 2ePk—i + ' (Pr—iTPr)) 4 aF N (e?Pr — ePr—3))

Vkoi  019203(@P 5 — DgEA(1 — 2eiPk | ¢ Ph—=1TPR)) g goga(eiPh — ePh—i=1)]

)

which is arguably harder to manipulate in a transparent way.
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expression into (6.3.17). The presence of the twist factors does not allow us to do the same; we need to

find a way to relate a general v; to 1y, from which we have

-1 _ _
1 i — X up, — T+ 1 PV
Yr—1 = — Yk = q19243 — : (6.3.24)
(414205 H wejo1— 41 Wt =& TT_g(ah M)
Furthermore, the ’(/J](cl) are of the form
_ —z+1
;(cl = (J1Q2Q3kll—¢k -1 = L (6.3.25)
Uk — H] 1(q3 )\k? ])

As a concluding step, we periodically identify the equations where we need to, by imposing the identifi-

cation of the excitation M + 1 with the excitation 1. This implies that we need to equate the function

,(gM_l) with ¢ E\itbr. This constrains the eigenvalues \;, which in turn translates into a constraint for

A 1 (g2q3)*
)\ | I =1. 6.3.26
2LJ13 Q1Q2Q3M x—uj—l ( )

J#k
This constraint for the constant x is the auxiliary Bethe equation of our model, which we have not come
across in our introduction. We have now established all three main equations of interest: The Bethe
equations, the auxiliary Bethe equations, and the recursive eigenstate equations, and the example that
is to follow will put them into context.
If the matrix Bethe equations for the normalised S-matrix are solved, solving then the matrix Bethe

equations for the original S-matrix is straightforward: They reduce to the algebraic equations

1 — 2¢iPr 1 i (Prtp))
zp L __
N H < — 2eiPi + el(pk--s-pj)) ’ (6.3.27)

with Ax being the computed eigenvalues. Switching to rapidity variables and substituting them into the

expression, we arrive at Bethe equations of the following form:

_ L
qk Tk Huk—uj—i-l:(uk—Fl) _ (6.3.28)

Q1Q2(I3$—uk—1#kuk—ug‘—1 U,

Our expressions for the Bethe equations and the auxiliary Bethe equation coincide with the ones ap-
pearing in [AS21] (we need to identify our & with their v + 1), which is a great reaffirmation for our

results.

6.3.1 Generalised Bethe System for M = 2

We have now analysed the diagonalisable case of our (finitely) twisted Hamiltonian, and with this we
have all the ingredients at hand that are necessary to find the generalised eigensystem of (6.1.7) for the

51 with € — 0, meaning that the

defective large twist limit g;, which we shall reparametrise again as ¢; —
three twist parameters approach infinity at the same rate. In this sectlon, we shall focus on the analysis
of the M = 2 case, and then analyse the M = 3 and M > 3 cases in the appendix, as the expressions
will prove to be more involved and we need to go on a tangent on algebraic polynomials for the general
M case.

We analysed the M = 2 case in full, and we now want to study how the A and A coefficients (as first

presented in (6.3.1)) and the momenta p; behave in the limit of large twists. For this, we also need to
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study the equations for which the former are solutions in this limit, and will borrow the e-expansions of

our quantities from the computation in [AS21],

up ~ e“u_

TRuy+ €7, (6.3.29)
with the spin chain-specific constants defined as oo = % and v = 2L — 6. In the M = 2 case, the Bethe

equations and the auxiliary Bethe equations take the following form, respectively:2!

a3 T—uy wuwp—ug+1  fu+1 L (6.3.30)
Gq2q3 T —up —lug —ug —1 U1 -

(2@3)"  T—wy T — Us
=1. 6.3.31
(142q3)°> T —u1 —1Z —ug — 1 ( )

With the substitutions in (6.3.29), we then arrive at
§ § . 2¢f

ul = gplu-—w), (cu)t = o —w), 0= (6.3.32)

where we defined £ = £1&€3, and we will also define @ = ¢1¢2g3 wherever it appears from now on.
Furthermore, the momenta variables have the following e-behaviour:

oY
eipl o U_€

Serit
, S
e = T2EEME o ytema (6.3.33)
€U

For the both plane wave factors, we have then the following behaviours, depending solely on the site

indices nq, no:

etPinitpen2) , ca(ni—ns) ,

et(Pinztpani) |, ca(nz—ni) (6.3.34)

Having now analysed how our momentum variables and rapidity variables scale, we now turn our atten-
tion to the eigenstate coefficients A and A. We already mentioned before that, as these coefficients are
nothing else but “vector entries” of an eigenstate whose direction is of our interest, we can choose one
of the coefficients freely. To make computations simpler, we choose As3 = 1, and in the language of the

coefficients appearing in the equation of our interest, (6.3.22), we are then interested in the following

ratio:
Y1 Az
— = —==A3, 6.3.35
Uy = Ay ( )
which we can then express as
1 u—=z
Agzs = 6.3.36
= g (6:3.36)
These considerations give us the un-tilded coefficients. The relation in (6.3.4) then gives us the tilded
coefficients via
A 1 U2 —U 1
%23 — | ©192a3 u2iulj'1 uz—u1+1 Az . (6337)
As2 e ~NRGA0AT) \Ase

21These equations are for k = 1, we arrive at another analogous set of equations for us.
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We remind ourselves that we are primarily interested in the e-behaviour of our coefficients, which allows
us to only care about the (far simpler) relevant parts of the coefficients - meaning for the computation

that is to follow, we can limit ourselves to the leading order contributions for small e:

<A23> _ ( 1 ) ~ ( 1 )
B 1 — ey i R B
Aso q192q3 2+ (u_ —uy)e*—veY 256’7

A e “+u_—uy + —e¥ ¢ 1 3o

321 _ | aeessu——aq1q2asut ' q1g2q3(u——uq)C—u_e®tuied—oe7) | [ E(u——uy) (6.3.38)
A e =0T (=l4u_e®—uqe?) 1 —« ’ e

23 U_—uy (u——ut)(2—u_€e*tutpe™—odeY) U_—Uy

We now want to put all of these considerations together and find out, what the e of our mixed-flavour
wave function is. We recall that the only e-relevant terms in its expression are the summands, i.e.

A23 A23
nq n1
23 (p1,p2)) = -+~ [AQgei(pmlerZ"”Z% + A236i(p1n2+p2n1)z372] e
2 2
. na ~ . no
4. [A3261(p1n1+p2n2)33T1 + ASQez(manrpzm)%} . (6.3.39)
2 2
As2 Asz
whose powers we can now infer:
Agg ~ (1m0 (n2—n1)

A23 ~ 6(14»()()(7127711)704

Agy ~ 1 T3-(1Ha)(n2—n1)
Agy ~ Smam(Ima)nz—n) (6.3.40)

We can make our lives easier by reminding ourselves of the ranges the indices can take values in: The
difference of site indices is bound by ng —ny € {1,--- ,L — 1} (as ny > ny), thus with (6.3.39)

o We have that (1 —a)(n2 —n1) < (1+a)(n2 —n1) —a, since ng —ny > 1, and thus will Aqz always
dominate over Az in the limit. We can therefore neglect the summands associated to Ass going

forward.

o Likewise, 3 —a — (1 — a)(na —n1) < ¥+ 3 — (1 + a)(nz — ny) holds, and implies that Ags is

dominating over Ajs, allowing us to neglect summands associated to the latter.

Summa summarum, we only have two types of summands in the sum for our wave function that are

asymptotically relevant,

n1 n2
~ ; 43" @24+ o3 i 43" @34+ @2
|1has) ~ Z |:A2361(p1"1+]92?12) 552t gt + Aggei(Pinztpani) 5_53+52+ 1 o)

ny<ng 42 P
)™ 1 _)n2
~ Z |:((_£§uu))n2€(l—oz)(n2—n1)si,l+sg,2+ + o )((_Ezuu ))m eg_a_(l_a)(m_m)52;+5,2L’2+ 0) .
ni<nz 28+ — + 2U 4
(6.3.41)
We defined a = %, which means it fulfils
L-3
3—a—(1-a)(L-1)=3-a—(1-—=|(L—-1)
L—-1
=3-a—-L+1+L-3=1-a, (6.3.42)
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which allows us to write the dominating terms as

L—-1 n
|p28) -1 Lgu_\ " 2,4 g3,+
el—a ~ Z - S’ﬂl Sn1+1

o ur \ Gouy

1 (&u_)t
§u— —uy) (—&auy)

We can combine the latter term with the other summands using the Bethe equation (—¢u)F = &(u_ —

0) + -SPESETI0) . (6.3.43)

uy ), giving rise to the following expression:

L ni
b e Ly (£3u_> 2SR 10) = [ (u/uy)) (6.3.44)

el SHuy Souy

ni=1
where the indices of the position of the operators Si* should, as always, be understood mod L. This
result is consistent with [AS21]: |¢p(!)(u_/u,)) is indeed nothing else but the locked state the authors
also found.

In the previous section, we argued that the defective limit of eigenvectors gives rise to eigenvectors
of the defective matrix - we can therefore claim that | (u_/u,)) are true eigenvectors of (6.1.7) for
its defective limit, where it approaches the strongly twisted Hamiltonian Itlghgz’gs. One curiosity that
we find is that the eigenstates only depend on the rapidity combination Zf, and not on either u4
separately.?? Z—; is equivalent to the total momentum p; + ps in momentum variables. The first step in
our recipe is therefore complete, we have the generalised eigenvectors of rank 1 (i.e. the true eigenvectors)

to proceed with our algorithm.

(1
ij
case that coalesce to the same exceptional point, and then find a linear combination thereof that vanishes

in the defective limit. Then, wg) is given by the normalised linear combination that stays finite in the

defective limit (where we only care about the correct normalisation in terms of € power, as commented

Computing now the vectors w ) as defined in (6.2.20), we need two eigenvectors of the non-defective

on before). Candidates for two such vectors are now |¢e3(p1,p2)) and |a3(p}, ph)), which coalesce to
the same eigenvector [1)™") (u_ /uy)) provided their respective total momentum coincide, i.e. if p; +ps =

p] + ph. In explicit momentum variables, we can also immediately see that

€' |23 (p1, p2)) — €7t 1has (P}, ph)) =0 . (6.3.45)

In the large twist limit, meaning when we have ¢ — 0, we find that the terms with no = n; + 1 of
e'P1|1ha3(p1, p2)) cancel with the ones from et |23 (P}, ph)), meaning that the leading order leftovers of
(6.3.45) are given by

P [a3(p1,p2)) — €[ (p), py)) &

L—-2 n n
2—a U— _fgu7 1 B u _fgu/_) 1] ot et
‘ Z [(—§2u+)2 ( §2u+> (—&ul,)? ( Eaul, Sui S rel0)

ni=1
+ B~ (1—a)(L-2) U— (§3U—)L . u’ (f:sul_)L S3,+52,+|0>
Elu- —uy) (“Euy)?  E(ul —ul) (=&uf)2] 72 TF
1 B-(1-a)(L-2) Uu— (Eau_)t! _ u’ (Eaul )Et g3t g2+ 10)
Elu- —uy) (“bup)t  E(ul —ul) (=Geul)t | 7H TR
(6.3.46)
All of these contributions are of the same e-order, as
L-1 2
—(l-—a)(L-2)=2+"" 2 (L-2
3-(1-a)L-2) =2+ - = (L-2)

22This is to be understood in the sense that any eigenstate can be reduced to only depend on the ratio (u—/u+) - of
course, we can multiply any given state by an arbitrary combination of either rapidity, this is however only an artefact of

the particular normalisation we choose. |[¢(1) (u_ /uy)) also possesses such a factor , but we can normalise that away

_1
7 Laug
when analysing rapidity dependencies.
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L-1-2L+4 —L+3
=24 ——— =2 =2—a. 6.3.47
A T “ (6.347)
Assuming coinciding total momentum, i.e. Z—J’r = Z—T, and choosing u4 in such a way that the Bethe
+

equations in (6.3.32) hold, we can then recast the before leading order expression into the more compact

S r2l0) = [0 (u_ fuy))

(6.3.48)

where the leading order exponent is more transparently presented. With the analysis from the previous

. _ .
e [ha3(p1,p2)) — e 123 (p1,py)) _ u— uly —ug Lau_\"™ g2+
2o Ty £2 / 75 ni
€ Uy 2U+U+ el U

sections, we can therefore state that [¢)®) (u_/u,)) are the generalised eigenstates of He, ¢, ¢,, which
again only depend on the total momentum combination of the rapidities.

Going one step further, we build the vectors wg), for which we find the following expression

el tp) ip! ;o elleitp) ip"! "o
P (6 Pt abas(p1,p2)) —e p1|1/123(p1,p2)>) - (6 Pt abas(p1, p2)) — €™ |1/)23(p17172)>> )
e'P1 — e'pP1 e'’P1 — etP1

(6.3.49)
which we want to take the e — 0 limit of. We find that, for small ¢, it behaves as
L é. u ni
—« 3U— s —«
const. €% " (— £2u+> S2H531110) = ) (u_ fuy)) . (6.3.50)

n1:1

Our recipe dictates that we need to take the finite part of the above vector (which we achieve by
normalising it), so in this case again, this can be easily read off as the e-dependence is fully separated.
Thus, [¢®) (u_/u)) is a generalised eigenvector of rank 3 of Hg, ¢, ¢,.2

We can continue this process for the M = 2, K = 1 case in accordance with our recipe, and we find

that the generalised eigenvector of rank &k of 12151,52@3 are

L ni
60 (u_ fuy)) = const. Y (53“—> §25510) | (6.3.51)

vt Souy

For k > L, the site indices of the above expression are not sensible, which is why we can assume
k € {1,---L —1}. Moreover, for any given value of the total momentum we find exactly one such
vector at any step of the process.?* This is an indication that, in the sector of M = 2 and K = 1, we
find Jordan chains of size L — 1 for every permitted value of the total momentum. This reaffirms the
numerical results from [AS21] and the combinatorial results from [ACS22], which we are in complete
agreement with.

We have not mentioned anything regarding the potential danger of chain mixing so far, which might
spoil our results if inspected more closely. Fortunately, chain mixing will not be present in our case, and
we will show this with the arguments we outlined in the section about indistinguishable Jordan blocks;

consider the Hermitian conjugate of 12151,52,53,

L
adl _ SI+1
H€1,§27§3 - Z(]P) )T ) (6.3.52)
=1
BT 12) = ¢521) , P1123) = ¢} 132) , PT131) = &5 113) . (6.3.53)

23This is always to be understood up to a possible additional contribution proportional to |¢(® (u_ /u_)).
241t is important to remember, once again, that the u4 parameters need to satisfy the Bethe equations, meaning that

these £ and u combinations are not free (and free to produce pathologies): (6.3.29) tells us that —&3u_ /éauy = ¥/1, which

is precisely the factor appearing as total momentum.
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In 2.1.3.1, we proved that the generalised eigenvector of rank 1, |/ (u_/u,)), must behave like a

generalised eigenvector of highest rank of I:IE1 €2.65° Moreover, it is easy to see that?®

Hgl,gz,ggsﬁ +SS+1|O> &S ISh10) + & 85T S 10) + 6557 +53+3‘0>

He,, 52,53|¢(1)( “Jus)) = p(& + ED (us fuy)) + P ETD (us fuy)) |
AL e L 00 (s fuy)) o (& + €)@ (ufuy))
(AL, ¢, e 10 (u fuy)) o (€3 + €)M 0D (ufuy))
(B e, )" 00w fug)) o B g, g (65 + €520 (u fug)) =0, (6.3.54)

with p, p’ being two constants irrelevant to our discussion. Curiously, the above generalised eigenvector
of maximal rank is in appearance similar to a locked state, however, the 2’s and 3’s are swapped. We
refer to states of these kind as anti-locked states (for obvious nomenclatural reasons), and the authors
in [AS21] proved them to be generalised eigenvectors of maximal rank. With this result, we have the
generalised eigenvectors of highest rank of the Jordan chain at our hands, and we can apply the reasoning
from the section before: By applying (2.1.5) in order to generate the remaining generalised eigenvectors

of the Jordan chain;

HE e e l0F D (s fuy)) = p" (& + &) E D (u fuy)) + p" €0 v (u_fuy)) . (6.3.55)

where p”, p’ are yet another pair of constants irrelevant to our considerations. Provided & # —&3, we
are therefore able to act L — 2 times with He, ¢, ¢, on [~ (u_/uy)) and can show that we have
Jordan cells of size L — 1. However, for & # 0,& = —&3, our reasoning is does not hold and we have in
fact a Jordan chain of size 2 and L — 3 eigenvectors. Lastly, for £&; = 0, = —£3, we do not have any
non-trivial Jordan chains and have L — 1 eigenvectors.

In [ACS22], the authors discussed the issue of chain mixing for £&; = & = 0 and proved numerically
chain mixing not to be present up to L = 30, M = 6, although no formal proof was given.

We have now analysed the M = 2 case in a comprehensive way and successfully applied the algo-
rithmic machinery that we developed earlier. The remaining cases (M > 3) are similar in analysis, but
arguably feature more involved expressions, and requires us to embark on a satellite discussion about
Diophantine equations, removing ourselves a bit from our topic. For these reasons, these cases are

discussed - in full - in the appendix.

25Nota Bene: Not all the left generalised eigenvectors are orthogonal to the left generalised eigenvector of rank 1,
[p(E=D (u_ Juy)). 2.1.3.1 only requires orthogonality with respect to the eigenvector we are initially starting with, not

necessarily with the one associated with the generalised eigenvector of maximal rank we are computing.
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7 Conclusions and Outlook

“The time has come,” the walrus said, "to talk of many things: Of shoes and ships - and sealing
waz - of cabbages and kings.”

— Lewis Carroll, Alice’s Adventures in Wonderland

7.1 The ¢-Poincaré Algebra

The work presented in chapter 4 builds upon the considerations of [GHO7] and [YouO7], who were
concerned with quantum deformed kinematical (super)algebras. In these two articles, the authors connect
the quadratic Casimir operator with the A' = 4 SYM dispersion relation, and they search for an operator
J that acts as a translation of the rapidity variable, i.e. the variable that parametrises and homogenises
the dispersion relation. The authors in [ST16] and [BST18] then build on and further extend these works.
They find a realisation of a g-Poincaré algebra within the massless AdS3 scattering problem and study
the coproduct of the boost operator J. Our work is a direct continuation of the latter two works: In
the setting of string theories in AdS3 x S% and their ¢g-deformed counterpart (that can be identified with
(AdS3 x S3),)), we examined the algebras of the associated massless scattering problem - su(1]1)? and
U,[su(1]1)]%. In both cases, at first we restrict our algebraic analysis on the choice of a 1+ 1-dimensional
representation, but we later attempt to go beyond that.

In contrast to massive modes, the massless modes admit two different sets of coproducts, which we
denote as bosonically braided and bosonically unbraided. This terminology refers to the braiding of
the Cartan (energy) generator coproduct Af), which are fundamentally inequivalent. Imposing quasi-
cocommutativity with the R-matrix, which we assume is of 6-vertex type, we arrive at suitable R matrices
for each case. In the g-deformed case, the entries of the R-matrices depend on the deformation parameter
as well but reduce consistently to the undeformed case for ¢ — 1. With this information, we construct the
coproduct for the boost operators J 4, which we obtain by imposing the algebra homomorphism property
of the coproduct as well as the R-matrix cocommutativity relations. For each of the expressions of AJ 4,
we are left with some ambiguities or freedoms, which we decompose in even and odd parts as functions
of the momenta, denoted by T and B , respectively. Both T and B fulfil interesting relations with their
respective R-matrices, whose origin and significance is not yet fully clear to us.

Of all the cases studied, one deserves special attention. We find that, due to the form of AFE, the
g-deformed bosonically-braided case is not a Hopf algebra, but an example of a quasi-Hopf algebra, as
it is not coassociative. This vanishes for ¢ — 1 and is not present for trivial braiding of $) 4, which is
why we do not see it in any of the undeformed cases. We are not able to formulate precise physical
implications of this non-coassociative structure, and we plan to address this in the future.

Building upon this, in the second part of chapter 4 we try to generalise the results we have obtained
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in the 1 + 1-dimensional short representation to universal, representation-independent statements.

The first main question we investigated was how the left copy communicates with the right copy
of our algebra, especially with respect to the boost generators of different handedness. Starting with
the most general algebraic relations and postulates, we arrived at a classification of 6 different types of
algebras - mostly by studying the resulting Jacobi identities and general properties of the algebra. These
six algebras can be classified into two groups: separable algebras, which can be split into two disjoint
subalgebras, and the differential algebras, which fulfil 0, zg0g;, = 1 - this, in a sense, is a version of the
inverse function theorem if we understand the boost as a differential operator. Amongst the algebras
that we found, there was one special case, namely the one defined by the relation $;0.r = (Hg, that
belongs to both algebra types: On the one hand, it is differential because it fulfils the defining equation
of differential algebras, 0y grdrr = 1. On the other hand, it can be expressed via a generator redefinition

based on a separable algebra. This relationship is represented in 7.1 below.

differential algebras separable algebras

Figure 7.1: Left: The differentiable algebras and their relations. Right: The genealogy of separable

algebras.

Having established all these algebraic structures, we want to establish the corresponding Hopf alge-
braic structures. In contrast to our analysis within the context of the 2-dimensional short representation,
we here need to make use of generators of the outer symmetry group of our algebra order to formulate
a universal coproduct for J. Despite that, the process is the same: we have to impose the coproduct to
be an algebra homomorphism to obtain the wanted expressions.

A natural extension of our work relating to our boost algebraic efforts is to consider the massive
case. It would be very interesting to analyse the massive case for the 2-dimensional short representation,
whose massless sibling we discussed in section 4.2. The main obstruction to be considered in this case is
that the dispersion relation changes with respect to the massless case. This has an effect on the kinds

of coproducts we can choose: For example, for the following choice for energy coproduct

AHs=Ha@eP? e P20, , (7.1.1)
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we no longer have A, = A°P§,, which we need to hold for central elements. The construction of the
massive representation would be an interesting extension of our results we presented here (see [Hoal5)
for related work).

We have so far made no representation-independent analyses with respect to the study of quasi-
triangularity and R-matrices. This is not a coincidence, rather unfortunately it is more difficult to
do so: We expect our centrally extended, g-deformed Poincaré algebra to have a universal R-matrix.!
There also exists a consistent and systematic way to go about constructing this object - the Drinfeld
Double/Khoroshkin-Tolstoy construction [KT94] (with a pedagogical exposition in [Hecl8]). Focusing
on the 0y p = +1 case, we would cast our (enveloping) algebra into a Serre form, meaning such that the
generators or Chevalley-Serre that fulfil the Serre relations. Constructing then a dual algebra H*? to
our original algebra H, the quantum double D(#) is defined as the union of these two algebras. This
new algebra has a well-defined bilinear, non-degenerate map (-,-) : H ® H* — K, which can be used to
construct the universal R-matrix.

However, it turns out that this is not quite as easy to achieve in our setting as one could hope:
Our algebra is defined through intricate relations, and the presence of outer symmetry generators in
coproducts of algebra elements make the construction non-trivial. This hinders us from straightforwardly
applying the Drinfeld /Khoroshkin-Tolstoy recipe.

Additionally, it would be also be interesting to find a representation-independent, universal realisation
of the coproduct of boost generators for the g-deformed case. However, we recall again that in the tail
of the non-g-deformed boost coproduct, the generators of the outer automorphism symmetry appear.
Thus, for any further analyses of the universal picture, it would be crucial to understand what form of
the outer symmetry of our algebra that can be lifted to the g-deformed case (see [Regl6]).

Lastly, as we mentioned in different points throughout the chapter pertaining to the boost superal-
gebra constructions, we have not attended to the problem of finding an antipodal map, and so far the
algebraic structure we found - though intrinsically consistent - is not a true Hopf algebra per se, but
rather a bialgebra. Finding a suitable antipode would lift our structure to the Hopf level, and perhaps
this antipodal map would then hold further valuable information on other aspects of this problem, such
as the ambiguities T and B However, in order to find such a map, we would also have to have a
clearer idea about how the bialgebraic elements, most prominently the coproduct and counit, behave

with respect to the outer automorphism generators, which is by no means at all trivial.

7.2 Deformed AdS; in the Landau-Lifshitz Limit

In chapter 5, our starting point was the 3-deformed AdS3 x S3 x T* background, as studied in [BMSS20].
In our approach, we constructed the effective field theory associated to the Landau-Lifshitz limit of the
subspace R x S3 C AdS3 x S x T4, i.e. slow modes around a constant radius classical solution. In
particular, we consider the effective Lagrangian at leading and next-to-leading order in k, the energy
constant associated to time-translation invariance. With these classical considerations, we proved that
the so-constructed action gives rise to a near-BMN dispersion relations in agreement with the results the
authors computed in [BMSS20].

Within the LL regime, we then computed the A-leading order all-loop for the 2-to-2-particle S-matrix,
and got a deformation of the Heisenberg su(2) S-matrix (with sole dependence on y+ out of the three

deformation parameters). The tree level contribution to this S-matrix is congruent with [BMSS20] at

n fact, the central-extension here is crucial for this statement to be true.
2Technically, one often considers the dual (c)op algebra, i.e. H*(¢)oP,
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leading order in A. One order beyond in the string tension A, the S-matrix we computed only shows
dependence on some particular combinations of the deformation parameters ¢, y+.

One natural continuation of our study involving the Landau-Lifshitz limit of our model is to also in-
vestigate whether it shows features of integrability. So far, by only considering 2-to-2-particle scattering,
we have not been able to make any statements regarding factorisability of the higher particle S-matrix - a
key indicator of quantum integrability. In [MPRWO08], the authors compute the 3-to-3-particle S-matrix
elements for the Landau-Lifshitz model. Similarly to our analysis, they proceed by means of canonical
quantisation of a conveniently defined complex field, a process that requires very involved Feynman
diagrammatics and kinematical considerations. They find particular QFT behaviours that hint at the
integrability of the theory, such as the absence of particle creation and annihilation (i.e. the set, though
not the order, of incoming and outgoing momenta is identical), and a non-trivial mechanism behind the
factorisation of the 3-particle S-matrix. Similar considerations can be made for our model, involving the
analogous set of computations. If successful, one could then consider a generalisation of this factorisation
approach to the N-particle scattering amplitude.

Although it might seem straightforward, going one order beyond in the initial leading order corrections
that we limited ourselves to is far from immediate. As we explained, this happens because we cannot
continue using conformal gauge, meaning that there would be no way around using a gauge like the
non-diagonal uniform one presented in [KRT04]. Going beyond the orders we considered might uncover
interesting subtleties of the S-matrix computation that did no appear in our case (such as a dressing
phase appearance), although this approach is arguably more involved in terms of the expressions that it
produces.

Lastly, we could also perform the analogous computations and considerations for the inverted mode
expansion of ¢, meaning that we would essentially switch the creators and annihilators within the mode
expansion (recalling that either choice is legitimate). We could then compare the so-obtained results
against the Syy matrix element in [BMSS20], rather than the Sy one as we did for this project. This

would then further reaffirm us in our chosen approach.

7.3 Jordan Blocks and the Hypereclectic Spin Chain

In chapter 6, we focused our efforts on two subjects: (perturbative) linear algebra and spin chain appli-
cations.

In the former, we devised a recipe to find the generalised eigensystem of non-diagonalisable matrices
by mean of perturbations: We started with a one-parameter family of matrices {M (€)|e € R} which only
at a chosen point € = 0 gives rise to a defective matrix, but remains diagonalisable in its neighbourhood
(illustrated in Figure 7.2). Then, we show that it is necessary to consider appropriate linear combinations
of eigenvectors of M (¢€) to construct generalised eigenvectors of M (0). In particular, we show that we need
a linear combination of at least n different eigenvectors of M (€) to recover the generalised eigenvector of
rank n of M(0).

In our analysis, we found that the cases of the Jordan Normal Form of M (0) having only one or
several Jordan blocks associated to the same eigenvalue behave differently, depending on whether we are
in the distinguishable or indistinguishable Jordan setting. Starting with the former case, we are able to
construct the complete generalised eigensystem of the defective matrix, with our recipe also indicating
us what rank and eigenvalue is associated to each generalised eigenvector we construct. For the latter

case, however, we saw our recipe break down and in need of some adjustments: While we still generate
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M(e)

diagonalisable

defective

Figure 7.2: The one parameter family of matrices, M (¢), and the defective/exceptional point at € = 0.

the complete set of generalised eigenvectors of the defective matrix this way, the ranks that the “naive”
recipe indicates us are wrong. This would make the recipe less useful, as the Jordan structure that we
read off the generated genealogical diagram might be wrong. To this end, we supplemented our recipe
with an additional step for the indistinguishable case to untangle the mixing of Jordan chains in our
genealogical diagrams, an effect that we called “chain mixing” for obvious reasons. With this additional
step for the indistinguishable case, we then fully established a complete and exhaustive method to find
the generalised eigensystem of a defective matrix regardless of its Jordan structure or form.

With a fully working methodology at hand, we then proceeded to apply this to the case of the eclectic
spin chain (see [ISZ19],[ISZ19],[AS21]). In this setting of this spin chain, coalescence of eigenstates of
the Hamiltonian appears, as the strongly twisted Hamiltonian ceases to be diagonalisable. Applying our
algorithm to this setup with K = 1, we find the generalised Bethe system of the spin chain, confirming
and extending some of the results of [AS21], where the authors were not able to find the complete
generalised eigensystem and were not able to provide an explanation for the unexpected shortening that
they found, remedied by the untanglement of the mixed Jordan chains.

Throughout this thesis, we only considered the case of one excitation of type 3, i.e. the case of K = 1.
In [NG22], the author then extends our analysis to the setting where K > 1. In this paper, our results
and methodology are extended, and the characterisation of the Jordan chains associated to our specific
spin chain setting is completed. It was shown that the information on the Jordan structure for generic
values of L, M and K can be condensed into a product of K ¢g-deformed binomial coefficients, in analogy
to the single one we found in this thesis for K = 1.

Furthermore, there are plenty of potential settings where we can apply our algorithmic method-
ology to, and some of them also appear within the context of integrable systems: In the papers
[dLPP*21], [dLPP*20], [DLPRR20] and [DLPR19], the authors classified all integrable systems with
nearest-neighbour interactions exhibiting su(2)(®su(2)) symmetry in a systematic way, and some of the
R-matrices therein are defective. This way, the transfer matrix associated to any such R-matrix - whose
eigensystem solves the spectral problem of the Hamiltonian (and the commuting charges) - is then a

potential place for us to use our algorithmic machinery.
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A Appendix

“Tdchez de garder toujours un morceau de ciel au-dessus de votre vie.” [“Always try to keep a
patch of sky above your life.”]

— Marcel Proust, Du coté de chez Swann

A.1 Further Details on the proof of Lemma 2.1.3 for non-singular

geometric multiplicity

In this section, we want to outline some further details on the proof of Lemma 2.1.3 for when the
geometric multiplicity exceed one. In short, we need to make use of Gram-Schmidt-like orthogonalisation
arguments that makes use of the fact that any linear combination of generalised eigenvectors of rank p
and true eigenvectors associated to the same eigenvalue is a generalised eigenvector of rank p. While
we have already illustrated what orthogonality /duality relations that can be found between eigenvectors
of different eigenvalues, we still need to clarify and expand on the relations that can be found within
same-eigenvalue eigenvectors. We shall make the logic more explicit by starting with the geometric
multiplicity 2-case, and for clarity’s sake “abbreviate” our notation compared to the notation used in the
main text. For the case of geometric multiplicity 2, we take two left eigenvectors to the same eigenvalue
A,

V1,V (A.1.1)

and, correspondingly, two right eigenvectors
U, U2 - (A12)

We can remind ourselves that this must be true by recalling that, over C, every matrix is similar (i.e.
has the same JNF) as its transpose, because they can be related through a similarity transformation.
Therefore, since transposing is relating the notions of left and right eigenvectors, we can conclude that
the number of linearly independent ones must be the same. We want to relate a left eigenvector v; and

a corresponding “top” generalised eigenvector u; such that they fulfil
ol vup =1. (A.1.3)

Using Gram-Schmidt logic, we can then define a vector in the span of left eigenvectors, i.e. 93 = yv1 + v
with 7,d € C, that fulfils

B ouyp =0. (A.1.4)

Likewise, on the right eigenvector side, we can define a vector in the span of right eigenvectors, i.e.
o = auy + Pug with «, 8 € C, such that
@ v =0, (A.1.5)
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that additionally fulfils
@y =1, (A.1.6)

after normalisation, if necessary. The vectors {vy, U2} and {u1, @2} have now the desired properties for the
rest of our initially outlined proof to work, and we can conclude the case of geometric multiplicity 2. For
even higher geometric multiplicities, this orthogonalisation/dualisation process works analogously: For
the case of geometric multiplicity 3, we start with left and right eigenvectors {v1, v, vs} and {uq, us, us},
respectively, start with the initial pairing of v; and wuy, proceed identically the same, and then use the

same logic for the additionally introduced vs and w3 vectors. This concludes this elaboration.

A.2 The ¢g-Poincaré Algebra

A.2.1 The Coassociator Relations

In what follows, we want to provide more details on the calculation regarding the coassociator in (4.2.39).
The relatively simple structure of our coassociator makes it manageable to prove the defining relations

in a compact way:

(dex®id)® =id®id ‘ - this computation almost trivialises if we recall that y = 0 on the whole
superalgebra. Relation (4.2.40) (with (4.2.6)) allows us to assume that

81
log g

w::AA(E» _WAtﬂWM(EU =.EH®(?1+—CQQQE7, (A“21)

for appropriate C;. We can see that also x(C;) = 0 must hold, since we schematically have

0
Q1A = Apivial) E = ® (e — 1)+ y (e — 1) ®F ,
(x ® 1)( uivia) B = XKET @ (e — 1) + x ("7 — 1)
=1—-1=0
0
(1®X)(A ~ Auivia) E = E® x(e°F — 1) +(e?? — 1) @ y(E] | (A2.2)
=1—-1=0

where o and [ are constants representing the appearing factors, and in the latter arguments we

also used that x(p) = 0. Expanding the coassociator via
P=101®1+B®w+w&® DB + higher order exponent terms with B,w , (A.2.3)

we can immediately see that for the subleading terms, x will always make them vanish as it will
hit either an exponential p or an F term. Thus, we end up with
([d@x@id)® =101 +0+0+.....
=1o1. (A.2.4)

e [([d®A)oA=d((A®id) o A)d ! |- here, we only need to check this relation where both sides

are evaluated on the supercharges 3, meaning

(id® A)A(3) = & (A ®id)A(3) o, (A.2.5)

as the other coproducts are fixed from theirs. The calculation to prove this coassociator relation
in analogous for any of them, so we shall exemplify this using . The left-hand side of the relation

then gives us:

(id® A)AQ) =(id @A) (Q@e g +eirgF 0 9)

149



=Q®A(e 4p )+€4p %®Q®8_ipq% +eipq—%®eipq—% RN

=aQ® (e_%p@)e_%p) q

Similarly, the right-hand side of this coassociator relation is given by:

O ((A®id)ARQ) ! =

=2 +e4p Te0®e 4pq‘l +e4p f@)e%pq_§(§§)ﬂ. )
001 COQ C()3
(A.2.6)
P(O®e” g © e iPg )<I> +(I>(e4p Teaeeiry )<I> !

Co} Coy

i i _AE) —1
+o((eraeir) e S @a)e ! (A.2.7)

Co,’d

Due to the position of the fermionic charge on the second tensorial slot, the coassociator conjugation

does not affect Cob, and we can immediately see that the terms Co) =

we find that

PQ@e iPgT @eiPgT )0

—eeen(Q @ e irgh @ e irgh)e

Coy agree. Regarding Cof,

—BOw23tw120B (Q ® 6_%1)(]% ® e—%Pq%)e—‘B®w23—w12®‘B

—BOwa (A.2.8)

where the other part of the coassociator is irrelevant for this term due to the position of the

fermionic generator.
(4.2.40) and the fact that

giving us

B8 (Q @ e iPqT @ e iPgT e

which is nothing else than Co;. In a similar way, Cos

We then make use of the Weyl-type relations in (4.2.41), the relation in

M =1, (A.2.9)
AB) = Agrivial (F)
=q 4
; ) —~ =
BQuwas _ —iP,F & o iPgE 2iwsag
_(Q ® e 4 q 4 ® e 4 q 4 ) e
:(57%1’@67%1’)qi”ivzilal(E)
i i Atrivial(B)  A(E)—Agrivia) (E)

=(Q®(6_1p®6_1p)q B il

AE)

=0® (e*%p@)e’%p) q T,

(A.2.10)

A
= Coy is shown.

 Lastly, the pentagon relation ‘ ((d®id® A)P(ARiId®Rid)® =

(id ® ®)(id @ A ® id)( @ id) | can

be proved quite directly using similar manipulations. In particular, by expanding both terms and

making use of
(A® 1) (wi;) =

(I ®@A)(wiy) =

1
glogq (E(pz- +pj + oK) — E(pi + pj)) —E(pk))ll 11,

1
3 log q (E(pi +pj+pr) — E(pi) — E(p, +pk))11 ®1®1. (A2.11)

Here, we can also immediately see again that the structure of the coassociator trivialises for additive

energy, as it does for ¢ — 1. Having this at hand, the pentagon relation follows immediately.

With the relations we used above, it is straightforward to prove the coassociator equations related to

quasi-triangularity. However, to see that our quasi-Hopf algebraic setup satisfies the generalised YBE, we
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need to make things more explicit. As we mentioned before in the main part of this thesis, our strategy
here is to show that, for each of the states we evaluate it on, the GYBE reduces to the ordinary YBE
equations - modulo a prefactor in each case. To this end, we want to exemplify the coassociator YBE
equations by explicitly evaluating both sides of the GYBE in (2.4.13) applied on some representative set

of 3-particle states. To this end, we first introduce our notation for this:

e In order to abbreviate our expressions, we introduce the following notation,

Eij=Ej = W ; (A.2.12)
which then lets the coassociator appear in a more compact way, e.g.
P23 — q%(%®E2+3—E2—E3)qi(EH_Q—El—Eg)@%)
— ¢(Fofn) (8203) (A.2.13)
« We further abbreviate h; = /hsin &
e We will write the R-matrix components as:
R=al®1+BR1+10B+7BB+sQ06+5600, (A.2.14)

and we shall refer to the specific momenta space dependence in the coefficient functions by use of

superindices, e.g. a2,

In total, we have 23 = 8 3-particle states that we need to test the GYBE on. The two cases of three
identical states, ||®0®) | and | [ W)

For the remaining two sets of three states each, namely the set of states containing one fermionic or

, are immediate when evaluated.

two fermionic states, respectively, we shall fully discuss one representative example. In a second step,
we prove the equivalence concretely by eventually showing that the aforementioned prefactor appears on
both sides of the GYBE in the same way. To this end, we shall always compute the expressions in all
detail, in order to illustrate how computations of this kind work for our representation (recall that the
usual YBE computation can also be read off by just setting ® = 1). Notice also that once the coassociator
and coefficients of the R-matrix have been evaluated, they reduce to being scalar functions, and their
order is inconsequential; we shall therefore make the evaluation evident with indices and superindices,
and change the order of the expressions then in such a way to provide the clearest oversight. In what is to
follow, one should remember how the B operator acts on the states, which one can infer by considering

the algebraic relations and the representation, yielding:
B|P) =1 , BIT) = —i . (A.2.15)

DDT)

For the representative case of one fermion, the left-hand side of the equation yields:

R1®*2R130%%2 7 Rys @12 |00W) = (a2 + i (82 + §12) — ~12) Olgpyy (@' +i (81 = BY) +4'%) ‘I’\lgfpxpfl
x (02 +i (8% = 5%) +7°°) @3 |2PV)
I (I)?\%l%b(b) (53R hy) ‘I)|1§%¢Q>_l (a2 +i (8% — §2) — %)
X jgha (' =i (82 = 52) —4'%) |U®) — s'2h1hy|©UP))
O (01137 3 21 0l 5 a0l
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x ((a'?+i (8" = B'2) —4'2) [2UD) + 5211 ho|UDD)) .
(A.2.16)

With (A.2.14) in mind, it is immediate what our evaluation strategy is: We must start with the term
that is “closest” to the state and evaluate it. In the above, this was the ®'23 which after evaluation
carries a label, i.e. (P\%%‘PV We then work our way to the next term to act on the state, which is Ro3.
Whenever an R-matrix hits our state, our state might “split” into a linear combination of states, which
needs to be taken into account for all subsequent terms to hit the states, and a kind of “evaluation tree”
forms, gaining a new branching whenever such a split happens. It is therefore hugely important that we
keep track of labels and indices, which was the reason why this particular notation was chosen. Similarly,

the right-hand side gives us:

(1)321R23(I)231_1R13(I)213R12‘@q)qj> :@‘Q%%Q> (a12 +’L (ﬁ12 + 512) + 712) (I)‘g(}:;)}b\y)_l (al?) + i (613 o 313) o 713)
X (‘I’ﬁ%%w (a2 4 (8% = 528) — 4%) |BBT) + @fq%}ms‘%ﬁghg@w>)
+ Oy (@' 40 (812 + 5'2) +912) @2y 5 hha 0Ty,
x (a® 414 (8% + 5%) +97) [0 0) . (A.2.17)

We now only need to compare whether, the coassociator contributions going along with each type of

final 3-particle state are the same on both sides of the equations:
o PPV type:
- B —1 ! —1
q’]ségw)q’\lggpm <I>|1,§§M,> - ‘p?d%é%q)lzg}w) (I)Iz‘I%‘I’) ’ (A-2.18)
which is fulfilled, most easily checked by comparing the exponents:

(—E6 + &) — (86 + ) + (E6 — £6) = (S0 — EQ) + (=4 + £8) — (&4 + £5) -

(A.2.19)
e dUD type:
-1 -1 ! -1
Coe)iosr)  Pjsen# t Plove) jave)  Plaen# = ClaveyPoery Plesw) »  (A.2.20)

where, in this instance, we introduced # symbols to indicate that there are different coassociator

factors for the different terms appearing on the same side of the equation. This translates to:

(E6 + &) — (E6 + £0) + (555 — EBN#+1(E6 — &) — (E6 — £0) + (£ — )
= (56— £4) — (S + £6) + (EA + £55) . (A.2.21)

o VDD type:
—1 -1 ! -1
Coe)iosr)  Pjsen# t Plove) Cjave)  Claen# = Cloe ooy Lo,  (A2.22)

translates to

[(£6 + &41) = (&5 + £0) + (655 — Ea)|# + (£ — &) — (82 — £03) + (&5 — £0)#
;(%Jr )= (£ + E0) + (£ — £65) - (A.2.23)

152



Thus, we have proven that the YBE and the GYBE are equivalent on the state |2®W), too. For the

next state containing two fermions, we shall again show that the appearing factors from the coassociator

can be reduced away, but we shall skip the making the first step of the calculation explicit this time.
|DUW)

For the representative case of two fermions, the GYBE evaluated on it,
Ris®¥2R 501327 Ryu 012310 = 321 Ry 023! ' R 3023 Ryo|OUT) | (A.2.24)

will produce more fermionic signs and is slightly more involved to tackle, but in essence the same. The

contributions and factors can be categorised in the following way:
e dUV type:
312 132 —lgi123 ! H321 231  —1g213
Qo) Povey  Pave) = Pleve) Llevy)  Plavw) (A.2.25)
translates to

(£55 — £68) — (E65 — E) + (=£6 — £7) = (— 6 — ) — (&4 + E85) + (€4 + £5) .

e UOVU type:
-1 -1 ! -1
Pion) Povey  Plrvn# + o Pier  Pren# = Pern@ovey  Pawe) .  (A2.27)
which translates to

(=& = E6) = (&4 + £5) + (= E6 — £8)# + (£ — £40) — (41 + £85) + (=84 — Eo)#
;(37%)7(%7 Y4+ (—E6 — &4) . (A.2.28)

o YU type:
-1 -1 - -1
ey Plovey  Plrvn# + Plrvey Pliowy  Pen# = Pute Pavey  Pawe) »  (A2.29)
which translates to

(~£6 — E6) = (— 561 + £6) + (EA - £6)# + (56 — £8) — (4 + £6) + (64 — £
= (&6 — £6) — (&5 — £0) + (86 - &) - (A-2.30)

With this, all the states are checked. Notice that, due to statistical conservation, the sectors with 0,1, 2

or 3 fermions are only able to be mapped onto (linear combinations of) states of the same sector.

A.3 Spin Chains and Jordan Blocks

In this appendix that concerns chapter 6, we want to both make examples of our algorithmic framework
in practice, and point out certain caveats to be aware of during the computation. As with our exposition,

we divide this endeavour into the distinguishable and the indistinguishable case.
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A.3.1 The Distinguishable Case And A Caveat Regarding Limits

Let us consider the following complex 3 x 3 matrix:

0 1 ¢
M(e)=1€ 0 1 (A.3.1)
0 0 O
M (e) has the following eigenvalues and eigenvectors
)\1 =0 ’ v = (17645 _62) )
)\2:_67 1}2:(17_@0)’
Az =¢€, v3 = (1,€,0) . (A.3.2)

We can see that lim._,g v; = (1,0, 0) for the three vectors - so indeed, all eigenvectors collapse to the same
eigenvector in the defective limit. We now want to make the subtlety in limit-taking that we alluded to
in (6.2.28) explicit while computing the generalised eigenvectors, by also doing it the “wrong way” on
the right-hand side below (i.e. by subtracting limits of eigenvectors instead of computing the limit only

at the end). Going one rank up to computing w® | we find

v — B21v2 vy — lime_,0(B21v2)

~ ( 471376) ’ = ~ (07 76271) )
|v1 — Ba1v2] |v1 — Ba1v2]
vz — B3203 vg — lime_,0(f3203)

~ (_67 170) )

Y2~ Paats ~ (0,1,0) . A.3.3
o2 = Byava] (0.1,0) (4.3.3)

[v2 — Baavs]
Thus, were we to proceed the wrong way, we will incorrectly generate two generalised eigenvectors of
rank 2 rather than one - this directly contradicts 2.1.1 as our geometric multiplicity is just one, providing
an upper bound for the number of linearly independent generalised eigenvectors that can appear with

(€3]

each step. So, correctly we find that lim,._,q wlé = (0,1,0) is the generalised eigenvector of rank 2.

Going one step beyond, we then find

1 1
wEQ) - ﬂszwés)

1)

wyy — Bagw

1 =
23

which is then implying that lim¢_, wg) = (1,0,1).! In [GN16], the authors use the “wrong” method
of constructing generalised eigenvectors, however, in their case it is inconsequential due to their Jordan

Blocks being of minimal size 2.

A.3.2 The Indistinguishable Case

In this chapter, we want to fully and correctly examine the example briefly mentioned in the correspond-

ing section 6.2.3 concerning chain mixing, we recall the matrix we mentioned where this issue arises in

(6.2.46):

e 1 € 0 O
0 ¢ 1 € 0
ME=]0 0 € €& 0], (A.3.5)
0 O e 1
0 0 0 €8

giving rise to the following genealogical diagram:

IHere, it is again apparent that this is not a “pure” generalised eigenvector of rank 2: It is the sum of a true eigenvector
and the “pure” generalised eigenvector of rank 2, (1,0,1) = (1,0,0) + (0,0,1).
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g U3 Us
Uy

We can straightforwardly see that in the defective limit, M (0) = M is in JNF form, and has Jordan
blocks of sizes 3 and 2 - not reflected in the diagram above. We need to make use of our remedy in
(6.2.50), and proceeding systematically, we find two things at first, namely that we have two admissible

m values and associated generalised eigenvectors of rank 1:
MM M4, =0+# M Mta, |

MMTa, =04 Ma, , (A.3.6)

while also satisfying the eigenvector condition (recall that M is nilpotent and has therefore only 0 as

eigenvalues)
Ma, = May =0 . (A.3.7)

This implies we have admissible m € {1, 2} for v € {ug4,u;} in (6.2.50). We can thus generate [{1,2}| = 2
untangled chains, and find:
MTMta, =13
m = 2-chain ¢ MMt M4, = {iy (A.3.8)
MMM Mo, =i,

| Mtay =15
m = 1-chain (A.3.9)
MMTa, =y
This implies that indeed we have a Jordan chain of length 3 and one of , and we can untangle

the genealogical diagram above in the following way:

(51 Ug us

~N S

Using this untangling recipe, any chain mixing can be resolved and the correct Jordan structure com-
puted. With this example, one can also see that the above recipe is consistent with the case where there
is no chain mixing, as is to be expected. Of course, the cases of chain mixing are more likely to appear
for bigger Jordan blocks, and we have dealt so far with a “minimal” example to illustrate things, but

the recipe we introduced works just the same for more intricate Jordan structures, too.

A.3.3 Generalised Eigensystem for M = 3

In this section, we will analyse the generalised Bethe system for the M = 3 case, whose analysis will
closely follow the one for the M = 2 case but does come with some new caveats that we shall emphasise
before moving on to the case of arbitrary M, on which we shall only make some comments. In either
case, our starting case will again be studying both sets of Bethe equations ((6.3.26) and (6.3.28)) in the
defective limit, parametrised by € — 0. Proceeding again as in [AS21], we expand the physical rapidities

u1, Uz, uz and the auxiliary rapidity  around the defective limit,

up — €u_ + %,
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uy — €u’ + %,

uz — —1+¢€° Uy ,

T—us+€ev, (A.3.10)

where we redefine the constants to account for M # 2,

L-M-1
T Mt
_L-3M-3
f= L-M+1"~
v=2L—3M, (A.3.11)

and the Bethe equations take the following form

2

~ L ~ ~/
L m-18 U- —u- 3 U- —u-
u” = (-1 U4 =222 ,
VT g T £ up
2 ~/ L~/ ~
1 \L m-1€ uZ —al 3 U —u-
(ul) (1) 3{‘ Ut (u_)L+1 & uy
g o o 2t
— (—U+)L M1 — 2M3 lé_ v = —ﬁ (A312)

Expressed in momentum variables rather than rapidities, we have the following relations (using again
that e’k = _1h_):

p+1/
et u_e® + (i —u?)e*
e L (6L
ey — —A. (A.3.13)

This means that in the plane wave ansatz, where we have in general summands of the form

>,

— ZZ Po (i) qd A3.14
|w> (q2q3)’"‘k ) ( J. )
F(M,o)
we have the following behaviour:
F(3,1d) = (p1n1+p2nz+p3na)M ~ @D (nitn2)—(B-1)ns _ (a=1)[(n1—n3)+(n2—n3)] , (A.3.15)
q5°

where we make use of the relation (M — K)(a— 1) = K(f — 1) amongst our constants in the exponents.
The Hamiltonian that describes our model is still invariant under the shift operator U, meaning that
we would expect only a dependence on the relative positions of the excitations, and indeed the sole
dependence on (n; — n3) and (n2 — n3) indicates precisely that.

Having now discussed the e-behaviour of the rapidities and the momenta, we now analyse the be-
haviour of the coeflicients (o), that were previously in the M = 2 case represented by the A A
coefficients. We are again free to normalise one of the coefficients (which corresponds to an over normal-
isation of the eigenstate), and we shall choose 13(id) = 1. For the two cases k — [ = 3,2 in (6.3.22), we

then have
’(/}2('5(1) _ l us — T
Y3(id)  Quo—z+1"7
wl (Zd) o l Uy — T
Uo(id)  Qup —z+1 (A.3.16)



As for the case of M = 2, in this first step we have dealt with the coefficients that carry (id) as an
argument. The coefficients carrying transposition 7 € S3 as arguments, i.e. ¥;((jk)), with ¢, j, k different
integers, are straightforwardly computed, as the transposition occurs amongst labels of excitations of
flavour 2, and for these cases we simply have:
' 1 — 2¢fPi 4 eipi+pi) )
¥i((jk)) = Pi(id) . (A-3.17)

"1 — 92¢ipk 4 eipitre)

S22(pj,pk)
This is enough to fix 3! = 6 coefficients of the wave functions, as we have to choose pairwise different
integers i, j, k for expressions 1;((jk)). For all the other cases, we can use the periodicity condition to

relate terms of the following form in a particular way:

2+ 2+ 3+
52 521 534
3+ 2+ 2+
S5 S2 S
2 3 2
s% st s2

Examples of such a connection are

ing
Y1 ((321)) = gy (id) |
q5
L
((123)) = a(id)e P2 ol L. (A.3.18)

a3
Needing to fix 18 coefficients in total, and having had computed 6 before, for each one of them we can
derive 2 more, meaning we exhaust all the freedoms the coefficients might possess and fix them fully.
Having now all the coefficients in our quiver, we can start to link them together, and we see that the
coefficients associated with v5(id) are the dominant terms. For instance, we can take a look at the part

of the wave function associated with the creation operators SiFS2FSat:

ni+n ni+n
¢3(Z-d)ei(l71n1+p2n2+ﬁ3n3)M ~ wg((12))ei(}72n1+p1n2+p3n3)M ~ 6(0471)[(711777u3.)+(n27n3)]
ne n )
q5° q5°
i(p2n1+panz+pins) qgl+n2 ; q2L a(ni+nz)—PBnz ni+nz—ng
¥3((123))e " ¢1(Zd)mf €
2

~ V=3¢ (140) Le(a=D)[(m—na) +(na=na)}+(a+B)(na—ns)

ni+nsa L
7/}3((13))el(1’3”1+172n2+171n3) q3q5137 ~ 1)1 (id) Sa2(p3, p2) 620211, ¢(n2tng)=fins gnatna—ng
~ €73 B (1)L (a=1)[(n1—ng)+(n2—ns)]+(a+8) (ns—n1) ’
11+ L
P ((321))6i(p3n1+p1n2+p2n3)M ~ ) (id)q72€a(n2+n3)*ﬂn16n1+n27n3
’ a° 208 G+ Lyl
~ 320l (a=1)[(n1—n3)+(n2—n3)l+(a+p8) (ns—n1) ,
+ L
v ((23))ei(171n1+:03n2+172n3)ﬂ ~ ) (Zd)q725 ( )Ea(n1+n3)fﬁn2€n1+n27n3
’ q5° 2 ei(p1+p2)Lq§ 22\P1, P3
~ 636—2aL666a(n1 +n3)—[3n2€n1+n2—n3 . (A319)

There is one more caveat that we should be aware of: In the defective ¢ — 0 limit, the momenta p; and
. nytng
pa coincide, implying that the leading contribution of 13 (id)e?(P1m1+p2natrsns) q3qn3 exactly cancels the
2
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3 ni+ng
leading contribution of 1)5((12))e!(P2n1+pinatrsns) q3qn3
2

identical flavours and coinciding momenta. However, the next-to-leading contribution to the rapidities

, as Saa(p,p) = —1 if the two excitations have

w1 and us makes them different, appearing an additional €* factor compared to our initial computation
from before

qgﬁ-nz qu1+nz
3 (ld) i(pini+pana+psnz) 43 +¢3(( )) i(pani+pinz+psns) e
2 2

~ 6oze(oc—l)[(nl—7’L3)-|-(n2—ng)] )

(A.3.20)
Nonetheless, the situation is much alike to the one we found in the setting of M = 2, in the sense that
we have two dominating contributions, the ones associated with 13(id) and 13((12)), and we can restrict
our considerations from now on to contributions associated with the coefficient ¢3(id), as we similarly
did in the M = 2 case for the dominating terms.
Having analysed all the e-behaviours of the coefficients and the rapidities (and momenta), the mise-
en-place for our recipe is now complete. In the defective limit, the wave function behaves as

L

|,¢> ~ Z [(wg(id)el(mnlﬂnzfm) + wS((lg))el(:ﬂzn1+p1n2)) e'P3n3 B! - 57211+S2 +S3 ,+
n1§n2<<n3 q2
1<n; <L
+ (1/)1((321))61(1)17124'?2”3) + wl((lg))el(mnz-&-m%)) eiP3m ngnl Si,l-&-si,;sig&-
2
+ (¢2((23))€1(P1n1+172n3) +w2((123))61(112n1+?1n3)) etP3n2 q3qn2 Siisﬁjsig‘ |0>
2
L ~ =/ ni+n2
o~ Z Ea+(a—1)[(n1—n3)+(n2—n3)] (nl _ n2) U— — U_ (53/“’*) SQ +512 +S3 ,+
n1<na2<n3z (—§2u+)"3 '
1<n;<L
G- — s (E3u)"™T™ 51 oy 2 G- — A (Lu )" o et g2
+(nz —ng) ——— - (_£QU+)n1+LSn;*Sn;*Sn;,* = ns = D)= S SortSonrSn | [0)

(A.3.21)

The permitted combinations of the three different n; and the parts of the sum that dominate are

L2 , /= _ .

|w> 53(1/— - u—) 5 2 + a_ —a_ (€3u_)2L_1

~ S S 0
63720( nlzz:l é‘%u?‘r £2u+ ni+1 n1+2 | > U (_£2u+)L+1
@ — 2L+
SITSELSII0) - <(522‘ui>L+2 SPrSyTSEtI0) (A.3.22)
We can recast all of these contributions into a single sum in the following way:
WGl =)~ GuR\™

) ~ €72 T > (- gm St S k1S al0) (A.3.23)

ni=1

where again we understand the subindices of the creation operators Si* are to be floored modulo L.
Curiously, we again have that, symbolised by the ratio %, this expression only depends on the total
momentum Ps = p; + pa + p3. Additionally, once more as in the M = 2 case, we can see that the (finite
part of the) eigenvector corresponds exactly to what in [AS21] is referred to as locked state.

We now go one step further in our recipe, and, analogously to the M = 2 case, try to furnish a suitable
linear combination of eigenvectors, that we just now have computed. If two eigenstates |1 (p1, p2, p3)) and
[ (P}, ph, ph)) have the same total momentum, P; = Pj, then they coalesce to the same (true) eigenstate
of the defective strongly twisted Hamiltonian. Similarly to the M = 2, the linear combination that we

want to analyse the limit behaviour of,

6i(2p1+p2)|¢(p1,p2,p3)> _ ei(2p’1+pé)|¢(p'1,p’2)pé)> , (A.3.24)
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then lets us deduce that

P4 i, . ) — S (0] ) 1) LGN s s
et %const.z _§2u+ 57211+Sn71+25n71+3|0>-

ni=1

(A.3.25)

The finite part of the above state corresponds to a generalised eigenstate of rank 2. Things get more

interesting when we turn to constructing the generalised eigenvectors of rank 3. Proceeding along the

same lines as in the M = 2 case, we end up finding that the suitable linear combination of eigenstates (of

the non-defective Hamiltonian) can, in the limit, be written as the linear combination of two excitations
that solely depend on Ps,

< Gui\"™ 2,4 a2+ @3+
a1 [Z <_ ) Sy S0 3 14l0)

= Eouy

L 2,,2 ni
+ax| Y <—£3u‘) S2H52E S0y, (A.3.26)

Souy

ni=1
where a; are coefficients that are functions of the individual momenta, too. This is indicative that there
is another true eigenvector hidden somewhere in disguise.

The situation gets more involved the deeper we get into our recipe, and we need to construct a
more streamlined approach to find the number of independent vectors that is found at each step. When
analysing |¢) more closely, we find that, similar to before, the relevant e-order contributions of the wave
function are controlled by the separation of the excitations, most directly seen by analysing the (twisted)
M = 3 plane wave factor (as already stated before),

F(3,1d) = ei(p1n1+pznz+z)3ns)% el (mtn)=(5=Dms _ (a=Dlm—na)+(ma=ma)l (A 3.97)

ds
The question regarding the number of independent vectors found at each step can therefore be reformu-
lated as the question of how many solutions does the equation n = (n; — n3) + (na — ng) possess, for a
given suitable n. There is the additional restriction of 1 < n; < ny < ng < L, as this is how we build
our wave functions (see (6.3.10)), which means that the separations of two states can at most be L — 1,
but has to be larger than 0. Thus, the set of equations whose number of solutions we are interested in

looks as follows:

(ng —n1) 4+ (ng—ng) =n,

1< (n3 — ’I’Lg) < (’I’L3 — nl) <L-1. (A328)

We are standing on the shoulders of giants, as this is nothing else but a (restricted form of a) Diophantine
equation, and we shall dedicate a large portion of the remainder of this chapter to the study of such

equations.? To write this equation in a more compact form, we perform the following change of variables
(ng—mg) =x2+1, (ng—m1) =21 +22+2, (A.3.29)

with which our equations that the following form
1 +2x0=n—-3=A, x1 >0, 0 >0, 1+ +2<L—-1. (A.3.30)

Furthermore, we can simplify these equations even more by introducing the slack variable (Schlupfvari-

able) xy > 0 that allows us to re-express the latter inequality as an equality, and finally lets us write the

2The field of algebraic number theory has a rich history a plethora of interesting approaches to study Diophantine
equations. It would go beyond the scope of this thesis to, in addition to algebraic notions already introduced and discussed,
fruitlessly attempt to formulate an adequate overview of this fascinating topic. For historical and introductory references
on Diophantine equations and related algebraic topics, we refer the reader to [Mor69], [Sma98], [YT04], [VE06], in no
particular order.
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Diophantine equations in a more standard form,

To+ a1+ =L—-3

1+ 22 =A . (A.3.31)
z; >0

A (0,21, T2) Number of sol.
A (zo,21,22) Number of sol. 0 (4,0,0) 1
0 (3,0,0) 1 1 (3,1,0) 1
1 (2,1,0) 1 2 (2,2,0), (3,0,1) 2
2 | (1,2,0), (2,0,1) 2 3 (1,3,0), (2,1,1) 2
3 1(0,3,0), (1,1,1) 2 4 1(0,4,0), (1,2,1), (2,0,2) 3
4 1(0,2,1), (1,0,2) 2 5 (0,3,1), (1,1,2) 2
5 (0,1,2) 1 6 (0,2,2), (1,0,3) 2
6 (0,0,3) 1 7 (0,1,3) 1

8 (0,0,4) 1

Table A.1: Solutions to the system of Diophantine equations (A.3.31) for the cases of L =6 and L = 7.
In both cases, we consider M = 3 and K = 1.

The above table in A.1 gives us information on the cases of L = 6 and L = 7. We count the number
of different solutions for A, as A is connected to the order of the e-exponent n, and it is the e-orders
that are material to our Jordan construction. For the former case, we find that the system of equations
has one (or more) solutions for 7 different values of A and two (or more, but in this case no more)
solutions for three different values of A. This lets us claim that in the L = 6 case, the strongly twisted
Hamiltonian has a JNF features one Jordan block of size 7, and one of size 3. This is consistent with

[AS21]: With the condition of zero total momentum, we have that

6
(2%’3) —10=7+3. (A.3.32)
Likewise for the L = 7, we find that the system of equations admits one (or more) solutions for 9 different
A, two (or more) solutions for 5 different values of A, and three solutions for 1 value of A. Similarly, we
therefore expect the Hamiltonian to be similar to a JNF matrix with three blocks; one of size 9, one of
size 5 and one of size 1. We also have that

7
(2,1,4)

7

These results are in agreement with the results in [AS21].

—15=9+5+1. (A.3.33)

We have now exemplified that our method indeed works by discussing the cases of L =6 and L =7,
and we now want to analyse the case of general length L. To this end, the realisation that if (xg,z1, z2)
is a solution for length L then (xzg + 1,1, 22) is a solution for length L + 1 is particularly helpful. We
can start by finding the number of solutions for when we have o = 0, and then proceeding recursively,
meaning finding solutions for

1 +ao=L—-3
T+ 2 = A . (A.3.34)
z; >0
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This system of equation has precisely one solution for any given value of A given by

2o =A+3-1L (A.3.35)
a1 =2L—6-A . (A.3.36)

Lest we forget about our restriction that x; > 0, implying that A € {L — 3,--- ;2L — 6}. One can then
prove by induction that there are a total number of L%J + 1 solutions for the case where 0 < A < L — 3,
and a total number of |[L—3— £ | +1 solution for L—3 < A < 2L—6. [z] is the usual floor function, i.e.
the function that gives us the largest integer that is smaller (or equal) to z. We shall show that this result
can be written more compactly in terms of a special function later on. Once this result is established,
the Jordan structure of the spin chain with general length L can be easily computed. We can already
see that the system of equations (A.3.31) has one or more solutions for a total of 2L —6+1=2L —5
different values of A, two or more solutions for a total of 2L —5 —4 = 2L — 9 different values of A, three
or more solutions for a total of 2L — 13 different values of A, et cetera. Concluding, the Jordan structure
for the M = 3, K =1 case is such that the Jordan blocks are of size 2L — 5 — 4n, with n € Ny, which is

in agreement with [AS21] and [ACS22], reassuring us in our efforts.

A.3.4 Generalised Eigensystem for General M and an Interlude on Gauss

Polynomials

For the case of arbitrary M, our approach will be much the same: The relevant terms in the wave

function scale as

g
eizipmi %qiM -~ 6(()&—1)(Zini)_(a+ﬂ_2)n1\4 _ 6(0_1)21'(7”_”1\4) , (A.3.37)

g 4o

where K(8—1) = (M — K)(a—1) lets us combine the exponents. We again want to compute the number
of different generalised eigenvectors appearing at each step of our method, which is again equivalent to

the solution counting of the (linear) Diophantine equations,

> (i —ni) =mn, (A.3.38)

i
with the restriction that the excitation separations are bound by (na —n;) € {1,---,L — 1} for a
spin chain of length L. Akin to the case before, we want to bring the Diophantine equations (and the

restrictions) into a more standard form using the variables x;, defined by
M—1
ni+1—nizxi—l—l@(n;\/f—ni):(M—i)—i— ij R (A339)
j=i

and we introduce the slack variable zo > 0 again to transform in the inequality (nyps —nq) < L —1
into the equality (zg + nay —n1) = L — 1. With these redefinitions, we arrive at the system of linear
Diophantine equations
S e =L-M
S G =A (A.3.40)
z; >0

The following table A.2 shows the solutions for the case L = 8, M =4, K = 1; we can again see that the
system of equations possesses one or more solutions for 13 different values of A, two or more solutions
for 9 different values of A, three or more solutions for 7 different values of A, four or more solutions for

5 different values of A, and five solutions for one particular value of A. This implies that we expect the
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Jordan chains for this case to have lengths 13, 9, 7, 5 and 1, which matches the results from Table 2 in
[AS21].

(zo, 1,22, 23) Number of sol.
(4,0,0,0) 1
(3,1,0,0)

(2,2,0,0), (3,0,1,0)

(1,3,0,0), (2,1,1,0), (3,0,0,1)
(0,4,0,0), (1,2,1,0), (2,0,2,0), (2,1,0,1)
(0,3,1,0), (1,2,0,1), (1,1,2,0), (2,0,1,1)

(0,2,2,0), (0,3,0,1), (1,0,3,0), (1,1,1,1), (2,0,0,2)
0,2,1,1), (0,1,3,0), (1,0,2,1), (1,1,0,2)
(0,1,2,1), (0,0,4,0), (1,0,1,2), (0,2,0,2)

(0,1,1,2), (0,0,3,1), (1,0,0,3)

(0,1,0,3), (0,0,2,2)
(0,0,1,3)
(0,0,0,4)

Cclo|lvd|jlololks|lw|lw|~|lo| D>

—_
o

—_
—_

== N W R RO R R W[N]

—
\}

Table A.2: Solutions to the system of linear Diophantine equations in (A.3.40) for L = 8, M = 4 and
K =1

Moving on from this case with specified length, let us consider general values of L. Similarly to the
M = 3 case, we have that if (xg,z1,...,2p-1) is a solution for length L, then (xg+ 1,21,...,2p-1) i8
a solution for length L + 1. Therefore, we start by analysing the zo = 0 case of (A.3.40) first again and

proceed then iteratively:

SH e =L-M

SMG - Da)=A+ M~ L, (A.3.41)

j=1
Zj Z 0

where we subtracted the first equation from the second equation in (A.3.40) to arrive at this form. We can
see that (A.3.41) corresponds to the system of Diophantine equations for the case L —1,M — 1, K =1,
implying that we can arrive at the number of solutions to (A.3.40) with A, L and M by taking the
number of solutions for A, L — 1 and M and adding the number of solutions for A+ M — L, L — 1 and
M —1.

Table A.3 below shows the sum rule we just derived for the case of L = 9, M = 4, K = 1, where
we have Jordan chains of lengths 6, 8, 10, 12 and 16, while the case of L = 10, M = 4, K = 1 exhibits
Jordan chains of lengths 3, 7, 7, 9, 11, 13, 15 and 19, in agreement with [AS21]:
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A
Y 0[1]2|3|4|5|6|7|8|9]10|11|12|13|14| 15|16 17|18
(8,4) 1012344544321 |1]0]|0]0]|0]0]o0
83 -¢3|oflojojofo|1]|1]{2]2]3[3|3|2]2]1]1]0]0]0
(9,4) 1/1]2|3|4|5(6[6|6|6|5 4|32 |1[1][0]|0]0
9,3)-¢°3|ofo|ofofo|o|1|1]|2]23[3[4]3[3]2]2]1]1
(10,4) 112|345 |7|7|8|8|8 |7 |7 |5 |4|3]|2]1]1

Table A.3: Explicit computation of the number of solutions for the cases L =9, M =4 and K = 1 and
L =10, M = 4 and K = 1, starting from the number of solutions for the case with L =8, M = 4 and
K=1.

Taking one step back, if we consider general values of L, M, we can write the recursive relation that

connects solutions for the cases L with L — 1 by first defining the generating function F(L, M, z) as

F(L,M,z) = Z x24{Solutions of eq. (A.3.40) for given values of L, M, A} , (A.3.42)
A=0

that we can use in establishing
F(L,M,z)=F(L —1,M,z) + 2" MF(L —1,M - 1,2)

L—-2
F(L,2,2) =) a’. (A.3.43)
j=0

In (A.3.43), the second equation is the result from the M = 2 case (where we found a single Jordan chain
of length L — 1), which serves as a base condition for our recursive relation to foot on. This recurrence
relation has been studied before in the context of combinatorial analysis: The generating function is

nothing else but a type of Gaussian polynomial (or q-deformed binomial coefficient), i.e.

F(L,M,z) = (]\L4_11)z : (A.3.44)

where we define

<m> _(=gM—gm).. . (1=-g"t) (A.3.45)

r 1-q91-¢*)...(1—q")

The nomenclature comes from the fact that in the ¢ — 1 limit, we recover the usual binomial coefficient,

liny (T)q - (T) : (A.3.46)

We can see that the values in table A.3 are identical to the coefficients of the polynomials (i:})x,
2974 (g:})x, (Z:i)m, 2104 (g:})m and (140:11)1, respectively. In [ACS22], the authors found this generating

function without using integrability, strengthening our confidence in these results as different approaches

ie.

led to the same findings.
We conclude this section by making some remarks about Gaussian polynomials and prove some of

their properties.®> We start with the fact that it is immediate from (A.3.45) that they fulfil the properties

3For a larger discussion on this, we refer the reader to the references [vIWO01] and [Sz 13]. We shall stick to their
definitions, and also use their schematic sketches of proofs for two of the properties they show in a more detailed way.
Further helpful references include [Cig81] and [Kro22].
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o Reflection Property:

(T)q - (m”z r)q . (A.3.47)

e 1st Pascal identity:

<T:)q =4 <mr_ 1>q * (T:f)q : (A.3.48)

e 2nd Pascal identity:

—1 —1
(m> _ <m ) gmT (m 1) . (A.3.49)
"/q " q =1/
In order to get more acquainted with these polynomials, we shall prove these three properties at once:

Proof. In the same order as above, we have:

e For the Reflection property, we can see that

<m> _(A=gmA—gmh)...(A—gm )
), 1-q)1—-¢*)...(1-q")
_(A=gM =g (L=gmt) (=g (1-¢™)
1-9(l-¢*)...(1—q") (1—g*h)...(1—gmT)
_(1-g™mA-g¢™")...(01-q")

1-91-¢*...(01—qmT)
:(m"i T) _ (A.3.50)

e The 1st Pascal identity is proven by noticing that we have

<m> _(A=gm—g™)...(1-g")

r 1-q)1—-¢*)...(1-q")
_ o (1 _ qm—l) L (1 _ qm—r+1)(1 _ qm—r) 1
=1 =a")x I-90-¢)...(1—q) T
:(m;l)q7 sincem—r=(m-—-1)—r+1
_11_(]7‘{::<mr 1) . (A.3.51)

Similarly, we also have that

m 1—q¢™ (m-—1
() <iz ()Y e
q q

—1 1—4q" —1
<m ) :q_<m > , (A.3.53)
r—1 q 1—qm " r q

With these identities, we can show that

as well as

m 1—q™ m—1
") 1—qgm—r T q
———

1-q"
—qgT
=4 +1,q'm7'r'
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_ ofm—1 + 1—q¢" m—1
— T ), l=qmT" L

:(m—l)q, using (A.3.53)

r—1

<T:)q — g (mr 1)q + (T_ll)q . (A.3.54)

o Lastly, we can also prove the 2nd Pascal identity in a similar way, starting with (A.3.52) and

proceeding then like

0, =5 (5)
") 1—q" r—1 q
_l—qm-—T

T Ta" "
_ 1—¢™ " /m—1 LgmT m—1
N 1—gq" r—1 q ¢ r—1 q

:(m:l)q, using the inverted relation of (A.3.53)

(m - 1) FgmT (m - 1) , (A.3.55)
r 4 r—1 q

O

concluding our proof.

We can also prove that we have (1 —¢)(1—¢?)...(1—¢")|[(1—¢™)(1—¢™1)...(1—¢™ "), in the
polynomial ring R[q], by applying binomial rules, meaning that they are indeed polynomials (not just

meromorphic or rational functions). We shall prove this by induction:
Lemma A.3.1. (T)q is a polynomial in q of degree deg ((T)q) =(m—nr)r forre{0,---,m}.

Proof. Since we have that, for m = 0,

(8) =1, (A.3.56)

which is a polynomial in ¢, and we can therefore proceed to the induction step over m. With the 2nd

<m:» 1)q _ (r:)q - <TT1>q , (A.3.57)

)q is a polynomial in g since, by inductive assumption, we assume (") , and g™ .

Pascal identity for m + 1,

m—+1

we infer that ( .

to be polynomials in g. By then counting the degree in ¢ of the numerator polynomial and subtracting

from it the degree of the denominator polynomial, we get

%(1 +2m —r)r— %r(l +7r)=(m-—r)r, (A.3.58)
—_——— ——

numerator denominator

proving our claim. We will now make use of these properties to get information regarding our Jordan

chains. -

Additionally, it is for example easy to see that we have

(”f) = mz_:l 7, (A.3.59)

=0
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since we have that (1 4+ ¢+ ¢+ ---+¢™ 1) (1 — q) = 1 — ¢"™. This Gaussian polynomial’s coefficients
contain the information about the Jordan cells of the case of length L = m + 1 and two excitations with
different flavours (corresponding to the M = 2, K = 1 that we studied already). The polynomial goes

m—1

up to order ¢ , and all the coefficients are identical 1, implying that we have a single Jordan chain of

length L — 1 for each value of the total momentum. The iterative application of the 1st Pascal identity

Coeff <<T:)q;q0> -1, (A.3.60)

where Coeff(P(q); ¢™) represents the coefficient associated to ¢™ in the polynomial P(g). Moreover, one

on (T)q then implies

can prove that the highest non-vanishing coefficient is

Coeff ((T) ;q<m”’“> -1, (A.3.61)
q

implying that the longest Jordan chain for the case of length L, M excitations and K = 1 has size
(L —M)(M — 1)+ 1. This result perfectly reproduces the values L — 1 and 2L — 5 which we found for
M =2 and M = 3, respectively.

In the body of the thesis, we proved that our Hamiltonian was nilpotent, but were not able to exactly
state that the degree of nilpotency is. We can now produce the upper bound using this result: As we
know that the largest Jordan block associated to the Hamiltonian for the spin chain of length L with
general M and K = 1 has size (L — M)(M — 1) 4+ 1, this means that we need to exponentiate the
Hamiltonian (L — M)(M — 1)+ 1 times for it to vanish. More generally, if we do not know about M, the
largest possible nilpotency order our Hamiltonian associated to a spin chain with length L can possess
is [242].

Furthermore, we can argue in the same way as in the M = 2 case that chain mixing do not spoil
the above result. However, this is more easily shown by setting first £& = £ = 0, as IA{(];’QE3 can only
move the 2’s in the state to the left until they find a 3. By definition, we have a total of L — M 1’s and
can apply 1312;70763 a total of (M — 1)(L — M) times, which implies that the Jordan chain has indeed size
(L — M)(M — 1)+ 1. This proves the conjecture the authors in [AS21] made regarding chain mixing for
the longest Jordan chain.

However, we have still not proven that chain mixing is not affecting the chains apart from the longest
one, and many of our claims rest on the assumption that chain mixing never enters. However, all the
cases we have checked explicitly as well as the before argument leave us hopeful about this conjecture.

Lastly, with a bit of algebra, the following properties can be shown:

Coeft <<m> ;q1> =1, (A.3.62)
"/q
Coeff ((T) ;q(m”rl> =1, (A.3.63)
q

for general » and m > r, of which we shall sketch the proof of the former. The latter follows from

e We firstly have that

the palindromic property, that we will prove later on.

Proof. Our inductive proof starts by (re-)stating that, for all m, we have that (T)q =14q+---,

meaning that already fulfils our claim. By proceeding by induction over r, we now show that if
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(’I‘Tl)q fulfils Coeff((rrfl)q;ql) =1 (with r > 2), then (T)q fulfils Coeﬁ((’f)q;ql) =1 as well.
The 1st Pascal identity gives us that

G-, (), (A3.561)
s

—_——

=1+q+-- Polynomial with lowest degree ¢"=?
which implies that, since (T)q is a polynomial, it has to be one with the lowest orders in the

m

exponents starting as (7

)q =1+4¢qg+---, as the equation would otherwise not hold. O

In a similar way, one can show

Coeft <<m> ;q2> -2, (A.3.65)
r q
Coeff((m) ;q(mr)r2>
T
q

for general r > 2 and m >max(r, 3).

2, (A.3.66)

The above two properties imply that we have a second Jordan cell only if M > 3, and it has size
(L—M)(M —1) — 3 while keeping the total momentum fixed, which is in agreement with the value
2L — 9 we found for the M = 3 case.

One last curiosity that one can prove is

Coeff<(m) ;q8> =00eff<(m) ;q<’”—">r-8> 7 (A.3.67)
r q r q

meaning that the Gaussian polynomials are palindromic.

Proof. We first recall that (T)q is indeed a polynomial in ¢, meaning we have

(m—r)r
m
( ) — Z Clmrs)d® (A.3.68)
" q s=0

for some coefficients C(,, ;. 5). In general, we have that a polynomial p(q) € R[g| is palindromic iff

the two mirrored polynomials,
p(q) =ao+a1qg+ -+ apg” (A.3.69)

and
; p a q alq _|_..._|_a s ( :;.l )

coincide. With this convenient statement, we note that one can see that

r)y dmr (A== ) ()
¢"(q™ = D™ (g m) — 1)L g ()
qlg' = Dg2(g > —1)...q"(¢7" — 1)
g Fzm=rIr (g=m _ 1)(q=(m=1) _ 1) (g~ (m—r+D)
g3+ G —D@2-1).. (¢ —1)

=(M)1

q
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m
_ q(mfr)r < > ,
rj)L

which in turn implies the equation

proving our claim, as

O(m,r,s) = C(m,r,(m—r)r—s) .

(A.3.71)

> , (A.3.72)

(A.3.73)

This implies that the size of all Jordan cells can differ by even numbers only (including 0).
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Data Management

NEE. Hifuk. 7 [“Be not afraid of growing slowly; Be afraid only of standing still.’]

— Chinese proverb

No data beyond those presented and cited in this report are needed to validate this study.
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