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Abstract

This thesis examines a fermionic duality present in the super spin chain interpretation of the
su(2[1) sector of N' = 4 super Yang-Mills theory. By a direct Feynmann diagram calculation,
the two-point correlation functions are determined in the planar limit at one-loop order for the
50(6) sector and the gauge-invariant operators with definite conformal dimension are shown to
correspond to solutions of one-dimensional spin chains for the su(2) sector. The spin chains are
then solved by the Coordinate Bethe Ansatz for the su(2) sector and by the Nested Bethe Ansatz
for the su(2]1) sector and are shown to include a fermionic duality transformation. The Algebraic
Bethe Ansatz is reviewed and used to prove a closed-form formula that relates the norm of Bethe
states to the Gaudin matrix. A defect version of the field theory is investigated where one-point
correlation functions can be expressed in terms of the superdeterminant of the Gaudin matrix.
The dual spin chain solutions are then shown to correspond to the different choices of grading of
the Lie superalgebra of the theory. The transformation rules of the superdeterminant appearing
in the subsector su(2|1) are then examined under the fermionic duality transformation of a
non-momentum-carrying node of the Dynkin diagram. Finally, an attempt to prove that the
superdeterminant transforms covariantly under this duality is made with promising results.
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Chapter 1

Introduction

The standard model of particle physics unionizes the electromagnetic, weak, and strong forces
of nature into a quantum field theory (QFT) that is currently our best model for describing
physics on a small scale. General relativity (GR) on the other hand is the theory of gravity, the
last of the fundamental forces, and is currently our best model describing physics of large scale.
In the search for a theory that combines GR and QFT, string theory has been one of the most
successful candidates so far. In particular, a ten-dimensional superstring theory is favored over
its 26-dimensional bosonic counterpart since it includes both bosonic and fermionic excitations
which are related by supersymmetry [1].

Supersymmetries have also been implemented in QFTs where in particular N' = 4 super
Yang-Mills (SYM) theory first formulated by Brink, Scherk, and Schwarz in [2] has proved to
possess a wide range of applications. The reason for its many applications is linked to the fact
that it carries the maximal amount of supersymmetries for a four-dimensional theory without
gravity [3]. This causes the theory to be conformally invariant even at the quantum level with
its beta function conjectured to be zero at all loop orders [4]. Furthermore, the symmetries make
the theory integrable in the planar limit where the number of colors is taken to infinity making it
possible to calculate some physical quantities analytically [5]. The conformal symmetry greatly
restricts the structure of two- and three-point correlation functions such that their space-time
dependence is determined by the conformal data of the primary operators. The conformal
invariance also implies that there are no inherent mass scales in the theory like the ones we
find in quantum chromodynamics (QCD) and the reason for its popularity might therefore seem
unjustified. However, QCD is asymptotically free and at high energies, it is approximately
conformal making it possible to study high-energy gluon scattering by calculating amplitudes in
N =4 SYM.

In 1998 Juan Maldacena conjectured that string theory and QFT were not two competing
theories, but instead dual theories in the sense that all observables can be mapped from one
theory to the other [6-8]. Specifically, his anti-de Sitter/conformal field theory (AdS/CFT)
correspondence claims that type IIB superstring theory living in the product space! AdSs x S°
is holographically dual to N/ = 4 SYM theory living on the boundary of the AdSs part of the
theory which is locally isomorphic to four-dimensional Minkowski-space [6, 8]. The AdS/CFT
correspondence is a strong/weak duality meaning that the strong coupling regime in N' = 4
SYM maps to the weak coupling regime in the superstring theory. The upside of this is that it
enables us to perturbatively calculate quantities in one theory that cannot be calculated in the
other if the conjecture does indeed hold. The downside is that proving Maldacena’s conjecture
might be difficult for the same reasons.

Here S® is the five-dimensional sphere while AdS5 is the five dimensional anti-de Sitter (AdS) space which is
the maximally symmetric space with constant negative curvature.
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1.1. STRUCTURE

In 2003 it was found that the observables of N' = 4 SYM theory correspond to solutions
of one-dimensional super spin chains [9, 10]. One way to prove the AdS/CFT correspondence
might therefore be by using these spin chains as intermediary systems for mapping observables
between the two theories. The simplest spin chain, the su(2) Heisenberg spin chain, was solved
already in 1931 by Hans Bethe when he on a research stay in Rome came up with a clever
ansatz now known as the Coordinate Bethe Ansatz (CBA) [11]. The Heisenberg spin chain
was then already well-known by solid-state physicists to whom the spin chains were not abstract
constructions in a QFT but posed as a real physical model describing metals. Since then the spin
chains has been studied among others by Baxter and Faddeev who systematized the study of
integrable models and introduced the Algebraic Bethe Ansatz (ABA) which has since been used
by Beisert and Staudacher to generalize the Heisenberg spin chain to the N/ = 4 superconformal
algebra of psu(2,2|4) [12, 13].

Since its formulation, N' = 4 SYM has continued to reveal new features. For instance,
defect versions of the field theory which are holographically dual to certain D-branes living
in the string theory have revealed several integrable boundary states of the super spin chains
related to the theory [14, 15]. The overlaps between Bethe states and these boundary states
include information about the one-point functions in the defect theory and can be expressed
through the superdeterminant of the Gaudin matrix which is related to the norm of the Bethe
state. Apart from being interesting object in the QFT, the overlaps have also been studied in
statistical mechanics where the overlaps with Neel states were first found [16] and have recently
been useful in the study of quantum quenches [17]. So far these overlaps have been found in
different gradings of the Lie superalgebra using both direct QFT calculations as well as symmetry
arguments with some gradings being more easily accessible than others [18].

Recently, Beisert, Kazakov, Sakai, and Zarembo showed that there exists a fermionic duality
transformation that can be used to transform the Bethe equations between the different gradings
of the Lie superalgebra of the spin chain [19]. This enables us to transform the overlaps in the
defect theory and arrive at expressions for other gradings.

In this thesis, we will show how the tools of integrability can be used to study how the
overlaps present in the defect theory transform under these dualities.

1.1 Structure

This thesis is organized as follows: In chapter 2 we derive the A" = 4 SYM theory by dimensional
reduction of its ten-dimensional counterpart first considered by Brink et al. We then review the
symmetries of the theory and in particular show how the conformal symmetry constrains the
form of the two-point functions of the operators with definite conformal dimensions. We then
show that in the t’ Hooft limit where the number of colors is taken to infinity the correlation
functions of interest dramatically simplify. In this limit, we then do a direct Feynman diagram
calculation at one-loop order to determine correlation functions in the so0(6) sector and show
that finding the operators with definite conformal dimensions is equivalent to diagonalizing a
Hamiltonian describing one-dimensional spin chains.

In chapter 3 we review the rather physical Coordinate Bethe Ansatz (CBA) which diago-
nalizes the Hamiltonian of the spin chains related to our theory. We start by solving the su(2)
sector where the dilatation operator corresponds to the XXX, Heisenberg spin chain known
from condensed matter physics. We then go on and introduce the slightly more advanced Nested
Bethe Ansatz (NBA) to derive the Bethe equations solving the super spin chain of the su(2|1)
sector which is of special interest in this thesis. In the process of solving the spin chain through
the Bethe Ansétze, we will show that there is a manifest ambiguity as to which fields constitute
the vacuum of our chain and which constitute the different levels of excitations. This is the first
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1.1. STRUCTURE

hint of the existence of the duality transformations we will investigate more thoroughly later on.

In chapter 4 we outline the Algebraic Bethe Ansatz (ABA) which, as its name hints, is
slightly less intuitive than the CBA but despite that has the advantage of formally proving
the integrability of the theory. We then use the tools developed in the ABA to derive a norm
function for Bethe states expressed in terms of the determinant of the Gaudin matrix.

In chapter 5 we discuss a certain defect version of N’ =4 SYM which is holographically dual
to a D5-D3 probe brane living in the AdSy x S? part of the string theory. In this dCFT one-point
correlation functions are no longer trivial but can instead be written in terms of overlaps between
boundary states and Bethe states which in turn can be expressed by the superdeterminant of
the Gaudin matrix decorated with some Baxter polynomials.

In chapter 6 we show how the bosonic and fermionic duality transformations of the Bethe
equations found in chapter 3 are algebraic implications encompassed by a set of QQ relations.
Furthermore, we show how the fermionic duality transformation can be used to transform be-
tween the different possible Bethe equations each of which corresponds to a choice of simple
roots of the underlying superconformal algebra of the theory, psu(2,2|4).

Finally, in chapter 7 we set out to prove the conjecture given by Kristjansen, Miiller, and
Zarembo in [20] where they claim that the overlap formulae found in the dCFT transform
covariantly. Keeping with the previous part of the thesis, we restrict ourselves to the su(2[1)
sector since it is the simplest sector containing the fermionic duality of interest. Specifically, we
show how the superdeterminant appearing in the overlap formula of interest transforms under
the duality transformation on the non-momentum-carrying node from the O &— to the
—Q— representation of the algebra. Chapter 8 contains our conclusion and outlook.



Chapter 2

N =4 Super Yang-Mills Theory

In this chapter, we derive the N/ = 4 Super Yang-Mills (SYM) theory in four dimensions via
dimensional reduction of the N' = 1 SYM theory in ten dimensions following Brink, Scherk,
and Schwarz in [2]. We then go over the symmetries of the theory and their consequences
and in particular, we show how the conformal symmetry greatly restricts the form of two-point
correlations functions of operators with definite conformal dimensions. We then go on to show
that in the planar limit, where the number of colors is taken to infinity, the correlation functions
simplify and it becomes possible to determine the conformal dimension of operators in the so(6)
sector. This is then done by introducing a renormalization scheme and by explicit Feynman
diagram calculations at one-loop order. Finally, we turn our focus to the su(2) subsector of
the theory where the good conformal operators correspond to solutions of the one-dimensional
Heisenberg spin chain, which we will investigate in the next chapter.

2.1 Dimensional Reduction

In order for a theory to be supersymmetric, it must have the same amount of fermionic and
bosonic degrees of freedom. specializing to the case where we only have a massless vector
particle and an unrestricted massless Dirac spinor which have D —2 and 2P/2 degrees of freedom
respectively there is no integer dimension D where these match. However, by restricting the
spinor to satisfy Majorana and Weyl conditions the number of fermionic degrees of freedom
reduces to 2°/2-2 which matches the number of bosonic degrees of freedom for D = 10. Starting
with the 10 dimensional N' = 1 SYM theory, the goal is to derive a four-dimensional SYM theory
by means of dimensional reduction. We chose all fields to transform in the adjoint representation
of U(N) where all fields are represented by N x N Hermitian matrices. The action of the ten-
dimensional theory is then given by [2]

1 _
Sio= [ dOztr ( —=FMNFyN +i9TM Dy 0 |, 2.1
2

where M, N = 0,...,9 are Lorentz indices, V¥ is the Grassmann-valued Majorana-Weyl fermion,
'™ are the ten-dimensional gamma matrices satisfying the Clifford algebra {T'M TN} = —2pMN

U = ¥iT0 and

1

Fyn = [Dy, DN) = O AN — ONAn — igym[Am, An], Dy = 0V — igym[Anr, Y,

(2.2)
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2.1. DIMENSIONAL REDUCTION

are the field strength and the gauge covariant derivative with Ap; being the gauge field. The
action is invariant under the non-abelian local gauge transformations

U UWUY, Ay - UAyU + ganMU—l, FMN _y g pMNp-1 (2.3)
YM

with U(z) € U(N) and the supersymmetric transformations
1
§Ay = ial'y 7, o0 = §FMNFMN a, (2.4)

where T'yyny = [[ar, I'v] and « is a Grassmann-valued spinor. The spinors satisfy the Majorana
and Weyl conditions

U = (o0, rv=-v, (2.5)

where I'y; = Iy ...I'9 and Cyg is the charge conjugation operator defined by ClOFMCfOl = —I’ﬁw.
To find a representation of the gamma matrices satisfying the Clifford algebra in ten dimensions,
it is convenient to use the four-dimensional gamma matrices in the Weyl basis given by

0 ot . B . )
Y= |:5—,u 0 :| , o'=(1,0"), o'=(1,-0") ’75 = 7‘70’71'}/2731 (2.6)

for £ = 0,1,2,3, since we want our theory to reduce to four dimensions. The gamma matrices
satisfy

=" GO ==a A0 = (T (2.7)
With the four-dimensional charge conjugation given by
. iUz 0

el 0] o

the ten-dimensional gamma matrices can be represented by the 32 x 32 matrices
't = ’yu & ]187 H = 07 17 21 3? (293‘)
M=y 01,®i°, (2.9b)
[ = v @ 1y ® A7, a=1,2,3, (2.9¢)
I'® =5 ® 01 ® is, (2.9d)
= Y5 @ 02 @ 5. (296)

Then, by introducing

0 0 —o2 O
0 —o2 O 0

0 0 01’
0 0 0

U=ily® (2.10)
0o
and transforming the gamma matrices and the charge conjugation operator according to

™ urMyt,  Cig — U*CloUT, (2.11)

the charge conjugation and the eleventh gamma matrix factorizes into

0 1 . -1, 0
4:|, FH_ZF()...FQ_"}/5®|:O4 114:|

50 (2.12)

clo—c4®[
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2.1. DIMENSIONAL REDUCTION

This hints that the Majorana-Weyl spinor decompose into

X1
U = S, (2.13)

X8

where x; are in turn to be constrained spinors in four dimensions. The Weyl condition, ' ¥ =
—WV, implies that

Xi = V5Xi, Xj = —V5X; fori=1,...,4, j=25,...,8, (2.14)

which in turn implies that the first four spinors are left projections and the last four are right
projections of another spinor

Xi = L, X; = Ry, (2.15)

since the projection operators satisfy 5L = L and y5R = —R and are given by

1 1
L=50i+m), R=g5li—7) (2.16)

From the Majorana condition, ¥ = Tl = Ciolo U™, it follows that
Lp; = Cyyo Ripiy g = Liiga, Ripiyq = CayoLapj = Ry, (2.17)

and consequently the Majorana-Weyl spinors decompose into four chiral and four anti-chiral 4
dimensional Majorana spinors

Ly
Lpy
T = , 2.18
R, (2.18)
R4
since the spinors still satisfy ¢; = C41/;f. Now, the reduction ansatz is to freeze all dependencies
of the last six coordinates z%,i = 5,...,9 and decompose the Gauge field into
At = AH, uw=0,...3, (2.19a)
Al = ¢t i=4,...9, (2.19b)

where ¢; are to be considered six real scalar fields. The kinetic term in the action involving the
field strength then decomposes to

FMNEy N = F'E,, +2F"F,; + FUF;, (2.20)
with
FME, = (0"'¢" — 0" A" —igym[A*, ¢']) (Oudi — 0i Ay, — igym[Ap, ¢i]) = DF¢'Dygy,  (2.21)
and

FIF; = (0'¢) = &¢" —igyme’, ¢']) (0ij — 0;0i — igymlei, 85]) = —ginld’, &[4, 651,
(2.22)



2.2. CONFORMAL SYMMETRY

where the 0; terms vanish due to the reduction ansatz. Likewise, the fermionic kinetic term
reduces to

iOTM Dy U = iOTH D, U + gy P [, U). (2.23)

Consequently, the ten-dimensional supersymmetric ' = 1 SYM theory reduces to the four-
dimensional N' =4 SYM with the action

1 1
Sphreg =2 / d*ztr [—4FWF‘“’ — 5Du@-pﬂqsi

. ) 2
50Dy + TR ] + B[ gl 0] (2:20)

where I'* are still the ten-dimensional gamma matrices and F),, and D, are now given by

Fup = 8,4y — A, — igyai[ A, A, (2.25a)
D, i = 0udi — igym[Au, ¢i)s  Dutp = 09 —igym[Ap, ¥, (2.25b)

with p,v =0,1,2,3 and i = 1,...,6. The supersymmetries (2.4) become

1 . ; i,
64, =ial, ¥, 5 =ialW, ¥ = STy F"™a+ Dygila - Zg;fM [6i, 6,070, (2.26)
It is often useful to expand the fields in the N2 generators of U(N)
¢'=¢.T,,  FM =FM"T,, (2.27)
where the generators T, are Hermitian and satisfy
1 , 1
Ti(;Tl?l = 552'1(5]']67 [Ta,Tb] = ’LfabcTc, tI‘(TaTb) = i(salr (228)

2.2 Conformal Symmetry

The action (2.24) exhibits a lot of symmetry which it inherits from its 10 dimensional ancestor
and importantly it is invariant under conformal transformations which preserves angles between
any two line segments'. These transformations belong to the special subset of coordinate trans-
formations that scale the metric according to

v = G (@) = Q2 (2) gy (). (2.29)
Comparing this with a general coordinate transformation of the metric

OxP O0x°
Guv = G (') = E wgpg(a:), (2.30)

under the infinitesimal coordinate transformation
at — ot 4 e€¥(x), (2.31)
and by expanding Q%(z) = 1 + ew(x) + O(e?), we get that to first order in ¢

w(l’)guy = _aM€V - 81/5;1‘ (232)

The conformal transformations are known form the Mercator projection which projects the surface of the
Earth onto a cylinder such that angles are conserved while areas far away from the equator are distorted.

7



2.2. CONFORMAL SYMMETRY

By tracing (2.32), we arrive at the differential equation

2
(%E,, + 51/5# = 89#1/8050(33)’ (2'33)

and by contracting this with 9" we obtain
do?¢, = (2 — d)9,0"¢,,, (2.34)

which for d = 2 is simply the Laplace equation. Thus, in two dimensions there are an infinite
amount of conformal parameters. Contracting again with 0, we see that 828,@“ = 0 and thus
&M can depend at most quadratically in z. The solutions for (2.34) for d # 2 are

H(z) = ot + wha” + ozt + B, (g" x? — 22HaY), (2.35)

where o, w!, and o are the generators of infinitesimal translations, Lorentz transformations
and dilatations respectively, the latter simply being scaling of the metric. The last two terms
proportional to 8 constitute the special conformal transformations given by an inversion followed
by an infinitesimal translation followed by an inversion again,

v (% +a

e e — v 2_2#V+O 2y 9 36
TR @Y T Era G ey W IO 080

To determine a differential operator representation of the conformal generators, we consider a
scalar field ¢(x) that is invariant under conformal transformations (2.31). We then have that

¢'(a") = p(a' — e€) = d(') — e€" D (2) + O(e°). (2.37)
Comparing this with the infinitesimal transformation generated by a conformal generator G,
¢ (z) = ¢(x) — i0,Gad(x), (2.38)

we identify the d generators of translation P* and the d(d — 1) generators of Lorentz transfor-
mations .J,,,,, which constitute the Poincaré algebra by

P, = —i0y, J = i(x,0, — ,0,), (2.39)
while the dilatation generator D and the d special conformal generators K* are given by?
D = —izt9,,  KF=i(g"a® - 22"z")0,. (2.40)

Counting the number of conformal generators, one gets 1 (d+2)(d+1) which is the same amount
of generators of SO(d,2) and in fact the conformal algebra of d dimensional spacetime is iso-
morphic to the Lorentz algebra of d+ 2 dimensional spacetime. Working out their commutation
relations, we obtain

[D, P} = iPy, (2.41a)
(D, K] = —iK,, (2.41b)
(K, Pl = =20 (Jw — nu D), (2.41c)
[P;u Jpa] =1 (Wuppa - maPp) ) (2.41d)

(K, Jvo) = i(uwKos — nueKy), (2.41e)
[Juws Jpo] = =i (Mupdve — (1 > V) — (p > 0), (2.41f)

2Not to be confused with generators of Lorentz boost which are often denoted K,, = Jom
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2.2. CONFORMAL SYMMETRY

while the rest vanish. It turns out that the conformal symmetry of the action (2.24) greatly
restricts the form of correlation functions. All one-point functions vanish due to scale invariance
while the spacetime dependence of two-point functions are fixed by the conformal dimension of
the operators. Fields with definite conformal dimension A; transform under scale transforma-
tions according to

x =, ¢i(z) = AR (\x). (2.42)
With A = 1+ o, the infinitesimal form of the transformation is
¢Z(x) — (1 — ZUD)¢Z(A.Z‘) = (1 — 0A2)¢1(/\$), (2.43)

and the dilatation operator thus measures the conformal dimension of a field. The conformal
dimension is classically equal to the mass dimension of the field, but it will receive quantum
corrections. When quantizing the theory, the action of the Poincaré generators is replaced with
the commutator such that D¢; — [D, ¢;] and instead of considering the classical fields we now
consider composite operators Oa consisting of multiple fields. In order to find out how the
operators of definite conformal dimension transform, we consider the action of the generators on
the fields at origin where they transform in a representation of the rotation group SO(d) given
by

[Jrs OR(0)] = (B )5 OA(0),  [Ku, OA(0)] =0, [D, O&(0)] = ~iAFOA(0), (2.44)

with X, being a matrix satisfying the Lorentz algebra and a, b indices for the SO(d) represen-
tation which we will henceforth suppress. The action of the translation generator is still given
by

[P'u, On(z)] = —iaHOA(x). (2.45)
We can then find the action at any spacetime by translating with e*7"®r
(D, Oa(x)] = [D, e Tt Op (0)eTn®"] = e~ thua” [¢ibuz” De=iPuc® O\ (0)]etFre" (2.46)

= D —iat By, O (0)]e™ ™ = —i (A + 218,) Oa(w),

where we used the Baker-Hausdorff formula e Be=4 = B+ [A, B]+ 4[4, [A, B]]+. ... Similarly,
we get for the other generators

[Juws Oa(x)] = =i (B — 240y + 2,0,) Oa(z), (2.47a)
(K, Oa(z)] = —i (22,A + 22"%,,, + 22,270, — 2°0,) Oa (). (2.47b)

We will only be interested in spinless states and will thus take X, to be zero. The prototypical
two-point correlation function is given by

fra(x1,22) = (0[O, (21)On, (22)]0) = (Oa, (21)On, (22)) - (2.48)

Then, by using the commutation relation (2.45), we get that

(ai T ai) fralar,2) = <ai,fom<x1>m2 (22)) + <0A1<x1>£§m2 (02))  (249)

= <[PM7 OAl (xl)]OA2 (w2)> + (OAl (xl)[PM? OAz (xQ)D =0,

where we used that the vacuum is annihilated by all symmetry generators G |0) = 0. The
correlation functions can therefore not depend on x1 + 2 but only on the distance z = x1 — 9,

-9



2.3. N =4 SUPERCONFORMAL GROUP

which makes sense since the theory is translation invariant. Without loss of generality, we set
zro = 0 and using commutation relation (2.46) we get the differential equation

0
w_ 2 _
<A1 + Ao+ 2 82”) flg(z) =0, (2.50)
which is solved by

fia(z) = Croz~ 21752, (2.51)

Finally, by considering the commutation relation (2.47b), we get the equation

v 0 9 —A1—A

<2A12M + 22,2 Fie Zz@zﬂ) ZT21TR2 =0, (2.52)

which is solved only if A; = Ay. Consequently, the two-point functions between operators with
definite conformal dimension are restricted to be on the form

(OO, 1)) = T (2.53)

with Cj; = 0 if A; # A;. We will use this to determine the gauge-invariant operators of definite
conformal dimension at one loop order.

2.3 N =4 Superconformal Group

In addition to the conformal symmetry, the action has a global SU(6) = SU(4) symmetry where
the 6 scalars transform in the six-dimensional representation, the 4 chiral fermions in the fun-
damental representation, and the 4 anti-chiral fermions in the antifundamental representation.
This is known as bosonic R-symmetry which constitutes the largest group that commutes with
all other symmetry transformations. Finally, the supersymmetry (2.26) gives rise to 16 super-
charges Qnq and Qg where a = 1,2,3,4 and « and & are spinor indices belonging to the SU(2)y,
and SU(2)g part of the Lorentz group SO(1,3) ~ SU(2) x SU(2)g. The commutators are

{Quia, Q0} = 65 Pacy  {Quia» Q) = {Q%, Q) = 0. (2.54)

Combining the supersymmetries with the conformal ones we introduce an additional 16 charges
S, Saa. Together, the conformal symmetries, the supersymmetries and the R-symmetries form
the A = 4 superconformal group of PSU(2,2|4). The algebra generating a Lie supergroup is
know as a Lie superalgebra and an introduction to this as well as the notion of Dynkin diagrams
can be found in appendix A. Through the remainder of this chapter we will only be interested
in the s0(6) subsector of the theory consisting of only the six scalars ¢;.

2.4 Correlation Functions
In Feynman’s path integral formalism the correlation functions are given by
(O[T ¢(z1) .. d(20)[0) = (P(21) - .- P2n)) = N/D¢ ¢(x1) ... p(zn)e’, (2.55)

where T is the time-ordering operator, N a normalization constant such that (0|0) =1 and D¢
denotes that the integral is to be taken over all field configurations. By introducing a generating
functional

Z[J]=N / D¢ exp (z / dxl + J(x)¢(x)> : (2.56)
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2.4. CORRELATION FUNCTIONS
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(a) Scalar propagator (b) Gluon propagator (c) Fermion propagator

Figure 2.1: Propagators carrying two indices represented with two lines. Breaking with tradition, we use dashed
lines for the fermion propagator and a full line for the scalar propagator.

correlation functions can be obtained by taking the functional derivatives

521J]

n5J(£C1)...5J(xn) J=0’ (2.57)

(1) .- dwn)) = (=)

where we have introduced a source term J for the field ¢. For a free theory this can be solved
explicitly while for interacting theories we use perturbation theory and expand the interacting
part of the Lagrangian in the coupling constant which produces the Feynman rules. In our case
the non-interacting part is given by

Liree = 2tr [;AH (DU’W — 8“8”) A, + é¢zﬂ¢l —+ ;&F“@Lw] , (2.58)

from which we can read of the scalar propagator given by the two-point Green’s function of the
Laplacian?

~ ; 1 d*=2ep ePlr=y) I'(l1-¢)
7 J — .. — 4.
<¢ab($)¢cd(y)> - 251_]5ad5bc/ (271')4_26 pQ - 51]6ad5bc 871'2_6(3}' — y)Z(I*E) 9

(2.59)

where we have introduced a dimensional regularization with d = 4 — 2¢ to keep track of the
divergences we are about to encounter. Likewise, the gluon propagator in Feynman—t Hooft
gauge becomes

I'l—e)
87‘(’2_5(% _ y)2(1—e)

(A (2)ALa(Y)) = OuBadbe = S Gaddbe Ke (2, ), (2.60)

where we introduced K (z,y) to lighten notation. The Kronecker deltas d,q4dp. suggest that we
represent the propagators by a double line like seen in Fig. 2.1 in order to keep track of the
color indices. The even n-point functions are then given by all the possible combinations of the
two-point propagator

(@) dxa)) = Y (le)d(x2)) . (S(en-1)d(zn)) . (2.61)
combinations

while the odd n-point functions vanish. If we now consider the two-point correlation functions
of a gauge-invariant composite operator in the s0(6) sector which consists of traces of the six
scalar fields ¢; such as

Or =tr [¢p" ¢ ... ¢"] = ¢lhdi2 ... oL, (2.62)

®If the gauge group is SU(N) instead of U(N) the completeness relation (2.28) reads T T, = 0:0jk — ~ 0ij Okt
and we would have to replace §,q40pc With d4q0pc — %5“55[1, which in the planar limit, N — oo would be the same.
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2.5. RENORMALIZATION SCHEME

B

(a) (b) (c)

Figure 2.2: The planar Feynman diagrams (a,b) carry two extra factors of N compared to a non-planar diagram
(c) which is consequently suppressed in the 't Hooft Limit where N — co.

where I = {i1,49,...,i1 } is an ordered set specifying the operator. We need to consider every
possible contraction to determine the two-point function. We then have that
(01(2)Or(y)) = (D () B2 () - - B (€) Dl (V)DL () - - - Byt (1) (2.63)

=K. (ZL‘, y)L (6aa’5aa’5bb’5bb/5cc/5cc’ cee 51'1,@'2 daa'Oab' Obe’ Opar Ock Oces - - - + - - ) .

We see that there are L! possible ways to contract the fields, but not every contraction is of the
same type. The first diagram (Fig. 2.2a) is a so called planar diagram corresponding to the first
term of (2.63) and by summing over repeated indices we get

oo 0aaOaa vt Oty Occr Ocer - - = ... N3 ..., (2.64)

which should be compared to the non-planar diagram (Fig. 2.2c) corresponding to the second
term

e e 000 0ab O Obat Och Ot -+ - = . . N oL, (2.65)

which is suppressed by two orders of N. Fig. 2.2b represents another planar diagram which is
non-zero if the cyclic permutation (i; — ig,i2 — i3,...) leaves Or invariant. Consequently, in

2
the planar or 't Hooft limit, where gyy — 0, N — oo while the effective coupling ¢ = % is
kept fixed, only planar Feynman diagrams contribute to the correlation functions. The two-point

function of the composite operator then becomes
(0P (2)OP™ (y)) = er NV K (2, y)", (2.66)

where ¢y is the number of cyclic permutations that leave Oy invariant. Comparing this with
(2.53) we see that the conformal dimension in the free theory is simply L. Here we have
introduced the superscript to distinguish the bare operators from the renormalized operators
that we introduce in the next section where we turn our attention to the interacting part of the
theory. The correlation functions then become divergent and we therefore need to renormalize
our theory.

2.5 Renormalization Scheme

Because the action (2.24) does not have any conformal anomalies, i.e. it stays conformal after
quantizing the fields, the two-point functions still have the form of (2.53) in perturbation theory
but the conformal dimension receives quantum corrections and we thus expand it in powers of ¢

Ar=Y gAY, (2.67)
n=0
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2.6. THE FEYNMAN DIAGRAMS AT ONE-LOOP ORDER

/,/’ - \\\\\\
/1y WA
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G VAVAVAVA 1 1
N
(a) Four-point vertex (b) Gluon exchange (c) Self-energy diagrams

Figure 2.3: The four Feynman diagrams contributing to the two-point functions at one-loop order in the s0(6)
sector. The four point vertex (a) contributes to operator mixing while the others do not.

were we have A = L. The goal is then to calculate the anomalous dimension A — A(®) which
we will do to one-loop order. The two-point functions of the composite operators (2.62) are
likewise expanded in powers of g

(OFe ()05 (), = Jeres N Koz, )2 (817 + ¢* My (e)[u(x — ))*) + O(g"), (2.68)

where 077 is one if I is any cyclic permutation of J. Here, p is a renormalization scale with
dimension of mass that has been introduced in order to keep ¢ dimensionless and avoid weird
logarithms of dimension full terms. As we will show in the next section Mj; is a matrix with a
simple pole at € = 0 and we can therefore write it as

1
Myy(e) = =—Dry + Mm 1+ 0(e). (2.69)

Instead of adding counter terms to the Lagrangian, the correlation functions can become finite
by rescaling the operators
Bare g2 g2 a
) Z ,E) =20 —Drj— =M}7. 2.70
Nz 1s(9.€) =015 + oo D1y — 5 My (2.70)

With this choice, the renormalized two-point correlation function becomes

O = 215(g¢)

(Ohare(z)Obare(y))
vV CACB
— N2 K (2,9)2" (615 — ¢°Drslog(p2(z — y)*) + O(g") .

(OF" ()05 ())ezo = lim Z14(9,6) 215(9, €) - (2.71)

Evidently, by determining and diagonalizing Dy ; we will find the good conformal operators that
satisfy (2.53) at one-loop order.

2.6 The Feynman Diagrams at One-loop Order

In order to determine D;j;, we will do an explicit Feynman diagram calculation, and we will
therefore need to look at the interacting part of the Lagrangian given by

1-_. 1 -
Eint ZQQYM tr in’ [(Z)Z, ¢] + iAuAV (6“14’/ — 8”14“) + Z.[A‘u, @]8"@ + §wFM[Au, ¢]

2
+ géM tr [[¢i, @510, @51 + [Ap, AJIAY, AT + 2[Ay, ¢i][ A", ¢4]] - (2.72)
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2.6. THE FEYNMAN DIAGRAMS AT ONE-LOOP ORDER

We can then find the correlation functions at a given order by expanding the interacting part
in powers of gym

(FO) = [ Por@)exp (i [ o+ L+ 30) (2.73)
= (F(¢) <1+i / A% Ling — % / dd®y Line (2) Ling () +...>> ,

0

where the zero-subscript denotes the correlation function is found in the free theory. This results
in the Feynman diagram expansion. The only three Feynman diagrams that contribute to the
correction of the two-point functions in the s0(6) sector at one loop order are given in Fig. 2.3.
Starting with the four-point vertex (Fig. 2.3a) corresponding to the tr([¢, ¢/][¢%, #7]) part of
(2.72), the contribution is given by

([6id5)ab(@) b Sl () = i9§1\4/d4—252<[¢i¢j]ab(x) (tr[pw, dillon, &) (2)) (g dirlyrar (V) -
(2.74)

There are four planar ways to contract ¢r¢;¢r¢; and ¢rprd;¢; with the in-going and out-going
fields, and we thus get

([9idi]ab(@) (tr[n, dil[dk, D] (2)) [0 birlvar () g = Ke(z, 2)* Ke(2,y)? (2.75)
X 2N26aa’5bb’ (45ij/5ji/ - 251’1”5]']" - 26ij52-/]-/),

where the first term contracts in-going with outgoing scalars in order, the second in reverse order,
while the last term contracts in-going with in-going and outgoing with out-going. Substituting
K into the integral we get

4
ot = (522) [er w6
F(1—e)\* 5 . T(2—32)(e)? 1
( §m2—< ) T T(2 - 26)20(2¢) (w — y)i-be
1 T(1—¢)2I(2-3e)(e)?

= Ke(w.9) 355 M2 2o v
where we used that
/ A u— ! = 127G () ! —, (2.77)
W (u+y — ) (z — y)?@teD)
with
2
Gla) = F(Q?(Z;F(?_F(QZ _826)0“) (2.78)
Expanding the gamma functions in powers of €, we obtain
L ;(Z)QFQ(:);F?EZZS(s)Q =2 (i +1+ ’YE) + O(e), (2.79)
and
7 =1+elogm + O(e?), (x —y)* =1+clog(z —y)* + O(?). (2.80)
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2.6. THE FEYNMAN DIAGRAMS AT ONE-LOOP ORDER

Keeping the ¢ dependent terms up to zeroth order, we get
(i +1+ 7E> (1+clogm) (14 clog(z —y)?) = % +14+7g +logn(x —y)? +O(e). (2.81)
Thus, we find that the four-point vertex is given by
([805)ab(@) (65 Do lar (W) = G*NKZ(@, )80 S (28157600 — Siar850 — 6138iy7) (2.82)
X (i + 14 g +logm(x —y)* + (9(5)) :
Similarly, it can be shown that the gluon exchange diagram (2.3b) is given by [21]
(9161 (@) by dilva W) = 9 NEe(2,9)? 6110618 Sur (2:83)
X <i + 3+ vg + log(n(xz — y)?) + (’)(5)) ,
and the self-energy (2.3c) has the contribution
([@ilan (@) [5]var W) = Ke(,y)di00ar Oy (2.84)
X [1 — 2¢° (i + 2+ v + log(n(x — y)?) + (’)(5)) + (’)(g4)] :

To determine the correlation functions of the composite operators at one-loop order we can
use one of the contributions (2.82-2.84) to make a contraction. The four-point vertex and the
gluon exchange diagram can only contract neighboring fields in order to form a planar diagram.
To keep track of the Kronecker deltas used to match field types we introduce a permutation
operator

(S ... 5in+lyjm5inyj7n+1 “ e (2.85)

that permutes neighboring fields in Oy and a trace operator

Pn,nJ’»l ) intl,jmal -

’L'n»jm
Kitn 4100 5m Oin s 1 dmstr = Oimjnss Oimjms1s (2.86)

that contracts neighboring fields. Then the non-trivial part of the diagram, where (2.3a) is

inserted at site n and n + 1, can be written as
26injn4103nins1 — Oinins19jngnrs — OinjuOintijnrs = CPnmt1 — Knpt1 = 1)0,5, 014 1jnrr - (2.87)

Combining all contributions to the two-point correlation function, we get
(O (2) 05" (y)). = VeresN Ko (z,y)* (2.88)

1
X [5IJ — g <€ + 14y + log(m(z — y)2)> Drj + OCe, 94)] ;

where
1 L
Dy = e nE:1(2 —2Ppnt1 + Kn,n+1)(5i1,j1 (51'27]'2 R 6iL,jL + cyclic permutations), (2.89)

is the dilatation matrix defined in (2.69). Here, the L cyclic permutations is due to the L cyclic
permutations of J and the sum over n corresponds to the L different places the three corrections
can be put into the planar diagrams. Furthermore, we identify sites n with n + L, such that the
operators Py, 1,11 = Pr 1 and Ky 141 = Kf 1 connect the fields in the ends. We have thus found
the dilatation matrix in the so(6) sector of the theory, and we need only to diagonalize this to
find the good conformal operators and their conformal dimension.
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2.7. THE SUBSECTORS

2.7 The Subsectors

The spectral problem is significantly simplified if we specialize to the su(2) subsector of the s0(6)
sector consisting of two complex scalar fields X and Y given by

X = ¢1 +iga, Y = ¢35+ 194 (2.90)
Using (2.59), their propagators become
<Xab(x)Xb’a’ (y)> - <Yab<x)Yl-)’a’ (y)> - 25aa’5bb’K€(x7 y)a (291)

while the rest of the propagators vanish. Considering single trace composite operators of X
and Y, most of the derivation of the one-loop dilatation operator follows in the same manner as
before. The composite operators still take the form of (2.62) but with ¢; being either X or Y.
However, now the K, ,,+1 part of (2.89), which contracts neighboring fields within one operator,
will be proportional to 1 + 72 and vanish, leaving the su(2) dilatation operator

L

2 . .
= Z(l — Prnt1) (03,510 jo - - - 05y, j, + cyclic permutations). (2.92)
v n=1

The full planar psu(2,2|4) dilatation operator to one loop order was found in [19], but throughout
the rest of the thesis we will primarily work with the su(2) subsector as well as the su(1]1) and
su(2|1) sectors consisting of one scalar and one or two fermions. The dilatation operator has
the same form as (2.92) but with a graded permutation operator that picks up a minus when
exchanging two fermions. In the next chapter, we will show how the problem of diagonalizing
each of these sectors corresponds to finding eigenstates of one-dimensional spin chains.

Dy =
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Chapter 3

Spin Chains and the Coordinate
Bethe Ansatze

In this chapter, we map the composite operators of certain subsectors in N' =4 SYM to con-
figurations of one-dimensional spin chains. As we will show, the spin chain eigenstates have a
very physical interpretation where magnons parameterized by a set of momenta are traveling
down the spin chains and scatter with each other. With this interpretation, the Coordinate
Bethe Ansatz (CBA) reduces the spectral problem of diagonalizing the dilatation operator to
the problem of solving a set of coupled algebraic equations. The su(2|1) and su(1|2) sectors are
somewhat more involved but can be solved by the nested Bethe ansatz with a similar physical
interpretation only with two types of excitations where one is nested and is considered as an
excitation on a ”short” spin chain. As an extra treat, the CBA showcases how different physi-
cal interpretations of the spin chains lead to different but dual solutions which will be further
investigated in chapter 6.

3.1 The Heisenberg Spin Chain and the su(2) Bethe Ansatz

As we found in the previous chapter, the operators in the su(2) sector of N' =4 SYM consist
of only two scalar fields X = ¢; 4+ i¢2 and Y = ¢3 + ip4. We now consider the gauge-invariant
composite single trace operators of length L (2.62) and map them to elements of the Hilbert space
H = C**L by opening up the trace, tr [ XYY ... XY X] — | XYY ... XY X) modulo cyclicity,
such that the Dilatation operator (2.92) defines an operator H : H — H defined by

L 1 3

H =15~ Py, Pw,mﬂziz...a;@agﬂ..., (3.1)
=1 =0
which we will refer to as the Hamiltonian and likewise we will refer to the eigenvalues as en-
ergies instead of the conformal dimension. Here P, ;1 permutes the fields at position x and
x + 1 which we in the second equation have written as a 4 x 4 matrix with respect to the basis
{XX,XY,YX,YY} and decomposed into the three Pauli matrices o’ along with the identity
matrix 1o = ¢¥. This is exactly the Hamiltonian of the ferromagnetic XXX, /2 Heisenberg spin
chain known from solid-state physics, the one-dimensional lattice consisting of L particles with
spin 1/2 and nearest-neighbor interaction, which was first solved in 1931 by Hans Bethe [11].
The energy of the ferromagnetic spin chain is minimized when the spins are all aligned and we
will therefore consider | X*) = |0) to be the vacuum state and the Y-fields to be excitations'. To

'In Bethe’s spin chain the X fields correspond to spin right and the Y-fields to spin left.
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3.1. THE HEISENBERG SPIN CHAIN AND THE su(2) BETHE ANSATZ

diagonalize the Hamiltonian, we start by considering one-body eigenstates or so-called magnon
states being a superposition of all one-excitation states?. Since this system is translation in-
variant and free, the one-magnon solution to the eigenvalue equation H |p) = FE |p) is simply a
superposition of plane waves with momentum p,

L
Ip) = €eP"al[0), (3:2)
r=1

1—' 2 . . . . . . . . .
where a}: = %wa is the creation operator acting on lattice site . By imposing the periodic

boundary condition on the wave function, e?(*+L) = ¢ we get the quantization condition of

the momentum, p = %T”, n=0,... L —1. By comparing coefficients in the eigenvalue equation,

we see that the energy of one magnon is simply
E(p) =2 — € — e = 45in? g (3.3)

Moving on to the two-body magnon states, one might suspect that the solution is again a simple
Fourier transformation, but the system is no longer free. Instead, the two-body magnon states
are written as superpositions of all two-body states parameterized by two momenta p1, ps

pLp2) = Y (a1, we)alal, [0), (3.4)

1<z1<z2<L

where (1, z2) are the position wave functions or amplitudes which we are to determine. Then
by comparing coefficients in the eigenvalue equation E |p1,p2) = H |p1,p2) and considering the
two cases, 9 = x1 + 1 and x9 > x1 + 1, we get

EY(zq,22) = 4b(x1, 22) — (z1 — 1,29) — (21 + 1, 29)
—Y(x1, 22 — 1) —Y(z1,22+ 1) forxg >z +1 (3.5a)
EY(z1,22) = 2¢(x1, 22) — ¥(z1 — 1,29) — (21,290 + 1) for zg = 1 + 1. (3.5b)

Bethe’s ansatz to the solution of this is then that the coordinate wave function is given by
@Z)(Zﬁl, 1:2) — 'p1z1tipaw2 + S(pQ,pl)@inml—i_iplIQ, (3.6)

which reflect the fact that the momenta should be separately conserved and the two particles
should therefore either pass each other or exchange momenta with a probability amplitude given
by the scattering matrix s(p1, p2), which for now is just a number. The energy is then found by
plugging (3.6) into (3.5a),

EyY(xy,29) = (4 —e P T2 _ i1 eim) (a1, x2), (3.7)
and thus the energy is given by
E(p1,p2) =4 — e — 7P — 2 — 72 = E(py) + E(p2). (3.8)
Likewise, the S-matrix is found by plugging (3.6) into (3.5b)

eP1tip2 _ 9pip1 4 ]

s(p1,p2) = T eipitip _ 9pip2 +1 = S(p27p1)_17 (3.9)

. - . . . . . L L
2We could in principle write down the Hamiltonian as a 2 x 2% block matrix with blocks of size (M) X (M>

with M excitations. This would however quickly become computationally challenging since the diagonalization
complexity goes like O(L?) [22].
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3.1. THE HEISENBERG SPIN CHAIN AND THE su(2) BETHE ANSATZ

which for real momenta satisfies |s|?> = 1, and the probability is thus preserved in scattering
events. Then, by imposing the periodic boundary condition ¥ (z1,2z2) = ¥ (xe,z1 + L) the
momenta becomes quantized and can be determined by the two Bethe equations

s(p1,p2) = ePF, s(pa,p1) = eP2h (3.10)

So far, so good. Moving on to the M-body problem, we write the general M-body magnon state
as a superposition of all M-excitation states specified by M momenta p;,

o= D ... H%n 10). (3.11)

1<z1<..<zxpr <L

The Bethe ansatz for the wave function then generalizes to®

M
Y@y, xa) =Y A(r) [[ P, (3.12)
{7} i=1
where {7} is the set of all possible permutations of the M excitations. The principle of non-
diffractive scattering states that the scattering factorizes into two-body scatterings and the
amplitudes A(7) are related to each other such that if two orderings 71 and 7o differ only by
one exchange of two neighboring momenta p; and po, then their corresponding amplitudes are
related by the two-body scattering matrix s(p1,p2) [23]
A
1= s(p1,p2)- (3.13)
1

This then fixes A up to some overall normalization®
A(r) =sgn(r) [[(2 — e — e Pn), (3.14)
1<j

where sgn(7) is the signature of the permutation. The periodic boundary condition ¢ (x1, ...z ) =
W(x9,...,xp, o1 + L) again quantizes the momenta such that the total phase factor picked up
by a magnon when going around the chain is equal to the product of scattering with all of the
other M — 1 magnons

el — H s(pk,Dj)- (3.15)
J#k

Then by introducing Bethe roots uy = %cot Bx . we obtain the celebrated Bethe equations
up + 5 —uj+1
(’C?) - H M (3.16)
up — % o Wk = U =
Solving the eigenvalue equation F |{p;}) = H |{pi}) again leads to an equation of the form (3.7)

and the energy is thus given by

M

M
Pk 1
E=> Ep) = § j4sm2 § i +Cot2 o o (3.17)
k Ul

e

3The two-body wave function has been normalized such that A(1,2) =1
4We see that since the wave function is anti-symmetric under the exchange of two momenta only solutions
with distinct momenta are allowed.
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3.2. THE su(1|1) FERMIONIC SECTOR

The cyclicity of the trace demands us to identify spin chain configurations that are cyclic permu-
tations of each other. We will thus only consider the subset of solutions to the Bethe equations
that are invariant under discrete translations given by the shift operator

eiP =U= ]PLQ . ~]PL—1,L7 (318)

which moves all fields one lattice site to the right and the last field to the first site. It commutes
with the Hamiltonian and has the property U = 1 and hence the possible eigenvalues of U are
u=eL  n=0,1,...,L—1. (3.19)

The translation invariant solutions are those where the eigenvalue of the shift operator is one
and the total momentum is zero. This leads to the additional requirement

M Muk_i_i
1=]]eP = 2 3.20
e =11 20

Instead of starting with the two scalar fields, it is possible to construct the su(2) sector using
two fermions instead. This would change all signs in the permutation operator and correspond
to an antiferromagnetic spin chain. Doing this turns out to be equivalent in the sense that the
Bethe ansatz still solves the problem and yields the same Bethe equations (3.16). The only
difference is that the energies are now given by

E=2L— Zsin%, (3.21)
%

and the reference state | X ) is thus no longer the ground state. As we shall see, this equivalence
is also apparent in the other sectors of the theory.

3.2 The su(1|1) Fermionic Sector

In the su(1]1) sector of N' =4 SYM theory, the composite operators consist of one scalar and
one fermion. This also has a spin chain interpretation in which we consider the vacuum to
consist only of scalars denoted by |0) = [1¥) and fermions to be excitations denoted by |. The
Hamiltonian is the same as before (3.1) but with a graded permutation operator Il ;.1 that
permutes the fields at position x and x + 1 but picks up a minus sign when permuting two
fermions. This can again be written in terms of Pauli matrices

3 0 0_3 11 2 2
(O-mo-:c—&—l + 020241 + 0205+1 + Ux0x+1)7 (322)

L
1
H = Zl <1§)L - Hz,:erl) 5 Hz,x+1 = 5
r=

The solution to the one magnon states are again plane waves and the two-body states are again
written as

prp2) = Y (@) | L), (3.23)

1<z1<z2<L

where the fermions are spin down. From the eigenvalue equation we still get (3.5a) from before,
and the energy is thus the same, but now (3.5b) becomes

Ew(xl,fbg) = 41ﬂ($1,$2) — ¢(.%'1 — 1,1‘2) — 1#(.%’1, xro + 1) for x9 = 21 + 1. (3.24)
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3.3. THE SCATTERING MATRIX OF THE su(1]|2) SPIN CHAIN

Consequently, the S-matrix is now given by

Sf(p17p2> = _17 (325)

and the fermions can therefore be interpreted as freely propagating in a bosonic background. Im-
posing the fermionic boundary condition ¥ (x1,x2) = —1(x2,x1 + L) the quantization condition
for the momenta becomes

) 2
el — —Sf(phm) =1l=pr= 77Lnk7 ng € Z. (3.26)

This again generalizes to M-magnon solutions by the principle of non-diffractive scattering, and
the wave functions are thus given by the Slater determinant

M
Y(x1,...xp) = ngn(T)Heipﬂ'xi, (3.27)
{7} =1
from which we again see that we need the M momenta to be distinct in order for the wave
function not to vanish.

3.3 The Scattering Matrix of the su(1]2) Spin Chain

The su(1|2) sector of N' =4 SYM theory is slightly more involved than the su(2) and su(1]1)
sector since the composite operators consist of two scalar fields Z and X and a fermionic field
U. We consider operators of the form

tr[ZXU ... X2ZU] — |ZXU ... XZU), (3.28)

with J; factors of X, J, factors of U and J3 factors of Z. Again, the dilatation operator has
a spin chain interpretation in which we consider the vacuum to be |0) = tr[Z¥] and X to be a
bosonic excitation and U to be a fermionic excitation. The Hamiltonian is then given by

L
H =3 (15" T, ). (3.29)
r=1

with the permutation operator II being graded such that the exchange of two fermions picks

up a minus sign. In a similar manner to what we did in the su(2) and su(1|1) sectors, the

permutation operator can be written as a 9 X 9 matrix using the eight Gell-Mann matrices with
respect to the basis {ZZ,ZX,ZU, XZ, XX, XU,UZ,UX,UU}

e 1 2 2

Mogri =2 XN+ + =N +Xa)1) -3 A% 3.30

x,x+12;®+9®+3\/§(®+®)3® (3.30)

with A = 13. Once again the one-magnon solutions are simple plane waves. The two-magnon
states can be written as a superposition of states with two excitations

n) = Y wey(ar, w2)al, af ,, 10), (3.31)
r1<x2

where £ and 7 are either X or U and 9¢, (1, x2) are the four wave functions we need to determine.
In terms of Gell-Mann matrices the creation operators are

t AL —ia2 ; AL —iAd

ak, =50y, =T (3.32)
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3.3. THE SCATTERING MATRIX OF THE su(1]|2) SPIN CHAIN

The | XX) and |UU) states are already eigenstates of H with the wave functions found in the
su(2) and su(1]1) sectors,

Gxx (1, m9) = PP (g po)ilpreatran), (3.33)
Yo (@, ) = PP o () py)elPrratren) (3.33D)
where s(p1,p2) is the scattering matrix for su(2) given by (3.9) and s/ (p1, p2) = —1 the scattering
matrix for su(1]1). Since the permutation operator mixes the magnon states | XU) and |UX),

the su(1]|2) sectors becomes a little more involved. The idea is to divide the states |XU) and
|UX) into two parts each with opposite momenta

|XU) = Ain f(z1, 22; 1, p2) + Aout f (1, 225 P2, p1), (3.34a)
|UX) = Bin f(x1,22; p1,p2) + Bout f (@1, 2; p2, p1)- (3.34b)

The two momenta should be separately conserved if the system is integrable and thus the first
term in (3.34a) where the momenta is ”ingoing” the momenta can either be reflected resulting
in the second term of (3.34a) or they can pass each other resulting in the second term of (3.34b).
Thus, the Bethe ansatz is that the wave functions are also divided into an ingoing and and
outgoing part

xu(n,2) = Ape PRI 4 A iPrentpan), (3.352)

Yux (a1, x0) = Binei(Plz1+p2932) + Boutei(mﬂ?zH?zml)’ (3.35D)

which will mix under scattering. The two-body magnon state can be written

XU = Y vxu(an,z)ak, al, 0) + Yux (@1, 22)a);, ak . |0) (3.36)

x1<T2

and by comparing the coefficients in the eigenvalue equation H [{XU}) = E [{XU}) for xo >
x1 + 1 we obtain

Eyxu(ry, v2) = 4xu (21, v2) — Yxu(rr — 1,22) — Yxu(rr + 1,22) (3.37)
—Yxu(@1, 22 — 1) — Yxu(e1, 22 + 1),
and a similar equation with (X <> U). By inserting (3.35a) into (3.37), we obtain
EYxy(xy,x2) = (4 — e P — e7P2 — TP _ oFW2)0) v (2, 109), (3.38)

and similarly for ¢y x. This is the same we got for the su(2) spin chain. Looking at the eigenvalue
equation for o = 1 + 1, we get a mixing between ¥ xy and ¥yx

Eyxu(x1,x2) = 3xu(r1, 22) — Yux(r1,22) — Yxv(zr — 1,22) — ¥xu(r, 22 +1),  (3.39)

and a similar equation with (X <> U). Inserting the ansatze (3.35a) and (3.35b) into (3.39) and
using (3.7), we obtain the algebraic equations

Ain (eiPQ _ ei(pzﬂol) _ 1) + Aout (eim _ ei(P2+p1) _ 1) — Bineipz + Bouteipl, (3.403,)
Bin (eip2 — ¢ip2tpy) _ 1) + Bout (eipl — eilpatpy) _ 1) = Apme™? + Agye?. (3.40Db)

By relating Aoyt = tBin + rAin where t is the amplitude of transmission and r the amplitude of
reflection, we obtain
eiP1 _ D2 (1 —eP1)(1 — e'P2)
1 2 ip ip1+ips T(plaPQ) = - 0 - D
— 2e'P2 | etp1tip2 1 — 2e™P1 4 ewp1tip2

t(p1,p2) = (3.41)
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3.3. THE SCATTERING MATRIX OF THE su(1]|2) SPIN CHAIN

S23 S12
S13 = S13
S12 S23

Figure 3.1: The S-matrices satisfy the Yang-Baxter Algebra stating that the order in which the magnons scatter
can be reversed.

and because of the symmetry the same relation holds with (A ++ B) and (in <> out). Conse-
quently, the scattering matrix for the states {|XX),|XU),|UX),|UU)} is given by

s 00 0
0t r» O

St =14 . 4 o (3.42)
000 —1

For the system to be integrable and for us to invoke the principle of non-diffractive scattering,
a necessary condition is that three neighboring states satisfy the Yang-Baxter equation

S1,2(p1,02)S1,3(p1,P3)S2,3(P2, P3) = S2,3(P2,P3)S1,3(P1,P3)S1,2(P1, P2)- (3.43)

This says that the order in which the scattering is taken can be reversed as depicted in fig (3.1).
Because there are three magnons involved in this, we consider the scattering matrices to be
acting on the eight dimensional Hilbert space H = C? ® C? ® C? and by using the basis

{ | XXX), | XXU), | XUX), | XUU), |UXX), |UXU), |UUX), |UUU)},  (3.44)

the matrices are given by
t/ 7,,/

S12=512®1y, Si3= ,

r t/ ) 8273 - ]12 ® 5273, (345)

with s = s192, s = s13, s = s2.3, and so forth, such that each matrix acts on two of the states
while leaving the last alone. Then the Yang-Baxter equation yields

ts'r" — st'r” + 't =0, (3.46a)
rs'r” — sr's" +tr't" =0, (3.46b)
e — et st = 0, (3'46(3)
'y — ot 4 rt” =0, (3.46d)
—tr't" o+ =0, (3.46¢e)
—"t — 't +tr" =0, (3.46f)

which can be verified by inserting (3.41) and (3.9).
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3.4 The Nested Bethe Ansatz

So far we only know the two-body solution (3.36) to the su(1|2) spin chain as well as the solutions
corresponding to the subsectors su(2) and su(1|1). To find solutions with an arbitrary number
of either type of excitation, we employ the Nested Bethe Ansatz and follow [24]. Having shown
that the S-matrix satisfy the Yang-Baxter equation, we employ the principle of non-diffractive
scattering. The starting point is then that the total momentum of a magnon p; should be equal
to the phase picked up by scattering with all the other magnons around the spin chain. If we
consider spin chains of length L with a total of M; excitations of which M} — My are scalar
excitations and M> are the fermionic excitations, the Bethe equation is then

ePRL My, Mo, {p;}) = Skkst - Skt; Ska - - - Skp—1 | M1, Ma, {p;}), (3.47)

where S; j are no longer numbers but the matrices (3.42) acting on the sites ¢ and j. The trick
is then to introduce a ”short” spin chain |¥) where all the vacuum fields Z have been omitted
and where the su(2) state | X™1) is considered as a new pseudo-vacuum described by the M
ordinary Bethe roots {u;} satisfying the su(2) Bethe equations. This chain will then have length
M; of which M, are U-fields which are excitations of this chain build upon the already excited
states. The Bethe equation for this short spin chain then becomes

A ‘\I/> = gk,k+1 - Sk,Mlgk,l - Sk,k*l |\I/> s (348)

where we have defined the reduced S-matrix

G —1
Sijj = 814 Oij» (3.49)
such that the eigenvalue becomes
3 L M1 .
: uj + 5 Uj — Up — 4
Ak = elpkL8k+1’k- <o SMy,kS1 k- ---Sk—1,k = 3 H ]7 (350)
uj — 3 k#u]—uk—i-z

So far this is just convenient notation, and we still have to find the states that satisfy (3.47).
As usual, we start with the one-magnon short spin chain which is not translation invariant since
the short spin chain is embedded in the original spin chain and the Fourier transformation will
therefore not solve the problem. Instead, |¥) can be written in terms of coordinate space wave
functions

My
©) =) ), (3.51)
x=1

where |z) is the state were one of the spins has been "flipped” from an X to a U excitation at
site . We can then determine the wave function ¢, by a recurrence relation. Letting S 1
act on |¥) we obtain

Spp—1|¥) = (Vrtr k-1 + Yr—17kk—1) [k) + (Yr—1tr k-1 + VrTrp—1) |k — 1) + E e |x)
x#k,k—1
(3.52)

where £ = s7!t and 7 = s~ ! are the reduced transmission and reflection amplitudes. Since none

of the remaining scattering matrices are going to affect the coefficient of |k — 1), we see that

M1 = Y1tk k-1 + VkTh p—1- (3.53)
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3.4. THE NESTED BETHE ANSATZ

To simplify notation, we introduce the iterated wave function

1/1;(:) = Ytk -1 + Vk—17k k1, (3.54)

which will also be useful when we later need to flip more spins. By acting with the next scattering
matrix Sy 2 we obtain

Sk -2k k-1 |¥) = (@D,gl)fk,k—z + ¢k—2fk,k—2) k) + (wk—sz,k:—2 + @b]gl)fk,k—Q) k—=2)+....
(3.55)

Again, no other S-matrix will affect the coefficient of |k — 2), so we obtain

Mek—2 = Yotk k2 + fk;,k—2¢;(€1)- (3.56)

This pattern continues and after the ;' iteration the coefficient of |k) is given by the iterated
wave function

69 = I VE s, (3.57)

which is ready for the next iteration while the coefficient of |k — j) will no longer change. This
gives the eigenvalue equation

~ i—1) ~
Netbr—j = Yrjigj + 0 Vg gy (3.58)
The rest of the coefficients are left unchanged. By combining the preparation identity (3.57)
with the eigenvalue equation (3.58), we get the recurrence relation

~9 72 ng ~
e r _.—t _-+Aktk,k—'7‘ i
Vr—j—1 kk—j — “kk—j 7 Tkkmgl (3.59)

Vi j Ak = i k—j—1 Th—j

for k—j=2...M;. To clean up the expression, the scattering amplitudes can be rewritten in
terms of Bethe roots,

”_ui—uj—l—i U — Uy o )
84,5 ) tz,j = — Tijg = (360)
ui—uj—z ui—uj—z ui—uj—z
e S A RS S S
=—s, ;= -t = : Tij = , (3.61)
1,J i,j ) ,J ) ,J )
’ Ui — Uj + 1 U — Uj +1 U; — Uj 1

where A;; is the reduced scattering matrix of two fermions. The recurrence relation then
becomes

—j— Uk — Uk—j — T V—up_j— &
Yr—j-1 _ i /\1k _ k—j 2 (3.62)
Pk Uk — Uk—j—1+ 725, U~ Uk—j-1t 3
where we have defined the auxiliary Bethe root
i (14 Mg
=up — = 3.63
vk 2(1—)\k>’ (3:63)

which must be a constant since the LHS only depends on the difference k& — j. Choosing the
normalization such that ¢); = 1, the solution to (3.62) is

1 , .
b uj—v— 3 up — v+ 35
Yi(v) = - = ~ A1
. —v+ L —v+ 2
j=1 Wi+l v Ty U T UG

N1, (3.64)
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3.4. THE NESTED BETHE ANSATZ

where we used that the eigenvalues can be expressed in terms of the auxiliary root v

U — v — %
Ap(v) = ———=. 3.65
o) = (3.65)
Similarly, we can express the iterated wave function in terms of the eigenvalues
() Uk—j—1 — Yr(v)
(I = ¢ —_ 3.66
() Uk—U+2 kjl() )\k,‘71~--)\k‘7j ( )

which is just what we need in order to match the last amplitude of |k) with the eigenvalue
equation such that

Ay, = MY L. . (3.67)
EEYETN Ak—Mi+1

This leads to the Bethe equation

My

1_HA,€_HL% H77 et = I[e™ (3.68)
up — v+ 35 U — % . ’

where we introduced the M shifted auxiliary Bethe roots 9, = v — u; as well as the shifted
momentum U = 5 cot k which we see has a similar quantization to the Bethe root of the one-
magnon problem of the 5u(2) sector. This confirms the interpretation of the nested chain having
magnons of its own propagating on top of the su(2) spin chain. Inserting the eigenvalues into
(3.50) we get the additional M; Bethe equations for our momentum-carrying roots

-\ L Y
uj + 5 Uj—V— %5 T U — U+ 0
L 20T = (3.69)
Uj — 5 Uj—v—l—ilngu]'—uk—l

This completely solves the My = 1 short spin chain.

Before moving on to the two-magnon problem on the short spin chain, it is instructive to
recap what we did. After the j' iteration the amplitudes of |k — 5),...,|k) have been assigned
an eigenvalue and therefore effectively been multiplied by Ax applying the eigenvalue equation

. ~ (o
AMeVr—j = tpp—jVr—j + Tkk=j

_ 3.70
k1. Ak—j—1 (3.70)

Meanwhile the repeated use of the recurrence relation,

Ui, - Ui,

SRS VIR b vansses L 3.71
Fvaever vard S vervout e S A (.11)

has prepared the amplitude of |k) for the (j + 1) iteration while the amplitudes to the left of
|k — 7) has been left unchanged. Going through all the scattering matrices the only thing left
to do is match the coefficient of |k) with the eigenvalue equation.

We now move on to the two-magnon state of the short spin chain,

|‘1}> = Z 1/}961,962 (Ua 'U,) |$la $2> s (372)

1<zi<z2 <M

which is parameterized by two auxiliary roots v,v’. To solve this we try for a nested Bethe
ansatz

1/}z1,z2 (2}, Ul) = Bl/]xl (U)lpv’vz (U/) - Bll/}m (U/Wa:z (U) = mew;g - COIlj., (373)
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where we have introduced the short hand notations ., (v) = s, ¥, (V') = ¢}, as well as a
conjugation operation that changes primed quantities into unprimed and vice versa. The hope is
that v, and ¢} satisfy the recurrence relations (3.71, 3.70) when acted upon by the scattering
matrix such that Sy_; , prepares ¢, for the (j+ 1) iteration by dividing it with \j_ ;j according
to (3.71) while it fixes v;,_; by multiplying it with A; according to (3.70). After acting with the
first scattering matrix of (3.48), Si_1 k, only the amplitudes of states with U-fields at £ — 1 or
k are affected. Using (3.70) the amplitude of the states |k —z,k — 1) for z > 1 is

By Ny — coni, (3.74)
and the amplitude of the state |k — 1, k) is

Ap_1,1Br_11;, — conj., (3.75)
due to the exchange of two fermions. However, we wish it had been

Bwfe_l)\ﬁg)\q]f: — conj., (3.76)

such that ¢;_; and ¢;,_,; had been multiplied with A; and X} respectively as in the case with
one magnon while 14, and 1/}, had been prepared for the next iteration by being divided by \z_;
and A\, respectively according to (3.66). Asserting that this is the case, then after the nth
iteration the amplitude of |k —n,k —n + 1) is

NeAk (BYk—n¥g—n 11 — conj.) , (3.77)

and we therefore have that the two-magnon eigenvalue factorizes
A (,0) = M) (). (3.78)

After the ;" iteration, the amplitude of the state |k — j — z, k — j) is

Bqﬁk—j—xw;c—jAgc — conj., (379)
and the amplitude of |k — j, k) is
U :
Ak—j,sz@bk—jW — conj. (3.80)
k=17 Mk—jt1

Again, we want to be through with ¢_; and ¢}, while preparing ¢ and 1y for the next
iteration and therefore wish that the amplitude of |k — j, k) had been

Py,

/ ! .
By, VT v v — conj. (3.81)

For this to be the case, we hope to satisfy the consistency equation

E’ B Ak—j,k)\;gqubzwk—jAk—l e )\k—j — 1/)]6’(/)];7j)\;C e )‘;cfj
B conj. ’

(3.82)

By inserting the expression for 1, and A and by reducing by the common factor
AL AN )\;-_1 (u1 — v+ %) (u1 —v' + %) which is invariant under conjugation, this be-
comes

B (k= =) (u—v—5) (ujk ="+ 5) + (ujn —uy +9) (; — v+ 5) (wjx —v—3)

B conj.
(3.83)
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The numerator turns out also to be invariant under conjugation and consequently we have that
the consistency equation becomes
B/

5 =1 (3.84)

A solution to the two-magnon wave function for the short spin chain is thus given by

Yy 25 (0, V') = Py (V) (V) =ty (V)1 (), (3.85)

with the eigenvalue given by (3.78). The only thing left to do is to impose the fermionic periodic
boundary condition 9z, o, (v, V") = =gy 4, ay (U5 v') such that the amplitudes match in the ends.
Again, this quantizes the auxiliary roots

M,y Mluk—v—i M
T[r =]t —[[ems =1 (3.56)
k=1 o Wk — VS

and similarly for Aj and o’. Here p;j are the shifted momentum with respect to v. This
procedure readily generalizes to Ms nested excitations with the amplitudes of the short spin
chain being quantized by Ms Bethe roots v;

Mo
G, o) =Y BT) [ ] e (vr)- (3.87)
{7} =1

By once again requiring that Sj_;; multiplies ¢_; by A while it prepares v; for the next
iteration, we get a consistency equation that is satisfied by the Slater determinant

Mo
Yo, o) = Y sen(r) [ [ v (vr,) = det by, (v)), (3.88)
{r} i=1

and again the eigenvalues will factorize

Mo
A =TT Aw(w). (3.89)
=1

Writing this in terms of Bethe roots we get the M; + M> Bethe equations

3 L M1 .M2 7
Ui+ 5\ YT U Uk T U Vk— 3
N

Uj — 3 k#juj kzluj_vk+§

e
1=]]+——2, (3.90b)
P Uj — Uk + b)

which completely solve the su(1]2) spin chain.

3.5 Dualities and Equivalent Sectors

When solving the su(1|1) sector, we chose the scalars to constitute our vacuum while the fermions
were considered as excitations upon these, but we might as well have chosen it the other way
around. Likewise, there are multiple choices for the su(1]|2) sector and as we will see later this
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choice corresponds to the choice one has when choosing simple roots in the corresponding Lie
superalgebra. The different choices come with different physical interpretations and lead to
different sets of Bethe equations. For instance, our choice with fermionic excitations as the
nested excitations is represented by the Dynkin diagram O &— which leads to the Bethe
equations (3.90a-3.90b). Had we instead chosen a fermionic field for our first level of excitations
followed by a bosonic field for our second level corresponding to the Dynkin diagram —&—&
we would have obtained the somewhat more simple Bethe equations

. L M2 . ]\41 .

uj + 5 uj —vp+ 5 vj —up+ %

J 2 J 2 J 2
s = S P 391

Uj — 3 1 %~ Yk T 3 =1 Vi T Uk T 3

Here, the physical interpretation is that there are M7 fermions living on the chain of which we
excite Ms to be free bosons living on our short spin chain. Although the two physical interpre-
tations and their corresponding sets of Bethe roots are different they are dual in the sense that
they both solve the same problem namely diagonalizing the dilatation operator. The two sets
of Bethe equations are in fact closely related to each other and as we will see in chapter 6 the
one set can be obtained through a duality transformation of the other.

When solving the su(2) sector, we noted that constructing the operators with two fermions
was equivalent to two constructing it with scalars in the sense that it led to the exact same
eigenstates only with different energies. Likewise, the solutions to the su(2|1) sector where
operators consist of two fermions and one scalar can be obtained from the su(1|2) sector by
swapping fermions and scalars. This will again change the sign of the permutation operator
II; ;41 yielding different energies but the same eigenstates.

By this equivalence, the set of Bethe equations (3.90a-3.90b) represented by the Dynkin
diagram O &— then correspond to choosing the vacuum to consist of fermions on which
we then make bosonic excitations® followed by nested fermionic excitations on the short spin
chain. The dual set of Bethe equations (3.91) represented by —&——& correspond to choosing
a bosonic vacuum and both the first and second level of excitations to be fermionic.

5 A bosonic excitation excites a fermion to another fermion or a scalar to another scalar, unlike the a fermionic
excitation which excites a fermion to a scalar or a scalar to a fermion.
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Chapter 4

The Algebraic Bethe Ansatz and the
Norm

While the CBA gives a very physical intuition to solving the spectral problem, it does not explain
why the theory is solvable in the first place. In this chapter, we will review the Algebraic Bethe
Ansatz (ABA) first introduced by Faddeev in [12] which proves the integrability of the su(2)
spin chain. We then use the tools developed in the ABA to derive a norm function for the Bethe
states which will be useful later when determining one-point functions in a defect version of
N =4 SYM.

4.1 The Lax Operator and Integrability

The su(2) spin chain of length L is as before defined on the Hilbert space H = C?® with the
Hamiltonian given by (3.1).

Instead of trying to figure out the eigenstates right away as we did with the CBA, the key
element in the algebraic approach is the so-called Lax operator and the introduction of the
auxiliary spaces V = C2. The ABA is not as intuitive as the CBA approach but as we will
see the Lax operator can be used to generate the Hamiltonian along with the rest of the L
commuting operators proving the integrability of the system.

The Lax operator is parameterized by the complex spectral parameter A and acts in the local
quantum space of lattice site n and the auxiliary space labeled by a,

. i 3 i
Lna(A) = (/\ —_ Z) Lo+ iPhg = (A+ 29n 2%n 3> : (4.1)

2 50n —30n

which in the RHS was written as a matrix acting on the auxiliary space with entries acting on
the local quantum space H,,. Here oﬂf = ol +i02 are the spin ladder operators that raises or
lowers the spin at site n.

The hope is then, that for two Lax operators with two different auxiliary spaces the products
Ly, Ln,a, and Ly, g, Ly, o, are similar in the quantum space and connected by an intertwiner R
such that the satisfy they Yang-Baxter equation

Ray (A — N)Ln,a1 (M Ln,ap (1) = Linay (N)an ()‘)Rahaz(/\ — ). (4.2)

A such intertwiner does exist and is given by

Ra17a2(>\) = )\]]‘a1 ® ]laz + iPa1,a27 (43)
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which can easily be checked by using the cyclic property of the permutation operators IP; ;IP; ;. =
P kPri = PrilPi 5.

The next step is then to build a monodromy of our chain given by the ordered product of
the Lax operator acting on all lattice sites,

Tu(\) = Lp.o(A)...Lia(}) = (A(A) BW) . (4.4)

The monodromy also satisfies the Yang-Baxter equation

Rahaz (>‘ - :U)Tal ()‘)Taz (:u) = Taz (:U)Tal ()\)Ral,(l2 ()‘ - N)? (4'5)

which follows from the fact that (4.2) is satisfied at each lattice site. Taking the partial trace
over both the auxiliary spaces yields the commuting operators

[FO\),F(0)] =0,  FO\) = tra T(\) = A(\) + D(A). (4.6)

Since T'()\) is a polynomial of order L in A of which the trace of the AL~! term is zero, the
expansion in A of F'()\) yields a set of L — 1 commuting operators @Q;,

L—2
F() =204+ " QiN. (4.7)

As we will show, the Hamiltonian belongs to this set. It is clear from (4.1) that the point A = %
is special. Here the monodromy becomes a simple string of permutation operators

T(i)2) = i"Pp oPr_14... P14 =i"P1oPos... Pr, = i"UPL,, (4.8)

where we again used the cyclic property of the permutation operator as well as introducing
the shift operator U from (3.18). The expansion of the monodromy in the vicinity of A = § is
likewise simple and we have that

d

L ‘ e AN S NNPR I A
) (N i/ { Zn: 1,2 1n+1 L,as (4.9)

where each term in the sum is skipping lattice site n. Taking the partial trace in auxiliary space
a, we have

d

—FA) =i S Py Pt Pro1 4.10
N (\) Amif2 ( ; 1,2 n—1,n+1 L-1,L (4.10)
Then, by multiplying with the inverse shift operator U~! we get a familiar sum of permutation
operators

d d

L FrOFON) — L ogF ’ = S Py 411
dA (MEFQR) ‘)\:i/2 dA og F(A) A=i/2 Z; mtl ( )

which we can then use to rewrite the Hamiltonian (3.1) as

d
H=L-Y Py =L—i—log F(/\)‘ (4.12)

d\ A=i/2

We have thus shown that the Hamiltonian belongs to a set of L — 1 commuting operators that
are generated from the partial trace of the monodromy. This family is completed by the operator
measuring the total spin up and we thus have L commuting charges matching our L degrees of
freedom. This proves the integrability of the system.
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4.2 Diagonalizing the Operators

In order to diagonalize the family of operators F'(\), we use the Yang-Baxter equation (4.5) and
write out the Kronecker product of the intertwiner

A+7 0 0 O
RN =AM @1 +iP,, 4 = 8 ? ; 8 (4.13)
0 0 0 A+:
Likewise, the monodromies acting on each their auxiliary space becomes
AN) 0 B()) 0 AN) B(A) 0 0
_ 0 AN 0 B(\) | C(\) DN 0 0
TuN=1coy o poy o |0 T=N=1"0" o a0 B[ @9
0o C(\) 0 DWW 0 0 C(\) D)
and the product of the two becomes
ANC0) 40D B0 B,
A)C A)D B(M)C B(A\)D
ToWTal) = | o0 COBG) DA DOBG) |+ (419
CAC(p) CN)D(u) DA)C(r) DA)D(p)

with the other product T,,(u)Ts, () being given by the same matrix with the exchange of A
and p. Now, using the Yang-Baxter equation (4.5) we obtain

[A(N), A(w)] = [B(A), B(w)] = [C(A), C(w)] = [D(N), D(p)] = 0, (4.16a)
ANB() = FO 1) B A + g(h, m) BOYA(), (4.16b)
DNB() = h(\, 1) B(1) D(A) — g(\, 1) BO) (1), (4.16c)
1
[C(A), B(w)] = JOu ) (A()D(A) — A(N)D(w)) , (4.16d)
where we have introduced
f()‘aﬂ)zl_A_luv h()‘nu)zl—’_mv g()‘nu):)\_luv (417)

to lighten notation. We now look for a highest weight state or vacuum state such that C(\) |0) =
0 and note that the Lax operator becomes upper triangular in the auxiliary space when acting

on [1)

ALt Lo
Ln(A) 1) = 22 Im (4.18)
0 A—3
Consequently, the monodromy is triangular on |0) = ]T)®L
af(\) *
) = (“ ¢ sity) 0 (4.19)
where * is some non-trivial operator that is irrelevant to us for now and
a=r+L s=a-l (4.20)
R R '

—392-



4.2. DIAGONALIZING THE OPERATORS

We see that |0) is indeed an eigenstate of F'(A\) = A(X) + D(A) which is no surprise since it is
the exact same vacuum state we chose for the CBA in the previous chapter. We then hope to
find the other eigenvectors by repeated use of B(\) as a "lowering” operator on |0). Introducing
N spectral parameters {\}, the eigenstate is then given by

B({\}) = B(\1)... B(Aw) [0). (4.21)

The trick is now to act with F'(\) on ®({\}) and require the resulting state to be an eigenstate.
Using the commutation relations (4.16b) we obtain for A(A) on ®({\})

ANB(A1)... B(Ax)[0) = Hf (A Aw)a(A)B(A1) - .. B(Ay) |0) (4.22)

+ ZMk()\, OB ... BOw) ... BOW)BO)[0) .
k=1

where the first term is found by using the first part of (4.16b) N times and B();) denotes that
the factor is omitted from the sum. The unwanted terms

N
M0 AN = g ) TT £ A) e (M), (4.23)
i#k
are found by using the second part of (4.16b) once and then the first part N — 1 times together
with (4.16a) saying the B’s commute. Similarly for D(A) on ®({\}) we get

DA)B(A1) ... B(Ay)|0) = H h(\, M) 0P (N B(AL) ... B(Ay) |0) (4.24)

+ Z M\ A{ADB(A) ... B(A) ... B(AN)B(A) |0)

k=1

with h instead of f and the unwanted terms

N
(A AN} = =g k) [T 2O, 298" (). (4.25)
itk
In order for @ to be an eigenstate of F'(\), we need each of the unwanted terms M;(A, {A}) to
cancel the other unwanted terms M;(\, {\})

N N
LT rO () = TT 2y, A" (A), (4.26)
k£ k£

for j =1,... N. Writing this in terms of the spectral parameters we get
. L N
Aj+ = Aj— A+
SRR I § (4.27)
)\j — % )\j — A — 1

which is exactly the su(2) Bethe equations from before if we identify the spectral parameters
with the Bethe roots A\; = u;. The eigenstates (4.21) are proportional to the CBA eigenstates
found in chapter 3, but their exact relation is far from trivial. However the two-body ABA
states are calculated in Appendix (B.2) and the exact relationship was found in [25].
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4.3 The Gaudin Matrix and its Relation to the Norm

The ABA seems like a rather abstract way to achieve the same results as the CBA, but as we
will now see the framework we have introduced can be used to derive a useful relation for the
norm of the Bethe states related to the Gaudin matrix [26]. In this framework, a general scalar
product between two different N-body states that are not necessarily Bethe states is then

N N
Sn= (0 TJCOH T[BOE) [0), (4.28)
J J

where {)\jB} and {)\jc} are two independent sets of spectral parameters and

C(\) = B()\) = , (4.29)

are normalized versions of the quantum operators from before. In the following we will reparametrize
the intertwiner (4.3)

R(\) — —iR(=\"1), (4.30)
such that the commutation relation (4.16d) becomes
[CN), B(w)] = g(As 1) (A() D(A) — AN D()) , (4.31)

while a”(\) and 6%()\) changes such that the ratio becomes the inverse of what it was before

L
) . (4.32)

We will then consider (0| H;V C(/\jc) to be on-shell such that the parameters {)\]C} satisfy the
Bethe equation

al(\C APE
r(APCY = B0 = A7) =2

Y IOV R PVt

J

NENESIES

N C \C
h(AC, AC
C-TT I, 3
J h(ATA0)
k#j J

whereas we will consider va B()\f ) |0) to be off-shell and thus treat )\}B and rf as independent
variables. We also introduce

h —

o) = g\ 1) i

to lighten notation. In order to derive a closed form expression for the scalar product, we will
need to consider Sy as a function of one of the spectral parameters \{. As shown in [27] Sy is
a function with simple poles at A{ = A2 and in the limit )\kc — AB the factor Sy_; drops out

)\Cliig\B SNUATYH AT H AP ) = Svoa (1A otk A Yt 77} (4.35)
k m
N N
x Jim gAY = rB) [T O, AD) [T hOE D),
AL itk i#m
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where
h(AB B
7 o Am) (4.36)
§ h(AG AP

is rescaled but is still considered as an independent variable. We are now ready to show that
the scalar product Sy is identical to the function

On = Gn({AS} A7) det My ({73, {0 AP, (4.37)
where
N
Gn({XS} NP} = Hg A2 AR 9T ML) TT s A9, (4.38)
>k k=1

is some prefactor and

N B \C
B C B _ g(Agv)‘lB) )\F’)\C )‘l 7)‘ )
Mie({rf 1 53 7)) = S5 GG H OCBY

(4.39)

is the Gaudin matrix. We will prove this by induction. For the base case, N = 1, we can drop
the subscripts on A and do a straight-forward calculation on (4.28) by using the commutator
relation (4.31),

M etes
5L()\C)5L(/\B) ’

1

— )\C}\B LAC(SL)\B— L)\BdL)\C
ST A )EO) - ot () ())
= g\ AP =) = g7 AF) (1 = 1) (4.40)

Si= B(A")]|0)

where we used that A is on-shell and thus 7¢ = 1. Similarly, using (4.38) and (4.39) we obtain
G = s(\“,\P), (4.41)

and

My = g()\C’ AB) _ ng()‘Ba )‘C) h()‘Bv )‘C) — g()\(]’ )‘B) (1 _ ?”B), (4‘42)
s(AC,\B) s(AB.XC) h(AC AB)  s(\C \B)
and the formula (4.37) thus holds in the base case.

For the inductive step, we will consider Ay as a function of the last spectral parameter )\%
and assume that Oy_1 = Sy_1. We note that #y has simple poles at )\g = )\ﬁ due to the
gAY, \P) part of My, and that Oy — 0 as |A§| — oo.

We now aim to show that 6y has the exact same residues as Sy and since both functions
have the same asymptotic value, Louisville’s theorem ensures that the two functions are indeed
the same.

If we consider the first factor G in the limit )\% — AB where 6y has simple poles, we have
that

. ChmA GN({ATH NP = Gy (A Fien ANP Y jm) (4.43)
N-1
x lim (— ROB XY TT n(0S, 25,
i 1)N- 171 o N H (A7, A%)
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with (—1)¥=™ arising form the fact that g is an odd function. We see that Gy_; factors out
just as we had hoped. Similarly, by Laplace expanding M, along the m'™ row, we see that only
the N column contributes to the residue

Ahiﬂ det My ({rP 1, {AS AN Y) = det My ({77} jzms AN Fiew AN Fim) (4.44)
C B N )\B A\C
< i e (L0 pau W TR 5 ).
AG—AB (A5, AB) s(AB, A% j h(ASAR)

where 7"] again appears as independent rescaled parameters by absorbing the extra factors in
the last term of (4.39). Putting these together we get that

lim Oy = On_1 ({77 }jms {AS Vi, A7 Yiem) [ RS AD)

A —AB im
N— N B \C
(MG, AB) 1 (A, AY)
li )\ )\C )\C 1 BS N> m m> 7y
chfigg 1;[ T B A H WO D)
= ({7“ }]ima{)‘c}jiNa )‘B}jyém H )\57)\?
jF#Em
N-1 —11/\C \C
h)\ AN
< lim g(AG, AL T (A&, AT) ( L C) rB |, (4.45)
A —AB i  h(AF AY)
where we used that
i M) SO g (4.46)
A= h(:u> >‘) A—rp S(/") >‘)

Since (0| Hév C()\]C) is on-shell, we see from the constraint (4.33) that 6y and Sy indeed have the
same residues because of the inductive hypothesis, 051 = Sy_1. The difference A = 0y — Sy
is thus entire and bounded with the asymptotic value hm| N Loo A = 0. Consequently, by
Liouville’s theorem, it is constantly zero and thus 6y = Sy which completes the proof.

Having found a closed expression for the scalar product between one on-shell and one off-
shell state we, can find the square of the norm of a Bethe state by simply considering the limit
)\E — )\kc. By letting )\f = )\jC + ¢ we have that

0 0
B C _ c 2
r7 =r(\j +¢e)= r —|—€a>\c7"j +0(?) = <1+ea c logrj> + O(e7), (4.47)
which is no longer an independent variable. Similarly, we have that

g()\,A+5):;, sOMA+e) =1+ e, h(A,)\Jre):l—ngO(sQ), (4.48)

AN =Am) 1 PO =) . 1 B 1 )
yw_gh(xm—A,) L+ %(Al_%ﬂ Al—Am—z‘) + O(£%). (4.49)
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Combing these expressions the diagonal part of M;; becomes

Mll:; 1—ie —rP (1 +1ie) (1 — 2ie) Hh —>\z)

0 2
—i——logr+Y ——— 1 0(), 450
igy, logT > (e) (4.50)

where we now dropped the superscripts of A;. For the off-diagonal part of My, everything of
order € can be disregarded and we have

-2

Mp=———"— . 4.51
VY S oy

The Gaudin matrix can then be written as

0 2 2
M. =6 —— 1 — 4.52
Ik = Olk (lakz ogn+;()\l_/\m)2+1> r— N2+ 1 (4.52)
or

M. — -l AL RATVAN S | ———|. (4.53
k=N ¢ = ilog Tkgh(A )\) tlog % H>\k_)\j_i (4.53)

The only thing left to consider is the prefactor G which becomes remarkably simple in the
limit

Gy =TT 2O 25) + O(e). (4.54)

J k#j

Putting it all together and taking € — 0, we have a relation between the square of the norm of
the on-shell Bethe states and the Gaudin matrix

Opm
Sn =[] T2 Aj) det == 5 (4.55)

J J#k

We end this chapter by noting that both the ABA method and the relationship between the
norm and the Gaudin matrix generalize to spin chains with larger symmetry groups [28]. In
particular, it holds in the su(2|1) sector in which we will see how a graded version of the Gaudin
matrix appears in the overlaps between Bethe states and boundary states in a certain defect
version of N'=4 SYM which we will discuss in the next chapter.
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Chapter 5

Defect N =4 SYM and Boundary
States

In this chapter, we briefly review a defect version of the N' = 4 SYM in which one-point functions
are not trivial and can be written as overlaps between Bethe states and certain boundary states.
These overlaps turn out to be expressible by the superdeterminant of the Gaudin matrix and
specifically the overlaps with su(2|1) states can be written in this way.

5.1 The Domain Wall

In the defect conformal field theory (dCFT) a domain wall separates space into two regions at
xz3 = 0. The gauge group for z3 < 0 is U(N), while it for x3 — oo is U(N + k). This defect
is holographically dual to a D5-D3 probe brane living in AdSs x S? and carrying k units of
background gauge field flux in the S? part [14]. The AdS; x S? space is again embedded in the
AdS5 x S of the string theory that is conjectured dual to our N'= 4 SYM.

The fields in the dCFT can be written with the block decomposition

A B} , (5.1)

Au7¢i)qj = |:C D

with A being k& x k and D being N x N matrices. The D block propagates the whole space
while the rest is confined to x3 > 0. The classical scalar fields satisfy the equations of motion

d2¢'(b:l C. C C
d:c% :[ jla[ jl>¢il]]7 (5'2)
and for k > 1, the solution to this is
1 .
P = —— (“Z)’”’“ 0> , fori=1,2,3, ¢{'=0 fori=4,5,6, (5.3)
xs3 0 0
with t; being k-dimensional representations of su(2) such that [t;,¢;] = ig;juty. The one-

dimensional representation of su(2) is trivial, so for £ = 1 A has to be restricted to the half-space
by hand by imposing Neumann bondary conditions for ¢ = 1, 2,3 and Dirichlet boundary condi-
tions for ¢ = 4,5,6. This turns out to simplify the one-point functions of interest. We will start
by looking at the case with k£ > 1.

The domain wall breaks the conformal symmetry and the correlation functions are thus less
restricted than before. In particular, the one-point correlation functions are no longer trivial
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but have the structure

(Oa(z)) = |$3C|A (5.4)

We consider the most general operators in the SO(6) sector build from L scalar fields,
O =3 Ltrg; ...di,, (5.5)
with the coefficients ®%1-L being cyclically symmetric due to the trace. At tree-level the one-

point function is given by inserting the classical value of the fields (5.3) into the operators

(O(z)) = (_1) A (3 7o (5.6)

953

This could in principle be straightforwardly calculated, but for operators corresponding to Bethe
states, which are the ones we are interested in, we would have to write out the wave function
which would be rather cumbersome.

5.2 Matrix Product States and Valence Bond States

Instead, we write (5.5) as an overlap between some Bethe state |®) and the Matrix Product
State (MPS) defined by

L
IMPS);, =t IIn®H +t2® )], (5.7)

where the trace is to be taken over the color space of the ¢;. The overlap then becomes

L MPS|®
Pt gy til e tiL w (58)
(®[®)2

The trace should be invariant under the automorphism (t1,t2,t3) — (—t1, —t2, t3) of su(2) from
which it follows that the overlap is only non-vanishing if L and M are even which we will
henceforth take them to be. It is instructive to calculate

(_1)n1+n2+...

tr <t”1 Yo, memmilyy ) = (=)t (LMl =
from which it is clear that the terms in the MPS with an even amount of excitations are invariant
under parity (n;, — L — n;) and it follows that the Bethe state must also be invariant under
parity in order for the overlap to be non-vanishing. One way to achieve this is to only consider
states with paired rapidities {u; } = { —w; } which we will henceforth do. One implication of
this is that the determinant of the Gaudin matrix from our closed form expression for the norm
factorize into two parts. To see this we write the Gaudin matrix on a block form

A A
G:&%:<£ ﬁ)

The equality of the off-diagonal blocks are seen by

M
= Om¢n, A2=0,, Moy, form,ne{O,...,?}. (5.10)
2

0¢,  m
Ay = E 2 S (5.11)

O, (un+% —um)?+1 8um+%
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while the diagonal parts are

_ 0¢n M 9 90, u
b= oo (1 2 ) G ey O

1
Z k Uyt %

because of the pairing of the rapidities. Doing a column and a row operation, we see that the
determinant factorize

Al A2 _ Al + AQ A2 . B
det <A2 A1> = det ( 0 A A2> =det Gy detG_, Gy = A+ A, (5.13)

Likewise, for the graded version of the Gaudin matrix, the superdeterminant also factorize

Al A2 . det G+ o
Sdet <A2 A1> =1ma =D (5.14)

since the superdeterminant is also invariant under column and row additions.

As an example of an overlap in the defect theory, we will restrict ourselves to the case where
k =2 where 7 =3 = 1 and {t1,t2} = 0. We will then do an explicit calculation of the overlap
between the MPS and the simplest CBA Bethe state with two excitations

lu, —u) = Z (eip(m_"_%) + e_ip(m_"_%)) |m,n) . (5.15)
n>m
The overlap becomes
(MPSJu, —u) = Y ePm=n=3) 4 g=iplm=n=3) y(gm=lgyn-m=Ly,yl-n) (5.16)
n>m

— g X (e o)
1’ eip/2 e—ip/2 1
— oL 14 eip 14e —ip 2L 1 ezp/2 Te —ip/2

2
L /u2+f [O(%)
= oL—1 20 detG+,

where we introduced A = m — n before evaluating the alternating geometric sum

N
1 N+1
E (=)™ = %, for N even, (5.17)
r
n=0

and used the Bethe equation e?(L~1) = 1. In the last line we expressed the result using the
positive Gaudin matrix G4 as well as the Baxter polynomials Q(u) = [](u; — u) which turn
out to be advantageous since the expression in this form holds for any number of excitations for
k = 2 [14]. Using our closed form expression from the previous chapter, we have that the norm
of the two-body Bethe state is'.

N 2
(u, —ulu, —u) = Q (;) detGydetG_ = L(L —1), (5.18)

'Here, we have used the normalization used in [21]
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which also agrees with what we found by explicit calculation in appendix B. It turns out that
this result holds for any number of excitations and consequently the overlap of interest

(MPS|u, —u) \/E /
(u, —ulu, —u) ;
will also hold for any number of excitations.

In the su(2|1) sector the one-point functions become more involved but simplify for k£ = 1,
where they can be expressed as overlaps between Bethe states and the Valence Bond State

1B) = (122Z) + |11) — |41)) /2. (5.20)

))f (5.19)

O m\&

Here the overlaps have been found numerically for spin chains up to length 10 where they can
be expressed by [15]

(Blu,v) ~ 92(0) _ /D, (5.21)

(u,v\u,vﬁ 9:1(0)Q1(3)

with Q; encoding the momentum-carrying roots and Qs the auxiliary roots. This is analog to
what we found for su(2) states in the sense that they are expressed as the square root of the
superdeterminant of the Gaudin matrix decorated with some Baxter polynomials. One way of
checking whether this is indeed the correct formula is by the use of the duality transformation we
found in chapter 3. As we will see in the next chapter, the duality transformation will transform
the auxiliary roots but the one-point functions should be independent of this transformation.
The expression (5.21) should thus transform covariantly meaning that all dependence on the
original auxiliary roots disappear and only the dual auxiliary roots will appear in the new
formula.
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Chapter 6

Duality Transformations

In this chapter we will take a closer look at the dualities we found in chapter 3 where different
physical interpretations of the spin chains led to different but dual Bethe equations. We will
start by considering bosonic duality transformations before moving on to consider fermionic
duality transformation. We will then look closer at the fermionic duality transformation of the
su(2|1) spin chain and show how the superdeterminant of the Gaudin matrix appearing in the
overlap formula for one-point functions transforms.

6.1 The Dual Bethe Roots

Having seen how the CBA gave dual interpretations and corresponding Bethe equations, we will
now look closer into these dualities following [29] and starting with the su(2) case. In order to
do so, it is instructive to express the Bethe equations in terms of the Baxter Q-functions

Qiu) = [J(u—ub), (6.1)
j=1

where the 7 index reefer to the set of Bethe roots while the j is to a specific root in that set. If
we also introduce the notation

ff=r <u + > , (6.2)
then the QQ relation

09, — 9795 =ul, (6.3)

is equivalent to the su(2) Bethe equations which is most easily seen by shifting the equation by
u—utl
2

N\ L L
010y - 0105 = <u + ;) . 910, -9 Q= <u = ) . (6.4)

If we then evaluate these equations at u = u} the Q1’s vanish, and we obtain the Bethe equations

M . i\ L
of+ g —up 4 (u}Jr;) 65)
T A 1_,1_ - 1 4 : :
9 oy U U~ u; =5
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If we consider the (6.3) relation we see that Q2 must be a polynomial of order L — M + 1 in u
and we can then write it as

L—Mi+1

Q2=A H (u— u?) (6.6)
j=1

The roots of this polynomial are known as the dual Bethe roots and they also satisfy the su(2)
Bethe equations with My = L — M; 4+ 1 magnons. In this dual picture the reference state is
|0) = |4¥) and 1 are the excitations instead of the other way around. As an example we will
consider the case L = 4, M; = 2 with paired rapidities u; = —us. If we disregard the case where
the roots are not distinct, the roots are uniquely determined to be

1
ul = —— = —ud. (6.7)

Then, the My dual roots u? must satisfy (6.3) and by expanding this in powers of u we have

1

o |

1 1
(07 Q; —979F) =—iu' +i <u2 + 3> (—4 + ufu3 + uiuj + u%u%) (6.8)

;& 1

This however does not uniquely determine the roots. The reason for this is that the order of
the Q; polynomial is smaller than the order of the Qy polynomial (2 and 3) and by shifting
Qs = Q9 + AQ; the QO relation will still be satisfied but the roots of Qg will be shifted.
However, if we restrict ourselves to the zero momentum solutions the dual roots will be uniquely
determined and we get that
u? =0, u%:%, u?)):—%. (6.9)
Before moving on and discussing the fermionic dualities, we start by considering the some-
what more simple su(3) dualities which can be nicely visualized in a Hasse diagram. With three
distinct choices of vacua instead of two followed by two choices of excitations instead of one,
there will be not one but four duality transformations. In order to encapsulate all the choices
we need to introduce three Q-functions for the momentum-carrying roots

Ma
Q=[Jw—u)), a=123 (6.10)

=1
and three O-functions for the auxiliary roots

Ma

Qa=[Ju—u), A=(12),(13),(23), (6.11)

Jj=1

as well as Qp = u® and Q23 = 1. In order to visualize the choice of roots, we introduce the
Hasse diagram (Fig 6.1) that connects Q functions labeled by subsets of {1,2,3} from Qy to
Q193 corresponding to the choice of excitations. All the possible sets of Bethe equations are
then contained in the generalized bosonic QQ relations

QaQuaap = Q:ZaQZb B Q;lagjb’ (612)
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Q123

/\
N

Qp

Figure 6.1: Hasse diagram for the su(3) spin chain. Each path from Qp to Q123 corresponds to a different set
of Bethe equations. The duality transformations are encapsulated in the QQ relations connecting the Baxter
polynomials of each face of the cube. The path Qy — Q1 — Q12 — Qi23 corresponds to one system of Bethe
equations and is connected to the path Qp — Oz — Q12 — Q123 by a duality transformation.

of which we have one for each face in the Hasse diagram. For example the QQ relations

QyQ12 = Q7 Q5 — Q7 97, (6.13)
and
Ql Q123 = QTQQB - QIQQIEJ,, (614)

correspond to two faces of the Hasse diagram and by shifting the two QQ relations by u — u:l:%
and evaluating at roots u = u} and u = ul? respectively we obtain the su(3) Bethe equations

J J
Q9 oy 959
_ , - 1221 , 6.15
0 T 0 Ol PP TIT oL o (6.15)

corresponding to the path Qp — 9Q; — Q2 — Q123. However, the two QQ relations contain
one duality transformation each just like it did in the su(2) case and we could, for instance,
do a duality transformation on the first level resulting in the dual Bethe equations where Q; is
replaced by Qs, corresponding to the path Qy — Q2 — Q12 — Qj93. This would not change the
roots of Q12 but we would need (6.13) to find the roots of Q9. In this way, we can reach every
set of Bethe equations by using the duality transformations contained in the QQ relations.

This easily generalizes to su(NN) spin chains where we have 2V different Q functions all
labeled by the powersets of {1,..., N} and containing roots that solve the Bethe equations
corresponding to the level of nesting.

6.2 Fermionic Duality Transformations

Having seen how the duality transformation works for the bosonic cases, we are now ready to
investigate fermionic dualities found in the general Lie superalgebra where the Bethe equations
are given by [19]

up+ 5V H H w, = + 5 My (6.16)
u{, -3 = Uz]? “gll - % 73’
(J 711)?5(3717)
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Here M;; is the Cartan Matrix of the Lie superalgebra, V; are the Dynkin labels, r is the rank
or number of nodes, and Mj is the number of Bethe roots for node j, where we have dropped the
multi-index from the bosonic case. For any Lie superalgebra there are several different choices of
simple roots and therefore several different corresponding Dynkin diagrams and Cartan matrices.
An introduction to Lie superalgebras, Dynkin diagrams and Cartan matrices can be found in
appendix A. The super conformal symmetry of our theory psu(2,2[4) is of rank » = 4 and for
one choice of simple roots the Cartan matrix is given by [19]

-2 +1
+1 0 -1
-1 +2 -1
M= -1 +2 -1 , (6.17)
-1 +2 -1
-1 0 +1
+1 -2
which correspond to the Dynkin diagram
+1
O Q—0O0——C0O0O——CO—& 0O, (6.18)

where we have included the Dynkin labels that are different from zero above its corresponding
node. Here we note that the fermionic nodes must be connected with one dotted line and one
solid line depending on the off-diagonal entries of the Cartan matrix while the bosonic nodes
are connected by the same type of line. Since Vj # 0 we say that the 4th node is momentum-
carrying while the others are not. We now consider one of the fermionic nodes with M, Bethe
roots, u,. The roots will appear in the Bethe equations belonging to the neighboring nodes

- ﬁ Up ~ gt g (6.19a)
qzlvp uq_%
My gy — g — L

L= H 7}’ d % e (6'19b)

where v, and w, are the M, and M, roots of the neighboring nodes and they will appear in
their own set of Bethe equations

. L . .
up + 5Va _ﬁup—vq—F;Mwup—wq—l-; (6.20)
up = 5Vu q:lup_vq_%qzlup_wq_%
In order to figure out the duality transformation, we introduce the polynomial
i L My, i My i
P(u):<u—|—2Vu> H(u—vq—2>H<u—wq+2>
q=1 q=1
i \Fo i\ T i
<u2Vu> H(uvq+2>H(qu2)
q=1 q=1
= i(VuL — My + M) uttMotMo=1 4 (6.21)
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from which we retrieve the Bethe equation (6.20) when P(u,) = 0. We then see that P(u) is a
polynomial of degree L + M, + M,, — 1 since the coefficient of uX*Mv+Muv vanishes and we can
thus factorize it into

M, My
P(u) = i(VyuL — My + M) [ [ (w = up) [ [ (u — @), (6.22)
p=1 q=1

where we have introduced Mz = L + M, + M,, — M, — 1 dual roots. Evaluating (6.22) and
(6.21) in P(v, £ §) we get that

w Mg -
P(vp—k%):M vp—uq—{—%va—ur—}—%
P(vy, —3) q:1vp_uq_%,~:1vp_a7‘_%
; L pp, .
_ vp — 5(Vu—1) va—vq+l (6.23)
vp+%(Vu—1) #pvp—vq—z"

where w, vanishes since all the fractions where it would appear become one. Likewise, if we
evaluate the polynomial in P(w, & 5) we get that

i My, i Mg ~ i
P(wp+§)_pr—uq+§ wp — Uy + 5
i i ~ i
P(w, — 3) g=1Wp —Uqg 735 .y Wp—Ur— 3

; L m .
_(wpt5(Vu—1) T Wp = Wy i
_< 2 1)) 11— 3 (6.24)

i L M, . Mg - ;
vp+ 5(Vu — 1) _H“p_vq+ZHUP_uT_% (6.25a)
vp —5(Vu—1) qipvp_vq_irzlvp—ar‘i‘% ’
] L My . Mg ~ 3
wp + 5(Vy — 1) _pr—wq—szp—ur—F% (6.25b)
wp — 5(Vu — 1) q#pwp_wq+7;,.:1wp—ﬂr—% 7
and since the dual roots also satisfy the Bethe equation we can replace (6.20) by
~ . MU - . Mw ~ .
up—%Vu _ up—vq—% up—wq—i-% (6.26)
ip + 5Vu q:lap*UqWL%q:lap*wq*%

We have thus obtained a dual set of Bethe equations. The fact that Vo = V4 = 0 for our
representation (6.18), and the fermionic nodes in question are therefore not momentum-carrying,
changes the above considerations a bit. We will get L fewer roots in P(u) and the number of

dual roots will then be My = M, + M,, — M, — 1. The transformation rules (6.25a-6.26) stay
L

ot (Va D) will not be present.

The fermionic duality can be used to connect the different Dynkin diagrams of psu(2,2[4)
with each other. As an example we can now use the fermionic duality on the 6'" node in order

the same except that the factor of (
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to transform the Cartan matrix (6.17) into

-2 +1
+1 0 -1
-1 +2 -1
-1 0 +1
+1 0 -1
-1 0
and the Dynkin diagram (6.18) into
+1
O B——0O—0—"=0VW . (6.28)

From this we see that the fermionic duality transformation changes the grade of the neighboring
nodes while it stays fermionic itself. By using this newly acquired duality transformation we
can continue to transform the Dynkin diagram

+1
O+ &&—0O0—0O0O—R K&
I3 I3
+1
O+&—0O0O—R R Q&
3 I3
+2 1
OB & &&—O—
\ 3
+3 -2
OO &—0O——~0O—
3
+3 2

OO0 Q—0—0O——C0C—

—O0—0—0—® 0 0O O (6.29)

where the arrows indicate on which node we are doing the fermionic duality. The last transfor-
mation is not a duality transformation but simply amounts to inverting all the Bethe equations.
One also has to be aware of how the Dynkin labels changes when doing the transformation on
a momentum-carrying node by using (6.25a-6.25b). What we end up with is the distinguished
Dynkin diagram where there is only one fermionic node, this also goes by the name Beast and
the transformation is therefore from “Beauty” to the “Beast”.

6.3 Fermionic Duality in the su(2|1) Sector

The fermionic dualities can also be encoded in QQ relations and visualized by the use of Hasse
diagrams. Instead of one multi-index, the Baxter polynomials Q4; now carry two types of
multi-indices to distinguish between fermionic and bosonic excitations. Here A is the powerset
of {1,..., N } with N being the fermionic degrees of freedom and I is the powerset of { 1,..., M }
with M being the bosonic degrees of freedom. Instead of just having the bosonic QQ relation
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Qa1

Qoo

Figure 6.2: The Hasse diagram for the su(2|1) spin chain. The blue path corresponds to the Dynkin diagram
O @ with the first excitation being bosonic and the second fermionic, while the red arrow represents

the fermionic duality transformation that changes the Dynkin diagram to —X— " such that both the
excitations are fermionic.

(6.12) which now can be used for swapping either two fermionic or two bosonic indices, we
introduce a fermionic QQ relation which changes the grading of the neighboring nodes

Qa1 Lalri = QXaHiQ;HI - Q;xamQXu' (6.30)

As an example, we will consider the su(2|1) spin chain where we already know two dual sets of
Bethe equations from the Nested Bethe Ansatz of chapter 3. In total there are 6 different choices
of Bethe equations which are represented by a path in the Hasse diagram in Fig. 6.2 from Qg
to Qqg)1. Following blue path we get from the Qgg, Q1)p, Q2jp, Q129 bosonic QQ relations

Qo Ao Qo
_ _ 1 12
Qo120 = o9 — Lo = == T 1 (6.31)
— —__ 100
=2 =2 Q(bl(/) QIWJ Q12|® =y
while the fermionic QQ relation of the Qyjg, Qi9)9, Q1j1, Qi2/1 side gives us
R S 11 6.32
Q12|@Q1|1 — Q12|1 le - Q12‘1Q1|@ - = Q+ u*uul@’ ( . )
19
where we used that Qg = 1. These equations are exactly the su(2|1) Bethe equations (3.90a)
we found using the CBA in chapter 3 with momentum-carrying roots ujl-|® = u; and auxiliary
roots w2 = vj. They solve the spin chain with a bosonic vacuum and a bosonic excitation

followed by a nested fermionic excitation corresponding by the distinguished Dynkin diagram
O &—. Following instead the red path in Fig. 6.2, we get that the fermionic QQ relation

of Qp|g, Q1jp, Loj1, Q11 gives us
— ~
Qow _ Qi
4+ — _ 1102
Q@W) Q1|1 U=,
while the same fermionic QQ relation from before of Qyg, Q21)9, Q11, Qi1 NOW gives us
Qi

+ _ 11
Qflg lu=u}

Q1pQop = Qﬁl Qoo — QIHQQTM = (6.33)

QuapQup = Qi Qg — Loy = 1= (6.34)
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These equations are the dual su(2|1) Bethe equations (3.91) with the same momentum-carrying
roots ujlw = u;j which are now fermionic and the dual auxiliary roots ujl-ll = v;. They solve
the spin chain with a fermionic vacuum and a bosonic excitation followed by a nested fermionic
excitation corresponding to the Dynkin diagram —&——& . Having taken a closer look at the
duality transformations first encountered in chapter 3 we are ready to see what this means for

the overlap formulae discussed in chapter 5.
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Chapter 7

Transformation of the
Superdeterminant for su(2|1)

In chapter 5 we saw that the overlap between Bethe states and boundary states could be ex-
pressed as the superdeterminant of the Gaudin matrix decorated with some Baxter polynomials.
The overlap in turn appeared in the one-point functions in the defect SYM at tree level. The
overlap formulae depend on the choice of grading of our Lie superalgebra and the question is
thus how the overlap formulae transform under our duality transformations. In this chapter, we
will work out how the superdeterminant appearing in the overlap between a valence bond state
and a su(2|1) Bethe state transforms under the fermionic duality transformation discussed in
the previous chapter.

We conjecture that the superdeterminant transforms covariantly meaning that the overlap
formula will contain only the new dual auxiliary roots instead of the old ones.

7.1 The Gaudin Matrices

In order to investigate the transformation, we will carefully set up our problem. We will be
considering the transformation discussed in the previous chapter depicted in Fig. 6.2 taking
us from the distinguished Dynkin diagram O &— to the Dynkin diagram —&—&
Furthermore, we will be considering the case where we initially have only paired roots of which
we have P; = M;/2 momentum-carrying pairs {u;} and P» = M>/2 auxiliary pairs {v;}. In the
distinguished choice, the Cartan matrix and Dynkin labels are

a3 ()

yielding the Bethe equations

i\ L 2P 2P, ; 2P ;
7 1 - 2 7 1 )
<“p+2> _Hup—“qJFZH“p—”q_i 1_H”:v_“q_§ (7.2)
[ - - 70 — - .
- Uy — Ug — 1 — ks — L
Up = 3 gip P T Mg TV Up — Vgt 5 g1 Vp ~Ug T3

After the duality transformation we will have P, = P; — P, — 1 new pairs of dual auxiliary roots
{v;} plus an extra zero root ¥y = 0 while the momentum-carrying roots, are the same roots
as before though they are now fermionic. The transformation yields the dual Dynkin diagram
—®—& and the Cartan matrix and Dynkin labels become

A?l—((l] (1)> f/—(é), (7.3)
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and the dual Bethe equations are given by

i\ L 2P ; 2P ;
1 2 =~ ) 1 ~ (3
(+> o B | (7.4
N =i — 117 i :
Up = 3 g=1Ur — Vg7 3 =1 ~Ug ™ 3

By relabeling the three Baxter polynomials of interest QVJI@ — Qp, le — 9y, Ql?\@ = Q9 and
Qi1 = Qs the fermionic QQ relation encoding the duality transformation becomes

O — 97 =2iPu02Q;, (7.5)

where the Baxter polynomials are now on reduced form such that they only contain paired roots
and the zeroth auxiliary root thus appears outside the Q functions together with the factor of
2iP; stemming from (6.21).

We conjecture that the superdeterminant appearing in (5.21) transforms according to

95(0)Q2(0) D

D= 2P . ,
o)

(7.6)

with D being the dual superdeterminant. In this way, the overlap formula depends only on
the ordinary auxiliary roots through DQs(0) and will transform such that the dual overlap
formula only depends on the dual auxiliary roots through D/Q5(0). We have found this to be
true numerically semi-off-shell for (2P;,2P,) = (4,2), (4,0), (2,0) meaning that the momentum-
carrying roots need not satisfy the Bethe equation while the ordinary and dual auxiliary roots
have to satisfy (7.5). In order to prove it analytically, we will have to look at how the Gaudin
matrix transforms.
In the distinguished choice of simple roots, the Gaudin matrix becomes

Ay Ay By Bs
0o Ay A1 By B

G = ou, = Bl B, ¢, G| (7.7)
B, Bl ¢y C
By a few row and column operations, this becomes
Ay By A By
oo ) s
0 0 BL C-
with
AL = A + Ay, By = B; £ By, Cy=0C1£0Ch. (7.9)
The superdeterminant thus again factorizes into
D = Sdet G = j: gj . Gi= (‘éi %) . (7.10)
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The m,n'" entries of the blocks of the Gaudin matrix are given by
1 oot ool 1
A = 00n _ ¢”+Pl, Ay = oniry _ O ., myn=1,...P, (7.11a)
Oup,  OUmyp, O, OUm+p,
a2 Oy, dor D>
o) = 9on ¢”+P2 Oy = oniry _O%n . mn=1,...P, (7.11b)
Ovm, E)vm+ Py OV, OUm+p,
a 2 8 a a 2
By = On ¢"+P2 = Onip, _ 000 ., m=1,...PLn=1,...P, (7.11c)
Oupm, 8um+ P O, OUumyp,
Ol o Ol Ol
Bt = On _ Onip, , Bi= nsr _ 0% . om Pyn=1,...P, (7.11d)
vy, OVpyp, v, OUm+ P,
where the norm functions are
'3 2P 2P 7
5 —Ug+ 1 -5
¢! = —iLlo U 2 —1 lo ( 4 ,)—z log | =—21 2],
. ° up+ 3 ;) *\up =y —i ; ’ _Uq+2
2P1 £
=—iy lo 2. 7.12
> (2t 712
Doing the explicit calculation, the m, n'" entries are given by
I 2P, 2P,
Ui + 1 q
Ay = 2f (U + up), B; = —g(v, um), (7.13b)
2P,
By = —g(vp + um), Ci = dpm Zg — Uq), Cy =0, (7.13c)

and we note that A1, B; do indeed have an even grading while Ao, B have an odd grading under
parity. Here we have introduced the functions

1 1
f(x):ma

(7.14)

to lighten the notation. These are not to be confused with the functions (4.17) introduced in
chapter 4.
In the dual case the norm functions are

B i 2P2+1 2P T l
qﬁ}o = —iLlog < P 2) +1 Z log —zZlog et ?, (7.15)
+ 5 —Ug T3
and the dual Gaudin matrix factorizes into
i, B, 2D o
= ~ ~ = ~t ~ ~ ~ (A_ B_
detG =detGydetG_, G, =| B Cy 2Dy, G_= <Bt C’ > (7.16)
V2Dt \2D% D3 - T
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Here, the auxiliary zeroth root has an even grading, hence the extra column and row of D’s in
G+. The dual blocks are then given by

. L iag _
Ay = bn m—7q) |, Ay =0, 7.17a
1 " Z ) : (7.17a)
By = g(0n — um), By = g(#n + um), (7.17D)
2P

= —0nm Z glUp — Uq Cy =0, (7.17¢)

~ ~ N a¢2 2Py
Dy =g(um),  D2=0, D3 = 872 == glug), (7.17d)

q

and we see that the dual Gaudin matrix is considerably simpler than the original one.

7.2 The Schur Complements

One way to further factorize G+ and G4 and help us prove our conjecture is by using their
Schur complements. For a general block symmetric matrix we have that

A B 1 B\ (A-BD'B" 0
(Bt D>:<0 D)( DBt ]1)’ (7.18)

where A — BD~!'B! is the Schur compliment. This is particularly nice in our case since
Cy,Cy, Ay are diagonal and therefore easily inverted. For the determinants of G4+ and G4
we thus have that

det G4 = det Cy det(W5), det G_ = det C_ det(W_), (7.19a)
det G4 = det C det(W,), det G_ = det C_ det(W_), (7.19b)

where the Schur complements are given by

Wy =Ay - ByC{'BY, W,=A4, -B,C;'B},, W_=A_-B.CZ'B., (7.20)
where B, and C now also include the D’s of G so they are P; x (Py+1) and (Py41) x (Pa+1)
matrices respectively,

2P
Cy = —dnm Zg — uq), B = g(Om — un). (7.21)

In the distinguished choice the superdeterminant can be written in terms of the Schur comple-
ments

det G+ o det W+

= = .22
detG_  detW_’ (7.22)

since Cy = C_, while the dual superdeterminant becomes
]]3) _ det é+ . det @Jr det W+ (723)

detG_  detC_ detW_ '
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For the first fraction of the dual superdeterminant, we have that

~ P,
(th+__i)__§§ ~1 __253 -1 231Ih¢Juk+4
det C_ uZ + § q u2+% kPlui+4

P
Ql( ) Qi(3)
where we used the QQ relation (7.5) to find that
5 oy b Q1 (z) — 9f (x)
22(0)Q:2(0) = 55 limy =
i Me—w - )T+ )
2P1 x—0 X
; or (2P ; 2P ;
:THZ H(_UJ_*)_H(_UJ+2)
k Jj#k J#k
! 2P
OIS | (&
P P
:——2H1u+ (7.25)
k j£k

We have thus found the desired factor in the conjectured transformation of the superdeterminant.
What we need now is to show that

det W+ det W+
= _ 7.26
detW_  detW_’ ( )

in order for the conjecture to be correct!. The idea is to prove this by induction over P; in
analogy to what we did when proving the norm function for the Bethe states in chapter 4. In
the base case, P; = 1, there are two paired momentum-carrying roots, {u;, —u }, and only one
auxiliary root which is a dual zero root by construction. We then have that

\ L
. uy — % up —ug + i L-1
Dy b1 = —idy, | 10 2] 1o <,> _ "2 7.97
uf1 “ g(ul—i-;) 8 —uy +ug +1 u? + 1 (7.27)
and
1
_ _ 3
A = Oy, 1 = u% n %, (7.28)

while B4+ and C1 are empty and consequently

L L—-1
W+:A1+A2: ﬁ’ W_ :Al—AQZ ﬁ (729)
uy+ g ui+ g

!'Numerical computations with (2P, 2P,) = (4,2), (4,0), (2,0) indicate that not only are the fractions invariant
but the Schur complements themselves are the same before and after the transformation. A stronger conjecture
would therefore be Wi = W4..
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The dual set of roots are {{uy, —uq},{0}} which yields

L .
~ ) u; — % u — U+ % L—-1

Ay =0 = —i0 lo 2 +log | ——2 = , 7.30
1 u1¢1 ul g<u1+;> g<u1_’l~)_; U%"‘i ( )

while As is zero. Bi and C‘i are still empty blocks while

5 1
Dy = 0yt = —idglog (222 ) = L (7.31)
up—0v—3 uy + 3
and
2
= 050 7.32
¢ u% + i ( )
We therefore have that
- - ~ L
W_ = A, Wy =A; —2D1D;'Dy = ——, (7.33)
ui + g
and thus
Wy W+ L
= = —. 7.34
W_ Ww. L-1 ( )
Which concludes the base case. For the inductive step we need to show that
detQ, detQ
ke e ) (7.35)

detQ_  detQ_

where Q4 and Qi are the same Schur complement as Wy and Wi but with an additional pair
of momentum-carrying roots {u,, —u,,} and an additional pair of auxiliary roots {v,, —v,}.
The idea is to consider (7.35) as a function of u,,. Then, by showing that the function vanishes
in the limit |u,,| — oo and has no residues it must in fact be zero. Since we want to satisfy
the QQ relation (7.5) in the limit, we need to take the extra pair of dual roots to infinity as
well. Specifically, we have that the leading order of the QO relation with an extra pair of
momentum-carrying and auxiliary roots are

QfuZ, — QruZ, = i(2P + 2)uQsQov?, (7.36)
where v, can be either ordinary or dual. Consequently, we need that

2, 2 2 _ Py

in order for the QQ relation to be satisfied by the old roots in the limit |u,,| — co. Assuming
first that v, is dual, the ordinary Schur complements with the extra roots are

2P 42 2P,
Q=6 (ul—QZf U — Ugq) +Zg —vq>+2f(ui—uj)i2f(ui+uj)
1
2P, /2 2P +2

1
- Z — vx) £ g(ui +vr)) (9(uj — vr) £ g(u; + vi)) < > glon - uq)) , (7.38)

q
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where we used that
(B+Ci'BL)ij = Y (B+)in(Cx ik (BL) i, (7.39)

k

since Cy are diagonal and

(7.40)

Qi = 5ij 2

i

Jk\r—t

Py+2
q
2P +2

5 -1
+ > (g(us — Bx) + g(us + Tx)) (9w — B) £ g(uj + 1)) ( > 9l - Uq)) ;
k

q

with N = Py + 1 for Q4 and N = P, for Q_. The behavior of f and ¢ in the limit & = —uin —0
is given by
1
-1 2 -1
€ = ~etr fle), 7.41
9= oy R (7.41)

and thus the m™ row and m* column will go to zero for e — 0. Consequently, the leading order

of the Laplace expansion in this limit is given by

det Qs ~ () mmdet Wi,  det Qp & (Q )y det W, (7.42)

where W4 and Wi are the old Schur complements with P; momentum-carrying and P, auxiliary
pairs since the contribution of w,, and ¥, vanishes in the limit. The behavior of €2, in the

limit e = L — 0 is

2P, 2P
(Qi)mm:< i QZf b uy) —i—Zg 1wy > +(—2+2)f(2e71)
52 4

q
) 1,1
~ef (4P 2P — 5 £ ). (7.43)

For the behavior of Q,,m, we need to consider the extra pair of dual roots in the limit ¢ = # — 0
and we thus set v, = auy,,
1 1 (i * a2 )2
~ ~ 1+« -«
() ~ 2 | L — 2P, — — + : (7.44)
e (1 + Q)Q (1 - OZ)Q 2P1 + (1+a)2 + = a)2
As argued before, we have to set a? = P +7 and the terms of interest become
2P 1 1 9
— =4(P +1 7.45
o Vivap Toap AT (7-45)
1 1
=2+ 1)(2P +1 7.45b
(1+a)2+(1_a)2 (1+ )( 1+ )7 ( )
1 1 Py 2
— =4 P +1 7.45
11af (1-a2 PRSI (7.45¢)
which combines to
(Q ) mm =~ €2 (L — 4Py + 2P), (Q)um ~ €2 (L — 4P, + 2P, — 1). (7.46)
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Thus, the fractions, which we consider to be functions of u,,, behave like

detQ,  L—4P +2P detW, det Q. o, L—4P +2P) det W,
det Q) _ L—4P1+2P2—1detW_’ detﬁi L—4P1+2P2—1detv~[/;7

(7.47)

which is equal by the inductive hypothesis (7.26).
Assuming instead that v, is an ordinary root, the terms including « in (47) moves to (46)
and changes sign. Therefore, we have that

2

1 1
O m~2 | L—ap pop— ety L 1 —((H“)i(l‘”‘))
Jmm = R T B G I E R ) T W

wrap + ap
=2 (L 2P +2P, +1), (7.48)

while for the dual Schur complements we simply get
(O )y = £2 (L - 2152) . (7.49)

Consequently, in the case where the extra auxiliary root is ordinary, the ratio between the Schur
complements behaves in the same way in the limit, with or without the extra dual roots

detQy  det IV, det , det W,
detQ_ ~ detW_’ detQ_  detW_’

(7.50)

In either case, whether the extra pair of roots are dual or not, we have that the difference (7. 35)
et Q4 and det Q+
et Q2 det Q_
have the same residues such that the difference is an entire function. We will not give a full
proof of this but will briefly sketch what needs to be shown in order to do so.

The possible poles we need to examine are located at u,, = +i/2, u,, = Fu;£i, Uy = Lv; :l:%
and when 22P1+2 9(0 — ug) = 0 where the last factor in the sums of (7.38) and (7.40) diverge.
Furthermore, we need to show that Q_ being singular implies that either {1} is singular such
that the ratio dez - is entire, or it implies that Q_ is also singular in such a way that the ratios
have the same residues and vice versa.

For the residues at u = +i/2, we see that they simply vanish

L
A . Ziu_idetW+
Res(det§2+ i;>: i <u$;> (ut3)(u—3%) —0, (7.51)

d tQ_’ u 7 #
e —4i/2 @ D=0 det W_

does indeed vanish in the limit. We therefore only need to show that the ratios g

and similarly for %. Likewise, the other possible poles at u,, = +u; + 4 and u,, = tv; + %

will also cancel since we get the same contribution in the nominator and the denominator. For
the possible residues at Z2P1+2 (0x — uq) = 0, we have to be a little more careful though. For

most of the cases the residues will also simply vanish, but we see that Q+ will contain a pole at

Z§P1+2 g(uq) = 0 which will not be canceled by Q_. Instead, this will be canceled by D3 which

we have left out after realizing that it gave us our desired factor for our transformation.
For the cases where )4 is singular it is more difficult to see that the residues should vanish. If
the assumption that jez 8* is holomorphic was right we should in principle be able to use (7.47)

to iteratively find the superdeterminant for all number of paired roots. However, numerical
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7.2. THE SCHUR COMPLEMENTS

computations show that while this does indeed hold when the only dual auxiliary root is the
zero root in which case the superdeterminant is given by

Pi—1
L L —4n
D= .52
L—lHL—4n—1’ (7.52)

it does not hold when we start to add dual auxiliary roots. It thus seems likely that for our

conjecture to be correct we need the residues of - tQ* to cancel the residues of j g* when

Q4 is singular. This however seems more difficult to show since the Schur complements are
singular only when two rows become linearly dependent which numerically seems to happen
only in highly non-trivial cases.

Assuming that the residues do cancel each other, by Liouville’s theorem the two functions

det Q4 det Q+ . .
oo and qorn are the same. Consequently, the superdeterminant transform according to

Qz( )22(0)
Q1(3)

for all number of paired roots. This completes our proof.

D = D, (7.53)

[NGIEN
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Chapter 8

Conclusion and Outlook

In this thesis, we have reviewed several aspects of the integrability of N' =4 SYM. In chapter
2, we showed how to derive the four-dimensional theory by dimensional reduction of the ten-
dimensional N'=1 SYM theory and then discussed the symmetries and their consequences. In
particular, we showed that the conformal symmetry restricted the structure of the two-point
functions such that the space-time dependence was determined by the conformal dimension
of the operators in question. We then showed that in the t’ Hooft limit the gauge-invariant
operators with a definite conformal dimension correspond to solutions of one-dimensional spin
chains by doing an explicit Feynman diagram calculation at one-loop order in the s0(6) sector.

In chapter 3, we then showed that in the su(2), su(2|1) and su(1]2) sectors the solutions
to the spin chains could be found by the CBA, where the physical interpretation is that the
M-body state consists of M magnons each of which is parameterized by a rapidity and travel
around the spin chain scattering non-diffractively with the other magnons. With this physical
interpretation, it came apparent that there were different dual ways to describe the spin chain
in which different fields in the theory could be chosen to constitute the vacuum or a level of
excitation.

As an interlude, we reviewed the ABA in chapter 4 which, though being a bit more abstract,
formally proved the integrability of the theory. It also gave us the tools needed to prove a closed-
form solution for the norm of a Bethe state in terms of the Gaudin matrix through induction
and complex analysis.

In chapter 5, we then briefly discussed the dCFT in which a domain wall breaks the conformal
symmetry such that one-point functions are no longer trivial. Instead, they can be expressed as
overlaps between Bethe states and boundary states of the theory which in turn can be written
as the square root of the superdeterminant of the Gaudin matrix decorated with some Baxter
polynomials.

The overlap formulae, thus turned out to be an interesting playground to further investigate
the duality transformations first encountered in the CBA. We therefore took a closer look on
the nature of these dualities in chapter 6 where we showed that we could use a fermionic duality
to transform between the different Bethe equations of our super spin chain and that these in
turn corresponded to the different choices of simple roots of the Lie superalgebra.

Finally, we were ready to investigate the transformation of the superdeterminant appearing
in the overlap formula between a valence bond state and a su(2|1) Bethe state in chapter 7.
Starting in the distinguished representation of the Lie superalgebra, O &— we attempted
to prove that the overlap formula transformed covariantly with the duality transformation taking
us to the =& representation. With the exception of possible poles when the Schur
complements become singular we succeeded in doing so.
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8.1. OUTLOOK

8.1 Outlook

It would have been nice to finish the proof of the transformation rule for the superdeterminant
of the su(2|1) sector, but the possible poles when the Schur complements become singular leaves
room for further investigation. With the non-trivial way in which these singularities occur, it
seems unlikely that there is an easy fix though.

As stated in chapter 6, the fermionic duality transformation of su(2|1) is only part of a much
bigger set of duality transformations of the superconformal algebra. In total, there are 28 = 256
paths in the full Hasse diagram of psu(2, 2|4) which are all connected by the fermionic and bosonic
dualities. Since all the known overlap formulae in the theory contain the superdeterminant of
the Gaudin matrix, an obvious next step would be to generalize the proof given here to the
rest of the fermionic duality transformations and prove the numerical findings in [20]. This
includes duality transformations of momentum-carrying nodes which are a bit more complicated
than non-momentum-carrying nodes since the superdeterminant becomes singular and needs
regularization [20]. It would also be interesting to consider the bosonic dualities which would
further restrict the form of the overlaps if the superdeterminant is to transform covariantly.

Having seen that both the overlaps between Bethe states and either matrix product states
or valence bond state are proportional to det G, an interesting question taking us in a different
direction is whether there exist any boundary states where the overlap is proportional to det G_.
This remains an open question as a such state is still to be found [21].
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Appendix A

Lie Superalgebras

Following [30], we will briefly review the notion of a Lie superalgebra and determine the roots
and generators of su(2|1) to show how to arrive at the two dual representations extensively used
throughout this thesis.

A.1 The Notion of a Lie Superalgebra

A Lie superalgebra g, is a generalized Lie algebra where a grading has been introduced. To
construct the algebra, we start out with a Zy graded vector space

9s = go D g1, (A1)

where homogeneous elements are either in gg and said to be even and have grade 0 or in g; and
said to be odd and have grade 1. Just as with the regular Lie algebra we equip the vector space
with additional structure, but instead of the usual Lie bracket we introduce a Lie superbracket

[t gs X gs = 8s- (A.2)
For two elements A, B € g, the superbracket satisfies
[aA+bB,C| =alA,C]+bB, (], (A.3)
and for three homogeneous elements A, B, C € g, it satisfies
deg([A, B]) = (deg A + deg B) mod 2. (A.4)
Finally, any three elements A, B, C' € g, satisfy the generalized Jacobi identity

[4,[B, )| (~D){ @ V%O [, [C, Aj(~1) 88 A) 1 [, [4, B)(~1) =D os ) .
(A.5)

If the dimension of the even part is m and the dimension of the odd part is n a matrix repre-
sentation is given by

E:<61 g) 0=<g §> A€M(m,m), DeMmnn),... (A.6)

such that the product of two even (odd) elements gives an even element and the product of an
even and an odd element gives an odd element.
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A.2. THE GENERATORS AND ROOTS OF su(2|1)

The Killing form is defined by
K(X,Y)==Str(ad X oadY), (A.7)

where the supertrace is defined by

A B
StrM =trA—trD, Mz(c D)’ (A.8)

and the adjoint representation is such that

ad(X)Y = [X,Y]. (A.9)

A.2 The Generators and Roots of su(2|1)

The Lie superalgebra A(1]0) = s[(2|1; C), which is the complexified version of su(2|1), consists of
elements which are 3 x 3 supertraceless matrices with grading (2/1), i.e. the even dimension is 2
and the odd dimension is one. The exponential map will then result in a supergroup consisting
of invertible supermatrices with superdeterminant one since the property

det A = exp(trlog A), (A.10)

carries over to supermatrices.
The Cartan subalgebra consists as usual of the maximally diagonalizable number of genera-
tors

[H;, Hj] =0, (A.11)
which we, in this case, choose to be
H = diag(1,—1,0), C = diag(—1,—-1,-2). (A.12)
The rest of the generators are then chosen to be the ladder operators that satisfy
[H;, E>] = +a;, E;, [Ef, E;] = 6;H;. (A.13)
In this case we get 6 pairs of ladder operators
(Eij)im = 0it0jm., (A.14)

i.e. all the matrices with one non-zero entry that is off-diagonal. We can then determine the
commutators giving the roots

[C, Erg] =0, [C, Ea3] = Eas, [C, E13] = Ens, (A.15a)
[H, E12] = 2E12, [H, Ez3] = —E»a3, [H, E13] = E13, (A.15b)
and the rest of the commutators are given by [E;j, Ey| = d;,Eiy — 0yuFEj,. A root is even if its

corresponding element is even and likewise odd if its corresponding element is odd, we thus have
two even and four odd roots,

0@ () )
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A.2. THE GENERATORS AND ROOTS OF su(2|1)

and their additive inverses. Now, using the basis (C, H, E12, F21, E13, E31, Fa3, E32) the adjoint
representation is given by

ad C = diag(0,0,0,0,1,—1,1,—-1),  ad H = diag(0,0,2,-2,1,—1,-1,1), (A.17)

and consequently the killing forms and the Killing metric are

K(H,H)=4, K(C,0)=-4, K(H,C)=0, K(H' H’)= <04 2) : (A.18)
giving the scalar products
(a1,01) = a’ia{K(Hi,Hj)_l =1, (oq,) = (ag,a3)= —%,
(o1, 03) = 37 (a2, a2) = (a3, a3) = 0. (A.19)

In order to determine the positive and negative roots, we need first to introduce the concepts of
solvability and the Borel subalgebra. An algebra g is set to be solvable if the iterative process
g* = [g"1, g¥71] with g° = g terminates at some point. A Borel subalgebra b of an algebra g is
a maximally solvable subalgebra of g. For instance if g = s[(2) then a Borel subalgebra consists
of all the generators that are upper (lower) triangular matrices.

The Borel subalgebra b can then be decomposed into the Cartan subalgebra h and a remain-
der N, and the whole algebra then decomposes into the Borel algebra and a second remainder
N~. The roots are then positive if the generator of the root is in A" and negative if it is in
N~. The simple roots are then the roots that cannot be written in terms of two positive roots.

Going back to A(1|0) we can then chose the basis of b to be { H,C, E12, Ea3, E13 } such that
NT = {Eis, B3, E13}. Then ai, as, a3 are positive roots. Since ag = a1 + ag only ag, g are
simple roots, one even and one odd. Another choice for N could be N* = { E19, F39, E13 }
where the simple roots are now the two odd roots ao, ag.

The Cartan Matrix is given by the inner product of the simple roots

2(aj, ) .
M = 78 if (j,5) #0
T (ag,ay) (05,05) #
o (0, ag) . N
M, = (@) if (o, a;5) =0, (A.20)

where aj is another simple root such that (o, aj ) # 0. For the case of A(1|0) and with the
simple roots aq, @y we get the Cartan Matrix

2 -1
M = (_1 0 > , (A.21)
while with the choice of as, ag being simple we get that
~ 01
M = (1 0) . (A.22)

The generalized Dynkin diagram is given by the set of rules:
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A.3. COMPLEXIFICATION OF AN ALGEBRA

1. Draw a node for each simple root that is:

(O if the root is even
& if the root is odd and has zero norm

@ if the root is odd and has a non-zero norm

2. Connect the nodes j and k by max{|M |, |[My;|} lines (and let the line be dotted if M
is —1)

3. Add an arrow from j to k if M| > 1
The Dynkin diagram for A(1]|0) with the choice of ay, e as simple roots is then
O &, (A.23)
while the choice of as, a3 as simple roots gives the Dynkin diagram

R, (A.24)

The two different choices og simple roots exactly corresponds to the two choices of vacuua and
excitations for su(2|1) considered in in this thesis. The duality transformations of the Bethe
roots will, in general, correspond to the different choices of simple roots in the algebra [31]. One
could, for example, change between the Beauty and the Beast representations of su(2,2[4) using
the fermionic duality

+1 -3 +2

O &F—0C0——"C0—"0C— O -0O0—"0—"0C—8 O O 0O

A.3 Complexification of an Algebra

We usually deal with real Lie algebras, i.e. we deal with vector spaces of over the field of real
numbers. We can then complexify the vector space of a real Lie algebra g to get the complex
vector space gc = C ® g and equip it with a new Lie bracket [-,-|c : gc X gc — gc defined by

IX1+i0X,10Y1+iYsc =10 [X1,Y1] —1®[Xo,Ys] +i® [X1,Ys] +1i® [Xo, V7],
(A.26)

with X1, Xo,Y7,Y2 € g. With this in mind, the complexified algebra of su(2) is can be shown to
be isomorphic to s[(2). If we consider the map ¢ : su(2)c — sl(2,C) given by

1 X1 4+1® Xo = X7 +1Xo. (A27)

This spans all of s[(2) since every matrix can be written in terms of a Hermitian plus an anti
Hermitian matrix and the bracket is conserved since

(X1 4+ iXo, Y1 +4Ys] = [ X1, V1] — [Xo, Yo| + [ X1, Yo| + i[ X0, Y1), (A.28)

which is just the normal commutator of matrices and also what (A.26) maps to. su(2) is thus
said to be a real form of s[(2,C). In the same way su(2,2[4)c = sl(4]4, C) although in literature
it is not atypical to use it interchangeably with su(2,2[4).
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A.4. SCALAR PRODUCT WITH KILLING FORM

A.4 Scalar Product with Killing Form
The Killing form is a symmetric bilinear form of two elements in a Lie algebra
K(X,Y)=tr(ad X oadY), (A.29)
where the adjoint representation is given by
ad(X)Y = [X,Y], (A.30)

such that all the algebra now acts on the generators. Now every root « in our algebra maps an
element in our Cartan subalgebra to a number « : h — h*

a(HY) = o, (A.31)

and the roots are therefore elements in the dual vector space to our Cartan subalgebra. The
Killing form can then be used as an isomorphism between the Cartan subalgebra and its dual
such that for an element in the dual space v € h* there is a corresponding element H” € h

V(H') =+ = K(H', HY). (A.32)
For our roots o this implies that their connection to their covectors o are
a(H) =o' = K(H',H*) = o; K(H', H?) = a; K", (A.33)

where H* = a; H' and we can therefore use the Killing form to raise and lower indices and to
define a scalar product in the dual space

(a,8) = K(H*, H?) = 0, ; K" = o' BT K, (A.34)

with Kj;; being the metric in the dual space and the inverse of K i,
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Appendix B

Solutions to the Two-body Problem

The two-body problem is of special interest since it is the simplest non-trivial problem where
we can enforce our zero momentum constraint. The problem can be investigated from both
the CBA and ABA approaches which are very different in nature though they still give the
same solutions. In order to see this we have explicitly made the calculations showing that the
two-body CBA and ABA states are in fact the same up to some normalization. Furthermore,
we have made an explicit calculation of the norm of the two-body states.

B.1 The Two-body CBA Eigenstate

Considering only solutions with paired rapidities, the two-body CBA wave function is given by

\112(x1, 562) — (2 — e '1 _ elpz) etP1otP1T1+ip2T2 (2 —e W2 _ elpl) P2 ptP2T1+ip1T2

o eP(@2=71) 4 o=ip(z2—21+1) o (og (p <:1:2 -z + 1)) (B.1)
2 )

where we used that p = ps = —p1 = % We then define

[W)epp =2 ) cos (p (g;z —z1+ ;)) S, S5, 10) (B.2)

T2>T1
L L1 1
= Z Zcos <p(A+2>>SxIS;1+A|O>, (B.3)
r1=1A=1
where we in the last line used the periodicity S, = S, of the chain and counted every term

twice to simplify the sum. The norm of this state is then

o E o)) 1 £ (52

T2>Tq r1=1A=1
L—1 I L—1 A
=LY l4cos(p(2A+1))=L(L—1)+ 5 D PP g omRATD) (B 4)
A=1 A=1
but
L—-1 L—2 ;
, . . 1 — e2ip(L-1)

Z eZsz _ 621;0 Z e?sz _ €2sz 16_ o — 0’ <B5)
A=1 A=0

since p = 5—?11 for | =0,...L — 1. Consequently the norm is simply given by

(V|W)epa = L(L = 1). (B.6)
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B.2. THE TWO-BODY ABA EIGENSTATE

B.2 The Two-body ABA Eigenstate

In the ABA the two-body eigenstate is given by

(W) aga = B(=A)B(A)[0). (B.7)

In order to find out what this is we need to consider the Lax operator acting on the vacuum
state

L, [0) = (AJ iS5y ) 0), A=A+ % (B.8)

For two Lax operators we have that

2 . — . —
Lo, |0) = (AJ A5y ;M—% > (B.9)
and for three we get
3 . — . i . 2 i

Following this pattern, we have that upper right part of the full monodromy on the vacuum
state is given by

L
A0y =iy ATATTS [0y = iAhA 126—”’"5 0), (B.11)

where we used the reparametrization of the rapidities to the momenta

1 o N ; '
)\1 — cot & e'Pt = T—.i_, )\;: = i% (B12)
2 2’ AL 1 eTwpi

If we now consider the action of B(A) on S, |0) we have that

LS. [0) = (AJ o ) 10) fornm (B.13)
. 3 — —
_ ((A ;fsgggsm o L 35 ) 0) = (AZSm A:’%) 0) forn—=m. (B.14)

Therefore we have that the full monodromy on S;, |0) is

Lz ...LyiLmLm—1...LiS5 |0) =

)\i—m Zzn m+1)\L n)\n m— 151 )‘—S;L 0 )\T—l sz 1)\m n— 1)\11 IS ‘O>
0 M- i A So 0 x_” !

(B.15)
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We thus have that B(A) on S, |0) is

m—1 L
B()\)S;L ’0) = Z)‘i_ls;z Z e*ian; + ZA_‘L_-I-l)\:QS;L Z efz'anﬁ;

n=m-+1
L

m—1
—gALAmel\Tm=2 ( > e—"p"S;> (Z e—iP"S,;> 0)
n=m-+1

n=1

:Z-ml( [Ze—wﬂs LY e 1>s]

n=m+1

—AF A e Z Zeip@“)sns;) 0).

(B.16)
n=m+1 [=1

Combining (B.11) with the first line in (B.16), we have
B()‘)B(_)‘) —ip(n—m+1) o— ¢— —ip(n—m—1) ¢— qg—
(CD)EALTNLT 0) = Z e PSS, 10) + Z e 5,55 [0)
- A4

m>n

m<n

—a Y ertmenligrg o) .
1<l<m<n<L

(B.17)
The first sum simply gives us

2 Z cos (p(m —n+1))S,,S, 10), (B.18)
while for the triple summation we have that

S = zL: XL: mz:leip@mnl) _ Z nzl:l eip(2A+lfn)

(A=m—1)
m=1n=m+1 [=1 n>l+1 A=1
n—Il—1

_ Z ’Lp(l n) Z G2PA _ ip Z etp(l—n+1) _ jip(n—1-1)

1 —e2w
n>l+1

= ¢P Z 1 o2ip = 2i1 — o Z sin (p(m —n+1)). (B.19)
n>l

m>n

n>l+1

lnl)e(lnl)

Furthermore, we have that

11 €?
A_ )\+ ﬁ—

7
4 sin? p

22sinp

= . B.20
cos & ( )
Then using the identity cos A cos B + sin Asin B = cos A — B we get that
B(A)B(-A)

p .
(C1)EAETAL 7 10) _cosp (cos —n+1))cos§+s1n(p(m—n+1))sm )S S, 10)

1 e
cosg ,7; cos < —n+ 2)> S..S, |0)
1
COS% |\I]>CBA’

(B.21)
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which is in perfect agreement with what we got from the CBA (B.3)

_ 4 1
) apa = BOOB(-A)[0) = (—1)PAL AL [0) o,
2

L-1
= (—1)t <A2+i> LIRS (B.22)

COS 2

For the two-body case A is real and having already calculated the norm for the CBA (B.6), we
get that

N> 4 LL-1)
|y =A%+ >
s = (¥45) o

— <A2 + i)m_l A2L(L —1). (B.23)

B.3 The Norm From the ABA Gaudin Matrix

In the ABA the Gaudin matrix is given by

09y, . 5 >\k: —Aj+i
M — =2k —il B.24
=gy Pr=ilog (Ak+ ) LN —i ) (B.24)
and the norm is given by
Opm
= h(A B.2
S =TT T 0w et 20 29
J J#k

For M =1, there is only one root, and the Gaudin matrix becomes

\ L
0 Al — 5 1 1 L
My = —iq—log | = 2] =il T 3 VI (B.26)
225} AL+ 5 Al—5 M+ 3 AT+ 7

For M = 2, there are two roots, and the Gaudin matrix becomes

0 AL — AM— Ay +1 L 2
My = —i— [ L1 2 ) 41 -] = - B.27
’ ’6M< Og(h ) R T T R T

01 0 M — A+ 2 2

My =—=—i—1 = = = M- B.28
12 O Za)\z o8 A — Ay —1 ()\1 — )\2)2 +1 4)\% +1 21 ( )
L 2 L-1
Moy = - = Z B.29
DV e SV P R BV (5:29)
where we used that the rapidities are paired, A = \; = —Xo. For the determinant of the Gaudin
matrix, we then have that
L-1\° 2 \* L(IL-1)
A2 A2 2 _
det M;; = My, — My, = (}\24_1) (4/\2+1> ()\2 )2, (B.30)
and prefactor becomes
N+ g
R(X, =A)R(=\,\) v 4 (B.31)
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The norm is thus given by

L(L—1)

Sz = h(X, =A)h(=A, A) det My; = N2y Iy

(B.32)

which is not the same as (B.23). Remembering the normalization used to find the norm formula
(4.29), we get that

(W) 454 = (0| CNC(=X)BA)B(=A) [0) = 6"(X)?6" (=) (0] C(A)C(=N)B(\)B(-1) |0)

which is precisely the same as (B.23)
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Appendix C

Numerical Solutions

Because of the difficulty of finding analytical solutions to the Bethe equation, we will have to
rely on numerical methods for doing anything but the simplest cases. Numerical methods also
proved to be a great tool when developing intuition on how the superdeterminant in chapter 7
transformed.

C.1 Numerical Solutions to the Heisenberg Spin Chain

In the su(2) sector of the theory corresponding to the XXX, Heisenberg spin chain, we have
analytically found the two-body solution where the states are paired
1 ™

= — t fr
=5

—u2. (C.1)

In order to numerically find more solutions to the Bethe equations it is often easier to work with
their logarithmic version

up + % M Up — Ui + 1
1Llog b ?+27mkzg logkij,, (C.2)
uk—é 2k U —Uj — 1

where ng are called the modes and arises from the branch cut of the logarithm. In order to
find numerical solutions we look at the limit where L >> M. Then the right hand side of the
equations can be disregarded at first in order to show that

L

2mny,’

for large L. Then, we introduce a term of order VL

1 . e

where zj, is yet to be determined. Inserting this in the Bethe equations, we find that

M

1
*=D S (C.5)
J#k

This equation is satisfied by the Hermite polynomials. One way to numerically determine the
solutions to the Bethe equations for finite L is therefore to use the approximated roots as starting
points when doing a gradient decent.
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C.2. NUMERICAL SOLUTIONS TO THE su(2|1) BETHE EQUATIONS

C.2 Numerical Solutions to the su(2|1) Bethe Equations

For the su(2|1) Bethe equations of the O &— Dynkin diagram,

3 1 . 2 1
(up+2> I el | e (C.6)
i - _ o _ i .
Up =3 aip P T U TV Up — Vg T g
K i
Up— Ug — 5
_H p— U " 3
L= vp — Ug + 5 ©
g=1Yp ~Uqg T 3

the simplest non trivial solution with paired rapidities is again {{u1, —u1}, {}}, where the second
set of roots is empty. The duality transformation encoded in the QO relation

O — 97 =2iP1u0,Q;, (C.8)

gives us the dual set of roots {{u1, —u;i},{0}}. In order to find other solutions and test our
conjecture for the transformation of the superdeterminant we again we resort to solving the
equations numerically. Unlike the su(2) sector, where we could find the roots in the large L
limit we have not come up with any clever way of doing so for the su(2|1) sector and therefore
have only been able to solve for L < 10. The Mathematica code for solving the Bethe equations,
doing the duality transformation, and comparing Schur complements is

(*Define the length of the spin chain, the number of patrs of bosonic and
< auziliary roots and tolerancex)L = 8; M =2; K =0; t = 0.01;
(*The Bethe equattons and norm functions are defined for each nodex)

Bethel = -(Product[(I + ulil - ul[j])/(-I + ulil - ul[j1), {j,
o  2#M}]*Product [(-I/2 + uli] - v[j1)/(1/2 + uli]l - v[j]), {j, 2%K}]*((-1/2 +
— ulil)/(T/2 + ulil))"L);

Bethe2 = Product[(-I/2 - ulj] + v[i]1)/(T/2 - ulj] + v[il), {j, 2*M}];
phil := -I Log[Bethel]; phi2 := -I Log[Bethe?2]

(*Solves the coupled set of Bethe equations, its actually only half of the
< equations since the solutions we seek are paired*)

uv0 = Join[Table[ul[i], {i, M}], Tablelv[i], {i, K}]] /. NSolve[Join[Table[1l ==
— Bethel, {i, M}], Table[l == Bethe2, {i, K}]] /. Join[Table[ul[j + M] ->
-uljl, {j, M}], Tablelv[j + K1 -> -v[jl, {j, K}]1, Join[Tablel[ulk], {k,

— M3}, Tablelv[k], {k, K}]], WorkingPrecision -> 30]; // Timing

!

EquiSet[x_, y_] := (perm = Permutations[Join[x, -x]];

com = Joinly, -yl;

AnyTrue[Table [Norm[perm[[i]] - com] < t, {i, Length[perm]}], TrueQ])
(*Test wether two sets of patired Toots are in fact the samex)

Sameroots[x_] := AnyTrue[Table[Abs[x[[i]] - x[[j]]] + KroneckerDeltal[i, j] < t

— || Abs[x[[i]] + x[[j11] < t, {i, Length[x]}, {j, Length[x]}], TrueQ,
« 2] (*#Test wether set contain mon distinct Toots*)
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C.2. NUMERICAL SOLUTIONS TO THE su(2|1) BETHE EQUATIONS

Num[x_] := AllTrue[Table[Abs[x[[i]l] - I/2] > t && Abs[x[[i]] + I/2] > t &&
— Abs[x[[i]]] > t, {i, Length[x]}], TrueQ] (#Test wether set contain roots
— close to +-1/2 or 0%)

uv00 = DeleteDuplicates[Select[uvO, Num[#] && ! Sameroots[#[[1 ;; MI1] &],
< EquiSet[#1[[1 ;; M1]1, #2[[1 ;; MI11] &] (#*Removes duplicates and sets with
< non distinct roots or roots close to +-1/2 or 0%)

u0

uvOO[[1 ;;, 1 ;; M]]

vO

uvOO[[1 ;;, M + 1 ;;1]

GraphicsRow[{ComplexListPlot[u0, PlotRange -> 1.1 {{-2, 2}, {-1.5, 1.5}},

— PlotStyle -> {PointSize[Largel}, PlotLabel -> "Bosonic"],
ComplexListPlot[vO, PlotRange -> 1.1 {{-1.5, 1.5}, {-1.5, 1.5}}, PlotStyle
-> {PointSize[Largel}, PlotLabel -> "Fermionic"]}] (*Plots half of each set
of Toots*)

Pl

u00 = u0[[1]]
(*pick out a set*)

v00 = vO[[1]]
u00

(*Calculates all the submatrices of the Gaudin Matriz*)

Al = Table[D[phil, ulk]l, {i, M}, {k, M}]; A2
o M}, {k, M}];

Table[D[phil, ulk + M]], {i,

Bl = Table[D[phi2, ulk]l], {k, M}, {i, K}]; B2
- M}, {i, K}]1;

Table[D[phi2, ulk + M]], {k,

Cl = Table[D[phiQ, vik]l]l, {k, K}, {i, K}]; C2
— K}, {i, K}]1;

Table[D[phi2, v[k + K11, {k,

(*Combining the submatrices to G+ and G-*)

Gp = Join[Join[A1l + A2, B1 + B2, 2], Join[Transpose[B1 + B2] /. {{} -> {{}}},
-~ C1 + C2, 2], 1] /. Join[Table[u[i] -> wOO[[i]], {i, M}], Tablel[ul[i + M] ->
— -u00[[il], {i, M}], Tablel[v[i]l -> vOO[[il], {i, K}], Tablel[v[i + K] ->

— -v0O[[i]], {i, K}, {{} -> Nothing}]

Gm = Join[Join[Al - A2, B1 - B2, 2], Join[Transpose[B1 - B2] /. {{} -> {{}}},
<~ C1 -2C2, 2], 11 /. Join[Table[ul[i] -> w0O[[i]l], {i, M}], Table[ul[i + M] ->
< -u00[[i]l], {i, M}], Tablelv[i] -> v0O[[il], {i, K}], Tablelv[i + K] ->

— -v0O[[ill, {i, K}1, {{} -> Nothing}]
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C.2. NUMERICAL SOLUTIONS TO THE su(2|1) BETHE EQUATIONS

(*Determines the superdeterminant*)
SD = Det [Gp]/Det [Gm]

Det [Gm]

(*Now for the dual equations*)

tKk =M - K - 1 ; (*Number of pairs of dual auziliary roots apart from the eztra
< zeroth root which ts placed at the end*)

(*Dual Bethe equations and norm functions*)

tBethel := Product[(I/2 - tv[j] + ulil)/(-I/2 - tv[j] + ulil), {j, 1 +
o 2%tK}]*((-I/2 + ulil)/(I/2 + ulil))"L;

tBethe2 := Product[(I/2 + tv[i] - uljl)/(-I/2 + tv[i] - uljl), {j, 2*M}];
tphil := -I Log[tBethel]; tphi2 := -I Log[tBethe?2]

(*Solves for the dual auziliary roots while keeping the old momentum carying
<~ Toots *)

tv0 = Table[tv[i], {i, tK}] /. NSolve[Table[1 == tBethe2, {i, tK + 1}] /.
< Join[Join[Table[ul[j] -> w00[[j1], {j, M}],

Table[ulj + M] -> -u00[[j1]1, {j, M}1, Join[Table[tv[j + tK] -> -tv[jl, {j,
— tK}], {tv[2 tK + 1] -> 0}]], Table[tv[k], {k, tK}], WorkingPrecision ->
< 20];

tv00 = tvO[[1]] (*Picks out a solution of *)
(*Determines the dualised Gaudin Matriz*)

tAl = Table[D[tphil, ulk]]l, {k, M}, {i, M}]; tA2 = Table[D[tphil, ulk + M]],
- 1k, M}, {i, M}];

tB1 = Table[D[tphi2, ulk]], {k, M}, {i, tK}]; tB2 = Table[D[tphi2, ul[k + M]],

tC1 = Table[D[tphi2, tv[k]], {k, tK}, {i, tK}]; tC2 = Table[D[tphi2, tv[k +
- tK11, {k, tK}, {i, tK}];

tD1 = Table[D[tphi2, ulk]]l, {k, M}, {i, 2 tK + 1, 2 tK + 1}]; tD2 =

— Table[D[tphi2, tv[k]]l, {k, tK}, {i, 2 tK + 1, 2 tK + 1}] /. {{} > {{}}};
< tD3 = Table[D[tphi2, tv[2 tK + 111, {k, 1}, {i, 2 tK + 1, 2 tK + 1}];
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C.2. NUMERICAL SOLUTIONS TO THE su(2|1) BETHE EQUATIONS

tGp = Join[Join[tD3, Sqrt[2]*Transpose[tD1], Sqrt[2]*Transpose[tD2], 2],

— Join[Sqrt[2]*tD1, tAl + tA2, tB1 + tB2, 2], Join[Sqrt[2]*tD2, Transpose[tB1
— + tB2], tC1 + tC2, 2], 1] /. Join[Table[ul[i] -> wOO[([i]l], {i, M}],

— Table[uli + M] -> -u00[[ill, {i, M}, Tablel[tv[il -> tvOO[[ill, {i, tK}],
« Table[tv[i + tK] -> -tvO0O[[i]l], {i, tK}], {tv[2 tK + 1] -> 0}, {{} —>

— Nothing}];

tGm = Join[Join[tAl - tA2, tB1 - tB2, 2], Join[Transpose[tB1 - tB2] /. {{} —>
o {{}}¥, tC1 - tC2, 2], 1] /. Join[Table[u[i] -> uwOO[[i]], {i, M}], Tablel[uli
— + M] -> -uO00[[i]l], {i, M}], Tablel[tv[i] -> tvOO[[il], {i, tK}], Tablel[tv[i
— + tK] -> -tv0oO[[il], {i, tK}], {tv[2 tK + 1] -> 0}, {{} -> Nothing}];

(*The dual superdeterminantx*)
tSD = N[Det[tGp]/Det [tGm]]
(*The conjectured transformation of the superdeterminant*)

SD*2*M*Product [-vO0[[i]] "2, {i, K}]#*Product[-tvOO[[il]"2, {1,
< tK}]/Product[-uO00[[i]]"2 - 1/4, {i, M}]

(*The schur compliments*)

tWm = tAl - If[tK == 0, 0, (tBl - tB2).Inverse[tCl].Transpose[tBl - tB2]] /.

— Join[Table[u[i] -> wO0O([[il], {i, M}], Table[u[i + M] -> -uOO[[il], {i, M}],
— Table[tv[i] -> tvOO[[il], {i, tK}], Tablel[tv[i + tK] -> -tvOO[[il], {i,

<~ tK}], {tv[2 tK + 1] -> 0}, {{} -> Nothing}] // MatrixForm

Wm = Al - A2 - If[K == 0, 0, (Bl - B2).Inverse[Cl].Transpose[B1 - B2]] /.

— Join[Table[u[i] -> wO0O[[i]], {i, M}], Table[ul[i + M] -> -uwOO[[i]l], {i, M}],
— Table[v[i] -> vOO[[il], {i, K}], Tablel[v[i + K] -> -vOO[[ill, {i, K}1, {{}
<~ —> Nothing}] // MatrixForm

Wp = A1 + A2 - If[K == 0, 0, (B1 + B2).Inverse[Cl1].Transpose[B1 + B2]] /.

— Join[Table[ul[i] -> w0O[[il], {i, M}], Table[uli + M] -> -uO0O[[il], {i, M}],
— Tablelv[i] -> v00[[i]], {i, K}], Tablelv[i + K] -> -v0O[[il], {i, K}, {{}
— —> Nothing}] // MatrixForm

tWp = tAl + tA2 - Join[tB1 + tB2, Sqrt[2] tD1, 2].Inversel[Join[Join[tCl /. {{}
<~ —> {{3}}, Sqrt[2] tD2, 2], Join[Sqrt[2] Tramspose[tD2] /. {{} —> {{}}},

- tD3, 21, 11 /. {{} -> Nothing}].Transpose[Join[tBl + tB2, Sqrt[2] tD1, 2]]
— /. Join[Table[ul[i] -> uw0O[[i]l], {i, M}], Table[uli + M] -> -uO0O[[il], {i,
— M}, Table[tv[i] -> tvOO[[i]l], {i, tK}], Tablel[tv[i + tK] -> -tvOO[[i]],
- {i, tK}], {tv[2 tK + 1] -> 0}, {{} -> Nothing}] // MatrixForm
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