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Introduction

Sometimes, certain peculiar behaviours hint a connection might exist to link theories
apparently disjointed. Several examples have been provided by features which are en-
countered both in gauge theories, such as QCD, and string theories set on curved man-
ifolds. An intriguing instance comes from the large spin properties of certain classes
of gauge-invariant operators in QCD [4], the Wilson operators, made out of elementary
quarks and gluons, and in addiction an arbitrary number of covariant derivatives. Obvi-
ously QCD is not scale independent, confinement being a self-evident symptom of that:
nonetheless, due to asymptotic freedom, it can be treated as a conformal field theory
in high energy processes, such as deep inelastic scattering. Hence the computation of
conformal dimensions A for Wilson operators reveals a characteristic logarithmic scaling
behaviour when their Lorentz spin s takes a very large value (and correspondingly so
the number of derivatives does) [5]:

A—s=2Tcusp(as) Ins+... |

where the cusp anomalous dimension I'¢ysp(cs), encoding the dependence on the cou-
pling, emerges from calculations about polygonal light-like Wilson loops with cusps [6].
The same feature also arises in supersymmetric gauge theories and toy models for QCD:
maybe the most renowned and studied example is provided by the N' = 4 Super Yang
Mills.

In view of the AdS/CFT correspondence [2][3], Gubser, Klebanov and Polyakov [21] pro-
posed a classical folded string configuration, laid on a subspace of AdSs5, which might be
able to account for the logarithmic scaling. The GKP string, named after them, is then
intended to offer a gravity theory counterpart to the above mentioned gauge theories, at
least when studying some selected aspects such as the large spin scaling behaviour, as,
in fact, the energy of the GKP string is governed by the leading order

EFE-S5~InS

Anyway, the AdS/CFT duality claims that aspects of the gauge theory, which are suit-
able to a perturbative analysis, turn out to match strongly coupled regimes in the string
theory, and vice-versa, so that, as a consequence, there is lack of overlaps to verify and
improve the conjectured correspondence. Non-pertubative methods are thus needed to
throw insight into regions of the theories, otherwise inaccessible.

The pursuit of this script mainly concerns the exploration of some aspects of the
supposed duality, connecting a string theory set on the AdSs x S° background and

)
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the N’ = 4 Supersymmetric Yang-Mills theory, endowed with the gauge group SU(N).
Remarkably, there is strong evidence that both these theories are integrable [11][28],
so that a wide set of computation technologies are available to shed light also to non-
perturbative aspects. In particular, when the number of colours IV is extremely large,
so that only planar Feynman diagrams are considered, the dilatation operator in N = 4
SYM has been proven [28] (at least under some restrictions) to coincide with the hamil-
tonian of the spin chain (indeed, an integrable model), first introduced by Heisenberg in
order to explain phenomena of ferromagnetism: gauge-invariant operators are then set
to correspond to excitations over the ferromagnetic vacuum, whereas their anomalous
dimensions shall match the eigenvalues of the spin chain hamiltonian, and therefore arise
from its diagonalization by making use of Bethe Ansatz and related computation tech-
niques. This layout has been extensively and deeply studied in literature, and, moreover,
the role of its stringy counterpart, via AdS/CFT, is embodied by the string configuration
proposed by Berenstein, Maldacena and Nastase (BMN) [20].

In what follows instead, the GKP classical solution will be taken into account, as a
ground state, over which excitations are risen. This different choice of the stringy vac-
uum must thus reflect into a novel ground state for the spin chain: as the interest lies
on the large spin limit for the GKP string, the more suitable option is provided, as it
will be explained, by an antiferromagnetic vacuum. The powerful methods furnished by
integrability allow to determinate the dynamics of excitations over the antiferromagnetic
vacuum, and, since they do correspond to actual particles in N' = 4 SYM, at the same
time the scattering matrices and dispersion laws of the latters are obtained.

While the energies of the particles promptly lead to the spectrum of anomalous dimen-
sion for the gauge invariant operators, the scattering matrices represent the starting
point to compute the polygonal Wilson loops in N' = 4 SYM, upon calculating the
pentagonal amplitudes in which they may be decomposed [46].

A further gauge/string duality will be examined in this text, namely the correspon-
dence relating a three dimensional supersymmetric conformal gauge field theory, that
is A/ = 6 Chern-Simons Matter theory (else ABJM) [26], and a string theory living on
the AdSy x CP? background. More precisely, the role of GKP string in this (conjec-
tured) correspondence will be highlighted, by exploiting again the chances offered by
the integrability dwelling in A/ = 6 Chern-Simons [51][52]. In the large spin limit, the
whole gauge theory is led to a low-energy reduction (corresponding to the Bykov model
[50], on the string side), which reveals astonishing resemblances with the O(6) non-linear
o-model: remarkably, the O(6) o-model governs the dynamics of another known gauge
theory, namely the A = 4 SYM, in the (low-energy, high spin) Alday-Maldacena de-
coupling limit [38]. Actually, this fact should be not quite a surprise, as it simply joins
several further hints [62][58] that a relation between N' = 6 Chern-Simons and N' = 4
SYM may exist.

The text is organized as follows. The first chapter provides an essential introduction
to spin chains and Bethe Ansatz and moreover a short summary of tools, stemming from
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integrability, which will be employed in subsequent chapters. Strictly speaking, those
computational tools only represent a simplified version of the techniques actually used,
nevertheless even a sketchy outline might be helpful in highlighting some interesting
physical aspects underneath them.

The second chapter contains a very brief review of topics about the AdSs;/CFT), cor-
respondence and the role assumed by integrability: this quick survey is just aimed to
contextualize the next two chapters within the AdS/CFT framework.

The core of the work consists in the third and fourth chapters, which are written after
[47], along with some (up to now) unpublished material. In the third chapter the exci-
tations over the antiferromagnetic (GKP) vacuum will be introduced and examined, so
to find the all loop expressions for the S-matrices governing their scattering !: the task
is achieved upon turning an infinite set of Asymptotic Bethe Ansatz equations [30] to a
finite number on non-linear integral equations (NLIE), according to [34][37]. Remark-
ably, all the processes can be written in terms of the fundamental scalar-scalar scattering
phase.

In the fourth chapter, the scattering matrices, previously found, are employed as build-
ing blocks to construct the set of complete Asymptotic Bethe Ansatz (ABA) equations
at all loops: from those equations, the dispersion laws of the particles are achieved.
The fifth chapter traces [27], in order to show a few results about the AdSy/CFT3 dual-
ity studied on the GKP vacuum, and in particular a low-energy reduction is taken into
account: moreover, the low-energy reductions of N’ = 6 Chern-Simons and N' =4 SYM
are compared, so that some peculiar common features can be displayed (even pictori-

ally).
Finally, two appendices gather some useful formulae employed throughout the maintext.

'More precisely, the scalar factor in front of the matricial structure is computed.
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Chapter 1

Ideas and tools of integrability

1 Integrability in a nutshell

This introductory chapter is intended to display a set of computational technologies,
exploited to yield most of the results exposed throughout the rest of the text. Although
these methods are outlined only in a sketchy form, far from being exhaustive of the
subject, and moreover the achievements in the following rely on much more involved
refinements on these basic tools, nevertheless it turns out instructive to portray the
main steps and point out a few interesting aspects of the techniques hereafter.

Almost all the statements contained in the present chapter are referred to (quantum)
integrable models set in two dimensions (precisely one time and one space direction).
Quantum integrability means that the model is endowed with an infinite number of
conserved charges in involution: say H the hamiltonian operator and be {Qi} an infinite
set of Hermitian operators associated to Noether charges, i.e. H , Qz = 0, integrability
arises whenever it holds true

0.0 =0 ¥ij

When referring this definition to two dimensional scattering models, several astonishing
results stand out. First, the number of the particles, included in the system, do not
change after collisions, hence creation or annihilation events being forbidden.
Moreover, the scattering is factorizable, meaning that every process, regardless of the
number of particles involved, decomposes into a sequence of two body scatterings. How-
ever, the initial state of a process may evolve to final in many different ways, that is,
there exists more than one sequence leading to the same final result: to ensure the con-
sistency of the theory, an equivalence between those different scattering patterns ought
to be stated. To this aim, the Yang-Baxter relation has been introduced:

Sgg(u — U) X® Slg(u) ® 513(11) = 513(11) X Slg(u) & 5'12(u — 'U)

These and several other implications of integrability often underlie formulae and methods
employed in this text.
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2 Spin chains and Coordinate Bethe Ansatz

A pivotal example of integrable system comes from the Heisenberg spin chain, introduced
to study phenomena of ferromagnetism in metals. The spin chain is a one dimensional
lattice made of L sites, and each of them is endowed with a spin, whose projection
along a fixed axis can assume just two values, say either —i—% or —%. The system is then
governed by the hamiltonian

L
fI:JZ(l—4§l-§l+1) : (1.1)
=1
each site hosts a two dimensional representation of algebra su(2), so that S is pro-
portional to Pauli matrices S = %(O’x,O'y,O'Z). The interest lie on closed chains, hence
a periodicity constraint must be imposed, with period L. The interaction in (1.1) is
of nearest-neighbour type, in that it involves only pairwise adjacent sites, therefore,
upon restricting to positive values of the coupling J (ferromagnetic case), the minimal
eigenvalue of the hamiltonian occurs when all the spin are aligned: this configuration
corresponds to the ferromagnetic vacuum. The eigenvectors of the 2 x 2 matrix S are

€] = (?) €9 = <(1)> y (12)

associated respectively to eigenvalues —i—% and —%: for definiteness, the choose of the

ground state is now set to fall to the tensor product state
0)=e1® - ®er ; (1.3)
N———
L times

the whole space state of the system is then built as a tensor product of single site C?
factors

Clo---@C% . (1.4)
[
L times

The lowest-lying excitation is achieved instead by flipping one spin from —% to —i—% and
on the same footing one e; turns to es, whereas in general the inversion of M spins
accounts for M excitations: for several purposes, reverted spins behave like pseudopar-
ticles, customarily named magnons. The hamiltonian (1.1) may be recast into another
useful form

L
A=27) (I},Hl - f’z,m) : (1.5)
=1

in term of the operator JSHH which exchanges adjacent sites [, [ 4+ 1, and fl,l+1a acting
trivially on the chain. Along with the hamiltonian, a further example of observable is
provided by the magnetization

L
=1
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which is found to commute with the hamiltonian [lfI ,M} = 0: since each spin flip
lowers the magnetization by one unit, the commutation relation entails that the number
of excitations is a conserved quantity. In addition to that, the shift operator is introduced
as a product of exchange operators

A ~

U=Po---Pr1p (1.7)

whose action consists in shifting all the sites in the chain by one position (properly,
both left and right operators should be defined). Since the periodicity is imposed,
the application of U repeated L times must not affect the system, Ul = 1, thus the
eigenvalues of the shift operator take the form

i
U= 627rzL

for n = 0,1,..., L — 1; what is more, [ﬁ, U] = 0, so that the eigenstates of hamil-

tonian [¢ ) are simultaneously eigenstates of U. These considerations then helps in
quickly retrieving the eigenstate of (1.1) relative to a single excitation on the chain, as
a superposition of plane waves (a Fourier transform):

L
W)=Y D)= ") (1.8)
=1 =1

where the state is labelled by the momentum of the magnon, and (l) describes the
amplitude for a pseudoparticle created over the site |l ) = S0 ) (ST = M ). The
energy eigenvalue F; for a single-excitation state is deduced by applying the hamiltonian
(1.5) to the state (1.8):

L L
HY ¢y =E > »O) . (1.9)
1=1 =1
H takes the form of a discretized laplacian
L
Hl(p) ) = =20 ) _[(w(1+1) = ¢(0) = @0 = =1IIL) (1.10)
1=1

and, since (1) = ¢ | it is promptly obtained:
By = 8] sin? (g) = e(p) . (1.11)

When the number of magnons is increased to two, the computations turn more delicated.
The two-magnon state is described by

Wlpp) )= Y dlnb)hl) (1.12)

1<l <lo<L

some attention should be paid to the summation in the formula above: the sequence of
inequalities is needed in order to avoid the double counting of the addends, while the
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inequality [1 < l2 holds strictly (i.e. [; < I3 is not allowed), as there must not appear two
magnons on the same site, because of the spin % representation of the su(2) underlying
algebra. Now, when considering the eigenvalue equation

H Y glb)hbk)=E Y ¢,b)hl) (1.13)
1<l <l2<L 1<l1<l2<L

two sets of equations arise. Whether the two magnons are far at least two sites away
lo — 11 > 1, the energy simply reads:

Eyyp(l,l2) = [2¢(l1,12) —(lh — 1,12) =9l + 1, 12)] +
+ 20, le) — (i, le — 1) = ¥(l, 1+ 1)] (1.14)

and that entails Fy = €(p1) + €(p2) . Otherwise, when lo = [; + 1 a subtlety occurs: to
discard the possibility of a double occupation of a site, a different kind of equations must

be taken into account:
E2¢(l1,ll+1) ZQw(ll,ll—l—l)—’gZJ(ll —1,l1+1)—1l)(11,l1—|—2) . (115)

To assure the consistency of (1.14)and (1.15) simultaneously and restore (1.12) as an
eigenstate, Hans Bethe [7] (for review and applications, see [10][9][8] for instance) for-
mulated his celebrated ansatz: the state (1.12) shall be the superposition of an incoming
and an outgoing wave, provided the latter experience a phase shift d(p1,p2), due to scat-
tering of the two magnons (assumed to be reflectionless)

W) )= Y (emivmle g gt} g ) (1.16)
1<l <l2<L

The request that (1.16) be an eigenfunction of the hamiltonian (1.5) leads to an expres-

sion for the phase d(p1, p2)
o eP1tip2 _ 9pip2 | q

B _eip1+ip2 — ¢t + 1 (1.17)

the phase delay thus enjoys a clear physical interpretation as the S-matrix between two

magnons
eOPr2) — S(py py) . (1.18)

A handy substitution could be performed in terms of the rapidity of a magnon

1 ; P
u = —cot=
2 2 7
so that momentum and energy of a magnon read
1
) U+ = 1
e? = 2 e(u) = 55— (1.19)

and, what is more, the scattering phase (1.18) gets simpler, as, for instance, the unitarity
is now self-evident:
Uy — ug — /)

Slu,uz) = up —uz +1

(1.20)
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The periodicity condition ¥ (l1,l3) = ©(l2,l1 + L) entails

etP1 L _ 615 etp2 L _ 6—15 ,

which also implies the quantization condition of the momenta p; + py = 277, some
m=20,1,...,L—1.

Aiming now to cope with the problem of an arbitrary number, it is useful to write
the general eigenstate for M magnons

W1, o) )= D Ul b)ST ST 0) (1.21)

1<h <<y <L

the ansatz by Bethe claims the wave function (11, ...,lys) takes the form

¢(lla'--alM) = ZeXp Zpﬂ'(k b+ 5 Z(s Pr(k pT((] : (122)

k<]

Upon identifying again the phase shift with a scattering matrix between magnons
S(pj,pr) = explid(p;, pr)] , the periodicity condition leads to the set of Bethe equations

M
et = ] Stumy) - (123
J#k
Actually the Bethe equations (1.23) are but a the quantization condition for the mo-
mentum of a particle, travelling across closed circuit: the particle is not free, for other
particles are encountered within the path, thus a phase delay stems from the scatterings.
Once reformulated with the aid of rapidities, the (1.23) become:

.\ L
uk—i-; _Muk—u]'+i 1.94
: _Huk—uj—i ’ (1:24)

i#k

M

Whether, in addiction to periodicity condition Zpk. = 271'% (m=0,...
k=1

invariance of the system under the shift operator U is demanded, a further constraint

,L —1), the

arises

ﬁ

_l’_

M

M
H , (1.25)

k=1

ﬁ
w\@

M
or, equivalently, Zpk = 27n: the consistency of the two statements turns to a zero

k=1
momentum condition

M
Zpk =0 . (1.26)
k=1
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As a final remark, it should be noted that in the L. — oo limit, bound states may
occur [12]. The Bethe equations (1.24) allow for complex solutions. Let for instance
a complex valued rapidity u; be taken, and be its imaginary part positive (whether
negative, the reasoning below would apply equivalently): the modulus below is larger
than one
Reui +1 (Imu1 + %)
Reuy +1 (Imu1 — %)

>1

hence, when L — oo the [.h.s. of (1.24) blows, hence this implies there must exist
another root, say ug, such that us = u; — ¢ to compensate the divergence in the r.h.s..
Three alternatives may now occur. If the imaginary part of us is lowered to a negative
value, u; and wus couple to form a complex of roots, called 2-string, which arranges

U] = u+
’U,Qzﬂ—

after the requirement that the total momentum be real p(ui) + p(u2) € R, it follows

according to

I

N[ N

that u; ,ug are complex conjugated, hence @ must be real. Otherwise, if us lies on the
real axis, a further root ug needs to be involved in the complex to ensure the reality of
the momentum, thus a string of length three is assembled:

UL =u-+1
U,Q:’ﬂ,
uz=u—1 |,

this time us coincides with the real centre. Finally, the last case concerns a root us
whose imaginary part still remains positive: therefore the l.h.s. of (1.24) diverges again,
thus another root is needed to parallel the effect on the r.h.s., and so on: this procedure
iterates until a root with non-positive imaginary part is encountered, so that the string
gathers more entries and its length increases. Eventually, the reality condition of the
momentum shapes a [-string bound state of solutions according to the arrangement

ua:ﬂ—f—%(l—i—l—Qa) a=1,...,1 . (1.27)

3 Nested Bethe Ansatz

Whenever the particles are endowed with some internal degree of freedom, the procedure
outlined above needs to get refined [13][14]. Let the simplest example of this sort be
considered: the particles do carry a colour index with two values a € {1,2}, on a closed
spin chain made out of L sites. Sticking for a while to the two particle case, just to fix
the notations, an ansatz might be proposed to describe the state:

L
Wlonp)) = > > [BEen iRl ()el,a)l0)+  (128)

li<le  a1,a2€{1,2}
+B3} e it gl (1) ¢l (12)|0) + Big e 2T gl (1) ¢ (1) |0 ) +
+ B e it gl (1) 6, (1) [0)]
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where the operator QSIL(Z) creates a particle on the site [ of the chain. The amplitudes
Béﬁ;’gQ (the subscripts account for colour configuration, whereas the superscripts refer to
the positions) are not independent, as the requirement that (1.28) be an eigenstate of
the hamiltonian relates each other B?! = S;5 B2

o1 as under the action of the matrix S
defined on C? ® C? according to

aijaz

Up — Uj — iij

1.2
Up — Uj + 1 (1.29)

Skj(uk, uj) =
S (here written by means of rapidities and exchange operator ij ) works as an S-matrix,
and it allows to express all the amplitudes in terms of, say, B'2 . Now, coping with the

aijaz*
general M particle state, the ansatz (1.28) generalizes to:

(o1 opar) ) = 3 3 BT expli Zp] w8 (T o) (1(2) - 61y (x(M)]0)
{r} {r}
(1.30)

where the summations are meant over the M! permutations of the position indices m
and over the permutations of 7 colour indices. The imposing (1.30) as an eigenstate of
the hamiltonian results in a set of ’scattering’ relations connecting the amplitudes:

™ - 9. . [.j+1]om
Bal .ay SJJ‘H Bal .an )

(1.31)

the permutation [j, j+1] transposes the j-th and j+1-th sites. The periodicity condition
then translates to

ePeLey = Skt kSktak  SaaS1xS2.k - Sk—1.460 (1.32)

(the k-th particle goes round the chain, colliding with all the other particles); the column
vector & is defined as &y = (B]I

a1---aM) ’

sequence of labels 12--- M. In order to diagonalize the product of S matrices in (1.32),

the identity permutation I acts trivially on the

a nested structure of spin chains needs to be constructed. Since the numbers of type-1
particles and type-2 particles (the latter named @) are conserved, the space of eigenstates
of Sp+1 kSk12.k -+ - S St £So k- - - Sp—1,k is left characterized by two natural numbers, @
and the total number of particles M . A novel, auxiliary, su(2) Heisenberg spin chain
can thus be built over the original one: the M magnons now represent the sites of the
new chain and the ’auxiliary’ vacuum state is achieved when all the M colour labels
are set to 1, for instance; every excitation is obtained by flipping a colour index to the
entry 2, so that @) counts the number of such novel pseudoparticles. The vectors &y are
identified then as the states of the auxiliary spin chain.

The case ) = 0 plainly coincides with the original su(2) spin chain, discussed in previous
section. The first non trivial instance occurs for Q = 1: the single auxiliary particle
state is left determined by the ansatz (recalling(1.2) )

1):ZAj(y)el®---®e1®ez®€1®-'-®€1 ; (1.33)
=1 M—j
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with the amplitude

j—1

Aj(y) = flyup) T Sy, un) (1.34)

n=1

accounting for an auxiliary particle with rapidity y over the vacuum formed by the M
magnons, whose rapidities are u, . In (1.34) above, the form conjectured for A;(y)
reminds of coloured-2 particle, born on site 1 then transported to the j-site, engaging
scatterings S(y,u,) with the j — 1 particles encountered while getting there. The claim
that (1.33) be an eigenvalue is useful to fix the functions

y
7u =
f(y,u) P—

S(y,u) = 7u_y_? , (1.35)
u—y+§

therefore the equation (1.32) turns to

ipkL:uk_y_

M
— 1T S, uy) (1.36)

i#k

e

[SIECN NN

with the usual magnon S-matrix (1.20).
Facing now the () = 2 case, the ansatz can be formulated

M.2) =) Ap(y1)Aj(y2)e1® - Re1®er@e1 @ epRea®@er® - @ e+
&( ) Z k(Y1) A;(y2) ex 1 el 1 1 Xe2 1 1

J<k j—1 k—j—1 M—k
ST Ap(y)Aj () e1® - R e1Res R e1® - VerRea ®er @~ Dey
; — — ——
i<k j—1 k—j—1 M—k

(1.37)

the only novelty, with respect to Q = 1, coming from the scattering phase S/ weighting
the outgoing-wave-like term (the second line, in the equation above): S/ (y;,2) thus
governs the scattering between two auxiliary particles

Y1 —y2 — 1t
)_

= 1.38
Y1 —y2+1i ( )

S (y1, 2
No new feature arises when dealing with the general () case: the form of the states is
similar to (1.37), the only difference consists in a more involved structure, due to the
permutation of all the particles. For a system with arbitrary ) type-2 particles, the
diagonalization of (1.32) leads to the set of equations:

M Q i
epur) L HS(Uk,uj) H LO‘% (1.39)
M ;. Q@ .
Ya —Uj + 35 Ya —Yp — 1
b= — i Ep— (1.40)
j=1 Ya J T2 B=1 Yo = Yp
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As a remark, in the equations above a momentum term appears in (1.39) alone, for only
the magnons (ug ) do carry momentum: the auxiliary particles, in the shape of their
rapidities y, , are just artifice products, stemming from a diagonalization procedure.
Of course, the number of internal degrees of freedom can be raised, so the number
of nested spin chains accordingly increases and the nested structure gets more involved
[13][14]. In following chapters, numerous examples of this sort will be provided.

4 Thermodynamic Bethe Ansatz

A fruitful technique someway related to Bethe Ansatz, though actually independent, is
provided by the so-called Thermodynamic Bethe Ansatz (TBA): this method has been
introduced by Al.B.Zamolodchikov [15] (although its origins should be traced back to
other works [16]) to solve a purely elastic scattering two dimensional theory by connect-
ing its thermodynamics in the large size limit to the solution of a set of coupled non
linear integral equations. For simplicity’s sake, the theory taken into account will be
assumed to enjoy two dimensional relativistic invariance. First, let the theory lie on a
two dimensional torus, arising from the direct product of the generators C and G, two
circumferences respectively of length R and L: the latter, for future purposes, will be
considered very large L > R. The theory studied can be laid on the surface of the
torus in two different manners: in the first embedding, the momenta of the particles
are quantized along C whereas the time direction is chosen parallel to G, so that in the
L — oo limit the torus is equivalent to an infinite high cylinder; the second option
concerns instead a theory set on the long circumference G with a compact time with
period R, or, on the same footing, with a finite temperature T = % .

In the latter setup, the partition function is computed by taking the trace on the eigen-
states of the hamiltonian H;:

Zrr(L, R) = Tr [e fHIT] = ¢~ RESB) (1.41)

where f(R) is the density of free energy f(R) = F(R)/L. In addition to that, a sort
of wave function can be built to characterize the system. Aiming just to highlight some
interesting aspects, for the time being the system is set to contain only one species of
particles. Since the length L of the space circumference is extremely long, the particles
can be thought to be very distant each other, the space in between them being much
wider than they correlation length (i.e. the inverse of their mass) |z;—x;| > 1/m: there-
fore the particles propagate almost freely, so that relativistic effects, such as particles
creation, may be neglected, and the introduction of a wave function thus makes sense.
Whenever two particles, with rapidities #; and 65, get near and eventually collide, the
scattering information may be encoded into the scattering matrix S(61,62), built after
the requirements of being reflectionless, unitary, real analytic and crossing-symmetric.
A wave function for M particles can be then written, made out of a superposition of
plane waves, according to the proposal

M .
. (3
¢(331>---75UM) = Eﬂ €xXp ,Lg_lpﬂ(k)xk—i_Q E X(pw(k)apﬂ(])) (142)

k<j
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(defining S = €%X): this is exactly the same as the Bethe ansatz (1.22), up to the explicit
form of the scattering matrix S. Correspondingly, the very same form of equations
constraining the rapidities arise (1.23):

M
S | E N (1.43)
J#k
Turning back to the first embedding instead, the behaviour of partition function is
dominated in the large L regime by the lowest energy state

Zi(L,R) ~ e Fo(B)L (1.44)

Since the theory is relativistic ! , (1.44) and (1.41) must coincide, Z; = Z;;, as the two
layouts are connected through a two dimensional rotation on the torus, therefore

Eo(R) = Rf(R) - (1.45)

this fact entails that the ground state energy Fy can be computed by means macroscopic
thermodynamic quantities, mainly related to dominant microscopic configurations. The
knowledge of the relevant thermodynamic functions stems from equations (1.43):

M
pOR) L+ X0 — 0;) =27y, (1.46)
J#k
where the numbers .J; are integers, and roughly speaking they counts the number of

available states with rapidity 6. It turns out useful to define the density of accessible
states o

Jry1 — Jk

T (urrs —up) (1.47)

o(ug) =

(so that the number of available states in the interval [uy, ug41] is given by Ny = L(ugy1—
ug)o(ug) ) and the density p of states actually occupied

pug) L(ug1 — ug) = ng (1.48)

(ng being the number of occupied states around uy, ), and thus the number of equivalent
combinations of particles inside the interval [ug, ug11] corresponds to
Ng!
Ne= —"F— . 1.49
"7 el (N — ) (1.49)
In fact, the thermodynamic limit is performed by sending the length of the system L
and the number of particles M to infinity, while keeping their ratio finite: the rapidity

"When the theory is not relativistic, a two dimensional Lorentz transform is not allowed anymore.
Nevertheless, a similar result can be achieved by passing to an Euclidean two dimensional space-time,
then performing a double Wick rotation [19]: in general, the hamiltonians of the original and the Wick-
rotated (mirror) theory need not to coincide.
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becomes a continuous parameter, so that density take the form of derivatives and sum-
mations turn to integrals (ranging from —oo to 400, unless explicitly stated). Therefore
the logarithm of (1.43) can be more suitably recast into an integral equation

dp(0
210 (0) =m L 1;(0) + / w(0 —0) p(6)de’ (1.50)
whose kernel is defined as ¢(6) = d’fl—(:), and relies only on differences of rapidities,

as the theory is relativistic; moreover, energy and momentum of the particles may be
parametrized respectively as

e(u) = m cosh 6 p(u) = m sinh 6
In terms of densities, the thermodynamic the hamiltonian reads

Hirlpl = /dﬁmcosh@p(@) (1.51)

and, upon performing the Stirling approximation to (1.49), the entropy is

S[U,p]:/d@[alno—plnp—(a—p)ln(a—p)] . (1.52)

Now, according (1.45), the ground state energy Fy equals the free energy, which, in turn,
arises from the minimization of

RL flo,p] = R Hyrlp] — Slo,p] - (1.53)

The pseudoenergy £(0) is suitably introduced

and alongside it L(f) = In |1+ 6_5(9)] , so that the minimization condition yields the
non linear integral equation for the Thermodynamic Bethe Ansatz [15][17]:
de’ , |
e(d) = mR coshf — 2—¢(€—9)L(9) . (1.54)
m

Roughly speaking, the pseudoenergy () assumes the physical meaning of a 'renormal-
ized’ energy of a particle [17], taking a different value from the free case for it receives
quantum corrections due to the interactions with the other real particles and virtual as
well: its expression, obtained as a solution of (1.54), enters the formula for the ground
state energy:

Fo= Rf(R) = —m/ % cosh0L(0) . (1.55)

The model can be improved by adding different species of particles: be ) the number
of different species and let M, denote the number of type a particles with mass m,
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Q
(a=1,...Q) ,so that Z M, = M . Imposing that the scattering still be reflectionless

a=1
and bound states do not occur, the integral kernel is defined as:

.d
wap(l) = —z@ In S,p(0)

In the thermodynamic limit L, M, — oo for all a, provided the ratios % = D,
stay fixed, the densities of accessible and occupied states, o, and p, respectively, are

introduced in the usual way, as well as the pseudoenergies ¢,; hence (1.50) generalizes

. dp(ﬁ) / N 10!
270, (0) = maLW +§b:/90ab(9—9),0b(9 )de' . (1.56)
The same step followed to find (1.54) now lead to the set of coupled non linear integral
equations
ae’
£a(#) = maR cosh — Z 5 eul(0 = 0') Lo (0) a=1,...,Q , (1.57)

the solutions of whom give the ground state energy

Q
Mg,
By=-)_ o /d0 cosh @ L, (0) . (1.58)

A further improvement [17] is needed when the conservation of the number of particles

M, = LDu[o) = [ d6p,(6)
is imposed: such requirement yields a constraint while minimizing the free energy

L flo,p] = Hislp) — TS[o, p] — Zua o (1.59)

where the lagrangian multipliers u, assume the meaning of chemical potentials. There-
fore, the novel constraints modify the TBA equations by adding a constant term

/
a(0) = —paR+myR cosh 6— Z/dggpb 0—0") Lo (0) a=1,...,Q , (1.60)

and this results in the new formula for Ej :

Q Q
Mg
EO——E:%/dH cosh0Ly(0) + RS o Da - (1.61)
a=1 =



Chapter 2

AdS/CFT duality and
integrability

1 Basics of the AdS;/CFT, duality

This chapter is devoted to a very concise summary of the basic concepts in the AdS/CFT
correspondence [2][3], mainly highlighting the role of integrability in attempting to un-
ravel several complicated issues. The aim consists in providing a very essential prospect
of the notions, handled hereafter. According to the mentioned duality, a relation is
conjectured to exist between two theories in principle very different, a supersymmet-
ric conformal gauge field theory and a gravitational theory, concerning supersymmetric
strings living on a curved background. Actually, in this text the interest will stick
primarily to one of such correspondences, namely the AdS5/CFTy.

The AdSs/CFT, correspondence states a duality involving a string theory in a ten
dimensional layout and a four dimensional gauge theory. On one side then, there is a
type II B string theory, set up in a ten dimensional gravitational background formed
by a five dimensional Anti de Sitter space per a five dimensional sphere, AdSs x S°,
both factor spaces with radius R; the theory is governed by two coupling constants: a
world-sheet coupling g,, corresponding to the inverse of the effective string tension

R2 1

7= 2
95

T=—-
2ro

(o stands for the Regge slope), and gs, regulating the interactions between strings.
On the other side of the correspondence the N' = 4 Super Yang-Mills (SYM) dwells,
as the gauge field theory dual to AdSs x S°: the information contained in the AdSs5 x
S® background (inside its bulk) is holographically projected onto its boundary, a flat
Minkowski space-time in 3 + 1 dimensions where A/ = 4 SYM is set to live in. N = 4
SYM is endowed with a gauge symmetry group SU(IV), associated to the coupling gy,.
The claim of the AdS/CFT correspondence concerns the identification of string and
gauge theories, in the sense that there exists a stringent link between the characteristic
observables from one theory and those from the other. Moreover, the couplings from the

21
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two sides of the correspondence must be connected via a duality relation:

9" =g N (2.1)

being N the number of colours given by the SU(N) gauge group. This identification
implies that the strong coupling regime for a theory matches the weak coupling results in
the dual model: therefore the correspondence allows to access sector of the gauge theory
otherwise unapproachable with standard perturbative methods, simply by studying the
dual string theory -and, clearly, viceversa. On the other hand, perturbative regimes in
the two theories have no overlaps, so to prove the conjectured correspondence: the role
of integrability thus stands out, since it provides alternative non perturbative ways to
explore regions else inaccessible by usual methods!.

Following sections are meant to outline the main features of N’ = 4 SYM and AdSs x S°
string theories, in order to state with slightly more precision how the correspondence
works and how to exploit the opportunities offered by integrability.

1.1 N =4 SYM gauge theory

N =4 SYM is a supersymmetric conformal theory, endowed with a non-abelian gauge
group SU(N), living on a space with three space-like dimensions and one time. The
renormalization group beta function has been proven to equal zero at all loops

B(gym) = 1 ag% = 0 (u represents the renormalization scale): the theory is thus confor-
mal, so that it enjoys the four dimensional conformal group symmetry (with Minkowski
signature) SO(2,4) ~ SU(2,2). The designation N' = 4 denotes that there are four
generator of supersymmetry, resulting in 16 odd supercharges; the four generators can
be rotated into each other by means of a further bosonic rigid symmetry (R-symmetry)
SU(4) ~ SO(6). The even and odd generators together do not suffice to close the overall
graded algebra: to accomplish this request 16 more supercharges are needed. To sum
up, the N' =4 SYM possesses a SO(2,4) x SU(4) bosonic symmetry, enhanced to the
whole PSU (2,2|4) group upon adding the 32 odd supercharges.

The theory contains the vector supermultiplet (A, VA, @f, ®Y). the gauge field 4,
is a singlet under the R-symmetry (it is in the 1 of SU(4)), and the Lorentz vector
index  runs from 0 to 3; from A, the covariant derivative D, = 9, —iA, and the field
strength F,, = [D,, D,] are defined. The six real scalars ®* (i = 1,...,6) transform
according the 6 of SU(4); for later purposes, the scalars could be recast into complex
combinations

1 1 1
V2 V2 V2
along with their complex conjugated Z, W, Y . Finally, the left and right Weyl spinors

VA, ﬁ(‘f are respectively in the 4 and 4 of SU(4) (A, A = 1,2,3,4), with the Lorentz
spindor indices «, & = 1,2. Since all these fields belong to the same supermultiplet, they

Z (@' +i®%) W (@3 +id?) Y (®° +i®%) |

must transform under the gauge group SU (V) according to the same representation,

1Since the original work [28] about integrability on the gauge side, many valuable reviews appeared,
such as [9][29]; on the string theory side, integrability has been discovered by [11]
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precisely the adjoint. They represent the ingredients to write the lagrangian of NV = 4
SYM:

1 1 . ,
L=—5Try | =5 FuwF" +Dy® D'; + > [@7, 2% + {Fermionic Part}| (2.2)
where the fermionic part has been left indicated; the trace T'ry|[...] is performed on the

SU(N) matrix indices.

The gauge invariant local operators, specifically the key objects of the theory, are
then constructed starting from the fields listed above, in the form of the trace of products
of operator, generically expressed as

ONTTN[(pl(pQ...] (23)

where ¢, stands for any field ¢ € {D,, Au,ﬂ)é,ﬂ_)é, '} ; besides single trace operators,
multi-trace should be taken into account, too

O ~Trylerpa...] - Trnleaws.--] - .. (2.4)

Since N/ = 4 SYM is a conformal theory, it turns out described by the spectrum of dimen-
sions relative to the operators, which can be found by taking the two point correlators of
one operator with itself; at classical level, when quantum corrections are overlooked (or
with the coupling constant gy, set to zero), it is found for an arbitrary local operator

O(x):

(0)00)) ~ sy 2.5)

the number Ag being the bare (classical) dimension of O(z), so that a space-time variable
dilatation (a rescaling on the argument) x — Ax entails a rescaling of th operator

O(\z) — N300 ()

When performing a perturbative expansion in ggm, already at one-loop the correlator
above blows, owing to an UV divergence, to be treated, for instance, by introducing an
UV cut-off A. The same effect could be achieved by introducing a renormalized version
Oren(x) of the operator O(z):

>’Y(9ym)

Oren() = (£

Do

so that a rescaling of the renormalization group scale (of distances) p — Au leads to

(gym)
Open(Aa) — M0+ (gym) (%)” Open(z) . (2.6)

The scaling dimension of the operator Oyey, () is then A = Ag+v(gym) , the contribution
stemming from quantum corrections y(gym) being told the anomalous dimension. A
fundamental remark concerns a special class of operators, the so-called chiral primary
operators, as supersymmetry prevents them from acquiring correction from quantum
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processes, leaving thus v(gym) = 0 at all values of the coupling: objects of this kind are
said to saturate the BPS bound. An example of chiral primaries could be offered by
operators with the form:

O~ TT‘N[(I)i1 (I)h ... (I)iL] Oy ia,..ir, (27)

when oy, ;, i, is a completely symmetric tensor of SO(6), and the trace of any two
indices is null. To conclude, since the bosonic subalgebra so(2,4) @ su(4) C psu(2,2[4)
is rank six, the single trace operators can be labelled by means of a sextuplet of charges
(A, S1, S2; Ji, J2, J3). The first three charges referr to conformal group: A is the eigen-
value of dilatation operator, the scaling dimension, while S1, Sy are the Lorentz spins (the
charges SO(1, 3)); on the R-symmetry side, Ji, Jo, J3 represent the angular momentum
components, namely the eigenvalues of the three generators in the Cartan subalgebra of
SO(6). For instance, the complex scalars Z carry the sextuplet of charges (1,0,0;1,0,0),
whereas the W fields are associated to (1,0,0;0,1,0) and the Y’s to (1,0,0;0,0,1). The
fermionic fields /2 hold the values (%,:l:%,o;:t%,j:%,j:%) where the number of neg-
ative signs in the SO(6) part is even; the antifermions @Z_)f instead carry the charges
(%, 0, :I:%; :l:%, :l:%, :l:%) with an odd number of negative signs for the last three values.

1.2 AdSs x S° string theory

A supersymmetric string theory on a curved manifold is described by the Green-Schwarz
action

S = 912 / BPo /=g 9" Gu (X)X X" +Sr (2.8)
o
where gq(0) is the metric of the two dimensional world-sheet, spanned by the coordinates
o = (09,01), while X* = X#(0) (n=1,2,...,10) are the coordinate fields on the ten
dimensional target space whose metric is G, (X); the fermionic part of the action S
has not been written explicitly.

When dealing with the type IIB string theory set on the target space AdSs x S°, it
is more suitable to divide the X coordinates in two subsets, referred to the component
manifolds AdSs and S°, X#* = (z',22,..., 2% y',...,y%), so to easily describe the five
dimensional Anti de Sitter space by means of the constant negative curvature surface,
embedded in the R?# space:

—(@°)? = (&) + ) (z")’ = -R? (2.9)
whereas the five dimensional sphere S° is embedded in RS as

5
S W) = R (2.10)

b=0

(the radius R is the same for both AdSs and S®). The metric of the Anti de Sitter space
can be expressed in several (almost) equivalent way: a special choice which turns out
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particularly enlightening consists in adopting the Poincaré coordinates (zo, 21, 22, 23, t),
so that the line element of AdS5 reads:

2 3
ds? = R—Z (—dt2 +) del + dz§> : (2.11)

2
0 i=1

though this choice does not cover the whole space, but instead only the patch
—00 < t,z; < +0o and 0 < zg < oo is properly described. Remarkably, up to a conformal
factor the line element (2.11) coincides with a 3 + 1 dimensional flat Minkowsi space,
enriched with an additional coordinate zy, which assumes the meaning of kind of 'warp
parameter’: this is, in fact, the Minkowski space where the dual N' = 4 SYM gauge
theory lives in.
Once (2.8) is specialized to type IIB AdS x S® background, the Metsaev-Tseytlin
string action results, in the shape of a PSU(2,2|4) non-linear o-model, therefore corre-
. PSU(2,2/4)
Spondlng to the m
50(2,4) _ SO(6) : . .
product So(11) X 50(5)" 5° that the bosonic part of Metsaev-Tseytlin action is the sum of
the actions of SO(2,4) (AdSs) and SO(6) (S®) non-linear o-models, the only interac-

tions between the two models arising from coupling with fermions; nonetheless, within a

coset model. The bosonic restriction consists in the direct

special dynamical regime the two bosonic o-models decouple, and the O(6) model takes
over.

Turning back to AdS/CFT duality’s claims, now that the key objects of gauge ant
string theories (namely local operators and strings, respectively) have been sketchily
introduced, the correspondences between them may be stated more clearly. The features
of a single-trace gauge invariant operator are asked to match those of single string states:
in particular the spectrum of anomalous conformal dimensions shall be equivalent to the
spectrum of string excitations (over a chosen vacuum reference state). Moreover, the
remaining five charges labelling a gauge theory operator turn to quantum number carried
by a single string: S; and Sy become angular momentum numbers for a string moving
across the AdSs space, while Ji, Jo, J3 describe its motion on S°.

2 Integrability in AdS;/CFT,

There exists an interesting limit to look at, when studying N = 4 SYM, for it allows
to reveal several important properties of such gauge theory: it consists in pushing the
number of colours N (relative to SU(N) gauge symmetry) to infinity, while, on the
same time, the parameter A = gSmN is kept finite; A is said the 't Hooft coupling. For
instance, the N — oo limit allows to show the theory is integrable. To get an idea
about the simplifications brought by the large N limit and how integrability emerges,
it useful to consider the sector of operators made out of scalars only, as an example
(however, the results are far more general). In a small the small coupling ggm regime,
the tree-level correlator (2.5) could be generalized as

(0@OW) = =y (1= ) A =) (2.12)
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the anomalous dimension y(gym) may be thought as the eigenvalue of the higher-than-
tree-level dilatation operator I', else said the mixing matrix: the search for anomalous
dimensions amounts to diagonalizing I'. When evaluating the two-point correlator (2.12),
an expansion can be performed in the the small parameter 1/N, so to gain then the
chance to overlook non planar Feynman diagrams, as they are associated to subleading
contributions. In fact, the Feynman graphs arising from the contractions involved in the
correlator (2.12) can be represented by means of simplicial complexes: each propagator
corresponds to an edge of a simplex, and in terms of 't Hooft coupling it is left associated
to a weight gfjm = A\/N, while a vertex brings a factor 95% = %, finally each face of a
simplex is weighted by IN. Eventually, calling E,;V and F the number of edges, vertices

and faces, a diagram is weighted in a large IV power expansion by a factor

NVHFZENE=V — NxpE=V (2.13)
where the Euler character is x = V + FF — E'. The Euler character is also written as
X = 2—2G, with G denoting the genus of the topology over which the graph can be laid,
so that the largest is the genus the less the Feynman diagram contributes: hence planar
diagrams (i.e. those which can lie entirely on a plane) carry the leading contributions in
computing observables, such as (2.12), non planar ones being suppressed at least for a
factor 1/N? in comparison.

Turning back now to the evaluation of (2.12), an arbitrary scalar-made operator reads,
up to a symmetry normalization factor:

w2\ 2
O = () Tri@a(a)-+- 0, (o) (214)

(from now on the subscript in Trpy, to denote the trace is taken on N x N matrices, will
be dropped). Then, the two-point correlation function of the operator O;, ;, (z) with
itself can be expressed at tree-level as:

o 1 o .

(Oiy i () O L (y) )y [z =gk (55115522 L0 {CyCles}) (2.15)
where {cycles} stands for the summation over cyclic permutations of superscripts jy .
Recalling the discussion above, when the NV > 1 regime is considered, the computation
of the one loop correction to (2.15) does not involve the contributions stemming from
non-planar Feynman diagrams; this simplification allows to retrieve the one loop result:

L A In(A?|z — y|?
< Oil...iL (l’) (O (y) >1—loop = 1672 ( ‘ ‘ )

| —y[*F
L

X Z [2PH+1 - IA(l’l_i_l - 21| ((5511 5522 ce (SiLL + {cycles}) . (216)
=1

The operator JE’UH exchanges the flavour indices for the positions [ and [+ 1, so applied
to a Kronecker ¢, it produces the effect:

Py (.. ool gl = (oL el L) (2.17)

U4l ) 41
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the trace operator K, 1i+1 instead acts on a d by contracting flavour indices for neighbour
positions:

Kyggr (00 o0t o0ty = (8716

U4l

pi ey (2.18)

U941
Upon summing together tree-level (2.15) and one loop correlators (2.16), a comparison
with the general form (2.12) reveals that the mixing matrix I" assumes the expression:

L
A R 1 .
r=->- 1-P K O\ . 2.19
) ?:1:[ L+t + 5 K| + (A7) (2.19)

The salient remark is that the one loop anomalous dimension operator (2.19) turns out
to share the very same form of the hamiltonian of a spin chain, an integrable system.
The spin-spin interactions stand out more clearly after defining the spin operators

off =608 — o587,
so that (2.19) reads:

9

L
A 1 )
I'= 1672 ;_1 [Ul Ol+1 — T6(Gl o141)” + 1 (2:20)

(the subscripts [, [ 4 1 label the site).

2.1 The SU(2) sector

In general, it happens that operators mix under renormalization, so that, for example,
operators made out of scalars only usually mingle with operators involving non-scalar
fields too®?. Nonetheless there exist sectors composed of a restricted variety of field
species. One of such example, within scalar sector, is provided by the so-called SU(2)
sector, involving just two kinds of scalars, Z and W (without their complex conjugates),
associated respectively to charges (1,0,0;1,0,0) and (1,0,0;0,1,0). A trace operator,
with bare dimension L and composed of M fields of type W and L — M of type Z, is
described by the charges (L,0,0; L — M, M,0): since the operator mixing preserves the
total Lorentz and R-symmetry charges, this operator can combine only to other ones
with the same number of Z’s and W's, rearranged according to any possible permutation;
hence, the sector stays closed.

Upon sticking to SU(2) sector, the mixing matrix (2.19) becomes

L
A ~ ~
I'= ) zz; [Il,l—&-l - Pl,l+1} : (2.21)

interestingly it coincides with the hamiltonian (1.1) of the Heisenberg model for ferro-
magnetism (X X X1 spin chain with L sites):
2

L

~ 1 - o

=) {2 — 25 Sl+1] (2.22)
=1

2 Anyway, the operator mixing for scalar sector does not take place at one loop
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L
with magnetization M = Z Sl(z) )
=1
When attempting to diagonalize T', first of all it takes to fix a vacuum reference state for

the spin chain, associated to (2.21). A suitable choice concerns the operator V = Tr[Z1],
for it is a chiral primary and thus its anomalous dimension equals zero, taking so the
minimal eigenvalue available for I'. In exploiting the analogy with a spin chain, each Z
field can be thought as, say, a down spin, whereas W behaves like an up spin (only two
values are available for the spin, in the present case): the vacuum V therefore corresponds
to the ferromagnetic state, with all the spins aligned, so to minimize the amount of energy
(read anomalous dimension) of the system. The replacement of a Z with a W accounts
for a spin flip, as a down spin turns to up: the operation increases the eigenvalue of the
‘energy’ (2.21), so it relates to the bearing of an excitation, customarily called magnon,
which propagates along the chain. Each time a spin is reverted, an excitation rises. The
periodicity condition is imposed by taking trace in the construction of gauge invariant
operators. The solution of such a model has been discussed in section 2 of chapter 1.

2.2 The BMN vacuum

The SU(2) sector finds a natural correspondence with a particular dynamical configu-
ration for strings in the AdSs x S° background [20].

According to a theorem due to Penrose, the space-time in the neighbourhood of a null
geodesic takes the form of a plane fronted gravitational wave (pp wave), regardless of
the original metric. Let the focus stick to a string travelling at the speed of light across
a circumference S2, subspace of S°, at rest in the AdSs: it carries no S, Ss charges,
and relatively to angular momentum in S°, let only one quantum number be non null,
say J1 = L. Under these assumptions, the pp-wave limit arises when taking the radius
R — oo by properly rescaling the coordinates. As a result, in light-cone coordinates
the string has got the following momentum components:

. A-L

p="

g AL
2R?

(in view of the gauge-string correspondence, A here denotes the string energy). Under
the requirement that p* are non-negative® and finite, it must hold L ~ R? ~ /N, and
in addition the difference A — L stays fixed. Keeping an eye to the A" = 4 SYM side
of the duality, the lowest value A — L = 0 associates uniquely to the chiral primary
operator V = Tr[Z"], which hence assumes the role of a string ground state, and a
spin chain vacuum as well. Sticking to SU(2) sector, the only way to rise A — L to the
value 1 consists in substituting one Z field with differently flavoured scalar W : such
operations then bears the lowest string excited state, and correspondingly a magnon in
the (gauge) spin chain. The following excitations/magnons arise in the same manner, so
that the parallel between BMN (classical) string solution and the SU(2) operator sector
is accomplished.

3 As a matter of fact, the supersymmetry imposes the BPS condition A > |L|
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2.3 sl(2) sector and GKP string

The SU(2) sector is not the only one closed under renormalization. Indeed, a further
example is provided by the sl(2) sector (also called SU(1,1) sector): it stems from com-

bining together, into trace operators, Z fields along with light-cone coordinate covariant

11,
1929 9
erators of this kind arise by starting from a reference state, again V = Tr[Z%], which

derivarives D , associated to the sextuplet of charges (1 0,0,0). Single trace op-
behaves like a vacuum, over whom the application of covariant derivatives produces the
rising of excitations (one for each derivative): a generic operator

O~ Tr[(Dy)Z5 + ...

describes a state with s excitations on the vacuum (s also represents the Lorentz spin of
the operator); the dots account for operator mixing, whose action consists in redistribut-
ing the covariant derivatives over the Z fields in all possible combinations. A peculiarity
of sl(2) sector, against SU(2), resides in that an arbitrary number of derivatives can
be applied to each Z due to the non-compactness of algebra sl(2): in the spin chain
language, any number of excitations may arise on a single site.

Lot of the interest has been devoted to si(2) sector of N'=4 SYM ([41],[31]-[32] for
instance), since it shares several features with other important fields of research, such as
the study of QCD and deep inelastic scattering, and Wilson loops as well. For instance,
the computations of anomalous dimension for si(2) operators in the large s limit leads
to the meaningful Sudakov logarithmic scaling;:

A=s+f(N)Ins+0(s) (2.23)

where f(A) is the so-called universal scaling function, and does not depend on L: it is
remarkable that (2.23) does not involve supersymmetry. The scaling behaviour (2.23)
also occurs in computations concerning the above-mentioned theories: for instance, the
cusp anomalous dimension for light-like cusped Wilson loops coincides with the @ .

For N =4 SYM sl(2) sector the scaling behaviour (2.23) can be further refined, so that

the expression for anomalous dimension, in large s, arises [44]:

oo
1
YA s, L) = fN) s+ fa(\ L)+ Y 7™ (A L) (Ins) ™ + O (“) L (2.24)
S
n=1
There exists a special classical string solution that works successfully in properly
describing the results from si(2) sector and, most of all, nicely fits the Sudakov form
(2.23): such string configuration has been retrieved by Gubser, Klebanov and Polyakov
[21], customarily called GKP string. It consists in a closed folded string, moving in the

AdS3 subspace of AdSs5. Let the AdS3 line element be considered, first:
ds* = R? [=dt® cosh® p + dp® +sinh? pd¢?]

After imposing a gauge for which it holds 7 = t, ¢ = wt, along with the periodicity con-
dition p(o) = p(o + 27) (1, o being the world-sheet coordinates), the string lagrangian
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reads:

2 PO d 2
L=-4 QJ:Q/ /0 dp \/cosh2 p— <df> sinh?p (2.25)

the maximum radial coordinate pg is left determined by

coth? pg = w

and the factor 4 appears since there are four segments of string stretching from 0 to pg .
Energy and spin of the string thus follow from (2.25):

R? [ro cosh? p
T Jo \/cosh p — w*sinh” p
R2 £0 : h2
S - 4 w sinh” p (2.27)

St dp
2ra’ Jo V/cosh? p — w? sinh? p

When considering the large spin limit S — oo, the maximal value for the AdSs radial
coordinate py grows indefinitely too, since pg ~ %lnS and, moreover, the length of the
folded string can be estimated to [ ~ 4pg ~ 21n.S. Carrying a more careful analysis of
the S > v\ regime, it could be inferred that w — 1 from above, so that w = 1 + 2,
where n < 1. Hence at leading order in 7, it holds

11 <1>
POQ*H - 9
2 n

therefore energy and spin enjoy the following expansion in 7 :

R* (1 1

E = —4+In—+... 2.28
2ma/ <n+nn+ ) ( )
2

S = R/<1—ln1+...>
2ol \n n

Hence, in the regime S > v/A the parametric form (2.28) turns to an asymptotic ex-
pression for energy as a function of the spin £ = E(S), so that the Sudakov logarithmic
scaling behaviour shows up (see (2.23)):

VA

E=5+-— In(S/VA) +... . (2.29)

3 Beisert-Staudacher equations

The parallel between N' = 4 SYM and a spin chain, exposed in section 2, is demonstrated
only up to first order within a perturbative expansion in A. This result can be extended
rigorously to a few orders further, a complete non-perturbative approach being missing
so far. Nevertheless, Beisert and Staudacher [30] proposed a long-range (i.e. the range of
interactions increases with the loop order) spin chain and a set of all-order (nested) Bethe
ansatz equations, so to fully account the A’ = 4 SYM gauge theory. Strictly speaking,
they should be taken as Asymptotic Bethe Ansatz equations, in the sense they are valid
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pertubatively in A and solve the underlying spin chain only up to A% order. Nonetheless
these equations passed numerous non trivial tests of consistency, so that their reliability
is now considered out of doubts, therefore they will represent the foundation of the work
exposed in the next two chapters. The Beisert-Staudacher Asymptotic Bethe Ansatz

equations are then displayed below 4

2

Kzulk U, 4 O 1_2:1:ng
_ kT W25 7 3 Lk T4
b= Hum—uz;%—% 1-—2 (2:30)
J#Ek 5 ’ Jj=1 2z kxij
Ko K1 . 3 .
1 - Huzk ugj +1 Hu2k Ui — 3 Uk —U3j — 3
#kugk—uz,g—l o U2,k — U13+%jzluz,k—“37j+l
S
L - H Uzl — U2 — § 11 T3k — 9543
= 2 —
1 U3k — U245t 3 j=1 T3k 964J
2
— L s _ + 1— _9°
—xr. ¥ -
Ty k Ly k 934,] 2Ty Tay 2
1 —
= | = . 1 o 0 (g, uag) X
4.k J#k 4.k 4.3 a 2z, kxi]
2 2
g
Ky .+ _ . Ks + _ . K l—-—— K 1—-_-——"——
y Lyg — L3, Lyg — L5, H 2z, 21, H 2z, @75
— — 2 2
Ty — T35 ~ =Ty — T -1 — 9 1— g
j=1"4k Jj=1 "4k 7 =1 22, a1,y I=1 2z, 7,
Kg s _
L _ H U — Usj — 5 T Lok~ Tay
- 48 _ ot
=1 Usk — UG, t 9 i Tsk Ty
Ko . Ky ;K ;
L Hu6k ug,j + i HUﬁ,k—Uw—%Huﬁ,k—%J—%
= - i i
G ek T UGG T S Usk — U7 g 5 Usk — Usjt g
g2
1 — H U7k — U6,j — % H ~ 2an Ty,
= - .
ST UTE — U 5 - —Z
j#k Ok 6 T 3 j=1 2r7p x)

where it has been introduced the rescaled coupling constant g? = 8; , and the spectral
parameters = are related to rapidities u through the Jukovsky map

29 g9 +
1 _ 2 — 2
+ 2 u(z) x—|—2x x=(

z(u) = w) x(u:l:%) ; (2.31)

v
2

for compactness’ sake, the shorthand notation has been adopted x;; = x(u; ;). Since
the momentum p(u) is expressed via the Jukovski variables as

e = Z 22 (2.32)

4The original article [30] furnishes four variations (four gradings) of the Beisert-Staudacher equations,
corresponding to four distinct Dynkin diagrams encoding the underlying su(2,2|4) algebra: here the
grading 71 = 12 = —1 has been chosen
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the zero momentum condition, to be imposed to solutions of the equations (2.30), trans-
lates to the constraint
+

st
== . (2.33)

j=1 Ly

Please note that only the fourth (the central) equation amongst (2.30) contains a mo-
mentum term: the meaning relies on the fact that only the roots of type 4, corresponding
to rapidities uy4, do indeed carry momentum and energy, and all the other charges as
well, being then usually referred to as the main roots. Therefore the total amount of a
charge @Q,, belonged to the whole system, can be computed as:

S /L s 1 1
Qr = ;QT(M,/%) -1 Z [( D N ($4—7k)r—1] (2.34)

=1 L\ T4k

)

and, in particular, the anomalous dimension (proportional to total energy) is
SN 1
6D = ¢*> Qs = ig? Z - - - (2.35)
—1 LPak Tagk
kil b K

In the fourth of (2.30), a peculiar factor deserves further attention: the dressing factor
o%(u,v). The asymptotic scattering matrices for gauge and string theories are seen to
differ for an overall flavour-independent factor

Sstring — 0_2 . ggauge

the presence of o2 is aimed at taking into account the crossing symmetry in string
theory [24], so to properly match the gauge and string S-matrices. The dressing factor
o?(u,v) = e?0() s explicitly given by [25]

O(u,0) =D > Brovzos1(9) [ar (W)grr2v+1(0) = 6 (0)dr2041 (w)] (2.36)
r=2v=0

where ¢,(u) stands for the density of the r-th charge (refer to (2.34)), while for the
functions By r+2,+1(g) it holds

00 2(r4v+p) -1 2
& e d (r = 1)(r +20)
,Br,r+21/+1<g> = 2 /;/( 1) ort+v+tu 2[u +1

cenen (, 20 ) () - @

X 2r+2v+2
g 12

X

grtvs)

or+v+p r,r+2v41

n=v
The phase o2 does not affect the solution of (2.30) until the fourth perturbative order
at least, becoming relevant insteadd in the strong coupling regime.

A further remark is now appropriate, for later reference. After imposing the system
(2.30) contains no root of any type, but s of type 4, let the logarithm of the fourth
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equation be taken into account: in the large s limit, the summations turn to integral and
the main roots are more suitably described by means of a continuous density function.
When dealing with the si(2) sector, this density encodes the properties of the vacuum,
and most noticeably its higher-than-one-loop component oy ¢ reveals the behaviour of
quantum fluctuations. The Fourier transform of o554 is governed by the so-called BES
equation (after Beisert, Eden and Staudacher [23], who refined the results of [22] by
adding the contribution of the dressing factor):

 dt

d K(V2gk,V2gt)6 5p5(t) (2.38)

™

. 21g%k [ -
oes() = 575 | K(v2gm0) - |

e’ —1 0
where the kernel splits into two components K (k,t) = K,,(k,t)+ K4(k,t) , the first due
to 'main part’ of the scattering of type-4 roots

J1(k)Jo(t) — Jo(k)J1 (1)

(2.39)

and the second stemming from the dressing phase

2 2\/§ = (_1)V 2T+v+
Ka(k,t) = e E E E TQQ“H [@T,QTH%A Jortov(k)Jar—1(t) +
7=1v=0 p=vr

274v
B T () Far v (8)] (2.40)

Eventually, the universal scaling function in (2.23) results from the solution of (2.38):

J1(V2gt)

SN (2.41)

flg) = 49> — 1694/0 dt opps(t)
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Chapter 3

Scattering matrices

1 Non-Linear Integral Equations

This paragraph is intended to outline the main steps of the techniques, used throughout
the chapter, to extract information from the Bethe ansatz equations (2.30). Namely,
by means of the procedure introduced by Destri and De Vega [34] (further applications
are in [35], see instead [36] for a review), an infinite set of equations are encoded into a
single Non-Linear Integral Equation (NLIE), or, more generally, into a limited number
of them.

In order to illustrate the method, a valuable and interesting example is provided the
Beisert-Staudacher equations [30] for a system made up only of type-4 roots, which are
associated with covariant derivatives in the twist operator standpoint. In setting up such
a system, all Bethe roots but u4 are turned off, so that only the fourth set of equations
from (2.30) survives:

2
1= (w‘<U4,k>>L ) ERCE AN ki o

o7 (Uq kg, Usq, 3.1
m+(u4,k) j;ékw+(u4’k)_x (4:k 40) ( )

(that corresponds to sl(2) sector, see section 2.3 of chapter 2).

The first step consists in introducing the counting function Z4(u), which behaves, in a
way to be explained in the following, as a counter of roots; in the all loops case, the
counting function Zy(u) reads:

Za(u) = LO(u) = > d(u,ugp) (32)
k=1

where it reveals fruitful to operate a splitting of the ® and ¢ functions in terms of the
one-loop and higher-loop components

O(u) = Po(u) + Pu(u), o(u,v) = do(u —v) + du(u,v) (3.3)

35
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once the following definitions are introduced

1+ 2mg?u)2
Op(u) = —2arctan2u, Py(u)= —iln o (3.4)
T 2zt (u)?
1—
o(lu —v) = 2arctan(u —v), og(u,v)=—27 |In A OTNO) + i0(u, v
2
1 - —9°
2z~ (u)zT (v)
the spectral parameter being defined via the Jukovski map as usual
u 2g? i i
x(u)zi 1+ 1—? x (u):m(uii) . (3.5)

The counting function manifests its importance as it allows to recast the set of equations
3.1 as a single one, explicitly:

(—1)LHs+l = eiZa(w) (3.6)
indeed, the Bethe roots satisfy the equation above. At this time being, a pivotal remark
is in order. By definition, the counting function is monotonously decreasing: as u gets
bigger, every time it reaches a value corresponding to a root of (3.6), Z4(u) is lowered
by an amount of 7. Finally, when u grows to infinity, a glance to (3.2) reveals that
lim Z =F(L . :

Jim  Zy(u) = F(L A+ s)m (3.7)
Since Z4(u) is a continuous and monotonous function, there exist L + s values of u for
which it becomes a integer multiple of 7, and that implies the equation (3.6) enjoys L+ s

solutions: remarkably, only s of them are actually Bethe roots, the remaining L ’fake
solutions’ uy,, satisfying the condition

Zy(up) =7(2h — 14 L) h=1,...,L (3.8)

are commonly referred to as holes, meaning that they are missing roots in the root
distribution.

Now, with the analytic structure of the counting function Z4(u) in mind, let us
consider an observable (real analytic function) O(v), integrated over the rectangular
closed path in the complex plane I', made up of two horizontal lines stretching on an
arbitrary interval [—B, B] (the lower line lying on the real axis, the other shifted upward
by a positive possibly infinitesimal value €), connected by two vertical segments, while
L + s half circles (7 and ) surround roots and holes. From the Cauchy theorem, the
following identity arises:

. Z4(v)
[ dv =gy
0= § L0 i 39

For clarity’s sake, the integration over the single parts composing I' have been explicitly
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A

Figure 3.1: The path of integration, in the complex plane

singled out:

B+ie B-+ie B S L dU ZZ‘cll( v)
ETTRT R RO B o) I oy A1 b
B+ie B+ie Vi z:: v (1)L+sesz4(U)

=1 h=1
(3.10)

After the residues over the hal circles have been taken, the relation (3.10) is rearranged
as

B dv izz(v) L
0 :/ —O(v)H_( DVitsg 70 +ZZOU4I<: };O(Uh)'f‘

_B T
— / dv — O(v) a In [1 + (- 1)L+Seiz4(”+i€)} +
B T dv
1 / dv O( . ZU) In [1 + (_1)L+561Z4(B—Z’U):| _
0 T
£ 4 ‘ .
- / L O(-B - iv)l [1 + (—1)L+sezz4<*3ﬂ”>} (3.11)
0 T
Next, the logarithm can be expanded in powers of ¢44(v)
_1\L+s iZ4(v) S n+1 (L+s) inZy(v)
In |1+ (—1)E+%e Z e : (3.12)

suggesting the usage of the following relations, obtained by means of repeated integra-
tions by parts:

d . : > iNE ANk
[avotvs i onraess - oS (5" (£ oz

k=0

x=2Z4(v+ie)

o iz Boiv) _ e [ ‘ a * ~1
dvO(£B w)dve =e Z - Ir O(Z; (x))

k=0

(3.13)
x=Z4(+B—iv)

Plugging the above useful formule into (3.11) and taking the imaginary part, an explicit
expression is provided for the summation of the observable O(v) evaluated in correspon-
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dence of the Bethe roots:

s B v L
S O(usg) = —/ ;lﬁo )%24(0)—20(uh)+ (3.14)
k=1 - h=1

1)nt1 ( 1>n(L+s r=Z4(—B)

+ i(‘g - )eim;(;)k(;‘;)kowﬁ(z))

n=1

x=Z4(B)

B may be chosen such that e?4+(F5) = (—1)E%4, so that the worthy relation follows:

s B
EO(UM) _ —/B%o Zo (up)
00 T 2k:+1 2k+1
— Z §k+2 B2 <1> [(5@) O(Z;l(x))]

k=0

x=Z4(B)
(3.15)
x=Z4(—B)

where By (z) are the Bernoulli (even) polynomials

—1)k12(2k)! S cos(2nmx
o - U200 -

Eventually, most of our interest will dwell in the large B limit. First of all, when
B — o0, the functions ¢(v) and Z(v), along with their derivatives, can be estimated:

a" 1

do™ —— o) B = 0 (Bnﬂ)

dar 1
T Za(v) L o (Bn) (3.16)

It is now worthwhile to examinate in slightly more detail the position of Bethe roots
and holes. The interval [—B, B] gathers all the s roots, and L — 2 holes as well (named
‘internal’) [36]; besides them, two more holes fall outside that interval, gaining the
designation of ’external’ or ’large’. The B — oo limit matches the large spin s regime
for a twist operator, leading to the estimate B = 3 (1 + 0 (%)) Now, it is customary
to define

Ly(v)=Imln [1 + (—1)L+Seiz4(”+i€)}

When s grows to infinity, L4(v) = (’)(S%) = O((Ins)=), and, accordingly, (3.15)
catches the form, extensively employed throughout this chapter:

s L S
>0 = =30~ [ 520w (Ziw) ~ 2L0)) =
k=1 h=1 -

L
_ _ZO(uh)—/ L OW) - Zuw) + O ((ms) ) (317)
h=1 -

The formula (3.17) just achieved, can be fruitfully applied to the function ¢(u,v),
summed over the Bethe roots in the definition of Z4(u) (3.2), so that the operation
results in a non linear integration for Zy(u):

Zifu) = fu) + |

—00

O ) L Za(0) ~ 2La(w)] (3.18)

B, 0) 5
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where the forcing term has been defined as

L
flu) = Lo(w) + Y dlu,up)
h=1

Actually, the equation (3.18) proves not so handy, and it would be convenient to recast
it in a more suitable form. For instance, it turns out useful to plug Zs(u) (3.18) back
into itself, so to get the relation

Zi(u) = flu)— /_oo dv dou.v) ) +2/_oo dv dg(u,v) oy =

2r dv 2r dv
*® dv d  dv d
= - [ ) g [ B ) (3.19)
* dv dw do(u,v) do(v,w) * dv dw do(u,v) do(v,w)
B 2/0027r27r dv dw Lafw) +/m27r27r dv dw Za(w)

then iterating this same procedure for an arbitrary large number of times [41]. Eventu-
ally, a new integral equation for the counting function arises:

+oo
Zy(u) = F(u) + 2/ dv G(u,v)Ls(v) . (3.20)
—00
Though, in the equation above the forcing F(u) term and the kernel G(u,v) look nasty
and uncomfortable to computation; explicitly they read:
+o0

_|_Z/ dwyp(u w1)/ dwggo(wl,wg).../ dwyp(wi—1, w) f (W)

—00 —00

—+00

(3.21)

G(u, o(u,v —l—Z/ dwip(u wl)/dwgcp(wl,wg) . ../dwkcp(wkl,wk)go(wk,v)

(3.22)
making use of the shorthand notation
1 d
= —— . 3.23
plu,0) = 5= 6(u,v) (323)

Nevertheless, F/(u) and G(u,v) can be regarded as solutions to two novel linear integral
equations, namely:

+oo

Fu) = f(u)—/_ dv p(u,v)F(v) (3.24)
oo+oo

G(u,v) = @(u,v)—/ dw p(u, w)G(w,v) ; (3.25)

in addition to that, the functions F'(u) and G(u,v) combine into the relation:

- /_00 dv G(u,v) f(v) . (3.26)
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The inspection of (3.24) and (3.25), together with the definition of f(u) and ¢(u,v)
(3.23), suggests the function F'(u) can be decomposed as the sum of two part: one of
them depends explicitly from the hole rapidities up, whereas the other takes into account

_ L
just the variable w. Thus, F(u) can be expressed as F(u) = LP(u) + Y. R(u,up),
h=1

provided R(u,v) satisfies the equation

+oo
R(u,v) = ¢(u,v) — / dwe(u, w)R(w,v), iiR(u, v) = G(u,v) (3.27)

oo 2w dv

while instead the function P(u) results from the linear integral equation

- +oo -
P(u) = ®(u) — / dweo(u, w)P(w) . (3.28)

2 The GKP vacuum from the spin chain perspective

Clearly, the analysis of excitations shall start from the description of the ground state. It
is therefore appropriate to recall the construction of the BMN vacuum; then, the recipe
to switch to GKP vacuum will be given. The BMN (half BPS, ferromagnetic) vacuum
corresponds, within the gauge theory, to the single trace operator made out of two Z
fields, thus carrying spin zero and twist two:

Opun ~Tr|ZZ]

Moving out of the ground state, the insertion of covariant (light cone) derivatives D
adds no twist value to the operator, whereas the total spin is increased by one unit for
each D ; then, an operator composed of the two vacuum Z fields over which s derivatives
act shows up as

O~TrlZDiZ]+...

objects of this sort constitute the si(2) sector.

Remarkably, the number of derivatives s, and correspondingly the total spin, needs not
to stay finite; conversely, s may be pushed to infinity. The large spin limit turns out to
correspond to the GKP, long (i.e. fast spinning) string, and, from now on, such a state
will be settled as the actual vacuum of the theory. In this framework, the excitations
arise as insertions of fields, let us generically say &, in between the sea of D, ’s: more
precisely, the raising of a single particle over the vacuum gets associated to the operator

O ~Tr[ZDS €D Z) +... . (3.29)

For the GKP vacuum breaks the entire symmetry PSU(2,2[4) down to SU(4) ~ SO(6),
the excitation fields do belong to multiplets under the residual SU(4), or, rather, the
insertions ¢ stand for the highest weights of some representation of su(4), associated
to each species of particle: for instance, the introduction of additional Z fields, such
as £ = Z, accounts for the excitation of a scalar particle transforming under the 6 of
su(4) ~ so0(6), whilst & = ¢, 1, involves, respectively, the bearing of a fermion in the
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4 of su(4) or an antifermion in the 4, then finally ¢ = F, |, F, | casts the corresponding
two components of the gluon field, behaving as a singlet to su(4). The double excitation
state reflects in the operator

O” ~ Tr[Z D726, D6, D2 Z) ..., (3.30)

and so on, increasing the number of particles for every & inserted.

This picture must be then transposed onto the set-up of spin chain. While the
ferromagnetic vacuum comfortably mirrors the BMN regime, the match between the
GKP string and the antiferromagnetic vacuum is alluring at least. The large spin limit
suggests that the covariant derivatives D, which are embedded as u4 roots in the
Beisert-Staudacher equations (2.30), are filling every state they are allowed to occupy,
in that mimicking a Fermi sea: to bear any excitation, a u4 root has to be pulled’ away
from the distribution of main roots, so that a hole peers in the sea. Eventually, the hole
remains, taking so the role of a 'fake Bethe root’ previously described in (3.8), and the
circumstance results in the raising of a scalar excitation (in the operator standpoint, a Z
insertion). Else, the hole might be ’filled up’ with another type of Bethe root, generating
a fermion (u; or us, depending on the cinematical regime) or a gluon (real centre of a
gluonic stack of roots). The picture outlined above accounts for the particles which carry
momentum and energy on the GKP string. In addition to them, in the next chapter it
will turn out necessary to introduce three more kind of roots, lacking of momentum and
energy as well: their task strictly relates to the residual SU(4) residual symmetry of the
vacuum just chosen.

3 Scalar excitations: one loop

The one loop problem deserves a little attention, for it provides a first simple application
of the tools achieved in the present chapter, whereas remarkably all the relevant features
of the all-loop problem are already present. To begin with, the study sticks on the
sector made up of scalars only. Then, in the following sections, this restriction will drop,
allowing the introduction of every different kind of particle belonging to the spectrum
of the theory.

As a first instance, in the one loop case, the counting function for the twist sector
reads

Zo(u) = L®o(u) — Y do(u — ug), (3.31)
k=1

The L holes are characterised by rapidities up, h = 1, ..., L: the two external (or "large’)
holes, specifically u1, ur, lie outside Bethe root interval (i.e. u; < ug < ur), while
internal (or ’small’) ones are labelled as ug, ...uz_1.

By sticking to one loop ! (i.e. fixing ¢ = 0), the equation (3.18) becomes:

dv

f¢0(U—U)%[Z470(U)—2L470(’U)] s (332)

oo
oo 2T

L
Z4,0 (u) = Ldg (u) + Z b0 (u — uh) + /
h=1

Throughout this text, the subscript 0 means that the function considered is restricted to the form
it assumes in the limit g =0
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where
Lao(u) = ImIn[1 + (—1)5+s ¢iZao(uti0h)] (3.33)

It turns out useful to remark that in the one loop limit the function ¢(u,v) does not
depend on the two entries separately, but rather on the difference of them, so that the
integral equation above can be easily solved by Fourier transforming ? it and using the
faltung theorem 3. Since

(k|

- 2me” 2 27re k|
bg(k) = — 3.34
the equation for Z, o in the Fourier space simplifies to
L} L
A 2nLe™ 2 2me Il . eIkl
Zyo(k) = — T g Lao(k) . (3.35
w0lb) =~ e T k= e ;6 =t Laolk) - (3:35)
Antitransforming back to direct (coordinate) space, the relation (3.18) comes to
I (3 +iu) I'(1 +du —dxp)
Z = —ilLl In
4,0(u) 1 HF( Z T(1 — iu + izp) +
+oo qu
+ / - — [ +iu — ) + (1 —iu+iv)]Lag(v), (3.36)
—00

Since the GKP string requires s — 00, the non linear term can be safely approximated
[43]

+o00
/ er [Y(1 +du —iv) + (1 —iu+ iv)|Lao(v) = —2uln2+ O <312> , (3.37)
—0o0

so that in the large spin limit the non-linear equation (3.36) gets linearised. In addition
to that, the regime just chosen allows to extract pieces of information (for an accurate
analysis please refer to [44][41] for instance, and references therein) about the position of
holes and roots on the real rapidity axis, by studying equations (3.6) for Bethe roots and
(3.8). First of all, when considering the minimal anomalous dimension state (as it is the
case of interest), roots and holes arrange themselves symmetrically around the origin,
and moreover they all lie inside a closed interval, say [—B, B], the only exception being
the two external holes forming the vacuum, as they both fall outside. Furthermore, the
minimal anomalous dimension is achieved when the internal holes satisfy the equations
Z(up) = m(2h — 1 — L) involving the set of integers h € {2,..., L — 1}, as any different
choice of occupation numbers leads to higher values of the dimension. As a result the

2The Fourier transform of a function f(u) is the function f(k f du e” " f(u)

3The Fourier transform Fj, of the convolution between two functlons amounts to the product of the
transforms of both the functions separately; explicitly:

Fulf #g) = Fil / v f(u—v)g()] = FR)aK)
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internal holes gather around the origin, concentrating within the interval [—C, C| with
C~ ﬁ [32], where no Bethe root is present at all: the latter instead belong to either
the interval [-C,—B] or [C, B]. At last, in the large spin limit the two external holes
place at

o) o).

where f(g) is the universal scaling function.

With these considerations in mind, the next task will be then recognizing the scatter-
ing matrix involving the physical particles of the theory, that is the holes. On the BMN
vacuum the equation (3.6) means nothing but the momentum quantization on the spin
chain: a probe particle travels along the circuit and gets its propagation phase shifted
every time it scatters another particle, eventually coming back to the initial value when
a round is complete. So, in the one-loop approximation, the Bethe equations read?

(71)L—1 _ 6—iZ4,o(uk) — eiLPO(“k) HSO(ukvuj)’ (338)
JF#k

where Py(u) and Sp(u, v) stand for, respectively, the one-loop momentum and scattering
phase over the BMN vacuum. By means of the formula (3.17), the counting function
drops the explicit dependence on Bethe roots and becomes expressed in terms solely of
the holes which are the physical excitations, while, thanks to the large spin limit, the
roots saturate the number of available states except for the L holes: in doing so the
scattering theory dwells no more on the ferrromagnetic vacuum, but over the antiferro-
magnetic (GKP), instead. Once rewritten on the GKP vacuum, and involving the holes
uniquely, the equation (3.38) now turns to

L—1
(=1)E71 = 7 Za0(un) — gihso(un) H (—So(un, up)) =

h#£h | h'=2
L-1
— 1 = ethso(un) H So(up,upr) . (3.39)
h#h | h=2

Interpreting anew the equation (3.39) as a quantization condition, this time starting
from the antiferromagnetic vacuum, the scattering matrices among two holes are now
described -at one loop- by Sy(u,v), whereas the propagation phase of the h-th hole
Ao(up) contains the product between the momentum Py(up) and the effective length R
associated to this novel spin chain. In order to properly identify these features, it is
worth observing that the total phase Z4(u) (3.36) includes one part accounting for the
changes the probe particle experience whenever it collides with a hole, together with a
part which does not depend on the particle in the chain: so while the former vanishes
when no hole is present, the latter still remains. Reminding that in the setup chosen,
the number of scalar excitations is L — 2, for the two external holes do form the vacuum

4The integer s is taken to be even, from now on
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and thus can never be removed, the one loop counting function Z4o(u) (3.36) splits

accordingly:
I (3 +iu) I(1+du — dup)T(1 + iu — duy)
Zio(u) = |—2iln—2—~< +iln —2uln?2
1,0(u) [ (1 —iu) (1 —du+ dur) (1 — iu + duq)
L—-1 1 . .
I (5 +iu) L(1 4+ iu — iup)
—iln —2——L 441 0 3.40
D R R e T R T It

Aiming to find the scattering matrix between two scalars (two internal holes), the first
suitable case consists in L = 4: such a state is implemented by adapting the expression
for Z40(u) above to the present configuration, and plugging the rapidity wu of one the
(actual) internal hole as an entry of the counting function. It would be then tantalizing
to identify the content of the bracket in the second line of (3.40) as the scattering phase:

T (3 — iup) T(1 4 dup, — dup)
T (3 +iup) T(1 — dup, + iup)

7ln

Nevertheless, this guess does not fit, since the expression is not unitary. It is thus

needed to reinstate the unitarity ’by hand’: this task can be accomplished by adding
iln ( —Huh/)

F(ffzuh/)
properties, i.e. it goes to zero when one of the rapidities goes to infinity. To sum up,

to the expression above, and, moreover, the result enjoys good asymptotic

after subtracting in the first line the quantity just summed in the second, the counting
function for L = 4 becomes

) F(%+zu) 3 F(%—i—zuh)
u) =1 |—2Iln — In
Zaol [ M) 2" T ()
(POt —u)) P +i(u—w)) .
1 F(l—l(u—UL))F(l—Z(U—Ul))+2 ! 2]

3 +iup) 3 L(1 4 iu — dup)
— iuh) P [(1 — u + iup)

1
© <lns2>

(3.41)
while the one loop scattering matrix involving two holes is

U (3 —dup) T (5 +dup) D(L+ dup, — dupy)
S )= — _ 2 3.42
O(Uh’u}l) F( —i—zuh)f‘(l —zuh:) I’(l—iuh—i-iuhr) ’ ( )

in agreement with the results by Basso-Belitsky [33] and Dorey-Zhao [45].
On the other hand, when L = 3 formula (3.40) provides a way to recover the mo-
mentum of a hole. Indeed, it is straightforward to read the propagation phase:

P(1+di(u—up))T(1+i(u—u1))
F(l —i(u— uL))F(l —i(u—uy))

+zu F(%+iUh) 1
- 2zlnr (=) ZZIHF(%—iuh) +O<ln32> (3.43)

Aso(u) = iln —2uln2 —
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The (one loop) momentum Py(u) can be extracted from A(u) in the large spin limit,
as it appears in the form of a product per the effective length R of the chain, so more
explicitly:

Aso(u) = R Pso(u) + Dso(u) (3.44)

where D o(u) is a function, subleading in In s, yet to be discussed, while R also corre-
sponds to the length of the GKP string, R ~ 2Ins (the factor 2 owing to the fact that
the GKP is a folded string), and then

P o(u) = 2u (3.45)

For arbitrary L, the propagation phase in the s — oo limit reduces to

T ( + tu L1 l ) 1
Aso(u) :4ulns—2@lnr(7—221n % ) +O<ln.92> . (3.46)
. . 5 + 1up,
Now, since for the internal holes uj, ~ ——, the sum Z ln - can be neglected,

hence the function D(u) is identified:
r (% + iu)
r(s—)

The explanation is that whenever a particle goes round the chain, it experiences an

Dso(u) = —2iln (3.47)

additional phase shift D, (u) amenable to the presence of two static defects (i.e. they
are not associated to any proper rapidity), each one corresponding to one tip of the
folded GKP string.

In the end, all the features of the one loop spin chain have been displayed in the large
spin limit, so the Bethe equations (3.39), computed over the antiferromagnetic vacuum,
can be recovered from (3.42),(3.45),(3.47):

(—1)E"1 = il2un)2ins < E

()

Il T (3 —dup) T (5 + dup) D(1 4 dup, — )
T ( + ZUh) T (l — ’Luh/) F(l — ’L'Uh + iuh/)

lo\l—l N[ —

X (3.48)

R£h | B=2

4 Scalar excitations: all loops

The analysis carried out in the previous section is now going to be extended to the all
loop problem. The calculations are obviously more involved, nevertheless the starting
point remains the Bethe quantization condition:

L1
1= (=) lexp(=iZa(up)) = et T S(un,uw) (3.49)
(=2, W#h}
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It now useful to recall from (3.20) that the all loop counting function reads:
Zy(u) = LP(u) + Y R(u,up) + 2/ dv G(u,v)L(v) . (3.50)
h=1 >
Repeating the reasoning adopted for the one loop case, the counting function should be

slit into a part existing even when there is no internal holes in the system, plus another
strictly dependent on the presence of those scalar excitations; hence explicitly:

L-1

Zy(u) = {2]5(u) + R(u,u1) + R(u,ur) + 2/ dv G(u,v)Ly(v }+Z{R w, up)+P(u)}
> h=2
(3.51)

The quantity in the last bracket cannot be identified with the scattering matrix between
holes, for it lacks unitarity and so it needs to be completed with an additional term.
From the equations (3.27) and (3.28) the properties of the functions R(u,v) and P(u)
can be easily deduced

P(u)=—-P(-u), R(u,v)=—R(-u,—v), R(u,v)=—R(v,u), (3.52)

therefore the unitarity can be restored in a simple way, by properly adding and sub-
tracting P(uy) in the counting function above, so to get:

iln(—S(u,v)) = R(u,v) + P(u) — P(v) = O(u,v) (3.53)
and, owing to (3.52), ©(u,v) turns out to be antisymmetric
O(u,v) = —=60(v,u)

as it should, in order to satisfy the requests on S(u,v).
The propagation phase Ag(u) may thus be read from (3.50):

0 L-1
Ags(u) = —2P(u) — R(u,u1) — R(u,ur) —2/ dv G(u,v) ZP up) . (3.54)
h=2

—0o0

As already learnt from the one loop case, Ag(uy) consists of the sum of the momentum of
the h-th internal root plus a phase shift associated to the presence of defects on the spin
chain. Anyway, all these features will be discussed in more detail in the next chapter.

A further consideration is in order about the nonlinear term
2/dv G(u,v)Ls(v) = NL(u)

which in the high spin limit reveals to be subdominant (O (1)) with respect to the
momentum. In fact, starting from the equation (3.25) for the function G(u,v) in Fourier
space

N =1kl b k t +oo d N
e ¥ P .
G(k,t) = —m%(s(t‘”f) 1 Ij(e =T / SOH (k,p)G(—p,t) , (3.55)
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it follows from the definition of NL(k) that

. —lkl dt ¢p(k,t) - +oo g
_ o, € dt op (k, p .
NL(k) = 21 — eIkl L4(k)+2/ 2 1 — e I¥l La(=t 1l / ('OH (k p)NL( p)-

(3.56)

The equation above gets linear when s grows to infinity [44]

. 47 1n 2 T dp 1
NE(k) = - 0260 — k/ P ok, )N L (- )+0<82> (3.57)

and it is hence apparent that the non linear term contributes from from order O ((Ins)?)
onward.

4.1 Scattering phase between holes

In order to study the scalar scattering phase O(u,v), it is useful to split it into its even
and odd (with respect to the second variable) part:

O(u,v) = M(u,v) + N(u,v)

where M (u,v) and N(u,v) has been introduced according to:

M(u,v) = O(u,v) —|—2@(u, —) = M(u,—v) (3.58)
N(u,v) = O(u,v) _2@(% —v) _ —N(u, —v)

It is now convenient to recast the functions above in term of R(u,v) and P(u) for the
reason that they can be determined as solutions of already known integral equations;
then he definition of O(u,v) (3.53) allows to write:

M(uv) — R(u, v);— P(u) N R(u, —’U; + P(u) (3.59)
N(u,v) = f(u,v) —2R(u, ) _ P(v)

A more careful glance at the odd part of the scattering phase reveals that N(u,v) may
be actually related to M (u,v), by means of the properties of R(u,v) and P(u) (3.52):

R(v,u) + R(v, —u)
2

—R(w,0) ; Bl =) | pl) = —N(u,v)

(3.60)

M(v,u) = +P(v) =

To sum up, the computation of the even component M (u,v) brings to the knowledge of
the scattering phase O(u,v) as a whole

O(u,v) = M(u,v) — M(v,u) , (3.61)

and, in addition to that, M (u,v) is completely determined by the sum R(u,v) + P(u)
by virtue of its definition (3.58). Aiming to find a description for the scalar scattering
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phase, it is useful to add together the equations (3.27),(3.28), once turned to Fourier
space:

—+00

R(k, 1)+ P(k) = d(k, 1) +B(k)2m8(t) - / 2 ipd(k.p) [R(—p.0) + P(-p)] (362

which more explicitly becomes

N — _ 1kl ~
R(k,t) + P(k) = 4n25(k + t)ei]: _Am Zek “5(t) + e M [R(k,t) + P(k)} + (3.63)

[F|

= JV2gk)0) + Gut) -~ [ fpz ipdul) [RCp,t) + P

—+00

It turns out convenient to distinguish in (3.63) above the one loop and higher-than-one
loop contributions, so that such operation results in two distinct equations, respectively:

K|

Ro(k,t) + Po(k) = ‘l;:li_ﬁlma(k i) - Z‘Zjli—;wa(t) (3.64)
Ru(k,t) + Pu(k) = = e?ﬁglzltz iy + 200 An(k) -
- [T Do) [ () Ba(p)] . (365)
with the shorthand notation
_ &l )
An(k) = M[ P TS Ee—— /+ @ “iil:“fl’)

Thanks to (3.59), it is possible to get the equations for the one loop and higher loop
components of M (k, t):
. 272 —|k| 472 — L&l
Mo(k,t) = [k + ) + 6(k — )] — —————
ik 1 — eIkl

ik 1— eIkl
ok, t) + ok, —t) oo dp ippw (k,p)
472 1 — eIkl

2(1 — e~ lkl)(1 — eIt

3(t) (3.66)

My (k,t) +2m6(t) An (k) —/

—00

Mpy(—p,t)

Those two equations join together into a novel one associated to M(k,t) = Mg(k:,t) +

. brr (ko t) + b (k, —t Jo(V/2gk
M(k,t) = ¢H<2(1)jfj,fl) ) —27r26(t)“:(si£lg|k|) + (3.67)
2
on2 ekl o dp ipdp (k,p) - .

as a consequence the following properties of M (k,t) hold true:
M(k,t) = M(k,—t), M(k,t)=—M(—k,t)

Thanks to this behaviour of M (k,t) under parity, the equation (3.67) may be restricted
to the sector ¢t > 0, k > 0 without loss of generality. Hence (3.67) should be handfully
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reformulated by introducing the function K (k,t), commonly referred to as 'magic kernel’
in the study of twist sector:

Z nJp( ) +2 Z Z M egmi12042(9) Jom (k) Jory1(t) | (3.68)

m=11=0
where J,(t) stands for the n-th Bessel function of the first kind [1]; indeed the function
o (k,t) relates to K (k,t) in a pretty simple way
bur(k,t) + du(k, —t) = 8in2gPe™ 3 K (V2gk,V2gt), k>0, (3.69)

and that thus allows to recast the equation (3.67) for M(k,t) (for k > 0,¢ > 0) in a
fruitful fashion, since it recalls known results achieved in works about high spin twist

sector:
- 24 Jo(v2gk
W(ht) = 20 ot (agh, VEgt) - 2260 22 .10
sinh 5 ik sinh 5
9 —k - 2 400 . .
.l ‘ —0(k —t) + - : / dp K (V2gk,/2gp)e” 2ipM (p, t)
ik 1—e sinh § Jo
More specifically, let us introduce the density as the derivative of the counting function:
dZ(u) e ) oo . _—
o(u) = Ju satisfying the equation (upon switching to Fourier space and restricting
u
to k> 0):
L k 2meF L
(k)= ——+ [eff — Jo(ﬁgk)] + Z(cos kup — 1) — (2In2)27d(k) —
sinh% 1—e* —
. a 1
——— / dte™2 K(vV2gk, V2gt) QWZCOS kup +o(t)| +O <2> .(3.71)
sinh 5 Jo P S

The density o(u) could be decomposed into a part proportional to In s II/T_SZ

(customarily
called first generalised scaling function, see for instance [31] for more details),

(L — 2)0M(u), plus a part depending on the holes. Moreover, in the latter the contri-
bution coming from the external holes o(u)|y;y could be distinguished from the one

stemming from all the internal holes o(u)| ;-

o(u) = (L-2)0W(u)+ o) arg + o(W)lyrg =
-1
= (L-2)oW(u)+ Z o(u,un)| g + o(u)|nrm - (3.72)
h=2

where the Fourier transformed function () (k) solves the equation

GO = — e~ 5 — T (Vagh)]— ’“k /mdt—éK(\/igk,\/igt)[2w+&<1>(t)] (3.73)
0

-1k
sinh 3 sinh 3

whereas 6 (k,up)|7m, which is related to a single internal hole (whose rapidity is uy,), is
associated to the equation:

9 —k
sk, un)| i = 1?‘“’ (cos kuy, — 1) + (3.74)

/ dt 3 K(V2gk,V2gt) |27 (cos tu, — 1) + 6(k, Uh)’]H] ;

SlIlh
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at last, about the part relative to the external holes, it holds:

2 4rek
Gkt = ——— Jo(V2gk) + 127,{ coskuy, — (21n2)2r6(k) — (3.75)
2

sinh
9%k
-1k

sinh 5

/ dte 2 K(V2gk,v/2gt) [4m cos kuy, + 6(t)|n1m] + O (12)
0 s

Finally, the sum of (3.73) and (3.74) gives the total contribution a single hole brings
to the counting function, and a comparison with (3.70) suggests the relations linking
M (u,v) to these densities :

. foo
NI (k1) = / du e~ ™[50 (k) + 6k, )| 1] (3.76)
%M(u, v) = oWw) +o(u,v)m . (3.77)

Now, reminding that ©(u,v) = M (u,v) — M (v, u), it clearly follows that the scattering
phase between scalar excitations is determined by the densities o, o|rm, which have
been widely and deeply studied in literature (see for instance ([44])).

5 Gluonic excitations

The excitation of gluon fields on the GKP string corresponds on the gauge theory side to
the insertion of the field strength components Fy |, F | inside the trace operator(3.29).
In the framework of the spin chain, the fields F, | and F | are not associated to a single
kind of root, solving anyone among the Beisert-Staudacher equations, instead they are
embedded as complexes of roots of different types. Precisely, a gluon F), | is represented
as a stack composed by two complex ug roots, which are conjugated each other and
symmetrically placed with respect to a ue roots laying on the real axis, then referred to
as the centre of the stack u9 [42]:

/)
Uz = ugi§

U5 = ud . (378)
On the other hand, F, | associates to:

usy = ud £

Up; = ud . (379)

In addition to those excitations, which increase the twist of the operator by one unit,
the field content of the theory also includes bound states obtained from the reiterate
application of covariant derivatives on the gluons, namely partons of the type DlJlFJr n
or Dflﬁ’+ . The field lelF+ | is then represented as a stack composed by [ + 1 roots
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ug, | ug and [ — 1 wuj-root solutions [42]:

l
wy, = ug[l]+i(j1_§) ja=1...,1-1
1 1
Ugj, = ug[l]+i(j2—§—§) jo=1,...,1 (3.80)
l
ugj, = v +i(z—1-2) jz=1,...,01+1

2

with the real centres w9, whereas similarly Dﬂjlﬁ+ 1 comes from the replacement of
the roots uy, ug, ug with wur, ug, us, respectively (obviously fixing | = 1 leads to Fy |,
Fip).
Let the system be composed of NN, gluonic bound states Di__lFJr 1 (with different
) moving over the vacuum: n{™) of them are associated to length-m stacks with real
oo

m
centres u’ (]

¥ for every value of m from one to infinity, such that Z n(m = Ngy. These

m=1
gauge fields live on a sea of covariant derivatives D (embedded as u4 roots): an infinite

number of main roots fills every accessible state except for L = 2 holes forming the
vacuum along with the N, stacks. As a matter of fact, in order to have the N, gluonic
bound states excited, a uyq root has to be removed from the sea for each gauge field
and then substituted by the centrer of the stack. The system built this way matches to
a spin chain of length L + Ny, = L' (the chain lengthens owing to the presence of the
excitations), the latter being described by the Bethe equations:

n(m)
° 1 = _lp‘““L H 544 ’LL4k,’LL4] HH 849 U4k ug[ ]) (3.81)
m =1
n(m) .
° 1 = HH Sgg g[l7 Z[m}) H Sl(g4)(uiH,U4]) . (3.82)
m =1 j=1

The last one (3.82) is obtained by multiplying among themselves the Beisert-Staudacher
equations associated to every root involved in the construction of a [-stack: the fusion of
[+ 1 type-3, [ type-2 and [ — 1 type-1 equations, properly shifted in order to admit the
roots itemized in (3.80) as their solutions, leads to the assembly of the scattering matrices
for the excitations over the ferromagnetic (BMN) vacuum: S®% (uy,u;) describes the
scattering involving two type-4 Bethe roots

2 2

SW0y) = S | T | ) (3.83)
) N

2~ (up )zt (uy)

while, for a uy root colliding with a gluonic stack (with length [ and real centre u]) it is
to be considered

2 2
glll | ci+1 11— 4 1 g
(49) gl Up — Uy + 1 20~ (up)w(uf —iL) 20~ (wp)w(u! +12)
Sl (uk,uj ) = 5 5
J glll _ ;1419 _ g _ g
up —uy iy 1 gl 1 ol 1
J 2z (ug)w(uj  —iz) 20t (ug)a(u; +ig)

— S )t (3.84)

J
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finally, the matrix for the scattering of gluonic bound states, in terms of real centres,
reads

gl _0tml i 4 gll _ 0tml 4 i
Sl(i")(Ui[”W?[m]) U Y 5L +m)ug” — u; f y
2

uim — u?[m] +5(+m) uz[l] _

=1 uim—u?[m]— (1 4+m — 27) 2
< 1 S5 m — 29)

v \Up T U

(3.85)

TR T

Aiming to formulate a set of Bethe equations portraying the excitations over the antifer-
romagnetic (GKP) vacuum, the path previously outlined for the scalars will be adapted
for gauge fields and counting functions will be introduced. In addition to definitions
(3.4), (3.4), it is handful to define

il il
X, ull) = xo(o — ull + 1)+ xu (0,0 = )+ xu(,u+ 5) (3.86)
where the function y has been torn into its one-loop and higher-loop parts:

il + 2u

Xo(ull) =2 arctan 2Tu =1iln T on (3.87)
1— 9
xr(u, ) = iln | 22 Wzl) ) (3.88)
L~ e
moreover, for later use,
-1
X(u,vll,m) = xo(u —v[l +m) = xo(u—v[l =m) +2 " xo(u— vl +m—27) (3.89)
y=1

A slight change of notations has been implicitly performed, by dropping in w9l the
superscript referring to the stack length, according to x(v,ud|l) = x(v,uM). It is
now straightforwrd to define the counting function pertinent to the equation (3.81),
by adapting (3.31) to the case at hand, in order to include the N, gluonic stacks:

N,

Zy(u) = (L+ Np)®(u) = > d(u,uy) + > x(u, ufllmg). (3.90)
j=1 k=1

Alongside it, another counting function shall be introduced for a probe particle consisting
in a gluonic stack, with real centre v and length [, which collides only with roots and
gluonic excitations (centre’s rapidity uf, length my,):

Ny S
Zy(ull) = R, uf |l mp) + Y x(ug ull) (3.91)
k=1 7j=1

The Bethe equations (3.81), (3.82) thus turns into a more compact fashion:
(_1)L+8—1 _ ez’Z(uk) (3.92)
1 = 4ol (3.93)
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When considering the high spin limit, the relation (3.17) allows to recast the counting
functions into a new form, more suitable for the antiferromagnetic vacuum as the explicit
dependence on s is concealed while the holes in the D, -distribution are now manifest. In
fact, the renewed counting function (3.90) arises as the solution of an integral equation:

+oo Jw
Zio) = (L4 N@(e)+ [ Row) 1 (Zu(w) ~ 2La(w)) +
L Ng
+ Z (v, up) + Z x (v, uf |my) (3.94)
h=1 k=1

Formula (3.94) suggests that Z4(v) could also be gained by solving the nonlinear integral
equation
+00
Zy(v) = Fy(v) + 2/ dw G(v,w)Ls(w) (3.95)

—00

whose forcing term Fy(v) may be decomposed according to

L Ny
Fy(v) = (L+ Ng)P(v) + Y R(v,up) + Y _ T(v,uf|my) (3.96)
h=1 k=1

where P(v), R(v,u), and T'(v,u|m) are the solutions respectively of (3.28), (3.27) and

+oo;z:ﬁ [d¢(v,w)] T(w,ulm) . (3.97)

T(v,ulm) = x(v,ulm) — / o

—00
For later purposes, it is worth plugging the expression (3.97) back into itself and iterating
the procedure, so to get the formal solution:
+00
T(v,ulm) = x(v,ulm) — / dw G(v,w) x(w,ulm) (3.98)

—00

Turning now to (3.91), the relation (3.17) leads to the formula

o dy d z
Zg(ull) ZX w, ud |1, my) / 2—)((1) u\l) [ —2L4(v ZX up, ul|l) (3.99)
h=1

and eventually, after substituting the expression (3.95) for Z4(v), the gluonic counting
function becomes:

L

* dv dlLy &
zl) = [ @) Tl zj (wnal) + |

dv d -~
> [ (vl PG +

Ng
+ Z[x(u,uill,mk) / j— (v, ull) dcfj (T(U,UiImk)%—If’(v))} (3.100)
k=1

Once the numbers of excitations L and NN, are properly fixed, the scattering matrices
simply stand out from (3.100), it only takes paying attention to correctly impose the
unitarity.
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For instance, when just two gauge fields Dle+ 1 (so Ng = 2) live over the vacuum
(L = 2), it is straightforward to read the scattering matrix between the gluonic stacks
(lengths I, m and centres u, v, respectively), taking as reference the antiferromagnetic
vacuum:

y _ (99) / _ ~ / . > dv d , B
iln(=S, " (u,u')) = x(u,u'|l,m) / o X (v, ull) dvT(v,u\m)

—0o0

[ P+ [ ) P) (3101

oo 2m oo
Now, since the relations hold (following from (3.53) and 3.28))
1 d 1 d 1 d ~

G(u,v) = o dy —R(u,v) = Q—d—@(u v)—i—z—%P( v) (3.102)
+o° dw
CZ}p() _ ;icp(v)—/_oo dw [CZ;dd@(” w)} Bw) | (3.103)

with the aid of formula (3.98) the scattering phase between gluons rearranges:

(=899 (u, ') = %(u, /|, m) + (3.104)
+ [ e Wl + 2L | 260 w) — 20000 = )| (.l m) + 2(w)]

A system with L = 3 and N, = 1 instead is suitable for studying the scattering
involving one gauge field and one internal hole. From gluonic counting function (3.100)
the gluon-scalar scattering phase follows, again taking care of unitarity:

T dw d

— l
x(w,ull) =

- P(w) = Plu) =

iIn S (u, up|l) = =T (up, ull) _/_
+00 Jw
Cler [d@(umw)] (x(w, ull) + ®(w)) =

= ()~ o) + [ G|

—00

/m dw t 4 g w) — 28 (un — w)| (clw, ull) + B(w)) (3.105)
= — | —O(up,w) — 27 - . .
- o7 | dw hs h x\w,
On the other hand, from the scalar counting function (3.94) the scalar-gluon scattering
phase is found, in the form expected:

T dw d

i 69 (up, ull) = ﬂmwh+ﬁww+/ O X(w,ull) S-Pw) = (3106)

—00

+o0 w
= _/ df [d@(uh,w)—%ré(uh—w) (X(w’u“)_i_q)(w)) '

oo 21 |dw

Once the scattering phases between gluons and between gluons and holes have been
singled out, the remaining terms in (3.99):

dv dL
Ay(w) = T(ul,u]l)—i—T(uL,u]l)—/ A ) T, ult) + (3.107)
Ng L-1

+ 2/+00 ;l—gx(v,u\l)d%}ls(v) + Z/

o k=17 "° h=2
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In order to complete the bestiary of matrices which involve gauge fields, the D F, |
fields have to be taken into account, too. A system composed of L (internal and external)
holes, NV, bound states D | F, | and Nz bound states DJ_FJ,_J_ is determined in the large
spin regime by three counting functions:

+o0o
Zy(v) = (L—i—Ng—i-Ng)‘b(v)—l—/_ ;%QS(U w)dcqlu [Z4(w) — 2L4(w)] +
L Ng Ng B
+ Zqﬁ(v,uh) + Zx(v, uf |my) + Zx(v,u?\qj)
h=1 k=1 j=1
= - d/U dL4 v, U — L Up, U - dl v, U i 2 v
Zuly = [~ E ) Tl hzl[:r« i)+ [ 50wl 3P +
N, o gy i
# 3 |twdltomo — [ St g (resiiog + Po) |
Ng 00 ) :
- Z/ N (T(v,ug\qj) + P(v)) (3.108)
glu = o dL4 v, U — L Up, U - dl v, U i 2 v
Zia) = [ G OTE =3 [T+ [ Fxte) 0]+
Ny © gy ) i
o 3 [twding) - [ 50w 3 (Twadla) + PO)) | -
j=1 o
e dv g ~
_ ;/ Q—X(U u]l) (T(v,uklmk)—i-P(v))

By restricting the system above to just one D) F, | and one D J_F+ | over the vacuum
(so Ny = Ng = and L = 2), the matrix Sl(gf) is thus obtained:

i i +o0
iln Sz(rig) (w,t9) = / dvduw [x(v,uI|l) + <I)(U)]i [dG(v,w) —276(v —w)| x

oo Am2 dv | dw
x  [x(w,tm) + @(w)] (3.109)
No surprises in discovering that missing matrices to be computed are S (59) (u, v|l) =
59 (y,v|l) and Sl(ﬁlg)(u, v) = Sl(f;g)(u, v), owing to the symmetry (uj,us,us) —
(u7, ue, us).

Actually, since most of the interest of this work addresses to gluons rather than
to bound states, the length [ = 1 stacks (gluons, as already explained) deserve to be
focused on and displayed all together. The previously retrieved scattering matrices
(3.104), (3.105), (3.109) then specialise to the case at hand (with a slight change of
notations about stack-length subscripts):

J— , y
iln S99 (u,u') = iln Sﬁg) (u,u’) =iln w + (3.110)
u—u —1i
o0 du dw d | d ,
+ /_OO o o [x (v, ull) + ‘I)(U)]% @@(Ua w) = 2m6(v —w)| [x(w,u’|m) + (w)]
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iIn S (u, up) = i1n S99 (u, up|1) = iln SO (u, up|1) =

_/+°°dw 4O (up, w) — 218 (un — w)| (xw, ul1) + B(w)) (3.111)
= 2 | dw Up, W mo(up —w x\w, :
99) (4. ) = §99) (g o) L 0

SYI (u,u')y =8 (u7u)u7u’+i (3.112)
S69) (y, ') = [S99) (W )] T (3.113)

5.1 One-loop

When g = 0, the system (3.108), in Fourier transform, simplifies to:
k]

2n(L+ Ny + N;) e 2 2 e F

— Lok 3.114

I solk) + - (3114)

L _ _ m; +1 N- o q]+1
+ 2m —1kuh € [kl +9 lkul € Il ) Le ,Lkuﬂ e Ikl

E - S am— T E U g ;

ik 1— el ik 1 — eIk = ik 1—elkl

Zyo(k) = —

for the type-4 counting function,

: _ 1kl L L]
Zog(kl) _ 1 (L+Ng+Ng)e 2+ N Ze_ikuhge K1) ¢ (3115)
2m ik 1 — eIkl — ik 1 — eIkl '
No  —iku? -1 I (14m+2)
e i k| L] k| e 2 i
—lHm) _ =i (I=ma) =5 (I+mi—2y)
+ 7 e 2 e 2 —i-QZe 2 + =" +
=1 y=1
+§g: e o= 5 a2 [y o (k) e '3 (D)
= ik 1 —e Ik 7 1—e Ik
for the gauge fields, while for the barred-gauge fields
N |kl L Ik\
Zogl) L (L4 Nyt Ny) 50 g, LD (3.116)
21 ik 1 — eIl — ik1—e Wt '
Lao(k) e k|U+1)%f§éefdku I’C‘(z+ml+2)+
T 1—e K —~ ik 1 — eIkl
Ng  _iku? -1 — (4 g, 42)
e L] L] || e 2 j
-2 (+g) _ —5 () =5 (I4gq;—27)

It is now very simple to distinguish the one loop scattering matrices. For instance, the
exponentiation of the formula (3.115) results in

Lo .\ 7 (LANg+N)
e—iZg(u|l) _ [F (7 + lu) 6% fde4,0(v)[1/)(HTlJri(ufv))er(HTlfi(ufv))] %

T (E e g (M 2 )
I ) r

2
X

[+ — .
h=1 F(%_FZ u— p) j=1 <1+ l—l—ij +z(u—u?)>
N, . 2(u—uf) 2(u—ud) -1 2(u—uf 2 (2+l+mk Y )

+ﬁ i el =ik H L+ i =5 r 5 i(u—uy)

2(u— 2(u—u! 2 e L

k=1 1= Ein:k) 1+ (llir::) y=1 \1— Zl—&—(fnk’ig)'y F( FSE A i(u — “i))
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so that for the scattering between a gluon stack (rapidity v and length [) and a hole
with rapidity wuy, it holds:

glos) I (HTl + i(u — “h)) I (l 22 - Z“) I (% + wh)

v (wun) = r (l+71 —i(u—up)) T (% +iu) T (3 — iup) (3.117)

In the same way, a process of scattering involving two gluons, with rapidities respectively
u, u' and lengths [, m is associated to:

u—u' +51+m) u—u + Ll —m|T(1+ 52 +i(u—))
u—w —fl+m) u—w — Ll —m|T (1+ 52 —i(u—))

r (l+72 —z’u) r (mTH +iu’) minﬁn)—l (u—u + §(|l —m| +2’7)>2 (3.118)

2
[ (5 +iu) I (757 — i) u—u' = 4|l —m| +2v)

S(gg)

Ilm X

(uv ul) -

=1
For the missing matrices involving barred-fields, the very same relations (3.111) stay
untouched.

Although the computation of energy and momentum of an excitation will be treated
with more detail and generality in the next chapter, the one loop case offers the chance
to face the method to be used with a heuristic sight, so to highlight a physical interpre-
tation underneath. Let us take into exam, for instance, a system containing only one
gluonic stack, with rapidity w9 and length [. The introduction of such an excitation thus
induces an alteration on the density of the sea of covariant derivatives D forming the
vacuum. As first step towards estimating the shuffle occurred to the covariant derivative
distribution, it is useful to adapt the the main root counting function (in Fourier space
(3.114)) to the case considered, that is by setting N, = 1, L = 2 (accounting for the two
external holes, with rapidities u; and us) and Ng = 0:

7 — |kl
5(19) .. gy . Om e 2 2e A()
2r e M iku i o e IR
Z_— (eTWu1 —ikuz —ikys <™ € 2

with the superscript (1g) to distinguish the 'one gluon’ case function from the vacuum
(v) (Ng = 0):
K|
-5 =kl —|k|
5(v) Jdm err 27V s 2r e
1o(k) = ik 1—e Ikl 1 — eIl 1o(k) + ik T e

The introduction of the gluonic stack affects the root distribution, so that the root density

dZ(v)
turns from a vacuum (one-loop) value a(()v) (u) = 4&3(@ to a new one O'(()lg)(

dZi?g)(u;ug)
du
density:

e*ikul + e*ikuz )(3120)

uyud) =
. We can estimate then such a variation by means of the one-loop fluctuation
1
o0 ” (us u?) — o (w)

To(u,u?) = 5 = (3.121)
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recalling that in the s — oo limit, non linear terms are negligeable. As a first instance,
the density fluctuation allows to compute the (one-loop) energy of the excitation. The

observable e(u) = measures the energy associated to a Bethe root with rapidity

u2 + 1

1
u, and it is now appropriate to remark that only the type-4 roots carry energy and

momentum: all the particles acquire some amount of these charges after interacting
with w4 roots. Therefore, in order to compute the total energy of the system, it takes
to evaluate e(u) by summing upon every w4y, and this operation, under the large s
limit, turns to an integration on the rapidity. Hence, a way to measure the energy
of an excitation consists in computing the variation the u4 roots experience after the
introduction of the particle. Explicitly, for the single gauge field system, it holds:

o) (1g) ] [ee] (v) o] g
Eo(u?) = / g (usu) )du—/ %0 (u)du—/ To(u, u) )du:

B | Coo UEH T B |

l l
= 20(1) ~ (5 +1—iu?) — (o 1+t (3.122)

and that matches the result by Basso [42].
Moreover, the density 79(u,u9) also provides a manner to calculate the momentum

carried by the excitation: upon singling out its odd part, 7% (u,u9) = %[Tg(u,ug) —

70(—u,u?)|, it can be found:

1 l+1 I+1
8% (u,ud) = — [\Il <+ +i(u+ ug)> +Vv <+ —i(u+ u9)> —
4 2 2
l+1 [+1
. <—|2_—|—i(u—ug)> — U <J; —i(u—ug)” (3.123)
The digamma function (¥(z) = d%ln I'(z)) for large z behaves according to following
asymptotic series:
1
W(z) ~In 2= o+ O(z7?) (3.124)
z
So, for large rapidity w, it is verified that
0% (u, u9) ~ v, (3.125)
0 T

that is exactly the relation (4.3) of [42] (at one-loop), relating the momentum of the
excitation to the odd part of density fluctuation

P(u9) = 2mur™(u, u?) = 2u9 (3.126)

6 Fermionic Excitations

To parametrise the dynamics of a fermionic excitation, the rapidity to look at is actually
2

x, which is related to the Bethe rapidity u via the Jukovski map u(z) = = + §-. To

properly invert the Jukovski map, in order to cover the whole range of values of z,
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two u-planes must be glued together, each one of them being a Riemann sheet. The
two sheets are related to two distinct regimes of the fermionic excitations [42]: large
fermions, embedded in Beisert-Staudacher equations [30] as ug roots, which do carry
energy and momentum even at one-loop; small fermions, corresponding to u; roots,
which couple to main root equations just at higher loops. The function z(u) can be
analytically continued from the ug Riemann sheet to the u;-sheet by means of the map
z(uz) — (¢%)/(2x(u1)): remarkably the Beisert-Staudacher equations are invariant
under this exchange ug <> wj, provided the spin-chain length increases (see [30] for
details). Exactly the same reasoning holds for anti-fermions, after the replacements
us — us and w1 — wr: turning on ug (u1) roots means exciting fermionic fields W, while
us (u7) corresponds to W, . After pointing out these remarks, the concern addresses to
a system made of N large fermions up = ug, of physical rapidities p; = x(up;) with
the arithmetic square root for z(u) = (u/2) [1 + 1 - (292)/u2}, and Ny small fermions

uf = uq, of rapidities z7; = (¢%)/(2z(uy)), over the sea of us roots; this system is then
portrayed by the following Bethe equations:
Np Ny

o 1 =e il H 3(44) (U4’k, U4’j) H S(4F) (U47k, UFJ') H 8(4f)(U47k, Uﬁj) (3.127)
J#k =1 j=1
o 1 =][8"(up, uay) (3.128)
j=1
o 1 =][8(usp, uay) (3.129)
7=1

where, in addition to previously defined matrices, the scalar-fermion scattering phases

have been introduced:
2

1—

URE — Ug L 2z p gt -1
F4 > 5] 2 ) 4F
ST (up g, uag) = i 2| = [3( Nuaj upk)|  (3.130)
UF’]C N U4’j 2 1- 20 LT
kT

for large fermions, while small fermions are associated to

92

2¢f X —1
S(f4) (Uch, U47j) = # = S(4f)(U47j, Uf7k)i| . (3.131)

21:f,k:1:j+
Now that all elements have been set up, the search for scattering matrices follows the

usual path. The first step consists in writing the counting functions, for u4 roots, large
and small fermions, namely:

s Np Ny
o Zu(u)=(L+Np+Np)®u) = > d(u,uay)+ Y xrluurg) — > xulu,ug)
j=1 j=1 j=1
o Zp(u) = xrl(ua;,u) (3.132)
j=1

o Zs(u) = —ZXH(U4,]'>U)
j=1
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where for concision’s sake it has been defined xp(v,u) = xo(v — u|l) + xg(v,u). The
very same procedure, adopted so far for the other kinds of particles, allows to formulate
integral equations whose solutions are the counting functions (3.132). To begin with,
the first one of (3.132) becomes the solution of

Np
Zy(u) = (L+ Np+ Np) ®(u) + > xp(u,up;) — Z xa (u,up ) +
j=1 j
—i—/;i:;d)(u,v) d% [Z4(v) — 2L4(v)] + Z dlu,zy) (3.133)

the shape of this equation entails that Z4(v) takes should read as

L Np Ny
Zy(v) = (L+ Np+Np)P)+ Y Rw,un)+ Y Fr(v,upe)+ > Fy(v,uzr) (3.134)
h=1 k=1 k=1

where the functions Fr(v,u) and Fy(v,u) solve the equations

Feluu®) = xe(uuf) = [ dvp(u,) Fr(v.u)
Ff(u,uf) = —XH(u,uf)—/dv@(u,v)Ff(v,uf) , (3.135)

which, in addition, admit as formal solutions

Fr(u,u®) = xp(u,u’) - /dvG(u,v) xr(u, ul’)
Fi(u,ul) = —XH(’LL,uf)+/dUG(U,U)XH(U,uf) . (3.136)

As usual, after the high spin limit has been taken and the formula (3.17) applied, the
remaining two relations in (3.132) are left associated to two more equations, suitable for
describing fermionic counting functions on the antiferromagnetic vacuum:

L
Zp(u) = —/;Z;XF(v,u)CZ)[Zz;( ) = 2La(0)] = Y xr(un, u (3.137)

;
Zm>=/$mmm$m@4uw+zmmm
h=1

The experience gained in earlier study on scalars and gauge fields, this time helps in
surveying the behave of both large and small fermionic excitations. Hence the matrices
regulating the scattering processes which involve fermions are thus gathered below:

e large fermion-large fermion

ilogS(FF)(u,u’) = /?;}:)w [xF(v,u) + ®(v )]jv (W2w6(vw))

< [xr(w, )+ ®(w)] (3.138)
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e small fermion-small fermion

ilog SYH (u,u') = / C(%Q}XH(%U)CZ} (di@(v,w) — 21 (v — w)) X (w,u)
(3.139)

e small fermion-large fermion

ilog SUYT) (u, ') = —ilog STH (W u) = (3.140)
dv dw d

=7 ) or g Xl % <dw@<”,w) — 2mé(v — w)) [er(w,u) + 2 (w)]

e scalar-small fermion

~ dv d -
) (Sf) / = / — R n =
ilog S (u,u') = Fy(u,u’) + P(u) /27r XH(v,u)va(v)
dv d / . (fs)(, 1
= [ — | —O(u,v) = 275(u —v) | xg(v,u') = —ilog SV (u', u) (3.141)
2m \dv

e scalar-large fermion

ilogS(SF)(u,u’):Fp(u,u’)+]5(u)+/d

% (xo(v —u') + xu(v,u)) %P(y) —

d d

= — / 2—1) (d@(u,v) — 27 (u — U)) [xr(v,u') + @(v)] = —ilog S (4 (8)142)
T \ dv

As a general feature, the S-matrices involving small fermions are achieved from the

corresponding ones for large fermions by means of the plain replacement

xr(v,u) + @) — —xg(v,u)

due to the ug <> wu; duality residing in the Beisert-Staudacher equations, as already
discussed in the beginning of the present section.

Anyway the set of scattering phases for fermionic excitations has not been accom-
plished yet: in fact, the matrices accounting of antifermions, both large and small, are
still missing. Nevertheless it is not complicate to enhance the system (3.132) so that
with the antifermion terms, because of the duality amongst us <> us and uy <> u7 roots:
it just takes to supplement (3.132) with two more counting functions, with the purpose
of taking care of antifermions, namely:

o Zp(u) = xrl(ua, u) (3.143)
j=1

° ij(u) = _ZXH(U4,j7u)
j=1

To be noticed: the counting functions Zz(u) and Zj(u) for antifermions do not differ
from Zr(u), Z¢(u), and so neither the corresponding NLIE do diversify (in shape) from
(3.137). Since at the level of Beisert-Staudacher equations the uy, us, us, uy roots do
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not interact among themselves, the only discrepancy, arising from the addition of an-
tifermions, occurs in the u4 counting function Z(u), which gets modified by the presence
of new terms which explicitly recall the (pseudo) rapidities of those particles:

s Np Ny
Zy(w) = (L+Np+Np)@w)—> dluuag) + Y xr(u,upy) =Y xa(u,ug;)
Jj=1 j=1 j=1
Np Ny
+ D xr(uwupy) = xa(u,ug ;) (3.144)
Jj=1 j=1

Therefore it is a straightforward task to show that the there is no distinction between
fermions and antifermions, as long as the scattering phases are considered, so that:

G(FF) (u, o) = G(FF) (u!) = S(FF)(%ul) — §(FF) (u, )
SEO ) = S (uu) (3.145)

also, the same relations hold for small fermions too. Though, that ’conjugation indepen-
dence’ of the scattering theory stays no longer valid when the system also includes gauge
and barred-gauge fields, as a novel term appears both in gluonic and (anti)fermionic
counting functions in order to take into account the gluon-(anti)fermion interaction, al-
ready present in the Beisert-Staudacher equations. For sake of clarity, it is useful to
report the fermionic counting functions for a system composed of fermions, antifermions

and gauge bound states:

Ny

S K
Zp(u) =Y xr(uag,u) + > xo(u — ullmy) (3.146)
j=1 j=1
S Ng
Zp(u) == xu(usg,u)+ Y xo(u—udlm;)
=1 j=1
s N&? _
Zp(u) = xr(uag,u) + Y xo(u—ullm;)
=1 j=1
s N§ _
Zi(u) == xu(usg,u)+ Y xolu—udlmy)
=1 =1

please mind that gluonic bound states do not mix with antifermions, nor barred-gluonic
bound states do with fermions. In the end, the usual procedure leads to the following
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matrices:
w—u + & vdw
S(QF)(u, W) = [S(Fg)(u’,u)}*l = Y + 12l exp {z/ d4;i2 [X(v,ull) + ®(v)] x
X d% <27T5(v —w) — dgéz’)w)> [r(w, ') + q»(w)]} (3.147)
SO (4, v) = SGF) (u, v) (3.148)
SEF) (4, ) = [STD (v, u)] ") = exp {Z/ d::;fi [x(v,ull) + ®(v)] x (3.149)
X d% <27T5(v —w) — deg‘:;”) [r(w, o) + @(w)]}
SO (u, v) = [ST) (v, u)]7* = SO (u, v) (3.150)

6.1 One-loop

At one loop, the counting function for a system composed of L holes (internal and
external)and N large fermions (recalling that small fermions count just at higher loops)
reads, upon exponentiating:

eizor — [LOFT i) o it
(1 —iu)
o T (Bt ﬁ(ru—i(u—um)) (3.151)
i \LG +ilu—up)) ) 2 \T(1+i(u — ury)) '

From (3.151), it is simple to single out the matrices describing the (one-loop) scattering
involving large fermions

F1+i(u—up)) T(1 —iu) T(1 +iup)

(FF) _ 152
S ur) = S ) T dw) T — fup) (3.152)
and between a fermion and a scalar excitation (hole)
L +i(u— (1 —iu) T(3 +3
D(5 —i(u—up)) (1 +iu) T(5 — iup))

The scattering phases for the antifermions can be deduced from the matrices above,
according to relations (3.145).

Paralleling what has already been carried out for gauge fields, the energy and mo-
mentum of a (large) fermion can be computed by studying the variation of the uy distri-
bution. As already seen, formula (3.120) for the vacuum gets modified by the insertion
of a large fermion (associated to up):

Z(lF)(k)_ 61 e 2z _|_2£ —ikup e 2 2E (k:) €7|k| +i2ﬂ-—ikuh €7|k|
4,0 Tk l—e M ik 1— ekl “FON | ik 1— eI

(3.154)
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As already pointed out, the fermion may be thought as a missing root in the covari-
ant derivative sea distribution. Such a variation reflects in a change of root density

ary. .
(O'((]lF) (u;up) = dz‘wdiiu’uﬂ), which involves the density fluctuation
(1F) (v)
(1F) _og (wup)—oy’(u) _
o (u,up) = 5 =
| 1 n+3
e D L e e T
Tt u+ (n+5)? T (u—ur)?+ (n+3)

The value of the momentum at one loop for the fermion stems from the exam of the odd
part of the density fluctuation [42]

70 (u, up) = i [\IJ(; +i(u+up)) + \If(% —i(u+up))—
_ \I’(%—l—i(u—uF)) —q:(% —i(u—up) (3.156)

which, by means of the u > 1 expansion T(‘]’dd(u, up) ~ 22 40 (1712), results in:

plur) = 2murg™(u,up) = 2up (3.157)

Furthermore the introduction of the large fermionic excitation brings an additional en-
ergy into the system which, at one-loop, amounts to

oo (1F)
T, U U
E(up) = / Ouz(JrlF)du:
oo I

= 20(1) — U(1 —iup) — U(1 +iup) . (3.158)

7 Strong Coupling

When considering the strong coupling regime of the scattering matrices just retrieved,
three possible ways of performing the g > 1 limit could be outlined. In first instance,
the perturbative drives energy and momentum to taking values in the order of unity:
E,p ~ ¢°. In the giant hole (or semiclassical) regime the dispersion relations, relative to
the excitation taken into exam, do not depend on the kind of particle considered; energy
and momentum share the same order as the coupling constant, £,p ~ g. Moreover, the
near flat-space regime interpolates between the previos two: it leads to F,p ~ gi and
all the particles behave as if massless since, upon rescaling F = gl% and p = ﬁ, the
dispersion laws read E = j at leading order.

In the following, several strong coupling limit for excitation scatterings will be displayed.

7.1 Scalars

The g — oo limit should be provided with any description of the dynamics of the par-
ticle, in order to properly reconstruct the different strong coupling regimes just outlined.
In the scalar scattering for instance, the giant hole regime requires a large value of the
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rapidity u > v/2¢ to be performed. When rapidity and coupling constant share the same
order u — v/2g ~ 1 the near flat-space limit could be implemented. The perturbative
regime instead is achieved when 1 <« v < \/ﬁg. Moreover, in addition to the com-
mon three, the scalar scattering contemplates one further strong coupling regime, the
non-perturbative one [38], occurring for g > 1 while v = O(1). In this limit the scalar
modes decouple from the rest and consequently behave according to an O(6) non-linear
o model. Energy and momentum are exponentially suppressed: E,p ~ e~ 9.

Non-perturbative regime:

Let a scalar-scalar scattering process be considered. When the g — oo limit is taken
while keeping the two hole rapidities u, v fixed [44], the Fourier-transformed single par-
ticle densities 61 (k) and &(k)|;g tend toward the limit values:

—|k| L]

~(1) ~(1) 7y € _ €>
o\(k) — oy (k) =2m [1 — 2sinh@coshk: (3.159)
—|k| L3}
e e 2

1— eIk 2 sinh @ cosh k

ok, v)|lirg — 6}%(1{)(008 kv—1)=2r [ ] (cosku — 1)

Remarkably the antitransform of the limit function &l (k) is

lim

oy (0) = *i v (1—ig)+v (1+i7)-v <; - ZZ) — @ + Z'Z)%oir -| (3.160)

Uy
2

Then, upon recalling the relation (3.76) connecting the even part of the scalar scattering
phase to the densities studied above, it can be seen:

m _ 1w (1)
glggo %M(u, v) = i[alim(u —v) + oy, (u+v)] (3.161)

and hence that leads to

+

~.

IS IS
|-
< <
S— | —

Mluwv) = =g ey

g (om0 L (s 5102

where the Gudermannian function is defined as

N[ | N[ —=
|

.

.

gd(u) = arctan(sinh u)

Since ©(u,v) = M(u,v) — M(v,u), the scattering phase between holes O(u,v), in the
non-perturbative strong coupling regime, takes the form:

D=t T (3 +i%) d<7f(u2—v)> . (3.163)

li = —il
R (FEED N D

notably (3.163) signals that in this regime the scattering process described is relativistic,
meaning that O(u,v) depends not on the two rapidities separately, but rather on their
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difference alone.

Perturbative regime:

The perturbative regime can be obtained by sending g — oo while keeping the rescaled
u

rapidity 4 = — fixed and such that |u] < 1. Then, the interesting object to be

V2
computed is the double derivative of the scattering factor O(u,v), which clearly depends
only on the density o(u,v)|rm :

d d

d d
- - = . .164

In the large g limit %a(u, v)|rg can be expressed as

_ _ 2¢ VIg _ . _ 1
—U u,v)| 1 —/ —costu —I'_(t,0) — =Ty (t,0) — ———tsintv | +O | —
1—e Vi 9

(3.165)

where I'y (¢,7), I'_(¢,7) are an even and an odd function with respect to ¢, satisfying the
integral equation (at leading order g'):

o T _ I _ _ tsintv v
dt e —T_(t:0) — e T, (t:0)] = / dte wa_"2 T o 2V20——
/0 [e gl (B0 — e T ’U)} 0 sinh —— fg# 2’

2v/2g
(3.166)

The solution of the equation (3.166) can be inserted into (3.165) to give:

1 1 1 1
o—1 1 L 1 o+1 2 atl 2
%a(\@ga,\@g@)h}[ - _%H([LZ_I)H(UZ {(v ) @ )u+§v ) (ﬁfl)
Y g Y ot 1
* (ﬁ)(i%)v:gﬂ)(é)} (3.167)

(H(x) is the Heaviside function). Eventually, from (3.164) it easy to find (up to O(g°)
order)

dadn®
(3.168)

The phase delay that two giant holes (solitonic excitations on the GKP string) experience
upon scattering amounts to [45]:

1 1 1
@sol(V1,V2) = ng(plEz —p2E1) + \@g [<u1 — Uy + 171 - V2> Inve, +

o ) (3.169)

where vy, Ey, pi represent respectively speed, energy and momentum of the k-th soliton,

v(v) = \/1177, while v, stands for the speed in the centre of mass frame. The calculation

(3.168) is seen to confirm the analogous result obtained from (3.169) [45].
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7.2 Gluons

Perturbative regime:

The perturbative regime can be implemented for gluons by taking the limit ¢ — oo while
keeping u = @v/2g and @ = uv/2g fixed and bounded by the condition @? < 1, > < 1 .
In this limit, the shifted Jukovsky variable ¥ (u) can substituted with the expression:

ot (u) = _[a + isgnav/1 — @2 (3.170)
V2
so that it may be used the simplification
lim [x(v,u|1) + ®(v)] = 2arctan(v — V2ga) — 2 arctan(2v — 2v/2g) (3.171)
g—o0

Looking back at (3.104), the scattering matrix decomposes into three terms:
im@$@mﬁnzL+b+g (3.172)
The first part in this limit becomes

T, = x(u,@|1,1) = —2arctan v2g(i — @) =

- 2
= —msgn(u —1a) + L +0(1/¢%) (3.173)
g(u—a)
The second part Zo, instead, turns out to be negligible n the strong coupling limit, since
L= [ 2 el + 2] (1) + 0] = (3.174)
9 = o v, U o x(.a v)] = .
U — U - 2v2¢g(t — u 1
= —2arctan [g(u\/iu)] — 2arctan[g(@ — @)V2] + 4 arctan [W = O(g—g)

The integral that constitutes the last term Z3g can be more suitably treated after the
change of variables v = v/2¢7, w = v/2gw, so that it gets simplified, assuming the form:

o0 dv dw
1= [T ) + 0] [ £ Lo, fgw] (. 1) + B(w)] =

oo 2m 2T

T do [T dw 1 1
0(v345.v/2
/ / 27 290 — V291 V291 — V2gi dv dw O(v2g0, v2gd)

(3.175)

By making use of the expression (3.168), the integration above can be performed, so
that for Zz the relation holds:

_\1/4 4 =N\ 1/4 N\ 1/4 =\ 1/4
e
2v/2g( — ) 1—a 1+ 1+a 1—a

Finally, the three parts (3.173), (3.174), (3.176) sum up, so to give the gluon-gluon
scattering phase in the perturbative regime:

i Lt+a\Ytr—a\
S () = exp[fgw ) <H2<1—a> <1+ﬂ> '

n ;(1‘f‘>”4 1+a)1/4+0(1/92)>] , (3.177)

I

14+u
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thus conferming results previously known in literature [46].

Giant hole regime:

This time the attention lie on the gluonic scattering matrix (3.104) in the giant limit.
Such a regime is achieved by taking the ¢ — oo limit, provided the rescaled rapidities
2> 1, a2
)
decomposition (3.172), the Z; and Z, terms do not vary from the perturbative regime.

@ and @ stay fixed and above the threshold > 1. Referring again to the

The difference from the previous case instead resides in the last part: in fact, in the
desired regime 73 assumes the form

v—u w— U dvdw

oo dp [+ dw 1 d d
13 = 29/ / < P—— —,d—,@(\/ig@,ﬂgw) (3.178)

with P meaning principal value. The integration then results in
. 1 NRYCED VA ra—I\"* 1 fa—1\Y* fa+1\"*
ST oVoga—n) |t 2\a-1 a+1 2 \a+1 i1

In the end, the gluon-gluon scattering matrix in the giant hole regime thus reads:

_ 1/4 , = 1/4
(99),  ~ 1 /a+1 u—1
S (u,u) = [Q\fg(a A (3+ ( — 1> (&—i— T +

* ;<Z:Li>l (Z )1/4 0(1/92))] (3.180)

7.3 Fermions

Perturbative regime:

Before studying the strong coupling limit of the fermion-fermion scattering, it takes to
remark a few facts. As already explained, the rapidity that must actually be handled
when talking about fermions is a x variable, rather than an wu; the two variables are

related each other in different ways, according the issue is about a small or a large
fermion: for the former, it holds z; = (¢2)/(2z(us)) = (uys/2) {1 —4/1- (292)/u?c ,
whereas the latter requires 2p = z(up;) = (up/2) [1 +4/1—(2¢%)/u%|. When dealing
with strong coupling expansions, the perturbative regime needs to be connected to the
state of a fermion at rest, that means the rapidity set equal to zero x = 0: as a matter
of facts, such a condition could be obtained just in the small fermion dynamical regime.

The starting point to examine the strong coupling perturbative regime is obviously

the small fermion scattering matrix (3.139), where the function xg(v,u) makes its ap-
pearance: for the considerations just displayed, it may be expressed as

X (v,u) = —iln —2 (3.181)
1— xy(u)

=)
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+i/2 2g2
where both fermionic z; and ’scalar’ rapidities () = vEi/ 14+4/1— L
2 (v+i/2)?
are involved. The perturbative regime demands the rescaled fermion rapidity
Ty(u) = x\f[—(u) obey the condition
29
o 1
lzs (@) < 5 (3.182)

When taking into account the scalar rapidity, it reveals of any use to rescale v = v/2g7,
then to perform an expansion at large g:

144 /1 5
xi(v):\/iga:(v)ijl—i_llv—i-()(l/g), T(0) =5 |1+ 1—@12] . (3.183)

1— mer(“) — y_
, ) o (@) 1 1
xu(v,u) = —iln Y — (3.184)
( 1- jji((ﬁj)) V29 5. /1= 1 7(@) = 2(v)

Then the small fermion scattering matrix (3.139) is written as the sum of two parts,
—iln SUH (u,v) = J1 + Ja; the first term is subleading with respect to the second, as

h= [ ) ,) = 001/) (3.155)
1= - 271_XH w,u deH w,v) = g .
while instead, after plugging in the expression (3.168) for the scalar phase,

dw dz d?

Joo= = g ogxa(wsu) g

@(w7 Z)XH(Z’ U) =

SNV ¥R ST
V2g Jloj=1 27 Jiz21 27 /1_;2@(71)—53(77))

(%%)Z (gﬂ)Z M (ﬁ)l @ﬁ) 1 ff(_@) § (3.186)

Thanks to the identity

the integral in the second line above can be factorised and then exactly computed, so to
get

== _2\29951”(”)371”(”)[%(”) — &4(@)J (@, 9)* (3.188)
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where the function J (@, v), after some calculation, can be expressed as
\/5 1 B 1
VI da@? /1 day (o)

At last, in the large g perturbative regime, the fermion scattering phase (3.139) takes

(3.189)

the form:

2
CinSUD oy = L T (@74 (D) 1 B 1
In SV (u,v) = \/igjf(v)—xf w) [\/14$f( D)2 \/14ff(ﬂ)2] (3.190)

7.4 Mixed matrices

Now a few cases of scattering involving particles of different kinds will be taken into

exam in the strong coupling limit.

Gluons-scalars:
Let the ¢ — oo limit be considered for the scattering between a gluon with rapidity

u = 4v/2g and a hole, whose rapidity is up = @p/2¢g: the process is thus described by
the formula (3.105) for i1n S (u,u;,). The regime || < 1 has been chosen. The phase
delay splits into two parts iln S9%)(v/2gi, v2gty) = I?° + IJ*: the first one corresponds
to

= - (\@gﬂh, \/iga|1) — @(\/ﬁgah) >~ _2 arctan(\/igﬂh — \@gﬂ) +

+  2arctan(2v2giuy, — 2V2ga) & \fg(jh ~a) \@g(alh —a)

(3.191)

whereas the second is given by

d 4 1 [do d d e ,
MIZ :\@/271 o, do O(V2giy, V2gw) X(\/igw,\/igu\l)—ktﬁ(\/igw)]

(3.192)

With the help of the scalar-scalar phase (3.168) and formulae (A.15), (A.16), the result

can be achieved, in the regime |u| < 1, |ap| > 1:
1 1
d 1 do 1 1 U 1\4 fw—1\4
I3 = —/ W p (B = + (3.193)
duy, V29 Jjwz1 2m W = up —w |\ — 1 w+1

up — 1 T w41 1
+ | = -
up + 1 w—1
11 Gn—1\3  [a@p+1\4
up + 1 up — 1

229U — 1y
Gluons-fermions in the perturbative regime:

1 1
2g u — up,

1 1
1—u\1 1+u\1
1+u 1—u

This time the focus lie on the scattering matrix involving a gluon (rapidity u = v/2ga)
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and a small fermions (rapidity z;(v) = v/2¢Z(?)), studied in the strong coupling
perturbative regime, which is implemented by assuming the conditions |u| < 1 and

|z (0)] < 1/2 (with vo = \/%g > 1). The scattering phase previously found is composed
of three parts

iln (—SW) (u, v)) Sy ) (3.194)
where
19 = 2arctan 2(u — v) (3.195)
1 - /+Oo D0, ul1) + B(w)] L (w, ) + B(w) (3.196)
2 oo 2w ’ dw ’
dw dz d?
gf _ [ Y8~
1 =~ [ G S w,uft) + B(w)] 7 O(w,a)xi(z.) (3197)
In the strong coupling g — oo limit, the first term takes the form
1
I = rsgn(i — v) — ——— + 0(1/¢%) (3.198)
' V2g(a — )

whereas I29f is subleading, while the third term may be recast into

1 1 1
p+1\4 (z2=1)4 p—1\4 (241
of / wa: 1 (33) (FH) + (=) ()
I3’ = ——
|

N

@|,|2/>1 2m 2mu — w w—z %
T (0 1
X o) 1 (3.199)
Vagi 1= L 50— ()
z
Formulae(A.17) and (A.18) allow to retrieve the result:
1 1
1—250],%17) (H‘J) 4 1+2ff(17) (1_7@) 4 _
Igf _ i 1+2z5(0) \ 1-@ + 1—2z¢(v) \1+u V2 (3.200)

49 v—u

The sum of I ff and [. gf eventually leads to the strong coupling expression for the gluon-
fermion scattering phase in the perturbative regime:

1 — 1
) \/§+ 1—2§f 11_73 4 + l—iQ;f 1_2 4
SO (u,0) = exp | - Ve (1) + Vi () +0(1/g%)| . (3.201)

49 U—17
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Chapter 4

Dispersion Relations

1 Isotopic Roots

The set of excitations studied in the previous chapter does not actually cover the whole
particle content of the theory, since the total number of degrees of freedom includes
eight bosonic plus eight fermionic modes. They all fall into multiplets under the SU(4)
residual symmetry of the GKP vacuum: six scalars transform according to the 6 of
su(4), two more bosonic degrees of freedom correspond to two components of the gluon
field strength, namely F,| (previously referred to as 'gluon’) and F, | (so far called
"barred-gluon’), while the 4 components of the left Weyl spinor ¢ (in the 4 of su(4))
together with the 4 components of the right Weyl spinor ¢ (in the 4 of su(4)) account
for the fermionic modes. In fact, the excitations considered up to now are related to
the highest weights of each of the su(4) representations just cited: moving from them is
nevertheless possible to reconstruct the complete multiplets. Indeed three more solutions
of the Bethe equations deserve an accurate exam, as they are responsible for 'rotating’
the multiplets under the SO(6) (~ SU(4)) symmetry. Two of them match to the us
and ug Bethe roots taken as single (not belonging to any stack), whereas the third type
actually is a composite object, since it is composed of two (complex conjugate) ug main
roots, together with one us and one us on the top of each other, corresponding to the
real centre of the stack, i.e.:

1
U4i:u3:|:§

Ug = U3 = U5 . (4.1)

They all are isotopic, as they do not carry energy nor momentum, not even any other
charge [42]: this behaviour is apparent for the uy and ug roots, for they do not interact
with main roots u4 within the Beisert-Staudacher equations; otherwise, for the isotopic
stack the issue is more involved to cope with.

Remarkably, the role of these roots pertains to the very structure of the vacuum.
In fact, when the choice of the ground state falls onto the GKP vacuum, the overall
symmetry PSU(2,2|4) breaks down to a residual SU(4), whose Goldstone bosons are
related to the isotopic roots themselves: indeed ug and ug are associated to SU(2) x

73
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SU(2) C SU(4), while the stack accounts for the remainder of SU(4) !

Within a system composed of H holes, Ng (Ny) large (small) fermions, Ng (Ny)
large (small) antifermions and N, (Ng) (barred) gluons, the isotopic roots are properly
described by the following equations:

K2 . K ; NF ; Nf
T H U~ Usg — 5 TT U2k~ UFj 3 TT Y2k U 3
- _ .4 L3 _ L4 L R
£k Uz — Uz — 1 j=1 Uk — Usj+ 3 j=1 Uk — UFj T 3 j=1 U2k — Ufjt+ 3
(4.2)
K . Ko i Kg i H 7
1 = 1—1 Ugkp — Usj+ 12 Hus,k_UQ,j_§ Usk — U6,j — 35 H Ugk — Uh — 5
- . . i [ 3
Goag Usk T Usj TS Us ke — U g S Usk — U6 j T g 0 Usk — Un T g
(4.3)
K . K, i Np i Ny _ i
1 - H Ugk — UG T 1 ]j Ugk — Usj — % Uek — UR ; % Uek —UF; — 3
- _ . _ 4L = % _ z
ik Yok T U6 TS UGk — Usj + g S Uk — UR ;T g 5 Uk —Ufjt g

The equations (4.2),(4.4) for us and ug come directly from the second and the sixth of the
Beisert-Staudacher equations: it is worth observe the cancellation of the contributions
coming from gluonic stacks. Differently, the derivation of (4.3) is less straightforward.
As a matter of fact, the definition of the stack requests it should be taken the product
of the third equation for usj = usy per the fifth with us; = usy, then also for the
fourth, shifted above and below the real axis by a displacement i%, i.e. it takes a further
multiplication per both the fourth for uy j, = u, ;+7/2 and the fourth for uy j, = wp —17/2.
Such a procedure results in:
1= ﬁ Us ke — U225 — i/2 ﬁ Usk — U5 — i/2 K Us | — U4,5 +i/2 %
Ugf — U5 + /2 i Us e UG, +1i/2 i s — Udj i/2

j=1
. Nz 7l . __\N L
Us g-—z/2 I Ug fe ug—z/Q T,
i e ()
- 7., =
j= 1usk u +Z/2 us,k_uj +’L/2 xs,k
2
Ky . —— + 1——=%— . ;
xr — Ty 22+
s,k 4,5 51@ Ty 92 2 2 Q
<]1 T a1 20 (st 5w )0 (s — 5, uag) X
. k 47‘ I ——
Jj#k s J 2:cskzij

Ko [ ++ N\ 2 Ne o ++ Np 4+

o H Tep — sy H Tep —TFj H Tk — TR H xs,kv H xsﬁ «
G20 \ Tk —Tsg ) 01 Tsk T TR G Tsp T TR GC 11 :55 il %
Ny P A A

y H j s,k ]_ H s,k J s,k 2_ , (4.5)

xj azs_k_ —x? il ok —x;7+ Ty g —a:?

! Actually in the one loop limit two more Bethe roots behave as if isotopic, namely w1 and ur,
associated to small fermions, thus enhancing the vacuum symmetry up to SL(2[4); the small fermions
then acquire energy and momentum at higher loops
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where the double-shifted Jukovsky variable explicitly means #*(u) = z(u i) and
L=2+H+Nrp+Np+Nyg+ Nz . (4.6)

The product in the first line may be substituted with the expression obtained by means
of the NLIE:

ﬁ Us o — Ud,j +1i/2 _ ﬁ Ugf — Usj + 1 ﬁ Usk — Uh —1i/2 (1 +O(1/82)) %

—1 Ug g — Uq,5 — Z/Q j=1 Ug kg — Us,j — 1 he1 Us kp — Up + Z/2
+o0 ;

X exp [ /_ ) ;l:’r In M(Zi(v) - 2Lg(v))] (4.7)
in wich Z4(v) stands for the counting function for scalars including every possible type
of root:

S o, at(u) —ay
Zi(uw) = L®(u) = dlu,uy) +2iY In Ty (4.8)
j=1 j=1 Tsj — & (U)
Ny Ng Np Np
+ ZX(%U?H)“‘ZX( ’1 +ZXFUUF] +ZXFUUF])
j=1 j=1 j=1 J=1

Ny Nf
— D xmluwug) = > xm(uug,)
j=1 j=1
Once formula (4.8) is plugged into (4.7), it is therefore found? that the term

exp [— / v Ush =V Y20 )] (4.9)

oo 2T Usp — U — /2 4lv

coincides with the inverse of the expression inside the square brackets in (4.5); moreover
the nonlinear term containing L (v) is recalled to be subleading in the large spin limit,
amounting to an O(1/s?) contribution. In the end, the equation (4.3) for the isotopic
stack ug follows.

1.1 SU(4) symmetry

In a celebrated paper [48], Ogievetsky and Wiegmann wrote the set of Bethe equations
describing any spin chain built up starting from scattering matrices, symmetrical under
the action of a simple Lie algebra in some representation. A simple Lie algebra, say g,
turns out to be completely determined by the set of simple roots {a,} (normalized to
unity); when diagonalizing the transfer matrix of a spin chain with g as a symmetry, each
o should be associated to an auxiliary root ug, which may be intended as the rapidity
of a pseudo-particle with no energy nor momentum, carrying instead just colour indices
(relative to g). As a byproduct of the diagonalization, the set of Bethe equations arises:

g - N Kq g —
<uq,k+zaq-w3> _ H Ug lp — Ugq,j + 10 - aq H Hu% — Ug j + 10 - Ay
Ugk = 1Qq - WER Ugk — Ug,j — 10 - F Qg

— Uy i —id
j#k @ gtqj=1 Ok T q

2This fact has been originally observed by Basso [42].
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(4.10)

it should be noticed that whilst the r.h.s. of (4.10) does rely on any representation of g
in particular, on the other hand the [.h.s. exhibits the highest weight w, belonging to
the representation chosen for the algebra.

The present interest focuses on the algebra g = su(4) ~ so(6) 3 (in fact, the group
SU(4) is the double cover of SO(6)). The su(4) is a rank three algebra, therefore its
properties are fully stated by the choice of three simple roots, for instance:

T R
1 = 2727

s — (1 Jﬂ,o) (4.11)

. <1 1 2>
« = o0 L = = 3
’ 223" V6

whose norm is set equal to one; the Cartan matrix then follows:

2 —1 0
2_).._).
A= |22 %) 1 2 1| . (4.12)
J (0[)2
! 0 -1 2

At the same time, the simple roots fix the fundamental weights, that is the three vectors
205 - Py

obeying to the definitory condition (@)?
Qj

. /1 1 1
T <2N§N6>

3
Ba = 0,0, —
& ( 2%)

One element is still missing in order to suitably adapt the equations (4.10) to a spin
chain endowed with the SU(4) symmetry: a representation of the algebra su(4) needs
to be chosen, and to this purpose the highest weight wg suffices. Every representation is

then uniquely associated to a tern of positive integers (A1, A2, A3), the so-called Dynkin
3

labels, so that the highest weight results easily as wgr = Z Ak Pk, the remaining weights

k
being obtained by properly acting on it by means of the simple roots.

3Prior to [48], the correct Bethe equations for this case, and in general for so(2n) spin chains as well,
was found by [49]; then the results grew in generality and widened to simple algebras thanks to [48]
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To sum up, the Bethe equations in (4.10) get specialized for the su(4) algebra:

<ua,k + i&l . U7R>N . ﬁ Uq,k — Uq,j + 4 ﬁ Ug,k — Ub,j — Z/2

Ug  — 101 - WR B i Yag — Uag — i o Uak — Upy + i/2

<Ub,k + idl - 1173>N _ ﬁ Up,je — Upj + 1 ﬁ Upk — Ua,j — 1/2 ﬁ Up e — Uc,j — 1/2
Up,f; — 10l - WR - o Wb Ubj = TS U~ U /25 Uk — Ue i/2

<Uc,k + idl3 - U7R>N - ﬁ Ucfy — Uc,j + 1 ﬁ Ucyk — Up,j — 1/2 (4.14)
Uk — 1003 - WR N Uef — Uej — T Uek — Upj T i/2 '

J#k Jj=1
Upon setting to zero the number of any kind of momentum-carrier excitation, a com-
parison between the Bethe equations (4.2)-(4.4) and (4.14) hints the identification of the
isotopic variables uo, ug, ug with the colour-carrying auxiliary roots u,, up, U, accord-

ing to the statements
Uy = Ugq Ug = Up ug = Ue (4.15)

and that finally sheds light onto the role of the isotopic roots, making more stringent
the relation with the residual SU(4) symmetry of the GKP vacuum.

In the remainder of the paragraph, a few examples of representations of su(4) will be
displayed, as they will turn out useful in the following, when the endeavour of extending
the results from the previous chapter will be faced.

Fundamental representation:
The tern of Dynkin labels (1,0, 0) associates to the fundamental representation of su(4),
else referred to as the 4-dimensional (shortly, the 4), thus the highest weight is
L 1 V3 0
w. = = _—, —
4 ®1 9’ 9
By the way, the other weights of the representation descend from w; under the action of

the simple roots (4.11), eventually arranging themselves into a tetrahedron in the three
dimensional root space:

1 1
Wy = @ 51 —ar=(0,—,——=
4= P1 ®1 1 ( \/52\@)
qﬁq<111> qqﬁq<003>ﬁ
—a—dy=|—5,—=, —F= —ap—ax—az3=|0,0,——= | = —p3 .
¥1 1 2 22\/52\/6 #1 1 2 3 2\/6 ¥3

The Bethe equations (4.14) for the fundamental representation thus read:

i\ N K, . K .
vak+3\ Ttk = Yo +i ﬁ Uas — Upj —i/2
Uqk — % itk Uqg,k — Ua,j — { i Ug fp — Up,j T 2/2
Ky . K, . K. .
1 - H Up | — Up,j T 1 H Up f — Ua,j — 2/2 H Up f — Ue,j — Z/2
Up ke — Upi — T Up e — Uq.i +1/2 Up e — Uej +1/2
];ék bvk bv] ]:1 b7k a,) + / j:1 b7k C,J + /
c Kb

1 - H ek cj T : H c.k by / (4.16)
oy ek e = @5 Uey — U+ /2
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Antifundamental representation:

The antifundamental representation of su(4) (also denoted 4) is easily obtained from
the fundamental, since the highest weight wj; simply coincides with the opposite of the
lowest weight of the 4, that means w; = F3 (Dynkin labels (0,0, 1) ): in fact, the 4 is the
complex conjugate representation of the 4. Hence the Bethe equations (4.14) become:

a va .
L Hua,k_ua,j—klHua,k_“b,j_l/Q

ik Ug k — Ug,j — ) Ugf — Upbj T ’i/2

j=1
K, . Ke

K ) )
L - Hubyk—ubvj"'zH“b,k_ufm'_l/zH“b,k_uc,j_l/Q

itk Upk — Up,y — Up | — Uq,j +Z/2 Up | — Uc,j +Z/2

j=1 j=1
. K, .

H Uef — Ue,j 0 H U — Upj — /2 (4.17)
g Uk = e = U — Upj + i/2

ISR
N——
2
Il

U,k +
Ue,k —
Antisymmetric representation:

Since the tern (0, 1,0) corresponds to the set of Dynkin labels relative to the antisymmet-
ric 6 of su(4), this time @ = P2 plays the role of the highest weight. For later purpose,
it turns out handful to display the complete set of weights in the representation:

1 1
W = @ By — Gy = (0, —, — 4.18
s = @ G2 — (ﬁﬁ) (4.18)

. R . ( 1 1 1 > . . . <1 1 1 )
—Q =\ T, T = T = — Q2 — Q3 = a0~ = =
P2 2 1 2 23 6 P2 2 3 293 6
. R R . 1 1 1 . . R R .
2 —Qy— 0 —a3= |5, = = 2 — 20 — 01 —d3 = —P2
7 (2 2/3" V6 > ’ ’
The weights listed above coincide with the vertices of an octahedron in the three dimen-
sional root space and, remarkably, for each one of them the opposite still belongs to the
weight system: this fact signals that the representation is real (self-conjugate). At last,
the 6 of su(4) is described by the set of Bethe equations:

Ky

1 = ﬁ Uq, k. — Ua,j +1 H Uq, e — Ub,j — 1/2
iy Uak = Uag = @5 Uage — Upj + i/2
ub,k-i—% N B ﬁUb,k_ub,j+iﬁub,k_ua,j_i/2ﬁub,k—uc7j_i/2
Up j, — % N o Ubde — Ubj = i i1 Ubk — Uayj +1i/2 =1 Wbk = Ucy +1i/2
K. Ky

| et +i T Vet~ o = i/2 (4.19)

ik Uek — Ue,j — 7 =1 Uc,k — Up,j + i/?

(again obtained by adapting (4.14) ).
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2 Towards the Asymptotic Bethe Ansatz

The present paragraph is intended to provide an explanatory derivation of the complete
set of Asymptotic Bethe Ansatz (ABA) over the GKP (antiferromagnetic) vacuum. To
begin with, a summary will be supplied of all the scattering matrices involving the
momentum-carrier excitations. These matrices indeed play the role of building blocks
towards the assembly of the ABA, the aim pursued so far. Nevertheless, the next step
will not consist in directly displaying the equations for the most general and complete
system. Instead, several sectors will be studied before, each containing only a narrower
variety of excitations, so to highlight some peculiar features of the particles considered.
After that, the widest and richest system will be finally taken into account.

2.1 Dramatis personae

In the previous chapter, the complete set of formulae was retrieved to describe the
scattering matrices for all the excitations dwelling on the antiferromagnetic vacuum.
Below, all those matrices will be resumed, in order to give the chance to survey them
all in a glance: as a matter of fact, they represent the main characters in writing the
Asymptotic Bethe Ansatz equations, therefore a concise recap will make them more
suitable to be handled.

First of all, for sake of compactness of the following expressions, it turns out appro-
priate to introduce the kernel

K(v,w) =2715(v —w) — %(v,w) : (4.20)

remarkably, the apparent ubiquitousness of such a function enables to appreciate that all
the scattering processes rely on the scalar-scalar phase ©(v,w), so that its fundamental
role is left clearly pointed out.

The scattering phases are gathered in clusters, according to the types of particle involved.
The features of the scattering processes (unitarity, crossing, charge conjugation) help in
relating the matrices among themselves. Scalars, to begin with:

e Scalar:
SE(uu) = —exp|—iO(u,u)] (4.21)
S(Sg)(u,u') = exp{—i/s:;IC(u,v) [X(v,u'|1)—|—<1>(v)}}
S(SF)(u,u') = exp{—i/;i:;lC(u,v) [xr(v,u) +<I>(U)]}

S(sg)(u,u/) = S(Sg)(u,u’)
S(SF)(U,UI) _ S(SF)(U,UI)

Henceforth only gluons (and barred-gluons, as well) will be taken into account, leaving
out gauge field bound states, instead:
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e Gluons:
S () =
S (y, ) =

(S0 o))

_ eXp{—iXO(U — u/|2) +

40 [ G0 ovuln) + @w)) (0 w) (1) + 2w)]}
_exp{—iXO(u —u|1) +

+ i/;ﬁgi[X(v,u|1)+<1>(v)](g§(v,w) [ (w, ) + ®(w)] §

[S(sg) (ul’ u)]fl — S(QS) (U,U/) _ [S(SQ) (u’7 u)]*l
599 (y, /) =
u—u +i Spu—u

— S99 / — [QG9(,,!
e S L ()

(4.22)

—u
S (u, )

S(gF)(u’u/) - S@F)(u,u’):
dv dw

— exp{i [ 52 5% (v ul) + B (0,0) b)) + B(w)] )

Below, just large fermion scattering phases are listed:

e Large fermions:

SED () =[S/, u)] (4.23)

SED (y, o) =

S(FF) (u’ ’U,/)
S(F‘s) (u’ ’U,,)
SEE) (y, /)
S(F9) (u,u)

S(F9) (u,u')
S(FF‘) (u7 U,)

(5@ ()]

exp{i [ 525 r(vv) + @) G (0 w) e, ) + B(w)]

S(Fs) (U, ul)
S (')
(ST ()] =

. [ dvdw , dK
exp{—z/27r27T [X(v,u'|1) + @(v)] ™

(S (! )]
G(FF) (u,u/) _ gFF) (u, u/) _ §(FF) (U,u/)

(v,) [xr (w,u) + B(w)] |

The expressions for the scattering matrices involving small fermions may be recon-
structed directly from the analogous ones for large fermions, after replacing:

xr(v,u) + ®(v) — —xg(v,u) (4.24)

Finally, it is worth recollecting from (4.2)-(4.4) the interaction of the the isotopic roots
with the momentum-carrying particles, just aiming to point out which excitations the
formers act on:

e u, roots - fermions (both large and small):

Ug — U —1/2

o T Sy,
———— iln (Ug, )

iln S (ug, u) =
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e 1y roots - holes:

, < up —u —1/2
A ) =

e u. roots - antifermions (both large and small):

7uc—u+i/2_“ns (te, u)

i1n S(CF)(uc,u) =
Strictly speaking, the expressions above are not scattering matrices, since the auxiliary
roots ug, Up, Ue are not actual particles, but just artifice products stemming from solving
a nested Bethe ansatz (see section 3 of chapter 1).

2.2 Restricted sectors

As already explained, the excitations studied throughout this text (scalars, gluons,
fermions) belong to some multiplet under the SU(4) symmetry, in dependence of the
kind of particle. Starting from the scattering matrices retrieved in the previous chapter,
the Bethe equations may be assembled for every sort of excitation; anyway, they are ac-
tually able to catch only a single state in each multiplet, precisely the one corresponding
to the highest weight state of the representation. In this paragraph the focus moves to
a few sectors of the complete theory, which include just one type (or two at most) of
excitations, along with the set of isotopic roots: the purpose is to show the behaviour
of the different kinds of particle under SU(4) and also to explain how to include all the
states forming the multiplets into the Bethe equations.

e Scalar sector:

A system composed only of scalar excitations and isotopic roots will now be considered.
Since u, and u. do not couple to main roots uy4, the counting function (3.50) experience
a modification stemming from u; roots alone, hence taking the form:

L—1
Zy(u) = O(u,up) — RAs(u) + 6Z4(u) . (4.25)
h=2

The variation 6Z4(u) due to the introduction of type-b roots reads

K,
0Zy(u) = 0P(u) = Y [R(u,up; +1/2) + R(u, upj — i/2)] (4.26)
j=1

where the function R(u,v) is the solution of (3.27), whereas §P(u) is found to solve the

equation:

) _ / dv o(u, v)0P(v) . (4.27)
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While the one loop contribution to the variation amounts to

i/24+u—w
6Z = In-——— b 4.28
so(u ZZ /2 —u+up (4.28)

the higher-than-one-loop part 074 satisfies the equation

2
Ky 1—-——
2zt
0Zyp(u) = 22’2 In (2) +19(u upj +1/2) +ib(u,up; —i/2) | +
J=1 1= 2z~ (u)
dv d
/ng(u,v) 0Z40(v /dvgp u,v)0Zy g (v)
27 dv

and, eventually, it can be proved that §Z, g (u) = 0, therefore the scalar counting func-
tion (4.25) becomes:

s, P2+ u—w,

Zy(u) = Z@(u,uh) —l—ZZ] Yy (4.29)

h=2

The Bethe equations eZ4+(tn) = (—1)L=1 at last assume the form:

L1 Ky Up — Up '+i/2
1= e RAs(m) S % 4.30
e 11 (uh,uh)']_[u}l_%j_i/2 (4.30)
W=2, h'#=h j=1 ’

When, in addition to the L — 2 scalar excitations, the system includes K, roots of type
ug, Kp of type up and K. type-c roots, the set (4.30) must be supplemented with the
equations for auxiliary roots, then:

1 - ﬁ Ug ke — Uq,j +Z: ﬁ Uq,k — Ub,j — % (4.31)
o Yak = Uag =15 o = Upj + 3
Lﬂl up —un 5\ _ ﬁ“b,kuw”ﬁub’k—“w—é [T bk = tes — 3
SA\wg—un—% ) 1 U = Ubg = U — Uag g i U~ e T
1 = ﬁuc,kuc,jJriﬁqu_ubvj_%
ik U — Ucj — 1 1 Ue,k — Up,j + %

A comparison with (4.19) promptly reveals that the equations (4.31) describe a spin
chain associated to the 6 of su(4), whose length is L — 2 (matching the number of
internal holes); the r.h.s. of the second in (4.31) denotes that the scalar excitations
behave like L — 2 inhomogeneities (with rapidities up, h = 2,..., L —1), whose dynamics
is regulated by the equations (4.30). Finally, (4.19) and (4.31), together, entail that
scalars transform according to the antisymmetric representation (the 6) of su(4).

In the gauge theory standpoint, the structure of (4.31) enables to infer the recipe to
obtain all the states of the 6 multiplet, descending from the highest weight. The N = 4
SYM gauge theory contains six scalar degrees of freedom: for convenience, they could
be arranged into three complex fields, say Z, W, Y, along with their complex conjugated
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Z, W, Y. Let Z be associated to the highest weight state of the 6. Recalling (3.29), the
bearing of a single Z excitation matches to the gauge-invariant operator

O ~Tr[ZD ZD3Z) + ...

which will be denoted |Z ) hereafter; likewise |ZZ ) stands for the two Z state, while the
insertion of any other scalar field correspond to |W ), |Y" ), and so on. In order to recon-
struct the complete 6 from |Z ), it could be af any use to recollect a few notions about
the su(4) algebra: the Cartan subalgebra includes three generators (Hy, Ho, Hs) = H,
while the others arrange into couples of raising (lowering) generators E;L] (Eq,) where
a; stands for a simple root*. Let an arbitrary state of the representation be considered,
whose weight is i = (p1, pe, p3)

(Hy, Hy, H3)|p ) = filp)

| ) can be deduced from the highest weight state |wg ) = |Z ) (such that
Hlwg ) = we|wg ) ) by properly acting on it with lowering generators

Ey, o Eoylws) = )
HE, - By |we) = (wg—dj, --dj)lu)=filu)

Upon comparing to (4.14), equations (4.31) tell the only way to act on the highest weight
state consists in applying once the lowering generator related to the root @s (4.11), as all
the inner products (in the three dimensional root space) 2d; - we = 0, except for j = 2
(indeed 2d5 - wWg = 1/2). Since the fundamental weights of su(4) are known (4.13), a
glance at (4.31) shows that all the right sides are equal to one, but the second, and it is
thus easy to infer the Dynkin labels of the representation are (0,1,0): once the Dynkin
labels and the highest weight of the 6, and also the simple roots are known, the whole
representation is achieved, as those features fix the sequences of lowering generators to
retrieve all the states. In the end, all the multiplet can be reconstructed:

|Z) H|Z> We (4.32)
W) =E,,|Z) E,|Z ) = (s — da)|W )

Y )=E, W) =E, E,|Z) HEL EL|Z ) = (w — dy — G2)|Y)

Y ) =E,IW)=E,E,|Z) HE, E,,|Z ) = (is — d3 — da)[V")
W) =ELIY)=E_[V) H\W ) = (e — a3 — dy — @) |W )
|Z)=E_,|W) H|Z ) = (W — @3 — 2d2 — a1)|Z

)
the derivation of these states parallels the computation of the weights of the 6 (4.18).

e (Large) Fermionic sector
In order to study the properties of large fermions, it is appropriate to stick to a system
composed of N large fermions urj, j = 1,..., Np, together with K, roots of type u,,

4For the present purpose, the explicit form of the generators is not interesting, for only the root
system (4.11) matters
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Ky of type and K} u. roots. As previously shown, fermions do interact only with the u,
roots, hence only that kind of auxiliary particles affects the fermionic counting function;
anyway, reasoning analogous to the scalar case prove that just the one loop contributions
survive, the higher loop effects being erased. Therefore for the system at hand the Bethe

equations read:

K .
. U Ug, + 2
1 = expliAp(upg)] H M H SEE) (ypy, upj) - (4.33)

Alongside them, the equations for auxiliary roots must be added:

Np i Ka - K
Ugk —UF; T 5 _ Ug ke — Ug,j + 1 Uq,k — Up,j —
H() - 1I et | (434
b,j

j:1 ua,k - uF,] ) j#k uavk - udv] -1 ]:1 ua,k
K.
H Uy — Uc,j —

ub k — Uc,j +

ol

|

K

b - Ka
1= I Upk — Upj T 1 Il Ubk — Ya,j —

ubvk - ub7] -1 ]:1 ub,k - ua]

[VIES

w\s [VIES

|

Jj=1
K. . Ky i
1 = Huc,k—uc,j“‘ll—[uc,k_ub,j_i
_ ] _ Lt
j#k uc7k uC?J i ]:1 uc7k ub,] + 2

A look to (4.16) suggests the equations (4.34) should be associated to a spin chain related
to the 4 of su(4); the number of fermions Ng represents the chain length, while the
fermion themselves are treated as inhomogeneities, whose rapidities up;, j =1,..., Np
should be deduced from equations (4.33).

Otherwise, when only large antifermions (in number of Nj) appears on the vac-
uum, again accompanied by isotopic roots u, (K,), up (Kp) and K. (K.), the system is
described by the set of Bethe equations

e Uy — Uej + b L
1 = exp[ibp(upy)] [[ ——— 1" (wppour,) - (4.35)
=1 Up g — Ucj — 3 j=1

together with the auxiliary root equations

Ka

Ky
L Hua,k—ua,jJ”H“a,k—“b,j_

];ﬁk u(l,k - udv] - ]:1 ua,k - ub,] +

K,

b . Kq i Ke
Upf — Upj 11 Upk — Ua,j — 3 Up k — Uc,j —
1=11 11 11 ~
2 j=1

j=1 Up,k — Upj — 2 j=1 Upf — Uq,j T 1 Ubk — Ue,j +

K . K,
) _ ﬁ“c,k—“c,j+ZH“c,k_Ub,j—

j#k Uek — Ue,j — 1 j=1 Uek — Ubj T 3

(4.36)

[SIENINTES

[VES

|

[\]EN

|2

N,
Il ( B

j=1 \UYck —Up;

ISIENISIEN

The (4.36) are in fact the equations for 4 spin chain, as may be read from (4.17). The
inhomogeneity rapidities (else, the antifermions) u F,; can be obtained from the Bethe
equations (4.35).

Some interest should be paid to a system including both (large) fermions and (large)
antifermions, jointly to auxiliary roots. In order to highlight a peculiar feature of these
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kinds of particles, let fermions and antifermions be excited, setting the number of them
so to coincide, that is Np = Ny = N; they are described by the Bethe equations

(4.37)
x . T UFk — Uajt 35
1 = explifp(upe)] [[ ST (wrp, ury) [ S (wrg,up ) [ ——22—2
Jj=1 j=1 j=1 UF ) — Uq,j — 5

. N (F'F N _ ) c uF_‘JC _ UCJ‘ +%

1 = exp [lAF(qu)] HS (uRk,qu)HS (qu’quJ)H 2

whereas for the auxiliary roots the relations hold:

K,y

N Ug kp — UF; + % _ ﬁ Uq, k. — Uq,j +1 H Uq,} — Ub,j — % (4 38)
i Ugfp — UFj — % itk Ug k — Uqa,j — 1 jaie Uq,k — Upj + % )

1 = ﬁ Upk — Upj + 1 ﬁ Upj — Ua,j — % ux: Upf — Uc,j — %

o1 Wbk T Ubg TS Up k= Uaj 5 5 Ubk — Ut g

K,

N i K .
H uc’k—ul:ﬂ7j+% _ 1—]: ucyk—uc,j—l—z H Ue — Upj —
' +

i1 Uek = UR; — 5 itk Uc,kg — Uc,j — 2 i=1 Ue,k — Ub,j

@
[SIENINIEN

The knowledge of su(4) simple roots (4.11) and fundamental weights (4.13) enable to
claim the equations (4.38) are associated to a spin chain, related to the representation
of su(4) whose Dynkin labels are (1,0,1), namely the 15. The reason stems from the
physical interpretation of the event described. Fermions and antifermions are intended
to collide: since they transform according respectively to the 4 and the 4 of su(4),
their scattering is expected to mirror the direct product of representations 4 ® 4. The
Clebsch-Gordan rule entails that the process decomposes into two channels:

44=1015 ; (4.39)

the singlet 1 channel is concealed in (4.38), so that the 15 stands out.

e Gluonic sector

The case now considered concerns a system where N, gluons (with rapidities u? ) arise

over the vacuum, together with isotopic roots. The gluon rapidities are constrained by
the Bethe equations

Ng

1 =exp [iAg(u])] H S(99) (ui,u?) (4.40)
J#k
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while the isotopic roots decouple from them, since

auk—u-+iKbuk—ub~—1
a) 9,
R Ry K o
]#k‘ avk a,j ]:1 a,k b,j 2
Kb . K 1 K, 1
1 = HUb,k—Ub,jJrZ ﬁub,k_ua,j_§ T Ubk — Ucj — 5
Upj — Upj — & — Uy i+ L - i
j=1 b,k b,j j=1 ub,k u(l,j + 2 j=1 Up,k uc,j + 2
K . Ky i
1 — H Uk — Ucj + 0 T Uek — Ubj — 3
Uek — Uej — 1 —upi+ L
]#k Cvk C,J j=1 uc,k ub,] + 2

therefore, gluon excitations behave like singlets (1) under SU(4). The very same rea-
soning applies to barred-gluons.

3 General equations

This paragraph is meant to provide the complete Asymptotic Bethe Ansatz equations,
intended to describe the most general system set up with every sort of excitation over the
antiferromagnetic vacuum. The scattering matrices® appearing in the following equations
have been listed in paragraph 2.1. Finally, the explicit expressions for the free-particle
propagation phases A, (u) will be provided at the end of this section: each one of these
functions stands for the phase owned by a particle, when no further excitations are
present in the spin chain, so that the Bethe ansatz equations simply reduce to the
momentum quantization conditions in a periodic system. As hinted when studying
the one loop scalar case in section 3 of the previous chapter, the scattering phases are
composed of a part amenable to the particle momentum, plus a further phase shift
coming from defects in the spin chain.

Below, the ABA equations are displayed per type of excitation:

e Scalars:

H

Ky up —up ; + &
1 = eiAs(uh) H S(Ss) (Uh, Uh’) H L’]f X (442)
. Up —Upi — 5
{W'=1, h'£h} J=1 o2
N, Ny B Np Np _
X H S(SQ)(uh ug) H S(Sg)(uh ug) H S(SF)(uhqu]) H st (“h’qu)
j=1 J=1 j=1 =1
Ny Nf_
% HS(Sf)(thUfJ)HS(S )(uhaufj)
7=1 Jj=1

5More precisely, they represent the scalar overall factor multiplying the pure matrix part
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e Gluons:

Ny Ny
1 = exp[ifg(u])] HSQQ)U ul HS(gg (wd,u g)x
Jj#k 7j=1
H NF Np
X H S(gs)(uz,uh) H g(gF) (uZ,qu) H glgF (uk,qu
h=1 3=1 j=1
Ny N7
X Hsgf ud, ug ;) HS(gf uk7ufj)
Jj=1 7j=1
e Barred-gluons:
Ng Ng
1 = exp[ifg(u])] H 5@ (7 u?) H §(39) (in?) %
j#k j=1
H Ng B
X H 93 fu,k,uh H S uk?“F] H S(gF)(uk’uF]) X
Ny Nf
X HS(gf)(uk’uf7] HS uk’ufj)
Jj=1 j=1
e Large fermions:
NF Np

1 = exp[iAF(uEk)]HS(FF)(uRk,uF,j)HS(FF)(uEk,uFJ)><

Ny Ny B H
x [ 8P rp,ur) [T 87w, ug) H
=1 =1 h=1

NQ
% H S(Fg)(up,k,

J=1

e Large antifermions:

j=1

Ng K,
g g\ TT UFk — Yaj +
U?) HS(FQ)(UEMU;?) H Tk ey T2

UFk — Uqa,j —

Jj=1

J=1

j=1

U/Fkvuh

[NSIENIGIEN
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(4.43)

(4.44)

(4.45)

(4.46)
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Np Ng
1 = exp [ihp(upy)] [[SE (uppury) [[ Y5 (g up ) x (4.47)
j=1 i=1
Ny Ny H
< JT8Y (uppours) [T SY D (up pougy) [T SY (wp s un) x
j=1 j—l h=1
Ny e Up g — U+
> 2
x T8 (up g HS (wpgpuf) [ ——"—
o1 j=1 YFk — Uej = 3

e Small fermions:

Ny Ny B
1 = explifp(upp)] [ SY) (wpmrupy) [T SV (up, ug ) x (4.48)
j=1 j=1
NF NF _ H
X H S(fF)(Uf’k,uFJ‘) H S(fF)(Uf’k,uFVj) H S(fs)(Uf’k,uh) X
7=1 j*l h=1
Ny Ka W h — Uy i i
X Hng Ufku HS(fg) Ufk, )H—f’ a’J‘ 3
] 1 j 1 ]:1 ufzk - uamj - 2
e Small antifermions:
Ny o Ny o
1 = exp [iAf(uJ;’k)} H S(ff)(ujqk,uij) H S(ff)(uf-’k,uf-’j) X (4.49)
j=1 j=1
NF B Nﬁ‘ o H
X HS(fF)(uJ?7k,uF7j)HS(fF)(Uﬁk,uFJ H ufk,uh
j= j=1 h=1

[SIENE SN

N, ) Ny _ B Ke Ufk—uc]+
7=1

j=1 j=1 Ufke = Yo —

e Isotopic roots:
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L = H Ua e — Ua,j + i II Uak — Ubj = 5 TT Uak — UFj — 5 1T Yak —Ufj — 3
- _ .4 _ 4L o4 L .43
j£k Ua,k — Ua,j v j=1 Uq,k — Ub,j + 2 j=1 Ug,k — UF,j + 2 j=1 Uq k. — Uf,j + P}
(4.50)
Ky . K i K, , H i
| - HUb,k—Ub,jJrlﬁubk—ua,j—% l—iub,k—uc,j—% H Upk — Up — 5
o W — Up i — 4 L4l L4 _ i
ik Yok b,j Jo1 Ubk uaj+2jz Upk — Uc,j T 5 75 Ubk — Un + 3
(4.51)
. Np i Ny i
1 = H Uc,k ucj +1 H uC,k Ub,] — % UCJ{; UF,] — 3 Uc,k fi -3
- R _ L4k = i ok
j£k Uek — Ue,j =50 Ue — Upj + 5 j=1 ek —UFR,; +3 j=1 Yek —UF; + 3

Propagation phases:

First, it is convenient to define the number AP, whose meaning will get clearer later:

H Ny
AP = Zp(uh)—z:/g;x(v,u]]lj Z/X dip()
h=1 =1
- z;/;h)XF( ) F] Z/dv v, F’J)CZ}P(U)+
Ny
* Z/;ZZ;XH(U urj) di +Z/ v, ug;) jP(v) (4.53)

The propagation phase appearing in the scalar Bethe equations (4.42) corresponds to:
—Ay(u) = 2P(u) + R(u, s/V2) 4+ R(u, —s/V/2) + 2 / dvG(u,v)Ls(v) + AP  (4.54)
while for a gluon (4.43) it holds:

Aol = = [ S al) R0 5/VE) + Rlo,—s/VB + [ L Fa(v,0)Liw) -

d d -

_ 2/2%((@ ul1) 5 P(0) + AP (4.55)
dv

(the function stays the same also for barred-gluons (4.44) ). Both large fermions (4.47)

and large antfermions (4.47), the propagation phase reads

dv

—Ap(u) = —/2XF(U u)j[ R(v,s/V?2) + R(v, —s/V2)] + / — Fp(v,u)L)(v) —

— 2/3:;Xp(v u)CZ}P(v)—FAP (4.56)
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and finally for small fermions (4.48) and antifermions (4.49), it is found that

Asw) = [ oo g R(es/VE) + R —s/ VD) + [ 0 L)
+ 2/‘21;“(@,@&);)13(@) = (4.57)
= [ 6(s/VA,w) + O(~s/VE, )] xw ) +
[t - [ S e Liw

Complete scalar counting function:

Since the scalar counting function appears in the formula (3.17), massively exploited
throughout this text can, it might be considered the most fundamental one. Therefore
it is worth writing down the non-linear integral equation , in its most general form:

Zy(u) = (L+ Ny+ Ny+ Np+ Np)P —I—ZRuuh —I—ZT
Ng NF
+ ZT( |1 +ZFFuuF] —i—ZFFuuF])—i-
Jj=1 j=1 j=1

Ny Ny Ky
+ ZFf(u,um)+2Ff(u,uf7j)+Z+2/dUG(u,v)L4(v) =

j=1 j=1
= Z w, up) + Plu, h)] +Z u, uf|1) + P(u)] + (4.58)
:g ~ Ng ~

+ D [T(u,uf|1) + P(u +ZFF (u,upy) + Puw)] + > [Fr(u,up ;) + P(u)]

j=1 j=1 J=1

Ny ~ Ny _ Ky

+ Y [Fy(uupg) + Pw)]+ Y [Fr(u,up;) + Pw)] +

j=1 j=1 j=1

+ 2/dvG(u,v)L4(U)

It is now appropriate to point out a few remarks about the scalar counting function when
no excitations scalar are present, i.e. referring to formula (4.58) when all the excitations
numbers are set to zero while L = 2:

Zy(u) = 2P(u) + R(u,u1) + R(u,ug)
where u1, ug are the external holes, u; = —uy = S O(s"). By recalling (3.72), it is

V2

found thatS:

R(u,u1) + R(u, —u1) + 2P (u / dvo(v)|nrg (4.59)

°In the s — oo limit, P(u) = O(1)
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Much interest lies in the function Zggg, defined as the higher-than-one-loop part of
Z4(u), proportional to In s in the large spin limit:

Zy(u) = Ins(—4u + Zpgs(u)) + O(s°) (4.60)

( Z4(u) is an odd function Zgps(u) = —Zpps(—u) ); from Zgps(u), the density oprs(u)
can be defined as its derivative

d
%ZBES(U) = opes(u)

The Fourier transform of oggg(u) enjoys several remarkable properties: it equals half of
the value of the universal scaling function f(g) = 26prs(0) and it can be obtained upon
solving the linear integral equation (2.38), previously encountered at the end of section
3 in chapter 2:

. 2rg%k [ - dt - N

opps(k) = e’fil [K(\@glﬁo) —/ P K(V2gk,V2gt)65ps(t)| k>0 (4.61)

- 0
The transformed density could be handy reformulated in terms of the function ~% (t)
(whose importance will get clearer in computing energy and momentum of the excita-
tions):
2 s

opEs(t) =

S ) + 2] (462)

The functions behave under parity according to ¥4 (—t) = ++%(¢) and enjoy the Neu-
mann expansion, in terms of the Bessel functions J,,(t) of the first kind:

Pt = 2) (2n—1) Jan1(t) V5, 4 (4.63)
n=1

Vi) = 2 (2n) Jan(t)15,
n=1

where the Neumann modes satisfies the integral equations

Vo (t) + /OOO % Jn(V2gt) (V290 ~ (DA _ V296 - (4.64)

el —1

4 On the energies

This section is devoted to the computation of the energy owned by excitations on the
antiferromagnetic vacuum. First, a few general considerations are provided. The general
expression for the eigenvalue of the r-th conserved charge of the motion reads, as a
function of rapidity u:

gr(u) = :i [<$+1(u))r_1 - (SC(Z))_I] : (4.65)
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On the ferromagnetic (BMN) vacuum, only main roots u4 carry a non zero value of the
charge, so that the total value of any ), associated to whole system is given by

Q. - jzs;qxuj) - 312 [(ﬁgu)) - <x<i>>] . (4.60

When switching to the antiferromagnetic (GKP) vacuum, taking s to infinity, formula
(3.17) should be applied to (4.66):

L Ky . .
@ = igzhzz:l [(x+(u1h))T—1 (2l ] ]EZ: [ ztt Ub2 =l (m__(ug:j))T_l
i [ 5 [(zj()) - (wl()) iz - 2y (4.67)

The summation of terms depending on b-roots in the first line of (4.67) gets erased by
contribution ascribable to that kind of isotopic root included in Z4(v): the type-b are
then showed not to carry charges. Henceforth the focus will stick to the » = 2 charge,
corresponding to energy

so that the total energy of the system is achieved by substituting the counting function
(4.58) in (4.67) and setting r to 2 (Q2 = E):

£ = w0y (o) (s ) a2
(4.68)

In (4.68), all nonlinear terms could be dropped, taking into account the estimate [44]

/ ;L:; (ﬁl(v) _ xl(v)> %L4(v) N /0 T R0,V 3gtyite La(t) = O (;) . (4.69)

Therefore the energy (4.68) becomes, in a more explicit form:
> (O(u,up) + Plup)) + (4.70)

E = 9/;1:;( 1(@)331(11)>CZ’ h=1

n ZZ (v,us3) + P(v)) +i92§; <x(u1h) N x(u1h>+> o <$12> ’

*  g=1

L

where the formal summation Y is taken over the particle types * € {g,g, F, F, f, f},
with the identifications F,(v,u) = Fgz(v,u) = T'(v,ull). The energy belonging to each
type of excitation is obtained by splitting formula (4.70) into the contributions amenable
to the different kinds of particles.
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e Scalars:

First, the energy of an internal hole will be computed, by extrapolating the corresponding
contribution in the first line of (4.70):

1 1 dv 1 1 d
E,(u) = ig? - —'2/ ——— —— | —© . (471
0= (e~ w) = [ (o~ ) @l - o1
Formula (4.71) can be recast in terms of integrals deeply studied in literature about sl(2)

sector ( [31], [44] for details):

BL(u) = —aa(u) — [ 500960 (0) + okl (.72

Eventually the energy for a scalar excitation assumes a form which recalls the solution
of BES equation (4.61), namely involving the functions 7% (¢) introduced at the end of

section 3:
+0 gt [e=% — costu costu —
Es(u) :/ n [t — ’yf(\/igt) + 7i ; 'y+(\/§gt) . (4.73)
0 e2 —e 2 e2 —e 2

The expression above matches the analogous result by Basso [42].

e Gluons:

The energy of a gluon can be extracted from (4.70), and, thanks to(4.71) and (3.105),
its value relates to the energy of scalar excitations:

B =- [ 5 dE;ﬁ [, uf1) + ()] = (4.74)

2 —e 2

\§| n oy "
! ((WMW’ ) " (ﬂm(u_g)) > Tn(V2gk)

- —JoMgk:) HIE

- /Ood’" T (G (VEgh) — sgnlin® (Vagh) |2 e et

By means of equation (4.64), and by making use of the identity

/Ow %e_kgm) To(V2gh) = (i;)” ( T (i w‘g)) , (4.75)

the expression above is rewritten as [42]:

Ey(u) = /OOO‘Z”;(\/SQP [coskue’é—u—/o d: 76(\[91"3) lcoskue 5 —1]. (4.76)

A very similar result holds for gluonic bound states too:

[cos kue "2

> dk 2 (v2gk dk 2gk
Egps(ull) —/ 77’y+(_\f_gk) [coskueké—l]—/ - (\{g )
0 ]C ]. e 0 k 1
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(4.77)

e Fermions

The computation of energy for a large fermion parallels the very same reasoning outlined
before for gluons, so that:

Bet) = — [~ S0 D )+ B(w)] = (4.78)

:/OOOCZ€V+(\/§9]2§—_’Y1—(\/§9]€) [cosku—l]-i-/ooo (\fgk)[ cos ku — 1]

For small fermions, instead, the same steps lead to:

* dw dEs(w
Ef(u) = /_ %dTE))XH(w7U|l):

dk
= —2/ - fy+(\@gk) cos ku (4.79)
0

5 On the propagation phase

The eigenvalue of the momentum, owned by a root, is formulated as a function of
rapidity:

p(u) =iln <x+(“)> . (4.80)

x~(u)

Since only w4 roots carry momentum, the total value associated to the spin chain, as
computed on the ferromagnetic vacuum, amounts to the summation

P = ]Z::lp(m,j) = igln (f—rEZ;)

Large spin limit and formula (3.17) allow to switch to antiferromagnetic vacuum, so that
the total momentum the excitations bring to the spin chain equals:

L
) xT (v) d
- —zhzﬂlnx + 21 / 0 ()~ 2Law)]

(4.81)

As it happened for (4.67), the sum on the b-roots in (4.81) cancels out the contribution
from isotopic roots inside the scalar counting function Z4(v) (4.58). Moreover, the
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terms dz( v) and dR (v, s/ v/2) disappear, for they are integrated with the odd function

In ﬁ Ev; Hence, recollectmg the quantity AP from (4.53), the total momentum reads:

P
P = AP+/dvdL4 . (4.82)
T dv

Since the spin chain is supposed not to have momentum with respect its centre of

8 .+
x7 (ug
mass frame, the zero-momentum condition P = 0 (equivalent to H _E4’J5
- T (U5
Jj=1 ’

Beisert-Staudacher equations) should be imposed as a constraint, thus the expressions

= 11in

for propagation phases in section 3 get simplified. On the antiferromagnetic vacuum,
the propagation phase is assumed to take the form:

—Ai(u) = R- Pu(u) + Dau(u)

hence hereafter the particle momentum P, (u) will be inferred, by extracting the part
proportional to the spin chain length R = 21Ins (GKP string length) in a s > 1 expan-
sion, the subleading remainder D,(u) being amenable to a defect.

e Scalars:
The propagation phase for scalars equals:

—Ag(u) = R(u,s/\/ﬁ)+R(u’_s/\@)+2p(u)+/of:)dd

= iIn[—SG)(u,s/V2)] +iln[—SC) (u, —s/v/2)] +
i [ -5 w0 (o) (4:83)

[R(u,v) — P(v)]La(v) =

Now, recollecting the notions about the scalar counting function provided at the end of
section 3, it is found that

i )+ R(u

R(u, 7

’7%) - 21n\% <2u + ;ZBES(U)> + 0 <812> : (4.84)

reminding that P(u) = O(s°). Talking about the nonlinear terms, the large spin limit of
L4(u) is controlled by the leading order behaviour of Z4(u) (not depending on excitations
in this regime, as they start contributing at s° order)

Zy(u) =2Ins <—2u + ;ZBES(U)> +0(s%) (4.85)
hence, it is found that:
dv d 1 1
dldj[@( )=0 <1>

7w dv 52
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These contributions altogether lead to the propagation phase in high spin limit:
1 ~ 1
As(u) = 2Ins <2u — 2ZBE5(U)> —2P(u)+ O <2>
s
= R-Ps(u)+ Dg(u) (4.87)
Therefore, the momentum of a scalar excitation is left identified:
1
Py(u) = 2u = 5 Zpps(u) (4.83)

The results achieved from the study of sl(2) sector allow to make more explicit the
expression (4.88) for the momentum of a scalar [42]:

(4.89)

+oo . @ ¢
Py(u) = 2u — /0 de sin(ku) ez [7—(\/5913"’;7;(\69]‘7)

At last, the interaction between scalar excitations (internal holes) and the two external
holes entails a subleading phase shift, assimilable to a defect:

Dscal(u) = —QP(U) : (490)
e Gluons:
For gluons
A () = /Zgi [R(s/V2.0) + R(~s/V2.0)] x(w.ul1) + (4.91)
dv d dv d -~

— — In[SY) (u, v)] Ly(v) —2/%dvp(v)x(v,u|1)

7 dv

Upon restrict to order In s, it is found:

dv d S s
| e R, S+ Rlo =) =

2 2
; g g dk sin ku Ik
- an\/i{2u<$+$+>+/82[27r e 2
) 9 "ok
. 9 27 1kl )
+ iy (i\/i:ﬁ(u)) % 2J(‘Egk‘)}f"BEs(k)}
n:]'vn odd

Now, the equalities

dk
e Iu(V2gk)apes (k) = 47[V2g6n1 — ) (4.93)

5 ()~ () = f et

=1
n odd
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turn out useful to eventually get

T dk 2gk ? (V2gk
21ni{2u —/ O inku 5 |2 (\fg ) VL (V29k) } (4.94)
V2 0 k 1—e~ ek —1
and, at the same time, the nonlinear terms give a contribution
T dk 2gk ¥ (V2gk

ln2{2u —/O ?sinku et [ 1 (_\/;g ) Jregc\{gl ) } +0(1/s% . (4.95)
Given the usual form for the propagation phase

Ag(u) = R- Py(u) + Dg(u) (4.96)
the momentum of a gluon with rapidity w is recognized to be

T dk 2gk ¥ (V2gk
Py (u) = 2u —/0 - sinku e~ 2 [ 1 (_\/;g ) —;(k\{i )] ) (4.97)

which agrees with [42], while the subleading interaction between a gluon and the two
external holes produces the defect phase shift

Dy(u) = Q/ilix(v,ull)jvp(v) . (4.98)

e Large fermions:

The propagation phase associated to a large fermion with rapidity » reads

dv d dv d -~
—A = — — — 2| — —P
rw) = [ Soxe(e) R w) + B =) + 2 [ (o n) PO+
dv d
+ i [ LS mSF) (u, )] La(v) (4.99)
T dv
THe attention now sticks to order In s, so to get:
dv d
/%XF(’U,U)dU [R(v,zr) + R(v,—xr)] = (4.100)
+o00 9] 2k 9] 2k
_ 21n8{2u—/ dk 5 (V2k) + 72 (V2gk)
\/i 0 k ek -1
1 [ dk
in order to obtain the equation, the following relation has been used:
[e'S) dl{} \[ 2n—1
— sinku~? (V2gk) =i ( ) Vo : 4.101)

The contribution of the nonlinear terms can be estimated (up to O(1/s%) terms)

oo dk 75 (V2gk) +~° (V2g9k) 1 dk
1 - i + = ) =
n2{2u /0 ? sin ku o 2/0 2 sin ku~” (ﬂgk)}
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To sum up, the propagation phase becomes
Ap(u) = RPp(u) + Dp(u) (4.102)

provided identification of the momentum of a large fermion (with rapidity u) as

PF<U) _ 2u_/ooo desln(ku> ’Y—f—(\@gk) +’Y_(\@9k) . 1A % sm(ku) Q_‘(\/igk)

ek —1 2 k
(4.103)
(recalling [42]), so that the defect term stands out:
dv d -
Dp(u) = 2/27TXF(U’U)CZUP(U) . (4.104)

e Small fermions:

The reasoning for the propagation phase of a small fermion (rapidity ») mimic very
closely the large fermion case

—Ap(u) = /dUXH( )i[R(v,\jﬁ)+R(v,_\2)]+ (4.105)
+ /Cffjvln [SU9) (u, v)] L4(U)+2/ZZXH(U,u)CZ}I3(U) —
= RE(w)+Dslw) (4.106)

where Py(u) stands for the momentum of a small femion with rapidity w [42]

dk
Pp(u) = 2/ - sin(ku) 72 (vV2gk) (4.107)
0
while the defect might be identified as
dv d -~
D =-2 | — —P 4.1
u) =2 [ S xuto,u) 5 P(w) (4108)

5.1 Weak coupling expansion

Now a very short summary, gathering all the propagation phases in large spin limit, will
be provided at one loop approximation (or at lowest order in g2, when talking about
small fermions). More precisely, in getting the following expressions a s > 1 expansion
has been performed, then the g — 0 limit.

e Scalars:

1 1
As(u) = duln 2 +2i 1nM+2uln2 = duln 5+2i 1nw+o <1> (4.109)
r (§ zu) r (5 zu)

e Gluons:

T (3 +iu) 1
=4 jln—2 < — 4.1
Ag(u) ulns+2zlnr(%_iu) +O<lns> (4.110)
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e Large fermions:
o T(1+iu) 1
A =4ul 2iln ——+ 0 — 4.111
plw = dutns 200 (1) (1
e Small fermions:
2

Ag(u) = (21113—1—0(1))‘% +0(gY) . (4.112)
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Chapter 5

AdSy x CP? and GKP vacuum

1 Integrability in AdS,/CFT; and large spin limit

This chapter will be devoted to the study of some issues on the AdSy/C FT3 gravity-gauge
theory dualities. In particular, the interest will address to the low-energy reduction of
the AdS; x CP? type II A string theory in the Alday-Maldacena decoupling limit [38]
and its counterpart in the dual gauge theory A/ = 6 Chern-Simons, both considered on
a vacuum state associated to the GKP string.

First, the AdSy x CP? type ITA string o-model has got SO(2,3) x SU(4) as its isom-
etry group, furthermore the theory is found to be integrable at classical level. Let the
Green-Schwarz action of the theory be quantized upon the GKP classical solution, cor-
responding to a string spinning in the AdS3 subspace of AdS; with spin S, moreover let
this vacuum solution be generalized by taking into account another non zero Noether
charge, say J, associated to the rotation on the circumference S' in CP?. The Alday-
Maldacena limit is achieved by taking the ratio ﬁ — 0 (with both J and S large):
in this regime the massless modes are found to dominate over the massive particles.
Therefore six massless bosons associated to CP? and one massless Dirac fermion decou-
ple from the whole string o-model, thus giving rise to an effective low-energy CP* model,
coupled to a fermion via a Thirring term. This is the so-called Bykov model [50], and it
is described by the Lagrangian:

L = k(O — iAa)Z (0% +iA) 2 + ihy™ (D — 2iAa)t) + i(%%ﬁ (5.1)

where A, is non-dynamical U(1) gauge field, whereas the 2/ bosonic fields j € {1,...,4},
along with their complex conjugated 2/, are left constrained to S” C C* by the condition

4 . .
AP =1 (5.2)
j=1

the SU(4) symmetry joins to a further U(1) related to the conservation of fermion

number. The lagrangian (5.1) has been shown to lead to an integrable model by [58].
Turning now to the gauge theory side of the AdS/CFT correspondence, the sting

theory on AdSy x CP? is conjectured to be dual to a three dimensional supersymmetric

101
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N = 6 Chern-Simons endowed with a SU(N) x SU(N) gauge group (ABJM [26]). The
SO(2,3) conformal group on the three dimensional Minkowski is juxtaposed to the R-
symmetry SU(2)r x SU(2)r, x U(1), enhanced to a full SU(4) by the Chern-Simons
term. The theory contemplates the presence of two sets of scalars, transforming in the
bifundamental of SU(N): the scalars from the first set behave as doublets under SU(2)r
(say A, ) in the (N,N) of SU(N) x SU(N), else the second is composed of doublets
of SU(2); (say Bg) in the (N,N,). Moreover, under the complete R-symmetry, they
arrange themselves into two multiplets, namely Y* = (Aj, Ao, BJir, B;) in the fundamental
4 representation of SU(4) and Y, = (AJ{, A;, Bj, Bs) in the antifundamental 4 of SU(4).
These multiplets are the building blocks to construct a class of gauge invariant operators,
in the shape of single trace such as:

O~Tr YfllyT Ya2yT . ,YaLyT b1,..,bL (5 3)
by bo br, : '

nal,...,aL

The classical dimension of (5.3) is L: when 77211’7122’,2@ is symmetric with respect to both

a; and b; indices, and all the traces are zero, then (5.3) is a chiral primary operator,
whose dimension gets fixed by the supersymmetry to the bare value L, otherwise O has
got a non zero anomalous dimension. The quantum part of the dilatation operator for
the set of objects (5.3) turns out to get associated to an integrable hamiltonian [51].
This fact allows to relate the class of operators to a spin chain of length 2L, where the
sites alternate between fundamental and antifundamental representations of SU(4), and
the interactions connect next-to-nearest neighbour sites (nearest neighbour interaction
contributions cancel out [51]).

Now, the attention will turn to the issue of identifying a vacuum state which might
correspond to the GKP string, then finding upon it the relative excitations and their
dynamics, paralleling what has been done for the sl(2) sector in N'= 4 SYM. A suitable
choice for the vacuum could be provided by the chiral primary

O~Tr [(Ylyj)ﬂ (5.4)

whose dimension stays untouched by quantum corrections. Differently from the N = 4
SYM, there is not a closed sector built out of scalars and covariant derivatives alone.
Instead, the smallest non-compact sector available consists in the si(2|1) [52], where the
field content restricts to Y1, ¢! and covariant derivatives (on the (N, N) sites) whose
insertions on the vacuum accounts for magnonic excitations, or Y1, le and covariant
derivatives (on the (IV, N) sites) standing for antimagnons. A generic excited state reads
then

O'~Tr[D..Y'D...DYL,D...DYLD...DY]| (5.5)

the twist of an operator equals L, while the Lorentz spin s depends on the number of
magnons, say M, and antimagnons, M, so that

5= %(M L) (5.6)

Let the equations retrieved by Minahan and Zarembo [51] turn to the si(2) grading; for
simplicity’s sake, let the weak coupling limit be considered and, for now, only momentum
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carrying roots are taken into account. Therefore, a system with M magnons (with
rapidities uy) and M antimagnons (rapidities ) is described by the (one loop) Bethe
equations:

-\ L
uk—i-% _ﬁuk—uj—i (57)
i - uk—ﬂj—l-i '

Uk — 3 j=1

_ i\NL M _

Uy + 5 Huk—u]—z
— Z - — _

Ug — 3 j:1uk Uj 41

By mimicking what has been done for the si(2) sector in N = 4 SYM, the Bethe equations
can be rewritten in terms of the (monotonously increasing) counting functions:

M
Z(u) = 2L arctan 2u + Z 2arctan(u — u;) (5.8)
j=1
M
Z(u) = 2L arctan 2u + Z 2arctan(u — u;)
j=1
so that (5.7) become
(_1)L+J\7I — eiZ(up) (5.9)

(_1)L+M — eiZ(ﬁk)

Since 11111 Z(u) = 7 (L + M), the overall number of available staes is L+ M — 1, only
U—r o0

M of whom being actually occupied by magnons: the remaining H = L + M — M — 1
unoccupied states are the holes, then. The same reasoning holds for the H = L +
M — M — 1 antiholes. The system is left therefore endowed with two selection rules
for choosing the solutions: both sum and difference of holes and antiholes must be even

numbers, as
H+H=2(L-1) H—-H=2M-M) |,

moreover the zero-momentum has to be imposed:

M M
=11 11
k=1 j=1

U —
Once that this setup has been supplied, the spin chain (gauge theory) counterpart of

|

=1 . (5.10)

[NSICN TN

G+
i -

|
[SIENINTEN

the quantization over the GKP string can be easily portrayed. In the large spin limit
s —> 0o 1, the state (5.4) accounts for the antiferromagnetic vacuum, whereas the ex-
citations to actually look at are the holes and antiholes, appearing on the sea formed
by an infinite number of magnons and antimagnons (refer to (5.6) ). These claims thus
accomplish the parallel with the antiferromagnetic spin chain for ' =4 SYM.

IThe large Lorentz spin regime is, in fact, the required condition for both GKP string and Bykov’s
model to be realized
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The next step to fully outline the theory to be examined (henceforth) consists in dis-
cussing the excitations for ABJM on this antiferromagnetic vacuum. The lowest-lying
twist-1/2 excitations are the holes and antiholes, commented so far: they respectively
transform under the 4 and 4 of SU(4), and, due to their nature of fake solutions of some
Bethe equations, they someway relate to scalar excitations in N’ = 4 SYM. The fermions,
instead, are found to be associated to the 6 of SU(4) in ABJM, differently from N =4
SYM which owns two types of fermionic excitations (fermions and antifermions), in the
4 and 4. Finally, the gauge fields are SU(4) singlets in both the theories, and moreover
they appear in bound states DlIlFJr 1 (I >1): anyway, while in N/ = 6 there is only
one type of gauge fields, the N'= 4 SYM theory manifests two kind of them, related to
two components of the field strength, the DlleJFL and the DlIlFLrL.

This amusing ’quarrelling’ about excitations over the antiferromagnetic vacuum,
namely either the doubling or halving the number of varieties for the different kinds
of particles, is not a lone hint about an interesting relation between N' = 6 Chern-
Simons and N’ = 4 SYM. An analogous behaviour will be encountered hereafter, when
dealing with Y-systems and folding process (on Bykov model). Moreover, several simi-
larities intertwine the two theories. First, the scaling dimension of the vacuum, in the
large spin regime: in N' = 4 SYM, talking about the scaling dimension for twist-two
operators, it holds [40]:

AN =5+ f(g)(Ins + ) + Ba(g) + o(s") (5.11)

where By(g) stands for the virtual scaling function and g = )4/—5; on the other side, for

N = 6 Chern-Simons it is found [54]:
AN=6 f(h)

1
vacuum — ST ?(ln@s) + PYE) + §BQ(h) + 0(80) s (512)

this time h = h(A) is some function of the t’"Hooft coupling .

Finally, further resemblances between these two theories come from the dispersion rela-
tions [58]. Indeed the holes, belonging either to N' = 6 Chern-Simons or to N = 4 SYM,
share almost the same formula for energies and momenta, as their expressions are equal
up to a factor two, at all couplings:

Ehoﬁ4(u) = 2Eho;6(u)
(5.13)
Phoct(u) = 2ppid(u)

2 ABA/TBA for Bykov model

Henceforth, the focus will be put upon the Bykov low-energy effective model, quantized
over the GKP string: more precisely, the sector of operators dual to Bykov model on
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the antiferromagnetic vacuum will be taken into exam. Moreover, the analysis will stick
on lowest-lying excitations, namely holes and antiholes. The starting point consists
in the set of Asymptotic Bethe Ansatz (ABA) equations proposed by [51] for NV = 6
Chern-Simons, upon restricting to hole-antihole sector in the large spin limit. In fact
the equations, the interest will be addressed to, do coincide with the ABA proposed by
[57] for the SU(4) x U(1) symmetric.

Before studying them, however, a few remarks are appropriated. In this chapter,
up to now, the auxiliary (isotopic) roots have been disregarded. From now on, instead,
their role will become pivotal in properly describe the system chosen. As the symmetry
of the antiferromagnetic vacuum (GKP string) is SU(4), again there exist three kinds
of auxiliary roots v, ve, v, even though they are embedded in general equations [51],
in a way different from the N’ =4 SYM case.

The second remark concerns a novel feature of the ABA, that is, the equations are

twisted: the twists ¢, § are introduced so to satisfy the conditions
qq=e" g/qg=(-D)" | (5.14)

where the number F stands for F = J(H — H), while P is the total momentum of
the spin chain, resulting from the sum of momenta belonging to the single excitations.
The ciclicity condition forces the identification ¢ = 1/g; anyway, ¢ is not left completely
determined, as it remains twice valued ¢ = +1 for even F', else ¢ = +i for odd F.

Hence, now the Bethe ansatz equations for A/ = 6 Chern-Simons in the lowest-lying
excitation sector can be displayed: considering H holes u; and H antiholes iy, along
with M; auxiliary type-k roots v; ; (i=1,2,3), the system is left described by

H H M, i

] _ _ . _l’_ L
e — g H S(up — uj) H S(uy — uy) H (W) (5.15)

ik i1 j=1 \"k T Ui T

M2 3 H
) (mk_wd_;> (
_ 4L
j=1 Lk — V25t 5 j=1 )
Mo . My 3 M3 ]
1 — H <’0ij — 1)27]' + /L) ,027](; - vl,j - % U23k B v3»j _ %
_ . A _ 4L
j#k U2,k — V2,5 t i1 V2, — V2,5 + 2 1 U2k — V3,5 =+ 5
M3 . 3
| (U&k — U3, +Z>
U3k — V35 — 1
H Ms [ _ i
—in(E _ _ _ = Uk — V3,5 + 3

provided the spin chain length is identified with R = 2In2s (the GKP string length),
while the momentum of a hole (the antihole shares the very same formula) p(u) is
half the value of that associated to a scalar excitation in N' = 4 SYM (4.89), so that
p(u) = £ Py(u), according to (5.13); explicitly, at weak coupling it holds p(u) = u+o(g?).
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The scattering matrix for hole-hole processes, and for antihole-antihole ass well, reads

U 1  u
F<1“4)F<414>

S(u) = — " " , (5.16)
r(l—zz)r <1+i4>

whereas the mixed scattering matrix, involving both holes and antiholes, is expressed by

S(u) = ) (; . zZ) ) <2 ’ ZZ) : (5.17)

It should be remarked that, apart from the twists ¢, ¢ and the different expressions for
the momentum and the spin chain length (though not as far, actually) in the propagation
phase, the matrices S(u) and S(u) represent the only discrepancies from the fermion-
antifermion sector equations (4.37), (4.38) seen in the previous chapter for N’ =4 SYM.

In further analysing equations (5.15), it is worth considering the thermodynamic
limit, which is performed by taking the number of particles M} to infinity, beside of
the limit R — oo (which now coincides with the large spin limit), provided the ratios
My /R stay fixed. Indeed, in this regime the auxiliary roots are conjectured to dispose
into strings [12], which are described by referring to their (real) centres:

v%a = A;il)+%(l+1—2a), (a=1,....,1), (5.18)
o = a4 S 1-20), b=1,...m), (5.19)
vétlk)c = Vlin)—i-%(n-l-l—QC), (c=1,...,n). (5.20)

The ABA equations turn out easier to be handled by introducing the matrices for the
scattering between two strings (whose lengths are [, m), written in terms of the relative
rapidity of their centres; these matrices are obtained by fusing together the scattering
of every single root included in the strings, so to find:

I+m—1

Syon(t) = f[ <u—ia>_ l u—t(l4+m+1-2a) (5.21)
AT utia) LA\ u+il+m+1-2a)) '

_[l=m|+1
="

It might be useful to notice that all the scattering matrices involved depend only on
differences of rapidities (i.e. not on two rapidities separately), as the Bykov model, whose
gauge theory counterpart is outlined here, is relativistic. Therefore in the strong coupling
regime dual to Bykov model reduction, momentum and energy of a hole (antihole) are
found to take the simple expression p(u) = msinh (%) and E(u) = mcosh (%), where
m stands for the mass gap of Bykov model, and equals half the value of the O(6) non-
linear o-model mass gap [58].
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Hence the ABA equations (5.15) are rewritten in term of strings as:

I i oo M®
e plur) R _ H S(ug — uj) H (up — 1y H H [511 (uk - )\())} (5.22)
£k j=1 =1 j=1
H co M(m)
1 = HSLl()\](Cl)*Uj)H HSlm( *“g )>
j=1 m=1 j=1
oo M) — ’ -
TTTT s (4 X)) [sas (40 7))
0o MM 1 ’ -1
U= T IT [Swer (07 = 6™ )] St (1™ = 18]
m! 1
; JM(”> o MY
< TT T Somen (1™ - )HHS"“( _Ag'l))
n=1 j=1 1=1 j=1
7 0o Mm)
L ]Hl Sna (1 — ) ngl 11 S (") = ™)
= e\ g m )]
T b)) o )
i M oo M™) -1
e @R — T Sta — ) [T St —u) TT IT [S1n (8- ")]
jk j=1 n=t=t

where M@ counts the number of strings of length ¢. In the thermodynamic limit,
equations (5.22) are more suitably recast by means of the densities of states. Hence,
the densities of states accessible to holes and antiholes, respectively o(u) and &(u), are
introduced, and likewise the densities for auxiliary root strings 0(1)( ), o? (u), o) (u),
labelled according to their lengths n = 1,2,... . In the same manner, the states actually
occupied by holes, antiholes a the three different types of strings are described by p, p,

(1)7 P7(12), p( ). The equations (5.22) thus become:
T
o(u) = mcosh(2)+lC*p()+G*p ZKll*pl

o () = Ko p(u) + > (Ko # p” (10) = (K1 + Knga) % ) ()

Nk

N
Il
—

D) = 3 (Knr o) + Koy pf" (0) = (K1 + Kogoa) = o7 (0)(5.23)
=1

(Kn,l * 91(2)(U) - (Kn,l+1 + Kn,l—l) * :01(3) (u)>

Nk

o2 (u) = K1 * plu) +
l

6(u)=mcosh(%)+/€*p()+(¥*p ZK”*pl ,

1
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+o0o
where the convolution operation * has been defined as fxg(u) = / flu—u) g(u')du'.

—0o0
The kernels in the integral equations above are the logarithmic derivatives of the scat-
tering matrices, that is:

Ku) = 271” 8‘1 n S(u) (5.24)
G(u) = 217”8801115()
Kim(u) = ;mflns,m() : (5.25)

the properties of K(u), G(u) and K, (u) are listed and described in Appendix B.

As already sketched in section 4 of chapter 1 when outlining the main steps of the
Thermodynamic Bethe Ansatz, the theory at hand can be put on a torus of radii R (the
spin chain length) and R (related to the temperature or compact time by 7' = 1/R):
since the theory is relativistic, a rotation of the axis can be flawlessly performed on the
surface of the torus, leaving thus the physical content unaltered.

Going through the ordinary steps of TBA [15][17], the system of non linear integral
equations then follows:

e(u):ia+chosh<%u>—lC*L() G* L(u ZK”*LU

o0

ein(u) = Ky % L(u Z nt ¥ Log(u) — (Kp g1+ Kpj—1) * Ly (u))
=1

ean(u) = Z (Kpg41+ Kpj—1) * Log(u) — Ky x Lyj(u) — Ky o+ Ly g(u)) (5.26)

o0

ezn(u) = Kp 1 Z it % Lo m(u) — (Kp 41+ Kpi—1) % Lg i (u))
=1

E(u):—z’a—{—chosh(%)—lC*f/( u) — G * Lo(u ZKll*L3l ;

the equations above have been formulated in terms of the pseudoenergies
€(u), €(u), €, (u), introduced by means of the densities:
_ (i)
7p(u) — g—c(®) , ————— p(u)_ = €W , — Prn (u) = ¢ Cim(u) , (5.27)
o(u) — p(u) & (u) — p(u) o) (u) — pg,? (u)

and the non-linear terms read
L(u) = In (1 + efe(u)) , L(u)=In (1 + efg(”)) , Lim(u)=1n (1 + efei,m(U)) '

n (5.26), the chemical potential o has been included, after [17]. For the ground state,
achieved by imposing A = e’® = 1, the free-energy can be expressed as:

Ex(m,R) = —% /_Oo df cosh 6 (Lo(0) + Lo(0)) . (5.28)
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3 Non-crossed, crossed Y-systems and universal TBA

The TBA integral equations enjoy a further, more elegant and powerful form: indeed,
thanks to identities (B.11) listed in Appendix B, the (5.26) can be recast into a set of
functional equations, the so-called Y-system [60]:

Y
V¥ = 1 (W) (14 ¥y) (14 Ya) (5:29)

(14+Yi1) (T+Yi41)
1 (5.30)
14—
( Y2,l>

(1+Yy1)(1+Y4)
1 1 (5.31)
1+ — ) (14—
( Yl,l) < Y3,z>

(14 Y3;1) (1 +Y3,41)
1 (5.32)
14+ —
( Y2,l>

_ _ Y.
Y =2 (LY (4 Yg) (L4 Ya) (5.33)
0

Vv = (1+0n%)

R
Yy Yy, =

Y3+z 51 = (1 + 511%)

In the system above, each formula links to a kind of particle: equations (5.29) and
(5.33) are related to holes and antiholes (the only types carrying mass and momentum),
provided the definition of the Y-functions

Yo(u) = e~ Yo(u) = e € ,

whereas Y;;(u) = et are the relevant Y-functions for the equations (5.30)-(5.32)
(henceforward called 'magnonic’), which refer to strings of type-i auxiliary roots, with

length [ (so ¢ runs from 1 to 3, while [ = 1,2,3,...); with (zero column) boundary
condition
Yi,g(9) =0 (5'34)

the superscript + corresponds to a shift u — u + %, while the double sign +4 accounts
for a double shift u — u £ ¢ (otherwise the argument of the Y-functions is meant to be

The magnonic equations (5.30)-(5.32) enjoy the usual pictorial interpretation. Each
Y-function gets associated to a node in a Dynkin-like graph?, so that the equation whose
lhs contains YlJZr Y, is meant to indicate the node labelled by (4, 1), while the rhs describe

2In fact, the diagram depicted from the Y-system is customarily (though not strictly speaking) called
Dynkin diagram. In this text, this custom will be maintained
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the surrounding environment: every time a factor (14 Yy ;) is present, a horizontal link
is drawn from the node (i,1) to (i’,1'), whereas each factor (1 + Y[})_l corresponds
to a vertical link from (i,1) to (¢7,1”). In different words, the complex shifts in the lhs
somehow get mirrored into shifts of discrete indices in the rhs. Finally, the equations
(5.30)-(5.32) get encoded into a rectangular lattice, whose (say) left corners links to the
nodes corresponding to massive particles. The massive nodes (those related to massive
particle equations (5.29),(5.33) ) prevent, in fact, from a net graphical interpretation of
the Y-system at hand. A sort of double tadpole’ % appears in the rhs, left without
a clear pictorial counterpart; moreover, the complex shift also in the r.h.s. are a quite
uncommon (though not novel at all, see [70]) feature. Anyway, the massive node equa-
tions suggest kind of conservation of the sum of the absolute value of displacements: the
double (complex) shifts applied to Yy or Yy in the lhs of (5.29) and (5.33) reflect into
double shift on the Y-functions in the rhs, be vertical displacements or a single complex
shift (+ as a superscript), the tadpole terms being overlooked for a while.

NS E:I
0 @ O O—0O--—---

(N-1,1) (N-1,p-1)

Figure 5.1: The (CPN1), x U(1) diagram.

This peculiar behaviour and, in particular, the missing interpretation for the double
tadpole hints a more transparent form of the Y-system (5.29)-(5.33) might exist. Indeed
the TBA equations entail, via identities (B.11) in Appendix B, a further functional
relation involving 'massive’ Y’s, referred to in what follows key relation:

Y'Yy sialtVia

_ _ 5.35
Yy, © 14 v, (5.35)

This key relation helps in finding, upon being shifted alternely by u_,u + %, two novel
equations for massive particles, so to replace the tricky (5.29) and (5.33), and thus they
join (5.30)-(5.32) to implement a new Y-system, lacking of tadpoles though featuring a
quite unusual appearance:

Y Yy T =1+ Y) 1+ Yar) (14 Yy) (5.36)

Yo T Yy = (LY (14 Yar) (1 +Y3]) (5.37)

In fact, the lhs of (5.36) and (5.37) above does not involve either (shifted) Yy or Yp
alone, instead they both appear at the same time, with opposite shifts. From now on,



3. NON-CROSSED, CROSSED Y-SYSTEMS AND UNIVERSAL TBA 111

this novel Y-system, where the magnonic (5.30)-(5.32) are joined by (5.36),(5.37) will
be named ’crossed’, as in the latters Yy and Yj intertwine (in the I.h.s.), in opposition
to the 'uncrossed system’ made of (5.29) and (5.33) along with the magnonic equations
(seen previously).

This peculiar form of the Y-system suggests a new pictorial interpretation The

crossed equations (5.36) and (5.37), somehow, are drawing trajectories (flows) across
the Dynkin diagram. The [.h.s. sets the endpoints of the pattern, while the r.h.s. plots
it: the distance between two consecutive nodes touched by the path strictly amounts to
steps of two units, which may be achieved by means of horizontal or vertical displacement
(i.e. a decrement /increment on one index of the Y-function), or even a purely imaginary
shifts. Let (5.36) be considered, as an example: the flow starts from Yy ~ Yi o (with
a pretty formal meaning), endowed with a double complex shift ++; then one shift is
dropped, while the second index increases, so to get Yirl? and later the + disappears
whereas the first index is raised, to touch Y5 1; the pattern walks further, this time with
negative complex shifts, so to pass through Yy, and finally reach Y5 ;™ ~ Y. Besides
that, it is tempting to claim the path’s length gets fixed by the ratio between 2i and
the imaginary unitary shift % (or, someway, the inverse of the Coxeter number, when
this quantity is defined). The key relation (5.35) seems to establish an equivalence class
between closed patterns, passing either through Y; or through Y.
A further comment: the crossed appearance of the two nodes 0 and O in the [.h.s. hints
that they are not to be treated as completely distinguished nodes. Indeed, they could
be thought as originating from a sort of folding procedure of the Dynkin diagram, by
splitting a unique massive node; this issue will be considered in more detail later.

3.1 Crossing Algebra

Actually, the Y-system (5.36),(5.37), (5.30)-(5.32) is not the only one known to possess
a crossed form: indeed, before it two Y-system have been found to share this feature 3.
The first example has been provided by the Y-system for A/ = 6 super Chern-Simons
(AdS4/CFTs) [62], which, remarkably, is the model whose low-energy reduction is now
under exam. The other crossed system has been discovered to describe the strong cou-
pling of gluon scattering amplitude in N' =4 SYM [64].

In the following, a few considerations are provided, which refer to system
(5.36),(5.37),(5.30)-(5.32) but can easily extend to other crossed Y-systems as well.
First, the key relation (5.35) will be briefly indicated as y; by shifting it, the equations
xT and x~ are promptly obtained:

Yity, 14Y

e e = oy (5.38)
Yo Yo 145
Y. Y 14+ Y,

Y 0 -0 _ L1 (5.39)

Yo Yo 1+,

3Moreover, there is an intriguing common aspect shared by all these three cases, that is, the intertwine
of Y-functions is observed to occur for massive nodes only
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In the same way, the crossed equations (5.36),(5.37) will be called respectively C; and
C3, while the uncrossed ones (5.29),(5.33) will be designated as U; and Us. Actually,
the equations now recollected are not quite independent: as a matter of fact, it suffices
to know the key relation x (more precisely its shifted versions y* and x~) together
with only one among C1, Co, U; or Us to recover all the others and describe the whole
system®. The (quite general) rules to accomplish this task are summarized below, after
introducing the formal operation x as a side by side multiplication between equations
(on the same footing, the quotient corresponds to a division).

Getting an Uncrossed equation from another Uncrossed:

Us % XJF x x = U (5.40)
U1
N

CQ X = Cl (541)

C1X :CQ

Getting an Uncrossed equation from Crossed:

Ch x Cy X X+ X x = (U1)2 (5.42)
Cl X 02 B 2
xt X xT (2)

Getting a Crossed equation from an Uncrossed:

Ux
- Cs (5.43)
Zi =0
X
Us x X+ = 01
U2 X X_ = Cz

To be more explicit, the first rule in (5.40), for instance, means that equation Uy (5.29)
may be obtained upon multiplying side by side the equation Uy (5.33) per the shifted-key
relations (5.38) and (5.39).

The rules stated above do not apply to crossed system (5.36),(5.37) only: otherwise,
with minor modifications, they extend to Y-system in [62] and [64], as well. Let the first
example be considered. The Y-system for gluon scattering amplitudes in N' = 4 SYM

4In fact, the key relation holds a crucial role, which should be someway related to the implementation
of Z5 symmetry on the Y-system
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reads:
_ 1+ Y1 m—1)(1 + Y3m41)
vty m m 5.44
1,m ~3,m (1 + Y21m) ( )
Y,2+ YQ_ _ (1+}/2,m—1)(1+y2,m+1)
,m = 2,m (1 + Y11,m)(1 + Ygl,m)
_ (1+Y3m—1)1 + Y1,m11)
}/Z%—:rm Yl,m = - 1 - ;
(I+v5)

this time, the superscript 4+ denotes a shift § — 6 + ’f, while the double sign stands for
a double shift (:l:%) Also in this case, a key relation exists, namely the ratio between
the first and the third equations (5.44)

Xf_m X?)_,m (1 + Xl,m—l)(l + X3,m+1)

: : = 5.45
* X X (L4 Xgm1)(1+ Ximga) (5.4)

There comes now a slight difference from system (5.36),(5.37): while x* is simply the
up-shift (0 — 6+ %) of x, to correctly recover x~ it takes to down-shift y (6 — 6 — %r),
then invert both sides of the equation obtained this way:

X+ . XlJCTJrrl X37m o (1 + Xftmfl)(l + X:;Cm+1) (5 46)
X?_)‘::’L Xl:m (1 +X?—:m—1)(1 +Xi‘:m+1)

Xﬁ X X31m Xl_m_w o (1 + X?:m—l)(l + Xl_,m—i-l)
Xl,m X?:;n (1 +‘Xli,mfl)(l Jr‘XV?;WH»l)

The equations to be named (' is obtained by taking the product between the first
equation in (5.44) up-shifted per the down-shifted version; in a the analogous way, Co is

provided:
(1 + Xftmfl)(l + Xli,mfl)(l + X:;fm+1)(1 + Xi;,m+1)

(1+ )(1+X2£ )

Ci: X{t X XimXsm=

1M 1M

1
X3
(5.47)
(1 + Xf,_erl)(l + Xl_,m+1)(1 + X;:mfl)(l + XS_,mfl)

A+ g0+

02 : X;C;L Xlii Xl,m X3,m =

,m

In order to get U; and Uy, it takes a little more time. First of all, it is useful to write
down the kernels employed in universal TBA system from [64]:

1
K0)= ——
10) 27 cosh 0
V2 cosh
Ky(0) = —MM 5.48
2(0) ' 7 cosh 26 ( )

K3(0) = ’ tanh 26 ;
0
they enjoy the following identities, involving shifts of %r:
Kf+K —Ky=0
K+ K; — 2K, =6(0) (5.49)
Ky — K =46()
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and, in addition to the those, the identities for double shifts (2):

K"+ K~ =4(0)

g™

K2+++K2__:<5(0+%)+5( 7
K3+++K3——:2K3—5(9+%)+5(9—%)

By means of the relations above, from (5.44) the uncrossed Y-system follows:

(1 + YlJ,rm—l)(l + Yljm—l—l)(l + }/3Tm+1)(1 + YV3,7m—1)

YYo=
b Fom)? 1+ 7)1+ 7,2
2 ™ B (5.50)
Y++ Yoo — (1 + Y3J,rm—1)(1 + Yz3,m+1)(1 + Ylferl)(l + }/l,mfl)
S s (Yim)? (14 5)(1+ 52)
2,m 2,m

Hence, the first and second equations in (5.50) are respectively labelled U; and U,. With
those identifications in mind, the crossing algebra, claimed above, does indeed apply. In
a very similar fashion, the Y-system from [62] is found to satisfy the same rules.

4 UV limit: central charge and perturbing operator

Picking a suggestion by Fendley [68], the Bykov model could be studied by conjecturing
it as a two-dimensional conformal field theory (CFT) perturbed by a (marginal) relevant
operator. In particular, a CFT gets characterised by the value of its conformal anomaly,
¢, which appears in the expression for vacuum free energy (5.28), when the Ultra-Violet
(UV) limit mR < 1 is taken into account [66]:

T
E =——(c—12 .51
a%4 R (c d) (5.51)

where d is the conformal dimension of the ground state of the theory, and it is equal to
zero when unitary theories are considered (as it is the present case).In order to get the
value of the central charge ¢, the TBA equations should be analysed hence in the limit
r = mR — 0, and that reveals the solutions of the system flatten to develop a central
plateau, whose width increases as r approaches zero [15][17]. Following [67], the central
charge splits can be computed by splitting it into two contributions:

c=cUV) — IR) (5.52)

The first part explicitly reads

C(UV):62[£( Yo )+£
m 14+ yo

where the function £(x) is the Rogers Dilogarithm

L(x) :_;/ [log(lt_t) + ioftt] dt , 0O<w<l : (5.54)
0

(5.53)

_ 3
< Yo >+ iﬁ( Yil )
l+u90) &4 L+ yig

7
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the constants y stem from the stationary solution of the Y-system (5.36),(5.37), (5.30)-

(5.32), in other words, not dependent on u:

yodo=(14+y11) 1 +y21)(1+ys1)
(1 + 1) (L +yig-1)

Yir = (1408105190 + 61,1653 Yo) 1 1 (5.55)
(1 + ) (1 + ) '
Yi+1,1 Yi—1,
i=1,2,3 1=1,2,3,...
supplemented by the boundary conditions y;,0 = (y4,)~! = (you)~! = 0, (equations

(5.36) and (5.37) obviously coincide in the stationary-solution regime); the equations
above can be interpreted as an Ultra-Violet regime, where all the equations become
massless (magnonic). The second contribution, instead, could be thought as an Infra-
Red regime, in which the non-magnonic equations decouple from the rest, as the mass
of the associated particles grows to infinity; therefore, the massive nodes disappear, so
to leave the simpler system:

o (T ziggn) (T4 zi01)
2] =

’ 1 1
(1+ ) (1425
Zit1,l Zi—1,l

whose solutions enter the second part of the chentral charge

3 o
6 2
(IR) _ 1,1
V= E: E L <1 Zi,l) (5.57)

=1 [=1

=1,2,3 1=1,2,3,...
? ) <y Sy Yy (556)

(imposing zi0 = (240) " = (200) ' = 0).

Since (5.55) and (5.56) are systems made out of an infinite number of non-linear equa-
tions, they result uncomfortable to cope with. Hence a fruitful strategy to handle those
two systems consists in studying a truncated model, by reducing the number of magnonic
variables to a finite value (i.e. the label [ runs from 1 to n); later, the original model will
be recovered after performing the n — oo limit. The IR contribution can be analytically
computed, after [61],[65], upon evaluating the sum of dilogarithms in (5.57):

R 3n(n+1)

5.58
N n+5 ( )

The UV contribution instead turns out unfit to be approached analytically, the numerical
analysis revealing more suitable ®; the latter option helps in conjecturing for (5.53) the
form:

wvy _ (4+3n)(n+1)

“n n+4

(5.59)

Composing then the two contributions, the central charge of the truncated model results:

(UV) _ IR _ %+ 27n + 20
" " n249n+20

(5.60)

Cp =¢C

5The author of this text wishes to acknowledge Alessandro Fabbri and Roberto Tateo for their precious
numerical work when writing [27]
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the n — oo limit takes back to the original model, so that the central charge is discovered
to assume the value ¢ = 7, as expected from the plain counting of degrees of freedom.

What is more, the result (5.60) deserves interest even at finite n, for this expression
SU(4)n+1

represents the central charge of the UG 1600)

by some (relevant) operator [68]. The anomalous dimension A, per+ of such perturbing

coset conformal field theory, perturbed

operator can be recognized upon retrieving the purely imaginary period [60] P, of the
Y -system obtained after the truncation of (5.29-5.33). Indeed, for the Y-functions the
following periodicity relation holds:

Y (u+2iP,) =Y(0) (5.61)
and, according to [60], the period P, relates to the dimension of the perturbative oper-
ator:

1
Appert =1 — B (5.62)

Numerical analysis shows that the Y-system (5.36),(5.37),(5.30)-(5.32) is endowed with
a period

n+4
2

and thus the conformal dimension of the adjoint operator, perturbing the conformal field

P, = (5.63)

theory at finite n, is revealed:

2
n—+4

An,pert =1- (564)
As a byproduct of the considerations above, the C'P3 sigma model, coupled to one
massless Dirac fermion [50], is equivalent (up to the features taken into account) to the
large level limit n — oo of the % coset conformal field theory, perturbed by
the (relevant) operator whose dimension is read from (5.64).

Before concluding this section, a last remark is worth being mentioned. The trun-
cated version of Y-system (5.36),(5.37),(5.30)-(5.32) suggests a natural generalization
to a novel family of systems (labelled by two positive integers N and p), which are left
associated to any SU(N) algebra with coset level p. Models belonging to this family are

conjectured to exhibit, for what concerns the massive nodes, the generalized equations:

N-1
Yo(u + 1) Yo(u — i) = H <1+Yl,1(u+i—iz2\i)>

=1 (5.65)

N-1
NS . o2l
Yo(u —1) Yo(u+1i) = ll:[1 <1+Y171(uz+zN)> ,
while for the magnonic nodes the relations hold:

% % _
Y j(u+ N) Yij(u — N) = (14 63,105,1 Yo(u) + 6, n—105,1 Yo(u)) X
_A(N-D)

_y N1 i
< T+ Yi,l(u))Af,’} ) 11 <1 + Yl/j(u)> ; (5.66)

=1 '=1
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where A;? stands for the incidence matrix associated to the A, Dynkin diagram, namely

A =6y 1+ 01,51 (5.67)

with 1,7 € {1,2,...,¢}. The system studied so far corresponds to the case N = 4 and
p — oo. The TBA equations corresponding to (5.65) are displayed in the universal form
[60], by making use of the Fourier integrals in (B.13):

N-1
eo(u) + €(u) =2mR cosh (%u) — Z X(1-21y * A1y (u) (5.68)
=1

N—-1
eolu) — folu) =i2a =Y g2y * Mg (u)
=1

p—1
eij(w) = 8i18j10x * Lo(u) + 8in-18j10x * Lo(u) + ) Al(f}_l)qﬁg * Ay (u) —
=1

N-1
N-1
- A )gs% * Lagy(u) (5.69)
=1
with chemical potential o € {0, 7}, La(u) = In(1 + e~4®) and A4(u) = In(1 + e4®),
A parallel with (5.60), for N = 4 and p — oo, leads to conjecture (after an accurate
numerical analysis) the following formula for the central charge of the arbitrary (N, p)-
model:

. _p(l—p—N+N?*+2Np) pdim[SU(N)] pdim[SU(N —1)])
N =T Ny p(N+p—1) p+N p+N -1

(5.70)

where it holds dim[SU(N)] = N2 — 1. Eventually, the central charge (5.70), obtained
from equations (5.65), is seen to exactly match the charge of the coset model:
SU(N),

(CPY1, xU(1) = SUTN — 1, < U1) xU(1) . (5.71)

Finally the large level limit p — oo of (5.70) leads to the central charge of the SU(N) x
U(1) sigma model:

C(N00) = AIM[SU(N)] — dim[SU(N — 1)] = 2N — 1. (5.72)

Strictly speaking, a mere equality of conformal charges does not suffice to uniquely
determine the identification (5.71); nevertheless further evidence of this claim, such as
the dimension of the perturbing operator, is provided in [27].

5 Folding diagrams

This section is devoted to the discussion of some peculiar features of the Y-system of
Bykov model, studied so far: in particular, it will be compared to another interesting
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class of Y-systems, those related to non-linear O(2n) o-models. The focus will turn
mainly to the n = 3 case, the O(6) o-model: in fact, the Dynkin diagram for the O(6)
stunningly resembles the CP? x U(1) diagram, retrieved in this chapter, once a sort of
pictorial folding has been performed.

The O(2n) Non-Linear ¢ Model TBA and Y-system:

According to [69][70][68], the TBA system for the O(2n) (n > 2) non-linear o models is
obtained from the TBA describing a certain perturbed conformal model, in the limit of
infinitely many equations present (the number also corresponds to Kac-Moody level):

n—2

™
eo(u) = mR cosh? — Zl X2 (1) * Lji(u) —¢1 % [Lp—11+ Lna]  (5.73)
j:

6a,m(u) = _5m1[5a1 + 5@26712] (ZJ% * LO(U) - ¢% * [La,m—l + La,m+1] +

+ Z Aay g % N () (5.74)
b=1
where the label a runs from 1 to n and m = 1,...,p — 1 (then, the limit p — oo

should be performed). In addition to that, g = 2(n — 1) represents the Coxeter number
associated to the D,, Lie algebra, while Ay, = 04 p+1 + 04,5—1 stands for its incidence
matrix; moreover, it is useful to recollect the definitions:

Lo(u) = In (1 + 6760(11)) Lym(u) =1n (1 + 676‘“"(“)>
Agm(u) = In (1 + 65“”"(“)) . (5.75)

Thanks to the relation for the kernel x2(,_;_;(u)
g

. . 2iln—1—a 2iln—1—a
X2 (no1—j)(Uti) + X2 (u—i) = 5(u+¥)+5(u—¥) (5.76)
g g g
and after the definitions
Xo,m(u) = e €am(u)
(5.77)
Xo(u) = e~0W
the Y-system for O(2n) non-linear o-models stands out [70]:
n—2 .
_1_
XO (U—|—7,) X() (U—’L) = H |:<1 +Xa’1(’u/— 2Z(nga>)> X
a=1
2i(n — 1 —
x (1 + Xo1(u+ Z(”g“))ﬂ (1+ Xpo1,1(w) (1 + X, 1(u))

21 21
Xa,m (u + gl) Xa,m <u - ;) - [1 + 51m(5a1 + 5n25a2)X0(u)] X

(1 + Xomt1(w) (1 + Xgm—1(u))

()

b=1

X

; (5.78)
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by following the prescriptions stated above, this Y-system may be encoded in the diagram
of Fig.(5.2). It should be noted that (5.78) exhibits complex shifts even in the 7.h.s. of
the massive node equations, analogously to (CPY~1), x U(1) models.

0

(1,1) (1.2) (1p-1)

Figure 5.2: The O(2n) diagram. The labels of each node are associated to the functions
Y in (5.78)

Folding diagrams:
For present purposes, the Y-system for the O(6) non-linear sigma model reveals reasons
of interest:

Ko+ i) Xo(u— i) = (14 Xaa(ut 3)) (14 Xaatu = 5)) (14 X00) (14 Xa)
(1 + Xa,m+1) (1 + Xa,mfl)

1 1
1+ 1+
() ()

(5.79)

Xa,m(u + %) Xa,m(u - %) = (1 + 5m15a2X0)

(a € {1,2,3} and m = 1,2,3,...,p — 1), where the boundary conditions X, o = Xq, =
(Xom) ™' = (X(4m)) " = 0 are required and the limit p — oo should be taken. The
Y-system (5.79) enjoys the customary uncrossed form, and the usual pictorial rules allow
to encode it into the diagram in Fig.(5.3). Interestingly, the O(6) diagram Fig.(5.3) can

(1p-1)

- @p-1)

3p-1)

Figure 5.3: The O(6) diagram. The labels of each node are to be intended as the
subscripts of the functions X appearing in (5.79).

be obtained directly from the CP? x U(1) by means of kind of folding, performed on the
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diagram in Fig.(5.1): row 1 and 3 merge together, and so do the massive nodes, which
are identified into a unique one; on the other hand, each node along the symmetry row 2
is "torn’ into two, distinct. This process can be reverted, so to retrieve this time Fig.(5.1)
upon folding Fig.(5.3): again the middle row 2 in Fig.(5.3) gets doubled, whereas rows 1
and 3 overlap and glue together; the central massive node splits into two, which in turn
become the two massive nodes of CP3 x U(1), associated to the holes and the antiholes
of the theory.

Remarkably, the very same procedure could be applied to the diagram encoding the
AdS5 Y-system [59],resulting in the AdSy diagram [62][63]. This fact catches even more
interest, for O(6) o-model and CP? x U(1) are found to represent the low-energy reduc-
tions precisely of AdSs and AdS, indeed, therefore hinting some deeper relation between
those two theories might exist.



Conclusions

The main achievements of this work pertain to the finding of the scalar factor of the
scattering matrices involving excitations over the antiferromagnetic vacuum (associated
to the GKP string), in the N’ =4 SYM gauge theory. Those S-matrices have then been
employed as building blocks towards the construction of the all loop Asymptotic Bethe
Ansatz equations, that is to say, the analogous of the Beisert-Staudacher equations [30]
in the sl(2) grading, written instead upon taking the GKP vacuum as the reference
state. The analysis of the Bethe equations led to the formulation of the dispersion laws,
at any coupling, for the excitations considered, thus confirming the results by Basso
[42]: the main difference from [42] concerns a different approach, based on the method
introduced by Destri and De Vega [34]. In fact, as a starting point, the set of infinite
Beisert-Staudacher equations has been turned, in the large spin limit, to a limited num-
ber of integral equations, easier to be handled.

In addition to that, the N' = 6 Chern-Simons Matter has been considered, when choosing
a vacuum corresponding to GKP string. Remarkably, the low-energy (large spin) reduc-
tion achieved this way reveals intriguing connections to the O(6) non-linear o-model,
which governs the dynamics of /=4 SYM in a special large spin limit [38].

The results achieved may be contextualized. The method used to obtain energies
and momenta of the different species of excitations turned out more handy than the
ones previously adopted to get the same results, hence, hopefully, it could bring precious
contributions in formulating new tests in verifying the AdS/CFT conjecture.

The (two dimensional) S-matrices help in computing the scattering amplitudes for the
four dimensional N' = 4 SYM gauge theory. In fact, when a quark and an antiquark
(at speed of light) interact via the exchange of a gluon, under the N'=4 SYM SU(N)
gauge theory, the process can be intended in two equivalent ways: a GKP string could
be thought to stretch among the two particles, spanning a two dimensional world-sheet
as the time runs, else the flux tube in between the quark and the antiquark may be
framed by a null Wilson loop. As a general feature of N' = 4 SYM, a polygonal null
Wilson loop can be decomposed into a superposition of pentagonal and square transition
amplitudes [46]. The pentagonal amplitude P(u|v), in turn, can be computed by means
of the scattering matrices (say generically S(u,v)) portrayed in chapter 3; indeed [46],

F(u,v) S(u,v)

UU2:
P(ulv) g2 (u—v)(u—v—1) S(ur,v) ’

(5.80)

where F(u,v) is a known function, while the superscript 7 denotes a mirror transform.
Hence, as the formula above suggests, at least some of the results described in this text
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find a direct application in meaningful open issues.
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Appendix A

Useful formulae

1 Fourier transforms

In this appendix a collection is provided of the Fourier transforms
A +m .
fo = [ due s (A1)
—o0

for several functions f(u) used in the maintext.
For scalars it has been used

R +oo ) 2
Op(u) = —2arctan2u = Cbo(kz):/ dueilk"q)o(u):—ie*@ (A.2)
. 1+ 2z~ (u)? S 2 _ Ik
Op(u) = —iln — = @H(k:):%e 2 [1 - Jo(V2gk)]  (A.3)
1—|_23WL(u)2
and also
. ome |kl
do(u—v) = 2arctan(u—v) = ¢o(k) = ”; , (A.4)
1 d 1 1
— = _— — e e ——— b = — _‘k‘
Golu=1) = ggdlu-v)= -t = Gk =—c M. (A)
1_#
op(u,v) = —2i|ln % + i6(u,v)
1= 2z~ (u)zt (v)
. P 1 —sgn(kt)
ulht) = =i [S (-1 (Vagh) g (V2gt) B+
r=1

+sen() 30D e (0) (=) (o1 (V29R) 420 (v2g1) ~(A.6)

r=2 v=0
- Jr—l(\@gt)Jr+2u(\/§gk)):|
For what concerns gluonic stacks, it has been introduced
+oo 27

% —iku |kl

—0o0

il + 2u
il — 2u

2
Xo(u[l) = 2arctan TU =1iln
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(A.7)
and for higher loops the function
il il
x(sull) = xolw = ull + 1)+ xar (‘0,0 =5 )+ 0,0+ 5
where
2
. 1= 2z~ (v)x(u)
xu(v,u) =iln — g (A.8)
T 2zt (v)z(u)
whose Fourier transform reads
+oo +oo
/ du/ koe=ituy (v, ull) = 27T5(t+k‘) e Do 4
Y R (B (gt (A.9)
In getting (A.9) the Fourier tranforms has been employed
. 1 2\" 2
/due_Zk“M =+n £ H(ik)lejF%kJn(\/igk‘) (A.10)
T (u + Zi) 1g k
The Fourier transform of x (v, u|l) and x g (v, u), with respect to the variable v only, read:
400 ) 2
/ dve”*y (v, ull) = e~ kv Z Ik (A.11)
> "1 on |k |
—e 2 J, \/i k
(£ (atn) (ateg) [ om
+oo . Ik|
/ dve™*x g (v, u) = z—ef Z < ) Jn(V2gk) (A.12)
. —

When [ = 1 the identity arises
rt(u) — 2z~ (v) 2~ (u) — 2~ (v)
1) =—il A.13
xtolt) = -itn (S = S T A1)
Finally, for large fermions the function is introduced
z"(u) — z(v)

z(v) —x~ (u)

xF(u,v) = xo(u —v|1) + xg(u,v) =iln (A.14)

2 Integrals

In various calculations throughout the text the following integrals have been employed:
O AN ut1
dk — == 1—
/_1 u—k(l—k) 2 < 1)

1 1
/dk:PV ( +"“> :—mf+7r< +“> <1 (A.16)
u—k\1—k U

oo Jul>1 (A.15)
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125
1
/ dﬂ,l,PV,l <w+1)4:
|o|>1 2T W — U w—2z \w—1
1 1
z+1\4 1 1 14+u\* 1
LY R i N E S S ST
2\z—-1 zZ—1u 2\1—-u U—Z
1
z 1 1 zZ— a1
/ & . __<f ) LR (A.18)
zl>1 27 5 1_2%xf(v)—m(z) z4+1) u—z
1
1 1—2zp(0) 1 (. 1\[/1+a\i [1-a\3
2mf<u><a—ﬁ>{ oty (0 -3) |(058) + (55
b (o b e [ T (14a\T
s\ T ) V1iva [\l +a 1—a
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Appendix B

Scattering amplitudes and TBA
kernels

This appendix contains the explicit expressions for scattering amplitudes and the corre-
sponding TBA kernels appearing in the main text.

Hole-hole scattering

The hole-hole S-matrix amplitude [57] is

U 1 u

S(u) =— , B.1
" r(i-if)r Lyl o
4 4 4
and the corresponding kernel /C(u)

K(u) = 2%8% In S(u), (B.2)

which may be represented in several alternative ways as

1 U U 1 U 1 U
R 0 2 W G O 7 S R 7 (e
K(u) 87r< <+24>+ ( Z4> (4“4) (4 Z4))
_i 1 4n+1 1 4n+4
_n:0 Tu?+ (dn+1)2  7wu+ (4n+4)2

Hole-antihole scattering

The S-matrix amplitude associated to the hole-antihole scattering is

. r (; . zZ) r (f’l + ZZ) -

1 u 3 AN
r(=4+:4) (2%
<2+Z4> <4 24)

Tt could be useful to remind that

(2 > 1 1
U(z) = F((Z)) —_’YE_Z()(Z+n —~ n+1>, (B.3)

where vg stands for the Euler constant.
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Consequently the kernel G(u) is

Glu) = 217”,83“ In S(u), (B.6)

explicitly

G(u):;T(xy <i+iz>+\ll<iiz> qf@ﬂ:ﬁ)\lf@zz»

B.
_i 1 4n+2 1 4n+3 B7)
e\ mu?+ (An+2)? mu? + (4n+ 3)
Magnon bound state scattering
Magnonic string solutions scatter according to the amplitudes
I+m—1
2 U — 14
S pu—
L (1) H (u + ia) (B.8)
a— [l—m|+1
2
from which
l+m—1
1 0 2 1 a
K =——1InS = - B.9
Lm(®) omiou om (1) ;ﬂm mu? + a? (B.9)
a=""3

1 Helpful Relations in Bootstrapping Matrices and Ker-
nels

Below, a list is offered of identities between scattering matrices (¢fr [60][61]): they reveal
necessary to write the Y-system and universal form TBA

s(0+2)s(u-3)=-s(u+5) 5 (u-3) u)”

S(u+i)S(u—i)=— ggz; Sio(u) 2O (B.10)
S(uti)S(u—1)= _gEZ;
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(O(x) stands for the Heaviside step function, while I, = 0j—1m + 0i41,m ). These
relations, in terms of the kernels, turn to:

K, (u + ;) + Kim <u — ;) = Ki_1m (u) + Kip1m (w) + 6(u) 6,

G<u+;> —|—G<u—;> :K<u+;> +K<u—;> — K1 (u)

K (u+i)+ K (u—1i) = —K(u) + G(u) + K12(u) + 6(u) (B.11)
Gu+1i)+G(u—i)=K(u) — G(u)

Kpp (u+1) + Ky (u — i) = Ki_om (u) + Kiiom (u) + d(uw) L+

G [+ 3) + 00— 3)|

DO | =

(the last relation makes sense ? provided we define Kio=0, K;—1 = —Kj1). Moreover,
we find:

K+ 8) + Glu i)~ Knau+ ) = 0
K(u—i)+G(u+i)—K11(u—%) ~ 0

2 (B.12)
K(u+i)+G(u—1)+ Ki1(u— 5) = Kia(u) + 0(u)

K(u =) + Glu+ 1) + Kt (u + %) — Kuo(u) + 6(u)

The universal kernels

The kernels appearing in the Zamolodchikov’s universal form of the TBA equations
(5.68) are

/oo dw cosh(Faw) pih _ 2 cos(am/2)cosh® )
—oo 27 cosh(%?) ~ mcos(am) + cosh(26) Xa\¥)s
® dwsinh(Faw) .., 1 sin(a)
oW wbh =1, (0 , B.13
/_oo 27 sinh(%?) 7 cos(am) + cosh(26) Val6) ( )
> dw 1 iod a
— "= = ¢,(6).
/OO 2m 2 cosh(5;)) ¢ 27 cosh(af) 9a(9)

2 Actually, the contact terms §(u= %) are but a pretty formal scripture: relations (B.11) always appear
in integrals and it is to be taken into account a residue calculation, whose net result is equivalent to the
effect of some kind of complex-argument defined delta function.



130 APPENDIX B. SCATTERING AMPLITUDES AND TBA KERNELS



Bibliography

1]

[.S. Gradshteyn, I.M. Ryzhik, Table of Integrals, Series and Products, Academic
Press, 2007, VII ed.;

J.M. Maldacena, The large N limit of superconformal field theories and supergrav-
ity, Adv. Theor. Math. Phys. 2 (1998) 231 and arXiv:hep-th/9711200;

E. Witten, Anti-de Sitter space and holography, Adv. Theor. Math. Phys. bf 2
(1998) 253 arXiv:hep-th/9802150;

D. Gross, F. Wilczek, Asymptotically free gauge theories. 2, Phys. Rev. D9 (1974)
980;

H. Georgi, D. Politzer, Electroproduction scaling in an asymptotically free theory
of strong interactions, Phys. Rev. D9 (1974) 416;

G. Korchemsky, Asymptotics of the Altarelli-Parisi-Lipatov evolution kernels of
parton distributions, Mod. Phys. Lett. A4 (1989) 1257;

G. Korchemsky, G. Marchesini, Structure function for large x and renormalization
of Wilson loop, Nucl. Phys. B406 (1993) 225;

A. Belitsky, A. Gorsky, G. Korchemsky, Gauge/string duality for QCD conformal
operators, Nucl. Phys. B667 (2003) 3 and arXiv:hep-th/0304028;

A.M. Polyakov, Gauge fields as rings of glue, Nucl. Phys. B164 (1980) 171;

I. Korchemskaya, G. Korchemsky, On lightlike Wilson loops, Phys. Lett. B287
(1992) 169;

A. Bassetto, I. Korchemskaya, G. Korchemsky, G. Nardelli, Gauge invariance and
anomalous dimensions of a light cone Wilson loop in lightlike axial gauge, Nucl.

Phys. B408 (1993) 62 and arXiv:hep-ph/9303314;

H. Bethe, On the theory of metals. 1. Eigenvalues and eigenfunctions for the linear
atomic chain, Z. Phys. 71 (1931) 205;

M. Staudacher, Review of AdS/CFT Integrability, Chapter III.1: Bethe Ansaetze
and the R-Matrix Formalism, Lett.Math.Phys. 99 (2012) 191 and arxiv: 1012.3990;
M. Karbach, G. Muller, Introduction to the Bethe ansatz I, Computers in Physics
11 (1997) 36 and arXiv:cond-mat/9809162v1;

J.A. Minahan, A brief introduction to the Bethe ansatz in N=4 super-Yang-Mills
J.Phys. A39 (2006) 12657;

131



132

[10]

[11]

[16]

[17]

[20]

[21]

22]

BIBLIOGRAPHY

J. Minahan, Review of AdS/CFT Integrability, Chapter I.1: Spin Chains in N=4
Super Yang-Mills, Lett. Math. Phys. 99 (2012) 33 and arXiv:1012.3983 [hep-th];

M. Takahashi, Thermodynamics of One-Dimensional Solvable Models, Cambridge
University Press, 1999;

I. Bena, J. Polchinsky, R. Roiban, Hidden symmetries of the AdSs x S° superstring,
Phys.Rev. D69 (2004) 046002 and arxiv:hep-th/0305116;

M. Takahashi and M. Suzuki, One-dimensional anisotropic Heisenberg model at
finite temperatures, Prog. Theor. Phys. 48 (1972) 2187;

C.N. Yang, Some exact results for the many body problem in one dimension with
repulsive delta-function interaction, Phys. Rev. Lett 19 (1967) 23;

B. Sutherland, Model for a multicomponent quantum system Phys. Rev. B12 (1975)
9;
M. de Leeuw, The S-matrix of the AdSs x S° superstring, arxiv:1007.4931;

Al.B. Zamolodchikov, Thermodynamic Bethe Ansatz in relativistic models: Scaling
3-state Potts and Lee-Yang models, Nucl. Phys. B338 (1990) 485;

C.N. Yang, C. F. Yang, Thermodynamics of one-dimensional system of bosons with
repulsive delta function interaction, J. Math. Phys. 10 (1969) 1115;

T. Klassen and E. Melzer, Purely elastic scattering theories and their ultraviolet
limits, Nucl. Phys B342 (1990) 695;

T. Klassen and E. Melzer, The thermodynamics of purely elastic scattering theories
and conformal perturbation theory, Nucl. Phys. B350 (1991) 635;

G. Arutyunov and S. Frolov, Thermodynamic Bethe Ansatz for the AdSs x S°
Mirror Model, JHEP 0905 (2009) 68 and arXiv:0903.0141 [hep-th];

G. Arutyunov and S. Frolov, On string S-matrix, bound states and TBA , JHEP
0712 (2007) 024 and arXiv:0710.1568 [hep-th];

D. Berenstein, J. Maldacena, H. Nastase, Strings in flat space and pp waves from
N =4 Super Yang Mills, JHEP 0204 (2002) 013 and arxiv:hep-th/0202021;

S.S. Gubser, I.R. Klebanov, A.M. Polyakov, A semi-classical limit of the gauge-
string correspondence, Nucl.Phys. B636 (2002) 99 and arxiv:hep-th/0204051;

B. Eden, M. Staudacher, Integrability and transcendentality, J.Stat.Mech. 0611
(2006) P11014 and arXiv:hep-th/0603157;

N. Beisert, B. Eden, M. Staudacher, Transcendentality and crossing J.Stat.Mech.
01 (2007) 21 and hep-th/0610251;



BIBLIOGRAPHY 133

[24]

[25]

[33]

[34]

R.A. Janik, The AdSs x S° superstring worldsheet S-matrix and crossing symmetry,
Phys. Rev. D73 (2006) 086006 and hep-th/0603038;

G. Arutyunov, S. Frolov, On AdSs x S° string S-matrix, Phys. Lett. B639 (2006)
378 and hep-th/0604043;

N. Beisert, R. Hernandez and E. Lopez, A Crossing-Symmetric Phase for AdSs x S°
Strings, JHEP 0611 (2006) 070 and hep-th/0609044;

G. Arutyunov, S. Frolov, M. Staudacher, Bethe ansatz for quantum strings, JHEP
0410 (2004) 16 and hep-th/0406256;

N. Beisert, T. Klose, Long-Range GL(n) Integrable Spin Chains and Plane-Wave
Matrix Theory, J. Stat. Mech. 06 (2006) P07006 and hep-th/0510124;

O. Aharony, O. Bergman, D.L. Jafferis, J. Maldacena N' = 6 superconformal Chern-
Simons-matter theories, M2-branes and their gravity duals, JHEP 0810 (2008) 091
and arXiv:0806.1218;

A. Fabbri, D. Fioravanti, S. Piscaglia, R. Tateo Exact results for the low energy
AdSy x CP? string theory, JHEP 1311 (2013) 073 arXiv:1308.1861

J. Minahan and K. Zarembo, The Bethe Ansatz for N' = 4 Super Yang-Mills, JHEP
0303 (2003) 13 and arXiv:hep-th/0212208];

N. Dorey, Integrability and the AdS/CFT correspondence Class. Quantum Grav.
25 (2008) 214003;

N. Beisert et al., Review of AdS/CFT Integrability: An overview, Lett.Math.Phys.
99 (2012) 3 and arxiv:1012.3982;

N. Beisert, M. Staudacher, Long-Range psu(2, 2|4) Bethe Ansatze for Gauge Theory
and Strings, Nucl.Phys. B727 (2005) 1 and arXiv:hep-th/0504190;

D. Fioravanti, P. Grinza, M. Rossi, Strong coupling for planar N = 4 SYM: an
all-order result, Nucl. Phys. B810 (2009) 563 and arXiv:0804.2893 [hep-th];

D. Fioravanti, P. Grinza, M. Rossi, The generalised scaling function: a note, Nucl.
Phys. B827 (2010) 359 and arXiv:0805.4407 [hep-th];

D. Fioravanti, P. Grinza, M. Rossi, The generalised scaling function: a systematic
study, JHEP11 2009 037 and arXiv:0808.1886 [hep-th];

D. Fioravanti, P. Grinza, M. Rossi, On the logarithmic powers of sl(2) SYM,, Phys.
Lett. B684 (2010) 52 and arXiv:0911.2425 [hep-th];

B. Basso, A. Belitsky, Luescher formula for GKP string, Nucl. Phys. B860 (2012)
1 and arXiv:1108.0999 [hep-th];

C. Destri, H.J de Vega Non-linear integral equation and excited-states scaling func-
tions in the sine-Gordon model, Nucl. Phys. B504 (1997) 6121 and hep-th/9701107

G. Feverati, F. Ravanini, G. Takacs Nonlinear integral equation and finite volume
spectrum of sine-Gordon theory, Nucl. Phys. B540 (1999) 543 and hep-th/9805117;



134

[36]

[37]

BIBLIOGRAPHY

D.Fioravanti, M.Rossi, From finite geometry exact quantities to (elliptic) scattering
amplitudes for spin chains: the 1/2-XYZ, JHEP 08 (2005) 010 and hep-th/0504122;

D. Fioravanti, M. Rossi, The high spin expansion of twist sector dimensions: the
planar N' = 4 super Yang-Mills theory, Adv.High Energy Phys. 2010 (2010) 614130
and arXiv:1004.1081 [hep-th];

D. Fioravanti, A. Mariottini, E. Quattrini, F. Ravanini, Excited state Destri-de
Vega equation for sine-Gordon and restricted sine-Gordon models, Phys. Lett. B390
(1997) 243 and hep-th/9608091;

L. Alday, J.M. Maldacena, Comments on operators with large spin, JHEP 0711
(2007) 019 and arXiv:0708.0672 [hep-th];

B. Basso, G. Korchemsky, Embedding nonlinear O(6) sigma model into N' = 4
super-Yang-Mills theory, Nucl.Phys. B807 (2009) 397 and arXiv:0805.4194 [hep-
thl;

A. Belitsky, A. Gorsky and G. Korchemsky, Logarithmic scaling in gauge/string
correspondence, Nucl.Phys. B748 (2006) 24 and hep-th/0601112;

D. Bombardelli, D. Fioravanti, M. Rossi, Large spin corrections in N' = 4 SYM sl(2):
still a linear integral equation, Nucl. Phys. B810 (2009) 460 and arXiv:0802.0027
[hep-th];

B. Basso, Exciting the GKP String at Any Coupling, Nucl. Phys. B857 (2012) 254
and arXiv:1010.5237 [hep-th];

L. Freyhult, A. Rej, M. Staudacher, A Generalized Scaling Function for AdS/CFT,
J. Stat. Mech. 07 (2008) P015 and arXiv:0712.2743 [hep-th];

D. Fioravanti, M. Rossi, TBA-like equations and Casimir effect in
(non-)perturbative AdS/CFT, JHEP 12 (2012) 013 and arXiv:1112.5668 [hep-th];

N. Dorey, P. Zhao, Scattering of giant holes, JHEP 1108 (2011) 134 and
arXiv:1105.4596 [hep-th]

B. Basso, A. Sever, P. Vieira, Space-time S-matrix and Flux-tube S-matrix at Finite
Coupling, Phys.Rev.Lett. 111 (2013) 091602 and arXiv:1303.1396 [hep-th];

B. Basso, A. Sever, P. Vieira Space-time S-matrix and Flux tube S-matrix II. Ex-
tracting and Matching Data, and arXiv:1306.2058 [hep-th];

D. Fioravanti, S. Piscaglia, M. Rossi On the scattering over the GKP vacuum, Phys.
Lett. B728 (2014) 288 and arXiv:1306.2292 [hep-th];

E. Ogievetsky, P. Wiegmann, Factorizes S-matrix and the Bethe Ansatz for simple
Lie groups, Phys. Lett. B168 (1986) 4;



BIBLIOGRAPHY 135

[49]

[53]

[54]

N.Yu. Reshetikhin, O(n) Invariant Quantum Field Theoretical Models: Exact So-
lution Nucl.Phys. B251 (1985) 565;

N.Yu. Reshetikhin, Integrable Models of Quantum One-dimensional Magnets With
O(N) and Sp(2k) Symmetry Theor.Math.Phys. 63 (1985) 555 and Teor.Mat.Fiz.
63 (1985) 347;

D. Bykov, The worldsheet low-energy limit of the AdS; x CP? superstring, Nucl.
Phys. B838 (2010) 47 and arXiv:1003.2199 [hep-th];

J. Minahan, K. Zarembo, The Bethe Ansatz for superconformal Chern-Simons,
JHEP 0809 (2008) 40 and arXiv:0806.3951 [hep-th];

J Minahan, W. Schulgin, K. Zarembo, Two loop integrability for Chern-Simons
theories with N=6 supersymmetry JHEP 0903 (2009) 057 and arXiv:0901.1142
[hep-th];

N. Gromov, P. Vieira, The all loop AdS4/CFTs Bethe Ansatz, JHEP 0901 (2009)
16 arXiv:0807.0777 [hep-th];

N. Gromov, V. Mikhaylov, Comment on the Scaling Function in AdS(4) x CP3,
JHEP 0904 (2009) 083 and arXiv:0807.4897 [hep-th];

M. Beccaria, G. Macorini, The Virtual scaling function of twist operators in the
N =6 Chern-Simons theory, JHEP 0909 (2009) 17 and arxiv:0905.1030 [hep-thl;
M. Beccaria, G. Macorini, QCD properties of twist operators in the N' = 6 Chern-
Simons theory, JHEP 0906 (2009) 8 and arxiv:0904.2463 [hep-th];

C. Ahn; R. Nepomechie, N=6 super Chern-Simons theory S-matrix and all-loop
Bethe Ansatz equations, JHEP 0809 (2008) 10 and arXiv:0807.1924 [hep-th];

N. Gromov, V. Kazakov, P. Vieira, Exact spectrum of anomalous dimensions of
planar N=4 Supersymmetric Yang-Mills theory, Phys. Rev. Lett. 103 (2009) 131601
and arXiv:0901.3753 [hep-th];

B. Basso, A. Rej, On the integrability of two-dimensional models with U (1) x SU(N)
symmetry, Nucl. Phys. B866 (2013) 337 and arXiv:1207.0413 [hep-th];

B. Basso, A. Rej, Bethe Ansaetze for GKP strings, arXiv:1306.1741 [hep-th];

D. Bombardelli, D. Fioravanti and R. Tateo, Thermodynamic Bethe Ansatz for
planar AdS/CFT: a proposal, J. Phys. A42 (2009) 375401 and arXiv:0902.3930
[hep-thl;

Al.B. Zamolodchikov, On the Thermodynamic Bethe equations for reflectionless
ADE scattering theories, Phys. Lett. B253 (1991) 391;

F. Ravanini, R. Tateo, A. Valleriani, Dynkin TBA’s, Int. J. Mod. Phys. A8 (1993)
1707 and arXiv:hep-th/9207040;

D. Bombardelli, D. Fioravanti, R. Tateo, TBA and Y-system for planar AdS, —
CFTs, Nucl. Phys. bf B834 (2010) 543 and arXiv:0912.4715 [hep-th];



136

[63]

[64]

[65]

[66]

[67]

BIBLIOGRAPHY

N. Gromov, F. Levkovich-Maslyuk, Y-system, TBA and quasi-classical strings in
AdSy x CP3, JHEP 1006 (2010) 88 and arXiv:0912.4911 [hep-th];

L.F. Alday, J. Maldacena, A. Sever, P. Vieira, Y-system for scattering amplitudes,
J. Phys. A43 (2010) 485401 and arXiv:1002.2459 [hep-th];

A.N. Kirillov, Dilogarithm identities, Prog. Theor. Phys. Suppl. 118 (1995) 61 and
hep-th/9408113;

H. Bloete, J. Cardy, M. Nightingale, Conformal invariance, the central charge, and
universal finite size amplitudes at criticality, Phys. Rev. Lett. 56 (1986) 742;

AlL.B. Zamolodchikov, Thermodynamic Bethe Ansatz for RSO.S scattering theories,
Nucl. Phys. B358 (1991) 497;

P. Fendley, Sigma models as perturbed conformal field theories, Phys. Rev. Lett.
83 (1999) 4468 and arXiv:hep-th/9906036;

P. Fendley, Integrable sigma models and perturbed coset models, JHEP 0105 (2001)
50 and arXiv:hep-th/0101034;

J.Balog, A. Hegedus, Virial expansion and TBA in O(N) sigma models, Phys. Lett.
B523 (2001) 211 and hep-th/0108071;

J. Balog, A. Hegedus, TBA equations for the mass gap in the O(2r) non-linear
sigma-models, Nucl. Phys. B725 (2005) 531 and hep-th/0504186;



