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Abstract

The thesis presents a wide scope of topics all falling under the subject of AdS/CFT. Specifically,
the focus will be on the AdSy/CFTs case dubbed ABJM, where a review will be done mainly
regarding the general aspect of the AdS/CFT correspondence, ABJM and tools to motivate
it such as Superstrings, Supergravity and M-theory. Next, the spin-chain and Penrose limit
framework is established as it will be important for calculations and interpretations. In the last
part, the focus will lie on Spin Matrix theory, and how to use it to study decoupling limits in
the context of Partition functions on R x $? and BPS-backgrounds for AdSy x CP3. We find
new backgrounds that exhibit a peculiar case compared to what is already known.
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Chapter 1

Introduction

In the field of physics, one is often led to believe in radical and at first sight, crazy ideas. Going
through the ages, certain figures come to mind. Aristotle, Copernicus, Newton, Maxwell, Bohr,
Einstein, etc. all which have made their own contribution to the field, and revolutionized how
we think about fundamental properties of nature. The foundation for all progress done today
has its roots in these same crazy ideas. In more recent times 60 years or so, people have aimed
higher than ever in the quest to find the pinnacle, a theory of everything. This task at first seems
daunting and incomprehensible, and still to this day is an unsolved paradigm haunting physics.
Nevertheless, bravery still resides within the human heart, and the boundaries are being pushed
day by day to uncover the apogee of understanding nature.

A first attempt in a modern sense, was done throughout the 60 “s and 70 s where through the
work of Weinberg, Salam, Georgi, Glashow, Gross, Wilczek and many others great names, the
electroweak unification saw the first daylight together with the strong force. It was attempted
to unify all the fundamental forces leading to the Standard Model[132, |68, 67} (60} 61} |63], but
there will always be a member not willing to cooperate. Gravity did not seem to get involved
in the party, so the search was still on. Instead, supergravity became a realization|[44], where
quantization of General relativity took place with the help of supersymmetry. While this was
happening, string theory came about as a relatively new idea that circulated around academic
masses. But it was not until the mid 90 s that the equivalent of the renaissance took place in
theoretical physics amounting to the second superstring revolution. This sparked new life in
supergravity again since they became two sides of the same coin. Many proposals and crazy
ideas seemed to have gained popularity, some with more experimental evidence to back up than
others.

Turning to the main problem of this thesis, the most crazy idea was yet to be proposed. In the
early 90 s, t "Hooft came up with idea of a Holographic principle while later on Susskind provided
the bridge to connect with string theory[140, 85]. This seemingly crazy line of thought, was used
to argue that our 3-dimensional universe is a hologram described by a distant 2-dimensional
boundary. This certainly goes beyond even the wildest sci-fi. But as it stands, this led to what
has since bloomed into a big field in theoretical physics. During the late 90s, a remarkable
connection was made [106]. Through the holographic principle, Maldacena conjectured that
gravity and gauge theories were dual to each other in consecutive dimensions. By viewing the
world as a hologram, it was possible to interpret a gravity theory in the bulk of space-time to be
equivalent to a gauge theory on the boundary of the volume of such space-time. This came to
be known as the AdS;y1/CFT, correspondence. This specifically connects a certain space-time,
known as Anti-de Sitter space, to Conformal field theories.

Since Maldacena’s proposal, a countless amount of work has been initiated in the name of



AdS/CFT. But before it truly took off, Gubser, Klebanov, Polyakov and Witten (GKPW)[144,
69] refined the idea which formalized the essence of the duality for later use. In the first 10 years,
it was mainly N' = 4 Super Yang-Mills (SYM) who was the star of the show corresponding to
AdS5/CFT,. Various surprising results were unveiled, such as the connection to spin-chains[111]
24, 99|, establishing a connection to condensed matter and material physics. Even further,
Penrose limits, partition functions, Hagedorn temperatures and magnons are aspects considered
worth noting[84, (139, 29, 80, |4]. While SYM became an established milestone in the duality, an
example in a dimension lower saw the first light 17 years ago. It came to be known as ABJM
after its creators (Aharony, Bergman, Jafferis, Maldacena)[5]. The same program was then used
to understand, this time for the AdSy/CFTj case, if it had the same properties as N' = 4 SYM.
ABJM proved to be the tedious little brother. Anyhow, major progress has been made and it
still stands as a hot topic today, ergo why this thesis was written in the first place.

Due to the lack of supersymmetry in ABJM, that is present in SYM, one finds a rougher
journey in obtaining direct correspondence between the field/operator map. This could mean
that the spectrum for operators on the gauge side is different than for what is found on the
string side |120]. Interpolating between weak and strong coupling does in general become a more
difficult task, but still possible nevertheless. But as for SYM, the same field of interest has been
applied and elaborated on 28} (15, 81, 47, |1} 59, 66, |93]. Another interesting aspect of AdS/CFT
which has gained popularity over the years, is considering non-relativistic strings|83, 121]. Using
the framework of Spin Matrix Theory [79], it becomes possible to study decoupled BPS sectors
for different backgrounds given by the Geometry prescribed by pp-waves of AdSs x S° and U(1)
Galilean backgrounds as well.

The main idea of the thesis is to explore the general landscape of AdS/CFT and then specify
to ABJM. With the structure established, it should be possible to analyze previous work done
for N' = 4 SYM [83, [79, |80 78] and establish to some extent how this can be modified for
ABJM instead. The structure of the thesis goes as follows. In chapter 2,3,4, the foundation
will be established to know what language we speak in gauge/gravity duality. We briefly review
the build-up of AdS/CFT, which includes superstrings, type IIA and B SUGRA, T-duality
and M-theory. Then we motivate the conjecture through holography and give a dictionary for
translation between gravity and fields. Lastly, a deep dive is taken into the specific structure
ABJM has as a theory, to be able to use this for later chapters.

In chapter 5,6, both spin-chains and Penrose limits will be the main stars of the show,
since they become valuable tools for analyzing and interpretation in the upcoming computation.
chapter 7 introduces Spin Matrix theory and its connection to SYM, where we in the end twist
the story towards ABJM and find some new connections for the structure of the theory. chapter
8 is a more technical and heavy computation-filled part, where the calculations from [81] are
reproduced. One finds via a Sigma model limit and Penrose limit Landau-Lifshitz spin chains
models in the SU(2) x SU(2) sector. An extension of this sector has been calculated where
spin has been added. chapter 8 is devoted to the work of [80, 78], where the corresponding
partition function for ABJM is derived in agreement with known results [47, 32]. The last
chapters, chapter 10,11 are the main results found in this thesis, which extends the previously
known decoupled backgrounds in SMT [82], to AdS; x CP3, where previously known result show
up. We comment on how the geometry alters the computations and why the same truncation
from the maximal BPS-sector in the Super Yang-Mills case is not present in ABJM.



Chapter 2

From the Gauge/Gravity Cradle to a
Stack of M2-Branes: The Road to
ABJM

2.1 Pre AdS/CFT: Strings and Supergravity

Before arriving at the main entrance, we have to make a detour first to a more familiar landscape,
namely strings and supergravity, and then get a feel for they relate to each other. This will be
foundational for the whole buisness of the thesis and in general AdS/CFT

2.1.1 Superstrings, GSO projections and SUGRA

We start from a well known place, namely the familiar superstring. As it is known, going from
the 26- dimensional bosonic string, cutting down to 11 dimensions is possible by adding fermions
to theory via supersymmetry

S = —Z/d%(&aX“@aXu — i p Oty (2.1.1)

Here 1 is as usual the two-component Dirac spinor for for fermion, and p is the two-dimensional
representation of the Dirac matrices. By the addition of fermions, one needs periodicity con-
ditions on the left and right moving sectors from the EOM s 21}, [141]. This leads to what
is called the Ramond (R) and Neveu-Schwarz (N.S) conditions. Counting gives four types of
periodic conditions namely NS — NS,R— R,NS — R, R — NS. Consider now the spectrum of
the closed string, which also motivates the SUGRA-theory. In the process a problem will be
encountered when level matching is established. Depending on the choice of sector, part of the
spectrum seems to be projected out. To ensure consistency, including modular invariance and
the removal of unphysical states (tachyons), the GSO projection is applied on either NS or R
states. In the R sector, it enforces a chirality condition via the I';; operator, analogous to s
in four dimensions. The choice of chirality for the left- and right-moving sectors determines the
type of theory through the parameter s = +1: if both sectors have the same chirality (s = 1),
one obtains Type IIB (chiral) supergravity; if they have opposite chirality (s = —1), the result
is Type ITA (non-chiral) supergravity. We briefly go through the actions for both superstrings
and motivate the content through irreducible representations. Then we proceed to connect the
two sides via T-duality and in the end describe M-theory and branes shortly



2.1.2 Supergravity theories and different species

Since the late 70 s, supersymmetry has been used to construct various supergravity (SUGRA)
theories. Originally, the 11-dimensional SUGRA was constructed, which was shown to be super-
symmetric which sparked a vast amount of work in the field[44) 50} 118} 92, |70, |117]. SUGRA
has had its era of ups and downs, especially in the wake of the second superstring revolution due
to Witten [145]. We briefly review type IIA/B SUGRA, since it will be an essential underlying
frame for the entire theory and thesis

Type 1IB Supergravity

Let us start with the most classical type of SUGRA namely type IIB. Looking at the mass
spectrum results in the decomposition of the irreducible representations. The mass spectrum
transforms as a vector in SO(D — 2) as the Wigner little group. In 10 dimensions this is SO(8).
These irreducible representations are given by {1,8,, 8., 8,28,35,,35,,56.,56,}. The table
below translates into field content for the respective irreps. For SO(N), decomposing tensor
products into direct sums is given as N9 N = (3 N(N+1)—1)® (3N (N —1)&1. 1IB superstrings
have the following structure

(8, ©8:) ® (8, ®8.) (2.1.2)

The first term that will be common in both cases is the tensor product for the (NS, NS) sector
8, ®8, =1®28® 35, (2.1.3)
Specifying for the remainder of bosonic DOF from the R — R sector for type IIB gives
8. 8. =1d 28D 35, (2.1.4)

Lastly are the fermionic fields. They are found in either (or both) NS — R or R — NS, and for
IIB it is

8, ® 8. = 8, @ 56, (2.1.5)
Field content of type IIB supergravity
Field SO(8) representation content
Imn 35 metric (graviton)
C(o) + exp(—ig) 12 Axion and Dilaton
B(Q), C(Q) 282 two-form
Cu 35, self-dual four-form
)\%, 1=1,2 56" Majorana—Weyl gravitinos
Ao, I =1,2 87 Majorana—Weyl dilatinos

Table 2.1: Summary of the bosonic and fermionic fields in type IIB supergravity and their SO(8)
representations

The low-energy action for type IIB superstrings can now be obtained in the string frame,
using the direct sums decomposed from the various sectors, and using table (1.1), one builds the
SUGRA action from the components|6]

1

1 1
SiiB = By [/dloX\/ —9(672¢(R+ 4001 p0M ¢ — §\H(3)|2 - §\F(1)‘2_
10 (2.1.6)

ey 1~ o 1
S Fe” = 11Fe)] )—2/0(4)AH(3)/\F(3)

9



The factor in front is the ten-dimensional gravitational constant 2x%, = (27)7a/4. To get the
Newton constant one simply modifies with the coupling constant. The final part is to introduce
the fields composed in one-forms

Fpy = dCp-1), H)=dB), F) = Iz —CoHp),
. 1 1 (2.1.7)
Fay = dC),  Fis) = Fi5) = 500 N H) + 5B A )

Here the d is the exterior derivative, and further one must impose a self-duality constraint for
*F@ = F(5). This is added as a constraint on the solutions and not imposed on the action,
which leads to wrong EOM “s [127]. It is also worth mentioning the EOM “s which will provide
the metric that a stack of Dp-branes will provide by curving space-time. The general ansatz is

p
ds* = F(r) [ —dt* + Z dzﬂ + G(r) [er + r2dQ2D_p_2] v Cizyzy = C(r), e =1I(r) (2.1.8)
i=1

1=

It is a relatively straightforward exercise to determine the unknown functions by inserting them
in the EOM “s which produces

F(r)=H(r)"s, Gr)=H@E)", Cr)=1-H@)", Ir)=Hr)T  (219)
One obtains the characteristic harmonic function on the transverse space H(r) = 1+ 5

5—

and o = (4W)TPF(%)ZZ_pgsN. In the context of AdS/CFT, we consider the case D = 10
and p = 3. This will describe a stack of D3-branes curving a 10-dimensional spacetime with
resulting solutions being

3
ds®> = H(r)~'/? [ —dt* + Zdzﬂ + H(r)'/? [dr2 + r2dQ§], Cizyoy =1—H(r)™', ®=0

i=1
(2.1.10)
In this context, the harmonic function takes the value
H(r)=1+, o=dnllg,N (2.1.11)
r

This is a starting point for the original Adss/CFT, where Maldacena saw the connection between

open and closed strings|106]. For further elaboration see [Appendix H'|

Type ITA Supergravity

Similarly, one can construct an action for type IIA supergravity given the product representations
as done for type IIB. For type ITA the general structure is

(8y ®8.) @ (8, ® 8) (2.1.12)

As before, we can find the remaining bosonic DOF and fermion fields by considering the remain-
ing sector
R-—R:8, 58, =8,8556,, NS—R:8,®8;=28;® 564 (2.1.13)

Then as before, interpreting the SUGRA action via the irreps. an explicit expression can be

written ) 1
Sia= 55 [ / a0 X V=g (72 (R + 403190" 6 — S| Hy )
10 (2.1.14)

1o 1 o, 1
5l = 51 Fw —2/BAF(4)/\F(4)}

! An interesting sidenote: Type ITB SUGRA has a global SL(2,R) (Mébius) symmetry (not manifestly) and is
holographically related to the Montonen-Olive duality of N = 4 SYM|113]

10



One defines F(4) = dA@z) — Ay A Fiz). We will see below that the action can be obtained by
dimensional reduction of an eleven-dimensional supergravity that is unique in the sense that it is
the only (local) supersymmetric theory in eleven dimensions containing only massless particles
of spin < 2. In particular, it contains two bosonic fields, the metric Ga;ny and a three-form
potential A3y = Ayvrdz™ A dxN A dz't. This will arise in the context of M—theoryﬂ

2.1.3 The Bridge between A and B: T-duality

To make a full circle, string theory manages to connect both types of SUGRA theories|141,
21]. The idea is to consider the Minkowski background in R'® x S without any Kalb-Ramond,
Dilaton or other field strengths turned on. The circle comes from assuming X° = X° + 27 R.
Using this on the embedding coordinates in target space, a winding number appears through
X%(r,0 +271) = X°(1,0) — 2rmR, m € Z. As a consequence, the mass spectrum acquires an
extra term, depending on the sector of the form (% + 77—21%)2. Hence, T-duality can be stated
as the symmetry where momentum and winding modes can be interchanged k <> m. But the
caveat is M? should stay invariant. Looking at (% + %R)Q this becomes possible if we also

2
exchange R %ﬁ. It can also be shown that the chirality operators change signs under T-

duality, meaning that s — —s. The conclusion is that type ITA string theory on R'® x S with
radius R, is dual to type IIB string theory on R x S' with radius %. Physics on either type of
strings can be mapped to another since they are T-dual. It can be inferred that the target space
is not a fundamental property in string theory surprisingly, following this compactification of
one-dimension. This means that there isn’t a unique correct space-time since one can translate
between them which is a powerful implication. T-duality is just one of the few dualities used in
the realm of string theories. Famously S and U-dualities exist as well, but for the purpose we
just review the connection between type II A and B strings. To finish the story of string theory
and start the story of AdS/CFT, we consider the connecting piece; M-theory

2.1.4 M-Theory, M2-Branes, BLG and Near-Horizon Geometry

Whenever people talk about M-theory, some mythical beast seems to be thought of. The reason
seems to be that nobody understands its structure properly. A good way of representing how
M-theory relates to known physics is through the following diagram displaying the connection
to 11 d SUGRA and type IIA backgrounds Thus M- theory, depending on a low energy limit or

M-theory — type IIA string theory
S

! !
11D supergravity — 10D type ITA supergravity
s

compactification, can relate to either of them, or doing both, to a 10 d type IIA supergravity.
Originally M-theory was found to spit out a relation between the radius and the string coupling
constant after a Kaluza-Klein reduction also;

R/l = g2, 15 =gl (2.1.15)

Here R, is the radius associated to an extra compact dimension with finite coupling in units of
an eleven-dimensional Planck length [,. The relation is obtained by comparing coefficients from

2Foreshadowing BPS bounds, for type IIA theories, one can establish M > “2|W|, where is the central charge
of the supersymmetry algebra, A = ¢®/? is the ten-dimensional string coupling and c¢p some constant. One can find
soliton solution (black hole) of type-IIA supergravity with the required properties, mimicking the Kaluza-Klein

mechanism for the spectrum of BPS-states M = $|n|,n € Z|94

11



the action of low energy 11 D string theory and 10 D SUGRA.

In the context of this thesis, the center of attention will be on M 2-branes. There are various ways
to argue for the existence of them. Looking at the EOM “s of 11 D SUGRA magnetic and electric
branes are found, that exactly correspond to either M2 or M5-branes|107]. This can also be

seen from the SUGRA action containing a 3-form antisymmetric field Al(f’)k which couples to the

14

M?2 EL Prior to ABJM, what led up to the conjecture was a proposal by Baggert, Lambert and
Gustavsson (BLG) |15, 14} [71], that proposed M 2-branes and Chern-simons theories were dual.
The connection was established as follows. Consider first as motivation pure CS field theory in
2 4+ 1 dimensions The lagrangian contains 3-form field strengthsﬁ which seemingly implies that
the Lagrangian can be integrated over a 3-manifold. It preserves topological invariance without
needing a coupling to a metric. The moment such a theory couples to scalar or fermionic matter
fields, the topological invariance is broken, since the metric is needed to define the matter kinetic
terms and couplings. But, preserving conformal invariance remains a viable option. Theories
of this kind would prove to be crucial candidates when thinking of world volume field theories
on multiple membranes in M-theory. With this observation, the BLG program proceeded by
considering supersymmetries that M2-branes preserved. By introducing terms that are non-
linear in the scalar fields (mimicking interactions), a peculiar triple-product or 3-bracket was
constructed from cubic terms arisingﬂ As a consequence, after going through supersymmetry
transformations, a Chern-Simons term appears in the full Lagrangian, which is the first sign of
an interacting Lagrangian in quantum field theory not dependent on SYM-terms. Furthermore,
the desired structure of bi-fundamental and anti bi-fundamental fields has its origin in the
gauge transformations which fixes two separate terms one for each representation each at level
k. The cutting point happens at the level of supersymmetry where A/ = 8 fails at describing
an arbitrary number of M2’s. This establishes the N' = 6 supersymmetry which we discuss
in the next section. To establish a bridge from gravity to gauge fields, we first want obtain a
near-horizon limit that will serve an important purpose. It is through the brane construction of
ABJM that it was found to be dual to a stack of M2 s transverse to a C*/Z;, orbifold geometry.
In terms of an eleven-dimensional metric, this is best described by [95, 6]

ds® = H(r)"Y3(=dt? + da? + da3) + H(r)Y3(dr® + r?dQ3)

76 (2.1.16)
H(r)=1+—, L°=32n°NI), Fuy=—dtAdzy Ndeg ANdH(r)™"

T

In the near-horizon limit where r < L, the harmonic function can be approximated to

16 —2/3 4 16 1/3 12
<1+7ﬁ> ~ —, and <1+r6> :T—Q,

Which simplifies the metric to

h

7,4

d82 = ﬁ(

L2
—dt* 4 dx? + da3) + ﬁ<dr2 + r2d03). (2.1.17)

Recalling that the Anti-de Sitter metric in Poincaré coordinates can be written

2 L2 2 T2 W ..V
dshas, = ﬁdr + ﬁdx dx”nu,

3 Another way is considering a D2-brane [16]. Relating the coupling in SYM to type IIA string via g = %,

and writing the lagrangian for a non-dynamical field By, the EOM “s and [Equation 2.1.15|generate the lagrangian
for a single M2-brane

Los = (ANdA—ZANANA)
5The structure is the same as usual commutators constituting a lie algebra, this time only with three elements
[T, T% T°) = f3*<T¢ (this also constitutes a lie algebra)
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and using the transformation z = L3/2r? = dz? = L5/r%r?, the M2-brane metric in the
near-horizon limit can be found as
2

= e L 12 4 12402
—@I I'nuy'i_@Z"_L 7

1
= L? (4d8id54 + ds§7) : (2.1.18)

ds>

So it can be seen that a stack of M2-branes in a near horizon limit probes a geometry just like
D3-branes does. This will constitute the gravity side when ABJM is established later on.

2.2 Aspects of AdS/CFT and Motivation

Arriving at the front step, we must confront the conceptual landscape before actually getting
dirty with any calculations. Thus, we introduce The Holographic Principle as the leading guide
to the whole arena

2.2.1 The holographic principle and motivation for AdS/CFT

If we want to trace the origin of holography and for that case AdS/CFT, one must go back
to t "Hooft and Susskind in their seminal papers[85, 140]. Given some quantum theory, and
remembering thermodynamics with its third law, it is possible to relate the entropy S of a system
to the total number of DOF; Following t “Hooft, we first consider the Hilbert space dimension V.
Assuming a discrete model of boolean variables, for instance, n spins taking only two values, this
is regarded as sufficient. Entropy and boolean DOF are related by e5 = ' = 2"[85|. Bekenstein
and Hawking famously derived the bound that showed that entropy of a black hole[26], is
proportional to its area Spg = %. A is the surface area of the black hole and G is the Newton
constant. Further, it is postulated that the generic entropy of a system cannot violate S < Spg.
Combining the bound for entropy and DOF we can get the relation N < e Going to Susskind
[140], the world, which by default is taken to be 3-dimensional, is a lattice of binary quantum
DOF. For concreteness assume that the lattice spacing is the Planck length [p with the same kind
of discretized model. Thus, the number of quantum states in a volume V is N (V) = 2" n = le,
so n just counts the lattice sites in V. The logarithm of N (V) is the maximum possible entrop]gf7
so one obtains in the system log N (V') = % log 2. Combining with the previous bound we get

S <log(N(V)) = l‘;log2 (2.2.1)
Rather than being bounded by the area A, the largest possible entropy scales as the volume V it
seems. Above the Planck threshold, it holds that A <V amounting to a larger entropy bound.
Suppose that the entropy estimate holds. Then by our first bound, the dimensionality of the
Hilbert space describing the region is N ~ €. But, supposing that the region collapses to a
black hole, the total entropy has decreased to eic together with the number of states. This seems
to mean, that the second law has been violated. Thus the original bound Bekenstein proposed
must be valid. Concluding with the radical idea from t “Hooft, one can describe all phenomena
within V by a set of DOF which resides on the surface with area A bounding V. The DOF
should not exceed that of a two-dimensional lattice with approximately one boolean DOF per
Planck area. This leads to the interpretation that the world can be seen as a two-dimensional
lattice of spins. To sum up the holographic principle we can state:

Susskind—’t Hooft Holographic Principle: A region of spacetime with boundary of
area A is fully described by at most A/4G degrees of freedom
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Taking the holographic principle at face value, we are led to conclude that if we have a theory
of quantum gravity on some manifold M, the theory will be entirely determined by some other
theory living on the boundary dM, and the theories are said to be dual. This would rather seem
to be a good place to start if one would construct a theory concerning dualities between gravity
in bulk space-time and some more mystical landscape at the boundary. This would be the case
for AdS/CFT at least. If one tries to count the number of DOF per Planck area, it becomes
tedious since a CFT has an infinite amount. The solution is then to make a cutoff for the DOF
on the field theory side and compare to the bulk. Writing the metric in an approriate form with
singularities [ will amount to the UV} It can be shown that the entropy scales the same for
N =4 SYM in both the field and gravity theories, saturating the holographic boundE||3]

Another argument given by Polchinski [128] bypassing string theory has its ties to a no-go
theorem by Witten and Weinberg. As with so many no-go theorems, there always seems to be
a slick way out of things by going beyond the underlying hidden assumption. A great example
is the S-matrix. Going beyond bosonic symmetries, supersymmetry was realized, hence the
Coleman-Mandula lemma was beaten. Back to Witten and Weinberg, a No-go theorem was
established for a system of gravitons being bound states of gauge bosons:

(Witten & Weinberg): All theories with a Lorentz-covariant energy-momentum tensor,
such as all known renormalizable quantum field theories, composite as well as elementary mass-
less particles with j > 1 are forbidden

So can it be beaten one might ask. The answer is yes, but the idea is to realize that if one has a
gauge boson propagating through spacetime in dimension d, then the graviton will have to move
in one dimension higher, to circumvent the no-go theorem. As holography constrains entropy
to be most that of a black hole proportional to its area in Planck units, one gets that quantum
gravity in any volume is naturally formulated in terms of DOF on its surface, one per Planck
unit as well. Thus QG lives in a dimension higher than the gauge theory. One might ask what
this extra dimension is. There seems to be an interpretation in terms of Wilson Renormalization
and RG equations. Having motivated AdS/CFT as a consequence of the holographic principle,
establishing the general correspondence between fields and operators will be the next task at
hand.

2.2.2 The Correspondence

As the name suggests, AdS/CFT makes a connection between gauge theories and gravity as
prescribed by holography. But to translate between the two, objects of use need to be identified.
Since CFT “s do not have asymptotic states or an S-matrix, the natural objects to consider are
operators. Operators as it turns out are dual to closed strings or particles in the bulk. Further,
the mass of particles in the bulk is related to the conformal dimension of the gauge theory on the
boundary. We proceed to show this and further state how correlation functions of field theories
relate to partition functions of strings with diagrammatic interpretations as well.

6Singularities at 7 = 1 or z = 0 correspond to metrics ds® = R? [ - (%)th2 + ﬁ(dr2 + 'erQQ)] and

2 _ p2—dt’+da%+dz?

"What is meant is setting 7 = 1 — § and taking the limit § — 0 makes the field theory flow to the UV
8Using § as the UV-cutoff one finds that the entropy scales like S ~ N2§73
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Boundary asymptotics and Breitenlohner-Freedman bound

To relate mass and conformal dimensions, start by considering a scalar field dual to a primary
operator in the CF'T for an action toy model

1
S[¢] = -5 /dzddw\/—g(gm” i $Ond + m2¢?) (2.2.2)
The idea behind the action is splitting the integration up into a ”radial” coordinate which
in the Ads metric contains the z-coordinate, we associate this to some kind of energy scale

r = L; ~ . Now to continue we find the Euler Lagrange equations given as 8m% = %.

Using that £ = /—g(¢™0m®0n¢ + m?¢) and taking the appropriate derivative while also
reminding ourselves that the Laplace-Beltrami operator can be written as
1

)
g —g

Ou(V=99" 0,8) (2.2.3)

ﬁ

The EOM is just the Klein-Gordon equation (g — m?2)¢ = 0. It may be convenient to express
box at the boundary of the metric

1
Oyl aas = ﬁ(228§ —(d—1)z0, + anWa“a”) (2.2.4)
Doing a plane wave-ansatz for the scalar field ¢(z,z) = e?"®x¢,(z), and inserting this into the
KG equation one finds

22020, — (d — 1)20.¢, — (M*1> 4+ p*2%) ¢, = 0 (2.2.5)

The main interest will be to look for asymptotic solutions as z — 0. Surely in that case the
term p?z? becomes very small and can be neglected, leaving us with

2026, — (d — 1)20.¢, — m**¢, = 0 (2.2.6)
Assuming a power-law ansatz as a solution of the form ¢,(z) = 22 leaves us with.

220222 —(d—1)20.22—m? 1222 = A(A-1)22—(d—1)Az2—m2222 =0 = A(A—d) = m??
(2.2.7)
Solving the standard quadratic equation in A one finds two roots admitting the solutions

d d?
Ai = 5 + Z + m2l2, A+ > A_ (228)

The general solution can be written as a linear combination in the asymptotic limit ¢ ~ ¢oz>~ +
¢0z2+. Using the ansatz in the Poincaré AdS action, it may be written as

ldfl

S[¢] = ——— [ dzd%x

9 Sd+1 (228Z¢8z¢+ m2l2¢2) (2.2.9)

Splitting up the integral into some uv-cutoff and letting the second integral run, the integral
becomes [;° dzI(z) = [y dzI(z)+ [ dzI(z). This computation boils down to finding a dimen-
sional bound such that the integral is normalizable

ld_l €

d
S[(ZS] = _T o dZd $2d+1

(22(0.22)2 + m212:%8) = (2.2.10)

ld_l

_m(A2 +m252>/ddl’[2m_d]é (2.2.11)
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So in order not to get any logarithmic divergence in the integral, we impose that the bound
A > g, such that the integral is normalizable.

Consider performing integration by parts in the action

d—
Slel = L 5 : /dzdd:cdﬂ( 220020 + (d — 1)2$0.¢ + m212$?%) (2.2.12)

The ansatz we use here goes to next order, such that ¢(z, z) ~ Cre® + Cye”T2. Inserting this
into the action, expanding and doing some gymnastics, one may find the reduced expression

S[¢] = —0102/d ac/ dz(2d — 4(A + 1) — m212) 28— = (2.2.13)
1971 2d — 4(A + 1) — m?1? N
- 2(A_dll ClCQ/ddx[ZQA d+2¢ (2.2.14)

For the integral to be normalizable, the bound A > % must be satisfied. Requiring that the

square root in the solution for A must be positive, exactly gives the Breitenlohner-Freedman

bound
d2
m2% > ~7 (2.2.15)

in the case of the positive solution of A, . Note further that Ay > A_ aswellas A_ =d— Ay,
which implies that under boundary conformal rescaling x — 2/ = Az (same for z), the boundary
field ¢g)() transforms as

qﬁl(o)()\x) = lim (') 2 ¢'(#,2') = A7 lim 272 ¢(z,z) = /\d_AWﬁ(O)(x) (2.2.16)
z'—0 z/'—0

where we have used the fact that the bulk field is invariant under the AdS isometry. One can
infer that ¢)(z) transforms as a source for a primary operator with dimension A, leading
us to identify the boundary field ¢y (x) as a source for a dual field theory operator Oa, and
similarly ¢4 (x) is the VEV of Oa,. Turning to the other case, for (d —2)/2 < A < d/2, it
turns out that we have to identify the conformal dimension of the field with A, so on the overlap
d?/4 < m?? < d?/4 + 1, the identification of VEV and sources of the field theory operator can
be interchanged, thus modifying the boundary conditions of the problem. We make a summary
for fields and how they change in the case of N'= 6 Chern-Simons and N' =4 SYM

Mass-Dimension Relations
Field N =6 CS: m—A Relation | N'=4 SYM: m—A Relation
Scalars, massive spin-2 fields m?L? = A(A - 3) m?L? = A(A —4)
Massless spin-2 fields A=3 A=4
p-form fields m’L?> = (A—p)(A+p—3) | m?L?=(A—p)(A+p—4)
Spin—%7 spin—% |m\L:A—% |m|L=A—2
Rank-s symmetric traceless tensor (A+s—2)(A—s—1) (A —2)% —

Table 2.2: Mass-dimension relations in A/ = 6 Chern—Simons and N =4 SYM.

From Quantum Fields to Conformal Fields: GKPW

Even though Maldacena put forward the conjecture[106], it was not until a little while after,
that the realization of a ”precise” statement for the link between the conformal field operators

16



and the bulk gravity action could be stated. In the notorious paper of Witten[144], we get
the missing link for the partition function that binds the two sides. The generating functional
W4, for connected Green’s functions has the scalar ¢ ) in the bulk source the operator Oa of
composite fields at the boundary. Then the partition function in Euclidean signature for the
CFT takes the form

Zerr|do] = eVivol = <exp < / ddm(o)(:c)m) >CFT (2.2.17)

Moving to the bulk, gravity dominates so the expected partition function is the one for string
theory. But as it turns out, the partition function for strings is unknown. For the weak form
of the correspondence, a saddle point approximation is used to get the superstring partition
function Zgiring which is given by the low energy string namely type IIB supergravity. The
action is Ssygra[¢], which relates to connected Green’s function W[¢O] as

Wige] = Ssugral@]| (2.2.18)
lim, 0 (22 ~9¢(2,2))=¢(0) (2)

The story might be more involved than what is suggested. The On-Shell action for Supergravity
is flooded with IR divergences, and this needs to be taken care of as one does in QFT. To this
mean, holographic renormalization is used to cancel out whatever infinities might arise. Another
interesting pictorial aspect of AdS/CFT is that Feynmann diagrams have been substituted with
Witten diagrams, which we touch upon in the next section. But in the end, the starting point
for the holographic calculation of n-point correlation functions of composite gauge invariant
operators is done by taking derivatives to the sources of the connected greens function.

0SsugralPa,] |1imz~>0(ZA7d¢Ai (z,2))=00)a, ()
S 0)a, (T1)---090)A, (Tn) $(0)a,=0

(O1(21).-On(n)) cpr = (2.2.19)

With this under the belt, the natural progression is to establish how to organize correlators with
Witten diagrams.

Witten Diagrams: Feynmann Diagrams Imprisoned

As analogously for QFT, to compute correlators establishing a sense of propagation in the system
is crucial. The theory at hand is a bit different than the usual Feynmann rules, since processes
depend on the whereabouts in the space that is being considered. Whereas only different particles
had different propagators depending on their nature, one must also take into account the fact
that we have a conformal boundary where operators exist. The previous argument establishes
that the whole picture is governed by both bulk and boundary propagators. This is the root for
computations of holographic amplitudes in AdS;,1 space, that are dual to correlation functions
in the conformal field theory living on the boundary of AdS. Witten diagrams are represented
by a circle denoting the conformal boundary of AdS;i1 and the interior denoting the bulk.
Since the supergravity approximation is being used, we do not go beyond tree-level. The points
on the boundary are labeled by chiral primaries dual to the bulk field ¢(z), sourced by ¢g(2).
The solid line propagators that emanate from a source on the boundary to a point in the bulk
are called bulk-boundary propagators, and the dotted lines in the bulk (z and w) are called
bulk-bulk propagators. The vertices in the bulk are governed by the interaction terms in the
SUGRA action. As an example, take the vertices in (b) and (d) that arise from cubic coupling
terms.

The starting point is the euclidean AdSz,; metric ds®> = g—j(dzz + dpdatdx”). We want
to follow geodesic from boundary to bulk, and bulk-bulk also. To this mean defining a chordal
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Va, (#)

Va, (#)

Vs, (%)

(a) (b} (c) {d)

distance £ due to the isometry of the AdS space makes computations more convenient. We
define the length d(z, z;w,y) for a geodesic connecting the points (z,z,) and (w,y,) as

(w,y) /1 —
d(z,x;w,y) —/ ! ds = log (14-5152) (2.2.20)

(z,)
From this one can extract the chordal distance as

2zw

€= 3 TEmE (2.2.21)

The general method to compute these propagators[57] is to first find the terms containing the
bulk field ¢ in the action Sgygra, derive the EOM, and then compute the boundary propagator
G the EOM with appropriate source J. We see how this is the case for scalars, and comment
for gauge fields with S = 1 and tensor fields with S = 2 in |D] not to exceed the purpose of the
thesis.

2.2.3 Outlook

So far, we have established the underlying principles of what structures AdS/CFT builds upon,
plus what motivated the search for a duality. Over the years, countless applications have been
found in various fields to extend its use, and to maybe even gain observable quantities that can
give a clue about a phenomenological side to the story. Nevertheless, the search is still ongoing,
and the field is still evolving. From the cradle when N' = 4 SYM was subjected as patient zero
to the framework, other dualities have found their way to the table. We proceed to investigate
certain aspects of the AdS/CFT framework in the context of a newer duality dubbed ABJM.

2.3 ABJM: AdS, x CP? and N = 6 Chern-Simons

The road starts at a place in pure mathematics, where due to Chern and Simons [40], it became
possible to get a whole framework for multiple areas in physics. As always in physics, we are
interested in an action or Lagrangian. To that mean, consider a topological field theory in 241
dimensions, described by a gauge group G and level k. Written compactly in differential forms,
the celebrated Chern-Simons theory has either the following action or Lagrangian

Sos= [ Te(anda+ %A NANA), Lo = ke™PTr(A,d,A, + %AMAVA (2.3.1)

:4ﬂ. M p)

The domain of integration is over a topological 3-manifold M, a 1-form associated with the
gauge field A which also transforms in the adjoint representation of G. A rather interesting
feature compared to usual QFT s, is the absence of a metric, hence why the theory i called
topological. One is also led to question if the action is gauge invariant because it involves the
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gauge field A, itself, rather than just the (manifestly gauge invariant) field strength F),,,. Luckily
this is the case[51]. An important feature is to consider a gauge transformation that will have
a great consequence for the rest of the thesis. The gauge field and action transforms asﬂ

Ay = A% =g A9+ 971009, Les — Los —w(g)

ko, . . . ) (2.3.2)
w(g) = me“ pTI‘(g augg 8Vgg apg)u Ses —+ Ses — 8T°kEN

Under the gauge transformation, one picks up w(g) which is commonly known as the winding

numbeﬂ In terms of QFT s, for the path integral to remain gauge invariant, it must be required

that the level takes discrete values k € ZEL This will have a big influence on supersymmetry

for the theory which will become apparent shortly.

2.3.1 N =2 Chern-Simons action from superspace: A First Glance towards
ABJM

To go from the pure CS theory, we need to add fermionic degrees of freedom, which will come
through the vector and chiral multiplets.

V : {A}L7X7av D}a (I) : {¢7¢7F} (233)

For the vector multiplet, A, is the gauge field, x is the two Majorana spinors combined into one
complex spinor and ¢ is a real scalar and D is a real auxiliary scalar. For the chiral superfield we
have that ¢ is a complex scalar, v is the two Majorana spinors combined into a complex spinor
and F' is a complex auxiliary scalar. To proceed, one is in dire need of superspace formalism
The first attempt to construct such theories came from|[119, 12, 133, 90]. They
constructed it by considering (d,N') = (3,2) vector superfields can be obtained by dimensional
reduction from (d, N') = (4,1) vector superfields. Thus, N' = 2 Chern-Simons matter theory can
be obtained by dimensional reduction of SYM, besides the kinetic part of the vector multiplet
which is replaced by the supersymmetric version in the pure Chern-Simons lagrangian. One can
ponder what superspace action would do this, and in a very non-trivial way it can be chosen to
be [58]”

N
_ ko[t - Lo
SN2 = | & / d49{2— / dtTe[VD* (e "V D)) + > dleV '} (2.3.4)
T Jo i=1
The index i is a global U(Ny) flavor symmetry acting on ®. The trace is in the fundamental
representation for either U(N) or SU(N). Thus the generators T obeys Tr(T°T?) = 1§%. @

is a vector which is acted on by the representation R; of the group. This reduces in components
after integrating out the superfields, where for the kinetic part we get

1
Sé\‘[S:2 = /dgx/d49{2l:r/0 dtTe[VD*(e™ " DyetV)]
2
= 45 / Tr(AT* A dA“T® + ZA“T® A APTY A AT + 39x%6% 4+ D%b5%  (2.3.5)
7
k 2 3 _
=— [ Tr(ANdA+ -A° + xx + 2Do)
47 3

Here a € {1,2,...dim(G)} is the index related to the fundamental generators, such that as an
example A, = A}T“, and the same for the rest of the components in the multiplets. Focusing

°In the Lagrangian, one finds an additional term containing a total derivative —ke"?9,Tr(8,99~*A,), which
vanishes with suitable boundary conditions
10This is purely an artifact of the theory being non-abelian
k

171t is conventionally written with a factor =
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on the chiral field, we note that the covariant derivative is defined by

D" 4"} = 0u{¢", 9"} + S AL TR A" ') (2.3.6)
Using the covariant derivative, it is possible to spill out the superspace integral and get
Ny Ny ) )
/ d'0) @'V = (D¢ D"’ — infi "Dy — quiaaabTﬁiTEi@i + 5&D”T§fbi
i=1 i=1 (2.3.7)

1 i a . 7 —. . 1 —. o .
— 2G4+ —— HNOTL )t — )T Ot 4 R
2¢ sz \/§¢X Rﬂb ﬁ¢ R X ¢ )
T% ,a € {1,2,..dim(G)} are the generators of gauge group G in the R; representation and
furthermore AL = ATy, and so forth. By solving the EOM’s it is found that

Da:aa:—@&TgZ_w, FF:F=0F=0

a0 —a Am - " a a7 - i (2.3.8)
X" X \[k Tho', X*:x*= fk Ty, ¢

For the grand finale, after all the parts have been manipulated, we can combine and integrate

out the fields. This will in the end yield[5]

—. . —. . 2 — . —_ . —
SH5 = Ses + [ oD, DI — i Dy + 5 (6 Th ) (@ Th o) (3T, Th, o) 5o

+ T TR PTh ) + T (TH6) (G Thv9)

This concludes the case for N/ = 2 CS in superspace. But to be compatible with ABJM, the
theory has to be enhanced to A/ = 3. The trick is to replace the kinetic part of N' =4 SYM
with the trilinear gauge field and derivatives, which in return breaks supersymmetry to N = 3.
It has been argued, compared to the A’ = 2, that the enhancement requires adding an auxiliary
chiral multiplet ¢ in the adjoint representation to the vector. Additionally one must assume that
the chiral multiplets come in pairs in the conjugate representation of the gauge group forming
a hpyermultiplet

V:{AuaX707D}a Qb{ Qa)‘as}

(I)i . {(bi?wi?Fi}, (i)z . {(ZEZ,TZJZ,FZ}
The relevant action can be found in [59], where extra terms have been added corresponding to
the hypermultiplet contributions and a A/ = 4 superpotential Wx/—y = ®;¢0®;. The breaking of
supersymmetry comes from the Chern-simons superpotential Wy —3 = ——Tr(gZ)Q) By integrat-

ing out the superfields, the superpotentials can be reduced to a single term with dependence on
the Chern-Simons level

(2.3.10)

dr - -
W = —(&iT5,@:)(2,Tr, @) (2.3.11)

Using the same prescription as was done for the N' = 2 and going through rather lengthy
computations, an expression for the full action can be obtained [114]. This will set us up for
how to proceed when considering the construction of the ABJM action. For further details, one
can consult [89, (88} |90]

2.3.2 The Conjecture

N =6 superconformal Chern-Simons matter theory in 2+1 dimensions with gauge group U(N) x
U(N) and Chern-Simons levels (k,—k), referred to as ABJM theory is dynamically equivalent to
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M-theory on AdSy x ST /Zy, with N units of R-R four-form fluz Fyy through AdSy.The 't Hooft
coupling is given by \ = % and is related to the AdSy radius L and the eleven-dimensional
Planck length 1, by

L3 N\V4  \5/4 p2
— =A4A7V2kN =4A7kV2\, gs~ | = =—, — =471V2)\ (2.3.12)
3 k> N o

2.3.3 General aspects of ABJM

As it was teased in M-theory, what pushed the forthcoming of ABJM, was the previous work
of BLG an others [15] 14} 16, 13, |71, |5]. Looking at the conjecture, we lay out the general
structure and aspects of the theory to reach as many corners of both gravity and gauge theory
as possible. Starting as general as possible, both theories are controlled by two parameters, k
and N (where N is the number of M2-branes), which take integer values. These parameters
determine all other quantities like coupling constants and the effective string tension. Here 1/k
acts like a coupling constant. Considering the 't Hooft limit N — oo, where the t "Hooft coupling
is defined as A = % and is kept fixed, gives leading contributions of planar Feynmann diagrams.
In the language of A, this constitutes a continuous coupling. ABJM theory is weakly coupled
for A < 1 giving the emerging pertubative regime of A/ = 6 Chern-Simons. As the conjecture
states, ABJM is dual to M-theory on AdS; x S7/Z; with N units of four-form flux Flgy. In
the limit of large k one has roughly speaking that S7/Zy ~ CP3 x 51E making ABJM dual to
type IIA string theory on AdS; x CP3. This duality is valid for A > 1 and the type IIA string
description holds when k° > N. With these general remarks, we delve deep and investigate
both scenarios which will constitute the N'= 6 CS and AdSy x CP3 gravity.

The Superconformal Group OSp(4/6) and the algebra

Facing ABJM, one might find this duality to contain more peculiarities than SYM due to the
lack of supercharges. We start by Considering both global bosonic and fermionic symmetries
which can be encapsulated by the Lie superalgebra OSp(4/6)]147, 34]. The bosonic sub-algebra
is SO(6) x Sp(4) = SU(4) x SO(3,2). SU(4) x SO(3,2). This is nothing but the 3D conformal
algebra. It has 10 components, 6 of which belong to the Poincaré algebra which contains the
Lorentz group so(2,1) = sl(2,R) with generators M,,,,. Additionally, there is also the space-time
generators P,. The remainder is the dilatation operator D and special conformal transformations
K,. It is a standard exercise to derive the commutation relations, but they are just stated for
convenience in terms of spinor indices[34]

« « B «@
(K 'BvPM] - 45%7 6}] +46[75§}D [D, Pag] = Pap  [D, Kapl = —Kag  [D, Mag] =0 (2.3.13)
5 3.
[ME, M) =00 M2, [Mag, P = 03 Pyje — 02Pss  [Mag, Kos) = 03K 0 — 02K

Moving on, we have the SU(4) part of the algebra which contains the R-symmetry generators.
They are denoted as R’ where I,J = {1,2,3,4} and R! = 0. Thus the commutators of the
R-symmetry generators can be written as

[R[J,RKL] :i(él[LRK]J_(SJ[LRK}I) (2314)
Lastly, we have 2/\@ supercharges or fermionic generators QQo; and S,; whose conformal di-
mension is {1/2,—1/2}. This can be seen from the commutator with the dilatation operator
1

(D, Qar] = %Qab [D, Sar] = =551 (2.3.15)

12This is accomplished by hopf fibrating along a U(1) fiber bundle
13For N = 6 we have 24 supercharges indicating that supersymmetry has been partially reduced or broken from
the maximal case of 32
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Since they have fermionic nature, they obey anti-commutation relations and generate all the
bosonic operators as well

{Qar,Qps} =2017Pap  {Sar,Sps} = —2017Kup

2.3.16
{Qar, 887} = 2i(Map — €apD) — 2645 R1y ( )

Lastly, the only remaining commutators are the Poincare generators and the supercharges. They
will give us

1

(ML, Qq1] = 05, Qar = 500, Q1 [K*7,Qu1] = —idls)] o
) | 3.
(ME, S]] = 008k + 50857 [Pag, 7] = —id], Says

A nice way of categorizing the operators of the superconformal algebra, is by grouping them in
terms of the dimension of the corresponding operators. This can be put in a form of a diagram

~1 Kap
1 1
-5 st
0 M,z A Ry (2.3.18)
1 I
2 o
1 Pags

The left column represents how each operator raises or lowers the conformal dimension. Using
the oscillator picture, one can find relations between operators through the hermitian conjugates

(Pap)' = Kap,  (Kag)' = Pag,  (Map)' = Mo, D' =D

QL) = =St (S = —iQlm (Run) = Fry (2319
This means that if a superconformal primary state is considered, then { Kz, SI} will annihilate
the state and { P.g, QL } will raise the conformal dimensions of the primary to make descendants.
Finding unitary irreducible representations (irrep.), one faces the problem of OSp(N|4) being
non-compact, hence the irreps are infinite-dimensional, but this obstacle can be bypassed. Our
final goal is to somewhat classify a general notion BPS-operators in O.S p(6|4)EL This means that
there exist unitary multiplets that will obey certain inequalities specific to the superconformal
algebral47, |42]. Each multiplet can be described by the Cartan generators given by the vector
{A,s,7,q,p}. In total one finds three types of multiplets which are defined below

1
A>s+r+ i(q +p)+1 — Long Multiplet
1
A=s+r+ §(q +p)+1 — Semishort Multiplet (A-Type) (2.3.20)
1
A=r+ i(q +p) — Short Multiplet (B-Type)

We see that depending on the type of multiplet and the choice of spin and SU(4) Dynkin labels,
different BPS operators can be obtained. We list the possible choices and their BPS fractions
in the table below|[34]

1A finite dimensional subspace of states Vg called the (OSp(N|4), B) module (Harish-Chandra module), con-
sisting of B-finite vectors with respect to a maximal compact subgroupB C OSp(N|4), is enough to recover the
entire original state space V
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Type A Spin | Multiplet SU(4)r BPS
Long | >Ap+s+1 s Long [, q,p) 0
(A1) 7, q,p] 1/12
(A,2) [0,4,p] 1/6
A Ap+s+1 s (A,+) [0, ¢, 0] 1/4
(A,') [07 Oap] 1/4
(a,const.) [0,0,0] 1/3
(B,1) 7, q,7] 1/6
(B,2) [0,4,p] 1/3
(B7') [07 Oap] 1/2
Trivial [0,0,0] 1

Table: Multiplets of 0sp(6]4) and the quantum numbers of their superconformal primary, where
Ap=r+3(p+q).

Field and matter content

To follow up where we left for the N' = 3 case, we briefly state how things change. From the
brane-construction of ABJM, it is prescribed that CS theories arise naturally in the low-energy
limiﬁ Requiring parity invariance, one gets that the action must be of a product gauge group|5,
16]. In terms of CS theories, this corresponds to different levels for each gauge group (k, —k)
of the moduli spacdﬂ U(N)k x U(N)_g. Looking at the matter content, it can be recognized
that it has the structure of a quiver gauge theory with two nodes corresponding to the product
gauge groups, and arrows indicating bifundamental fields. The field contents consist of gauge

A, 6,9 i

7

v, ¢

Figure 2.1: Quiver Gauge diagram for ABJM theory containing Gauge fields {Aﬂ,flu} on the

nodes and matter fields along the arrows between nodes {Y¢, vd }

fields A, and A, transforming in the adjoint representation of the groups U(N); and U(N)_y
respectively. Then we have four complex scalars accompanied by the same amount of Weyl
fermions given by Y4, 14, A € {1,2,3,4}. Firstly, one identifies the N x N chiral superfields
containing the complex scalars A1, Ay. Same goes for N x N with By, By. They can be grouped
into supermultiplets of the SU(4) R-symmetry which transform in the 4 and 4 of SU (4)|E

Y= (A, A2, Bl Bl) vl = (Al Al B, By) (2.3.21)

The fermions are superpartners of the scalars so they transform in the fundamental and anti-
fundamental of SU(4) as well. The difference lies in the fact that scalars have conformal di-
mensions A = 1/2 and transform in the trivial representation of S O(3)El On the other hand,

15To be more precise, the brane construction of Type IIB string theory can have at most A = 3 supersymmetry,
but when generalized to U(N) x U(N) gauge group with CS terms at levels (k, —k) and matter in the bi-
fundamental rep. the theory flows in the IR to N'= 6 CS

16The discussion is more involved but can be extended to SU(N)g x SU(N)_j, as well

"Representations and dimensions of scalars and operators can be found in

8The SO(3) isometry is manifesting on the geometry side through S? C AdSy
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fermions have conformal dimension A = 1 and transform in spin 1/2 representation of SO(3).
As known from Klebanov-Witten theory|96] with the same structure, a superpotential must be
added to maintain the N = 6 symmetry.

W= Q%e“be‘ibTr(AaBdAbBb) (2.3.22)
which exhibits SU(2) x SU(2) symmetry separately acting on the A “s and B’s. Lastly, we have
in addition a covariant derivative D,, transforming in the spin 1 representation of SO(3) and
in the trivial representation of SU(4). with conformal dimension A = 1. We write the three
components as D, Dy and Dy according to the Cartan generator S of SO(3) with eigenvalues
(1,0,1) This should sum up the most important notions of the matter and field content.

The Action and additional components

Obtaining the action for ABJM was consequently done in the aftermath of its creation. Using
the BLG construction in van Raamsonk s product gauge formalism [142] |28] it was shown that
breaking the global SO(8) symmetry to SU(4)gr x U(1) g precisely achieved what was conjectured
to be the case for ABJM. The action can be separated into three main components accounting
for the full expression. Writing it as S = Scs + Smat + Spot, we will have a chern-simons
contribution, matter part and potential part, being the main sources of ABJM. Spilling them
out separately gives

1 . .
Scg = —iK / d3zd*6 / dtTr[VD* (Y Doe™) — VD (e’ Dye™V)] (2.3.23)
0
Smat = —/d3xd49Tr[ — ZaeVZEAY - V_\}Ae_vWAeV} (2.3.24)
Spot = L / PrOW(Z) + L / B9V (Z) (2.3.25)

It is worth mentioning the promoting features going from BLG to ABJM. First of all, the CS
action is unchanged, but the matter and potential action acquires additional terms. In BLG,
only a single chiral superfield is present whereas in the product gauge group languages, an
extra anti-chiral superfield W is present. The difficulty in the transition was giving up SU(4)
invariance in the superpotential, by splitting the BLG scalars into complex combinations of
bifundamental fields

Z' = X' +iX5 22 =X244X%, Wy =X3 X, owl = X 4 ix8t (2.3.26)

In the matter sector, one gets contribution from both Z and W as the promoting feature then.
For the superpotentials, there seems only to be a SU(2) x SU(2) x U(1) global symmetry. This
can be enhanced however by relating the normalization factors as K = % to SU(4)g. It can be
shown by combining the scalars as in the R-symmetry gains the symmetry enhancement.
Since the isomorphism SU(4), ~ SO(6)g is viable, the 2 + 1 dimensional theory has a N' = 6
supersymmetrylﬂ This will then be the building blocks for the full action. It is quite long and
hairy to get to the final expression writing out all the components of the superfields and so forth.

Nevertheless, in its full glory, it can compactly be written as

]

A~

A,A, Ay

w |

2i N,

S = Ll /d?’:v [EMVATr(Au&,A,\ + —ZAHA,,A)\ — A0 Ax —
4 3 (2.3.27)

— Te(D,YT)DPY — i Tr(¢ 'y Dyt)) — Vierm — Vios

YInterestingly enough, at levels k = 1 supersymmetry is revived to N = 8 for M2-branes in R®, while for k = 2
the space becomes RS/ZZ
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The fermionic and bosonic potentials are expressions containing combinations of scalar and
fermionic fields coupled to each other. They as well have the manifest SU(4) invariance. Writing
out the sextic bosonic and quartic mixed potentials one obtains

1
Voos = _ﬁTr(YAYjYBY;YCYCT +YivAviy By ly© 2.328)
Ay AV YOy ly Byl — 6y AV iy By vy Oy

i
Ve = =5 Tr(YAY 40 P05 + YAV Jope ™ 4+ 27 Y fapl” — 2y [y Pyityp (2.3.29)

_ GABCDYijYCWD . GABCDyAw’rBYc’wTD)

It has been mentioned many times by now, but the construction of the U(N) x U(N) CS
action accomplishes describing N coincident M2-branes at the Zj, orbifold of C* which further
solidifies the conjecture. The whole story can be accompanied by the brane configuration, which
is explained in |16} |5, [2]. The next step is to summarize the emergence of CP3 geometry
accompanied by type IIA strings in the k° > N limit

Geometry of AdSy x S7/7,

Going from the gauge theory side, the focus will be on gravity now. As it was seen through
M-theory and BLG, a stack of M2-branes on a Z;, orbifold of C*, give in a near horizon limit

1 32m2N
ds* = R*(Jdshas, +dsgry,), R =1 7]; = 47v/2\ (2.3.30)

Let us first remark how the orbifolding or quotient acts. If the S7 is defined as four complex
coordinates z; which satisfy the condition 3%, | X;|? = 1, then Orbifolding is implemente as
R-symmetry rotations for the scalars

2 — e2mi/k (2.3.31)

Using the quotient Z on S7 it can be interpreted as a S* hopf fibration over CP?. The circle
has a constant radius, where the orbifolding then decreases it. This means that the dsg7 metric
can be written as [5}, 62]

dX;dX; | X;d X2 1
dstr = (dy + w)? + dstps, dsips = i p; - + 2] p; il ;PP =ED X (23.32)
i=1

w is related, if considered as a one-form dw, to the Kahler form on CP3 and 4/ is periodic with
period 27. The action of Z; changes the periodicity of S' from 27L — 28 L. The regime of
supergravity is valid in the N — oo so the radius of S' in M-theory is % In the Nk > 1
limit, the CP?3 radius becomes large. On the other hand, the radius of dy becomes very small

when k increases, so the regime becomes k® > N@ and the theory essentially reduces to a

20For a more elegant geometric implementation, one defines z; = p;e'® where each angle generates an isometry
in terms of angular momenta J; = —i0y,, which can be related to {Ri, Rz, R3} with additional features [81]

21 Another way orbifolding can be implemented is using [2.3.31] on spinors which transform as ¢ —
e?milsrteatestea)/ky, with s; = +1/2. Demanding the chirality sum to be even >.;_,s; (mod k), only six
spinors are left invariant and break N'= 8 to N/ =6 (for k = 1,2, N = 8 still holds)

*2The radius of v in Planck units is of the order % x (Nk)%/k, so M-theory is valid when k° < N
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ten-dimensional background describing Type IIA string theory (supergravity) on AdS* x CP3
with the string frame metric, dilaton and field strengths

TS ) w1 (N2 3

ds“ =R (stAdSAl + dSCP3), € = m ? s F4 = gR €4, F(Q) = kd’)/ =kJ (2333)
The compactification to type IIA super string theory has N units of Fy) flux on AdS, and
k units of Fy) on CP' ¢ CP3. Furthermore, é4 is the unit radius of AdSs. The radius of

curvature for the string can also be expressed in terms of the t “"Hooft coupling R® = 25/271kv/\.
This turns out to have the same scaling for A\ as for ' = 4 SYM. With the general picture
established, it would be convenient to express the metric for both AdS; and CP? in terms of
angular coordinates (this will prove handy later).

AdS4 metric and parametrization:

Having established the general notion of the metric, it becomes straightforward to parametrize
the coordinates. Start by writing the components as

Zy = Rcoshpcost, Z; = Rcoshpsint
Zy = Rsinhpcosf, Z3= Rsinhpsinfcos¢ (2.3.34)
Z4 = Rsinh psin#sin ¢

Inserting each component and summing over it in ds? = Z?:o |dz;|?, will add the needed con-
tributions to obtain the metric

1
ds%qg, = — cosh pdt® + dp?® + sinh? pdQ3, dQ3 = Z(dQQ + sin fd¢?) (2.3.35)

Instead of S3, the geometry has a S? or rather a S hopf fibration over CP!. The AdS part
of the metric is in this context not changing, whereas the expression for CP3 space can vary
depending on the physical system considered. But this makes us able to write the near-horizon
limit as ]
ds® = RZ(ZdS,Zm& +dsgrz,)
R (2.3.36)
= cosh? pdt® + dp? + sinh? pd€23) + R*dsgr 7,

CP? metric and parametrization in Homogenous coordinates:
There is a freedom of choice when it comes to picking the CP2. Describing it can be done by

a coset space using the hopf fibration S” Z(i)» CP3 such that CP? = % Similarly this can

be described by another coset CP3 = Sé](%). For the first parametrization of the metric, it can

be found using[120}, |45]

01 ; .01
X1 = cos€cos Eeml Xy = cos&sin Eem?

(2.3.37)
1o % 1oy

6 6
X3 =sin€ cos 526 X, = sinésin 526

Using the formula for generating the CP? metric and inserting the elements will amount to
1

dst ps = d€* + ~ cos? &(d63 + sin® 01dad + cos? 61da3)
4

1 (2.3.38)

+7 sin? £(d63 + sin® fada? + cos? Oada?)
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This expression has its benefits for upcoming interpretation and can be used when considering
BPS-bounds for string backgrounds.

CP? metric and parametrization in Inhomogenous coordinates: Lastly, using inho-

mogenous coordinates, the amount of components needed to describe the metric is reduced by
considering ratios X;/X4. The coordinates are

X1/X4 = tan € cos aet™
X,/ X, = tan € sin asin(6/2)e'?
X3/X, = tan & cos o cos(6/2) et

(2.3.39)

For now, the full metric does not need to be explicitly written, but it will be used when consid-
ering transformations of angles in computations later on.

Isometries Having assembled all the parts, one can deduce that AdS; x CP? admits five
different Killing vectors for this background

A= —i0, S=—i0y, J1=—i0s,, J2=—10p,, J3=—i0y (2.3.40)
The last charge will only be relevant to the last mentioned parametrization of CP2, so we put
X as the angle associated too the charge. But these are the generators that make up the Cartan
subalgebra of the isometries. The condition for S” and CP? are both met by SO(3,2) and SU(4)
which as we already know was the R-symmetry and 3-dimensional conformal symmetry. The

charge A gives the space-time energy of a string state[ﬁ

2.3.4 Subsectors and Decoupling Limits for N/ = 6 Chern-Simons

Consider the letters in A/ = 6 Chern-Simons. The procedure is the same, but the weights and
Dynkin labels change. In the literature, different weights can be used, but they will amount to
the same physics, even though there might be a difference in the values of coefficients on the
chemical potentials. Using data from [97], tables can be arranged as follow

D_ Do D,
SO(3) 1 0 1
SU(4) (0,0,0) (0,0,0) (0,0,0)

Table 2.3: Weight of derivative operators in SO(3) and SU(4) representation

Yl w‘ll.j: Y271/}§:|: Y37w§i Y47wlj:

SU(4) (17070) (_17170) (0717_1) (0707_1)
Table 2.4: Weight of Scalars in bi-fundamental representation

YlTﬂ/)u Y;vai Y;ﬂ/ksi 7/)4i7Y4T

SU(4) (_]"0?0) (L“LO) (Oa]-v_]-) (0’071)

Table 2.5: Weight of Scalars in Anti Bi-Fundamental representation

Z0r the dimension of the corresponding operator on the gauge side
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YA7 Y/{ 77bz4:|:7 wTAi
SO(3) 0 11/2

Table 2.6: SO(3) weights of scalars and fermions.

Interestingly enough, depending on the use of SO(6) or SU(4), the weights will take a
completely different look. But using the following relation [r,q,p] — [¢ + 7 — ¢,q — p]lﬂ7
which in general is related to the Gelfand-Tsetlin Map|47], changing between weights in the
two representations becomes possible and equivalent due to the isomorphism between SO(6) =
SU(4). The supergroup OSp(4]2) will be the main frame, that is the maximal subgroup of
the full OSp(6]4) considered. From the geometry side of ABJM, a thorough analysis was done

—0

Figure 2.2: A specific choice for the OSp(6|4) Dynkin diagram, related to the SU(4) spin chain
in [110]

relating angular momentum generators to R-symmetry generators of SU(4) through orbifolding
of S7. The inequality for operators takes the form|[81]

Ag > mi Ry +moRy + m3Rs +myS (2.3.41)

The Cartan generators manifest themselves as R; for SU(4) while S is the Cartan generator for
SO(3). This can alternatively be written in the language of the angular momenta

Ag > n1J1 + nodo + ngJs + ngdy + nsS (2.3.42)

But this comes with the restriction Z?‘Zl J; = 0. Using the same prescription as for SYM, it
becomes a matter of systematically obtaining the subsectors. The problem can be solved in two
ways. Either constructing a matrix with Dynkin labels as columns and weights as rows and
then diagonalizing the matrix gives you the BPS-vector (mj R, maRa, m3Rs, myS) that can be
used to determine the letter content and spin group. Otherwise, reverse engineering by putting
restrictions on coefficients and generators will also work. An example is determining all sectors
with derivatives, which immediately gives S = £1. We summarize the result in the table below,
where BPS-vector, Spin group and letter content are presented

One can look at the type of operators appearing for different cases in the subsectorslﬂ An
example is the SU(2) x SU(2) sector which has been studied extensively. In later sections, we
review calculations that will show features chosen for the SU(2) x SU(2) sector involving finding

24The SO(6) representation has HWS [1/2,1/2,1/2] — [1,0,0]

25 A graphical way of representing the full BPS-landscape is using Dynkin diagrams, where blank dots are
bosonic roots, and those with a cross are fermionic. One can separate the root system so it admits the subsectors
obtained in this section. For supergroups, it is not unique how one constructs such diagrams, as it was considered
in [110]. Depending on the choice of root- system, this changes the diagram and corresponding Bethe equations
as well
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BPS-vector (m R, maRa, m3R3, myS) Gy Letter Content

(1/2,maR2,1/2,0) Vacuum Y1, Y4T
(1/2,0,1/2,0) SU(2) x SU(2) Y1,Y,! Yo, Yy
(1/2,1,1/2,0) SU(2) Y,Y), Y,

(1/2,0,1/2,1/2) SU(1,1) Y1,Y) ay

(1/2,1,1/2,1) SU(2/1) Y1,Y,, Yo, thay

(1/2,1/2,1/2,1/2) 0Sp(2) | Vi,V Yo, Y, vhuy 0l gy 0, Dy
(1/2,0,1,1/2) 0Sp(2]2) Y1, Y[ dur 01, Dy

(m1R1, maRa, m3Rs, myS)? SU(3[2) Y1, Y, Yo, Vi by, o0l

Table 2.7: Subsectors of the full OSp(6]4) group, with letter content, spin group and bps vector

a spectrum for operators on the string side. On the other hand, more extensive use will be done
with upcoming sectors when considering non-relativistic string backgrounds arising from Spin
Matrix theory in the last section. In the spirit of [81], we end the section by writing the operator
structure for specific and clean BPS—SectorsFE]

SU(3) BPS-Sector: A > Ry + Ry + R3 —» O =Te(YMBy... Z%By)xa,4,..4,, Aj =1,2,3
OSp(2(2) BPS-Sector : A > Ry + Ry + S — O =Te(YAY] yAv] . yAry] yy/ihr

OSp(4/2) BPS-Sector : A > Ry + Ry + Ry + S — O =Te(YAY] yA2v] . yAry] y/ihr

(2.3.43)
It looks strange why the two last BPS-sectors have the same looking operators, but we can
distinguish them by writing up their respective modulesPZ]

OSp(2|2) BPS-Sector : V = {D"} A1 2, D}tba, .}, V= {D} B2, D}vp, ,}

_ (2.3.44)
OSp(4]2) BPS-Sector : V = {D" (A, 5, B}), Dy, gy} V= {D1By, Divp,}

The barred modules live on the even sites, while unbarred on the odd. All superpartners to the
scalars have S = 1/2 as well. This was a taste of how the structure of operators looks when
restricting to certain charges in the BPS language. Later chapters will utilize this to a great
extent.

26Tn the table above, it seems impossible to determine the BPS-vector due to solving the set of linear equations
a=1/2,—a+b=1/2,—b+ ¢ = 1/2, which ambiguously gives both b =1 and b = 0. Either conventions are not
followed properly, or weights are off. Maybe having used SO(6) would have given more aesthetic BPS-vectors

2TThis is explained in about spin-chains
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Chapter 3

Peculiarities of AdS/CFT: The
Emergence of Spin Chains and
pp-waves

3.1 The Planar Limit: Here Comes The Spin Chain and Inte-
grability

A surprising result that came in the early 2000 ‘s presented a peculiar side of AdS/CFT. Taking
the planar limit when N — OCEL it was found that one can get a spin chain description by
interpreting the gauge invariant operators consisting of scalars and other letters as spin particles.
We set out to show how one might construct these types of operators which may differ depending
on the particular duality (for a detailed and brilliant reviews see [125| (126} 138]).

3.1.1 From Spin-Chains and operators to N =4 SYM

The first link between Spin chains and operators in N' = 4 SYM was found by Minahan and
Zarembo[111]. Considering operators of the form

O] = Y™ "L Tr(¢y, .7, (3.1.1)

The holographic dictionary states that ¢;, are scalars in the bulk of AdS. Many operators, most
notably chiral primary and BMN operators, belong to this class. Knowing the letter content, the
six scalars are defined as three complex ones namely {Z, W, X} along with their conjugatesﬂ
Knowing that correlators between such operators give conformal n-point functions. As it is
known, the dilatation operator (D) makes the two-point function depend on A, which can
receive corrections from higher loop orders in D. In pertubation theory, the dilatation operator
can be expanded in powers of the coupling constant|22, |24]

00 2
gym
D= ;_0: (16W2>D2k (3.1.2)

The sum denotes for k-loop order. As it was found, the one-loop renormalization can be cal-
culated by considering the two-point correlation function between in and out states with the
bosonic part of N'=4 SYM as the interaction part|111}|112]. Renormalized operators in general

The t “Hooft coupling for SYM is defined through the coupling constant in the theory X = ggmN where in the
planar limit A is kept fixed
20ne defines the scalars as Z = ¢1 +i¢ga, W = ¢3 +i¢pa, X = ¢s + ichs, where conjugates are with signs flipped
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are linear combinations of bare operators considered above. Choosing a particular operator basis
(’)Ren =7 g(’)B , one requires finiteness of the correlation function and gets Z. All renormalization
factors depend on the UV cutoff A and the t "Hooft coupling in the large-N limit. The renor-
malization factor determines the matrix of anomalous dimensions by extracting logarithmically
divergent pieces from it, giving the expression

az 4
- dlnAZ

(3.1.3)

To calculate this, one shows that contractions between flavor indices of the fields that arise from
the quartic terms, lead to defining permutation and trace operators. Once this has been found,
it is possible to renormalize all the relevant Feynmann diagrams via dim-reg in d = 4 — 2¢. The
computation is usually done in momentum space|l02| using a Fourier transform, which after
evaluating all relevant integrals arising from interaction pieces in the SYM action, will give the
anomalous dimension

R 1
=32 Z — P+ iKz,z+1) (3.1.4)

In all generality, P, ;1 and Kj ;11 could contribute to operator mixing, but this is avoided at
one loop level. Nevertheless, they are defined as follows P ;; is the exchange operator, and as
its name implies it exchanges the flavor indices of the [ and the [ + 1 sites inside the trace. Its
action on the d-functions appearing when contracting indices is

P 5J15Jl+1 5JL 5P 5Jl+15Jl

J

K41 is the trace operator that contracts the flavor indices of neighboring fields. Its action on
the d-functions is

Ky 8767007 0 67 = 671 6p,,,, 675" (3.1.6)

Facing the dilation operator, it commutes with the Lorentz and R-symmetry generators. Since
this is true for all A, all loop orders of Dy, are commuting as well. Hence, the Lorentz and
R-charges are preserved by the mixing[112]. It appears then that mixing only occurs between
operators with the same R-charges, Lorentz charges, and bare dimensions. From this fact,
closed subsectors can be found, where the range of operators is restricted to the weights chosen,
described by the Dynkin labels. Take for instance the SU(2) sector. It contains Z and W scalars
that have weights (1,0,0;1,0,0) and (1,0,0;0,1,0). But here comes the big twist. Looking at
D> for this sector, there is no contribution from Kj;,; since there are no conjugate fields for Z
and W. Thus, the SU(2) sector has the reduced Do

L
A
Lsye) = 32 Z(l — Pi41) (3.1.7)
=1

Amazingly this can exactly be interpreted as the X X X, /o Heisenberg spin chain
We make the identification between spin up and down states with the scalar operators. Looking

at vacuum defined as |0) = HL> = TrZ" one is led to identify the scalar Z with a spin up state.
Then excitations would be cases where operators Tr(ZZW...Z), such that W is a spin down
state. This idea extends beyond this particular case and can be analyzed while conjugate fields
are present as well as fermions etc. This has led to a whole business in AdS/CFT concerning how
operators and spin-chains interplay. For concreteness, various operators can be analyzed, but
we just mention some classical examples. Consider a chiral primary and the Konishi operator
defined as

Qum = Tr(pndm) — <hunTr(pon) and K = Tr(6ed) (3.1.8)
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Using an alternate form of Dy involving normal-ordering of traces of products between fields[22],
it can be found that the chiral primary is protected to quantum corrections Do Q,,,, = 0 while the
Konishi scalars take contributions Do/ = 12N . Using the pre-factor of the coupling constant
then amount to )

Ag =2 and A;c—2+m (3.1.9)
This process can be carried on for more complex operators containing either more fields or
rather being multi-trace operators. There is also a whole class of operators called BMN, which
plays an important role as we will see in the context of Penrose limits and pp-waves. For more
details, see [C| where the SU(2) Heisenberg spin chain and Yang Baxter equations are discussed
asserting integrability. An important thing to note is that there is a non-planar case to consider
as well which goes as 1/N? compared to the 1/N in the planar limit. In the N — oo, these
contributions can be neglected. But this is valid only when L << N. If L ~ N, then the
number of non-planar diagrams exceeds those for planar cases and this regime is broken. The
field of non-planarity is also considered extensively in the literature [22, [24, 25| Finally, it is
worth noting that Sigma models also appear in the context of spin chains. It was shown [99]
defining coherent states, that an action can be obtained in direct correspondence to the action
obtained by spinning strings on a submanifold of AdS5 x S°. Sigma models will also appear
later on related to spin-chains but in the case of A/ = 6 CS instead.

3.1.2 From operators in /' = 6 Chern-Simons to the SU(4) Spin-Chain

When considering operators in N' = 6 CS, one finds a significant difference in the composition
of operators compared to N = 4 SYM. As a consequence of the gauge theory and representation
U(N) x U(N), we have alternation for the matter fields on the odd and even sites in the trace
operators. This means that the general class of gauge invariant operators are constructed from
fields that transform in an alternating fashion in the representations (N, N) and(N, N)

O =Te(YMy) vAov) yAry) i (3.1.10)

The operator is of even length, and we will see that they correspond to (in the planar limit), spin
chains. The matter allowed on even and odd sites are the 4g+8F fields (YA, Y aq) for sites 20;+1,
and on the even sites, we can have any of the 45 4 8 fields (Yj‘, wé T) for sites 2[;. Finally, both
derivatives and field strength insertions can be acted onto the fields, but this will not introduce
extra sites. We can express this in terms of modules and BPS-operators. Considering the Dynkin
labels [A, S, Jy, Ja, Js], states that are 1/ 2—BPEE| are of interest. The highest-weight state can
be written for Y! as [J,0,2J,0,0] and for the anti-fundamental Yj as [J,0,0,0,2J]. Choosing
J = 1/2 exactly matches the weights in [97] giving {[1/2,0,0,0,1],[1/2,0,1,0,0]}. This makes
it possible to create modules, by acting with lowering operators, providing the 45 + 8 matter
fields on the odd and even sites

V={D"YA D"a}, V={D"Y], D"t} (3.1.11)

The scalars and gauge fields obey transformations corresponding to the product gauge group of
(U,U) e U(N) x U(N)

UN): YA = UuvAUt, A, - UAU" —iUs,U!

bt U (3.1.12)
UN):Y) = UY U, A, »UA,U'—iU8,U"

The bare dimension of the operators is L and one considers it a chiral primary if x is symmetric
in all A;, B; indices and all traces are zero. What will be interesting is when this is not the case,

3The condition A = J exactly defines a BPS-operator as we will see in decoupling limits and subsectors
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where operators pick up quantum loop contributions from the anomalous dimension. Going to
the dimension of operators, one can In SU(4) language express the dimension of the operators in
terms of the generic SU(4) Dynkin labels [r, ¢, p|, where we state the most important for ABJM

il

Dim[0,0,0] =1 Trivial representation
Dim[1,0,0] =4 Fundamental representation (3.1.13)
Dim[0,0,1] =4 Anti-fundamental representation

Considering the vacuum, it can be seen that operators of length L can be described as (Dim(1, 0, 0)®
Dim(0,0,1))®X = (4 ® 4)®L. The usual choice and convention for ground state operators is
|0) = T‘r(Y1Y4T)L, which is considered a 1/3-bps state since {Q}?, @13} annihilates (Y1Y4T)L and
is thus a chiral primary. It also has the weights of the considered Dynkin Labels, [97]. Then
building more complicated operators is just a matter of changing respectively on odd and even
sites scalars or fermions that coincide in the same module and introducing derivatives or field
strengths. As it stands, it might not come as a surprise that this description exactly fits spin-

1 lytyl 1y1
tr(YYjY Y/ Y'yjy Y4) o m

Figure 3.1: The single trace operator of (YlYJ)L can be interpreted as having spin-up states on
all sites, which is the lowest energy-configuration £ = A — J =0

1 2vivl 2y T
w (VYY) e @

Figure 3.2: Adding impurities such as {YQ,YST} alters the Energy with 0E = 1/2 for each
impurity, such that the vacuum is broken, seen by spin down states

chains in the planar limitﬂ After their original work for SYM in d = 4 [111], it was found in
the wake of ABJM, spin-chains and integrability should hold for the d = 3 CS case as well[110].
Using the vacuum identification found for operators, it so happens that the full ABJM symmetry
group OSp(6]4) is broken down to SU(2|2) x U(1) for the spin chain modelﬂ

Switching gears, we want to establish integrability and deduce what the anomalous dimension
for the system is. The same procedure lies ahead as the case for SYM. But this time, due to the
CS action, things turn out to be different. First of all, considering contributions to the anomalous
dimensions from Feynmann diagrams, it appears that the lowest loop order contributing to the
mixing matrix is at two-loop compared to one-loop in SYME This peculiar feature stems from a
difference in the quartic interaction in the SYM action whereas the bosonic potential has sextic
interaction terms (Y°) in CS. Going through the Feynmann diagrams in dim-reg again, the
anomalous dimension is found to be[54, 110]

)\2 2L
I'=-< > (2=2Pya+ Puto K + Ky Pus) (3.1.14)

i=1
Integrability for the spin chain is established with the R-matrix[55]. Defining the spectral
parameter v and using the mapping Rup(u) : Vo, @ Vi — V, @ Vj, gives rise to defining the matrix

Isee for details on SU(4) group

®Just to remind, the planar limit or t“Hooft limit is k, N — oo, A = & Fixed

SFor further discussion on the sub-groups of SU(2|2) x U(1) and different kind of exications, see [97} [58]
"The four-loop has also been considered as the next order [103}[104)

33



Figure 3.3: Feynmann diagrams in the planar limit contributing to mixing at two-loop for the
SU(4) spin chain. Only diagram (a),(b) and (d) affects the anomalous dimension[110]

as Rgp(u) = u — Py, such that it satisfies the usual YB equation (section C.2|) with additional
spectral parameter v.

Rap(u — v)Rae(u) Rpe(v) = Rpe (V) Rae(u) Rap(u — v) (3.1.15)

The twist to the story is that for SYM, the vector space considered did not have a U(N)j X
U(N)_j gauge theory associated to it. Taking into account that the fundamental and anti-
fundamental representations occur such that indices can mix as {ab,ab,ab}, additional R-
matrices are defined as R ;(u) = v+ K3 and Rg3(u) = w — Py;. This will add two extra
YB equations to the system, plus modified versions as well|110]. Defining appropriate mon-
odromy matrices, and solving the system of equations for the odd and even sited Hamiltonians,
given in terms of Bethe-like solutions, amounts to the same structure of the energy as it was

found in N =4 SYM
(Mu 1 My
E=X(Y 5+ 57 (3.1.16)
2, 1 2, 1
j:luj+1 j:lvj—i_Z

The conclusion is that this represents a SU(4) spin chain where, alternating on the odd and even
sites, letters transform in the fundamental and anti-fundamental respectively without mixing,
as anticipated from the structure of operators. Considering BPS-sectors, one can just as well

4
_ 1
4 4 i 4

Figure 3.4: SU(4) spin chain with bi and anti Bi-fundamental fields on odd and even sites

find such regimes, where the most notorious and well-studied example is the SU(2) x SU(2)
sector. Operators for spin-chains are considered of this form (following notation [58])

Tr(AilBlAigBlAigBl-'-) (3117)

These are chiral, but in general not primaries due to the existence of a superpotential in the
theory. Due to the sextic interactions between scalar potential one gets contributions to I'

1672

7Tr[(AlBlA2 — AyB1A ) (A1 B1Ay — Ay B1 AT (3.1.18)

34



The anomalous dimension reduces to the familiar one that was found for the X X X ;, Heisenberg
spin chain as in SYM, but with a twist. Consider sending By — Bs. This translation does not
affect the amplitude across the potentia]ﬂ hence it can be argued that there is a double structure
of what was found in SYM. Instead of a single SU(2) spin chain, one finds two decoupled X X X /
Heisenberg spin chains in the fundamental and anti-fundamental representation respectively,
living up to the SU(2) x SU(2) name. As a little teaser, this can be translated into a BPS
bound related to the anomalous dimension as

2J J
A—J= /\2 Z(l — _Pl’l+2) = )\2 Z(l — P2171721+1 +1- P21721+2) (3.1.19)
=1 =1

One can also study an infinite SU(2|2) chain as was done in [58] and. In conclusion, depending
on the specific duality at hand, outcomes from the spin-chain picture can vary significantly,
making it an interesting task to establish integrable models for AdS/CFT. A whole side to
the story which will not be touched upon, is magnons arising as spin chain excitations. In the
context of AdS/CFT this has been considered in various aspects of both SYM and ABJM (84,
08, 123, 81, 58} 65} (134} |101}, 105, 131]. We will see how the magnon dispersion emerges in the
next two sections for both dualities. As a concluding remark, it seems that the cases for d = 3,4
which are the established cases for SYM and ABJM are well understood, while d = 2 is under
construction. Beyond this, for AdSe 7 and other cases, integrability seems not to be an emerging
feature. This should nevertheless not discourage the study of these theories.

3.2 Penrose Limits and PP-waves

From the revolutionary work Penrose did in his famous work [124], it was quickly adapted in
the AdS/CFT field for extensive use. In this section, we look at a particular type of metric that
arises in certain decoupled theories when considering both SYM and ABJM. They are known
as pp-wave backgrounds. We will investigate and define the notion of a Penrose limit, which
essentially is a zoom on null geodesics in the space-time. The introductory part on pp-waves
can be found here |37, 35, 36]. Lastly, the spectrum of operators will be seen through the eyes
of BMN|[29] in the case of SYM and ABJM]|120]

3.2.1 Linearized gravity and pp-waves

Usually one talks about plane wave solutions when one considers the linearized Einstein equa-
tions. This is accompanied by adding a small pertubation to the flat Minkowski background
9w = M + hyy. Finding solutions to what is reduced to a wave equation gives transversally
polarised gravitational waves. Taking a specific solution in the (¢, z)-direction for instance, will
reduce the metric, employing light cone coordinates, it can be written as

ds? = 2dUdV + g;;(U)dy'dy’ (3.2.1)

This is a plane wave metric written in what is called Rosen coordinates. But more conventionally,
there lies a translation between what is called Brinkman coordinates and Rosen coordinates. The
metric can take on a more familiar look

ds? = 2dudv + Agy(u)z®abdu® + da? (3.2.2)

In Brinkmann coordinates, a plane wave metric is characterized by a single symmetric matrix-
valued function Ag(u). There is very little redundancy in the description of plane waves in

8exchanging A; and As across By and By and vice versa
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Brinkmann coordinates. Only a few residual coordinate transformations are left, which leaves
the form of the metric invariant. Lastly, the metric is specified almost uniquely by Ag(u). In
particular a plane wave metric is flat if and only if A,p(u) = 0. Why this is useful in the first
place, is due to Penrose as mentioned. That any space-time has emerging pp-wave, making it a
tractable feature to use when looking for null geodesics e.g. The physical origin will be explored
in the next section

3.2.2 Penrose limit and the emergence of pp-waves

Given a metric g, or a line element ds® = guwt?, one can consider the Penrose Limit for a
choice of null geodesic «, that amounts to a plane wave metric. One first writes the coordinates
adapted to v as

ds? = 2dUdV + a(U,V,Y*)dV? + 2b;(U, V,Y*)aVdY' + g;;(U, V,Y*)dY'dY? (3.2.3)

One then performs a set of coordinate transformation with rescaling rescaling (U,V,Y*) =
(u, A20, A\yx). Then the Penrose limit of the metric is defined as

ds? = ;ii% A2ds? y = 2dudd + gi;(U)dy'dy’ (3.2.4)

We recognize this as a plane wave metric in Rosen coordinates[36]. As a rule of thumb, one
can almost algorithmically get the Penrose limit by writing the metric into adapted coordinates,
set a,b to 0, and restricting g;; to the null-geodesic. Then readily it is a matter of translating
between Rosen and Brinkmann coordinates to obtain the wanted metric. Having established
this fact, we might want to take a step back and reflect upon the physical meaning of these
Limits for space-time. Penrose put it best into words himself.

We envisage a succession of observers travelling in a space-time M whose world lines approach the

null geodesic v, more and more closely; so we picture these observers as travelling with greater

and greater speeds,approaching that of light. As their speeds increase they must correspondingly

recalibrate their clocks to run faster and faster (assuming that all space-time measurements are referred

to clock measurements in the standard way), so that in the limit the clocks measure

the affine parameter x° along ~v.( Without clock recalibration a degenerate space-time metric would result)

In the limit the observers measure the space-time to have the plane wave structure W,
(3.2.5)
In other words, the Penrose limit can be understood as a boost accompanied by a commensurate
uniform rescaling of the coordinates in such a way that the affine parameter along the null
geodesic remains invariant. To implement this procedure in practice, we consider a Lorentzian
space-time with a metric g,,, choose some null geodesic 7, and locally write the metric in an
adapted coordinates z# — (U, V,Y*). If we use the Penrose prescription one starts by making
a boost
(U, V,Y*) = (AU, AV, YF) (3.2.6)

Trying to take the infinite boost limit A — 0 without recalibrating one’s coordinates(clocks and
measuring rods) seems to result in a singular metric. To avoid singularities arising, we rescale
again such that

(U, V,Y®) = (AU, AV, \YF) (3.2.7)

What is found is an asymmetric scaling that overall goes as

(U, V,Y*) = (U N2V, \YF) (3.2.8)
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This leaves our affine parameter U = v invariant. As before, it leads back to the coordinates
(U, V,Y*) — (u,\*D,\yx). The metric now contains the rescaling parameter ds% — ds?//\,
boiling the problem down counting and book-keeping. Making the last overall rescaling

ds? \ — A 7%ds? (3.2.9)
gives the metric in powers of A
ds* = 2dUdV + N2a(U, V,Y*)dV? 4 2Xb; (U, V, Y*)dVdY* + g;;(U, V,Y*)dYidY?  (3.2.10)
The combined infinite boost and large volume limit A — 0 results in a well-defined and non-
degenerate metric that provides again

3.2.3 pp waves as limits of AdS space-times

To narrow in on the the problem related to space-times in AdS we consider different pp-waves
emerging, from the classic AdS5 x S° and variations together with AdS; x CP3. Further, we
investigate BMN theory and see how strings and operators arise for N'=4 SYM and N' = 6 CS

The starting point: pp waves in AdS; x S° and BNM

Consider the trajectory of a particle that is moving very fast along S® focusing on the geometry
that it sees. Suppose it sits at the center of AdS, and rotates in S C S° along an angular
direction 1. Following Bernstein, Maldacena and Nastase (BMN)[29], this was realized starting
with the AdSs x S° metric

ds* = R?*[ — dt* cosh? p + dp® + sinh? pdQ3 + dip? cos® 6 + d6* + sin? 0dQT] (3.2.11)

One looks at a particle moving along the ¢ direction while being placed at p = 0 and 8 = 0.
The geometry near this trajectory will soon resemble a null geodesic. To do this, introduce light

cone coordinates &zt = # and then perform a rescaling of the coordinates w
r
et =FY, 2 =R%, p=-—, 0=2 (3.2.12)

R T R?

Taking the R — oo limit is exactly what the Penrose limit is equivalent to. Expanding around
the parameters in the rescaled variables amounts to

ds* = R*[ — dt*(1 — p®) + dr® + r2dQ3 + dy* (1 — 6%) + dy?® + y*dQF] (3.2.13)

By the new coordinate #* we see that —dt?> + di)> = —4diTdi~. The squared terms will
contribute via the light cone coordinates which can easily be seen by

dt =dot — —, dp =dzt + — (3.2.14)

Inserting this and keeping terms to the order of O(%) exactly gives
ds* = R*[ — 4dztdi™ — (y* +r°)(da™)? + di® + dif?] (3.2.15)

This is following the geodesic around p = 0 and 8 = 0 where y and r parametrize points on
R*. Equivalently, one can also introduce a mass parameter via transformations = — =~ /u and
xt — pat and parameterize to a coordinate 7 for points in R®, such that the metric takes the
form (as well as the fluxes)

ds® — 4ditdz™ — p? 22 (de)? +dZ?,  Fyiia3a = Fisers = cp (3.2.16)
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Generally throughout the next sections, we will be interested in BPS-bounds, motivating us to
understand, how the energy and angular momentum along v scale in the rescaling limit. Energy
is associated to time through E = i0; and angular momenta J = —i0,. The beauty lies in the
interpretation of the CF'T where the dual of the geometry becomes the energy and R-charge of
a state of the field theory on R x S3. Alternatively, we can say that £ = A is the conformal
dimension of an operator on R*. This will prove very useful when considering decoupling limits.
It is easily seen, if the light cone momenta and Hamiltonian are defined as

H=2p =i+ =1i(0 + 81/,) =A—J, 2p+ = %Z@Of = %Z(at + &p) = AR—ZJ,
From BPS condition |A| > J, the momenta are positive. Amazingly, considering a pp-wave
background, the quantization of strings yields a o-model that can be quantized, and provides a
light-cone Hamiltonian by expanding all fields in Fourier modes accompanied by a level matching
condition such that the total momentum of the string Vanishe&ﬂ

o0 2 o0
— | n
n=—oo p n=—oo

n is the Fourier mode label, while IV,, denotes the total occupation number of modes. A limit to
consider now is 1 < pua/p™, where it was found that the contributions of (A —.J),, for the curved
background are the frequencies of each oscillator. To build a bridge between gauge and gravity,
it is realized that the eight transverse directions in the metric are just eight gauge bosons in the
action. Similarly, the coupling to the RR-background provides the mass of the eight transverse
fermions. This can be utilized by employing the Hamiltonian to find the spectrum of operators
with finite A — J. To excite the particles, a vacuum must be considered first corresponding
to A —J = 0 given by a scalar operator |0) = Tr[Z”] which is a chiral primary. Vacuum in
light-cone gauge corresponds to

(3.2.17)

1

WTY[ZJ] <0, p4);c (3.2.19)

Where then normalization comes from combinatorics of field contractions. Now consider A —
J = 1 with eight bosonic and fermionic oscillators af), b),4,j € {1,...,8}. Applying the zero
momentum bosonic and fermionic operators gives for instance results in

J

> Mg 2y 277

=1

1

ag |0, py ). = VINI2H12

7 tiptj _
Tr[¢7,Z ]a Qg bO |07p+>lc - \/jNJ/2+1/2
(3.2.20)

With this procedure at hand, it enables one to build towers of operators for different values of
finite A — J in N/ = 4 SYM. Lastly, note that the two-point correlator, for insertions of fields,

contributes to the one-loop anomalous dimension

2rgNn?

A—J)y, =

(3.2.21)
Due to to insertion of impurities, operator mixing occurs giving corrections at one-loop level
under the dilatation operator. But [Equation 3.2.21|exactly matches the 1 < pa/p™ limit. It can
be seen that the spectrum is uniform for strongly and weakly coupled theories in A. Due to this
accomplishment, BMN became a celebrated framework. For this reason, ABJM went through
the same machinery. But as we will see, the spectrum might behave very differently for Penrose

limits on AdSy x CP3

9When only the n = 0 modes are excited then one reproduces the spectrum of massless supergravity modes
propagating on the plane wave geometry
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pp waves in AdS; x CP?

Through a Penrose limit, it was first after ABJM was established that the subsequent analysis
came. We elaborate on it and consider the differences to BMN on a AdS; x CP3 geometry.
Interestingly enough, the geometry admitted has 24 supercharges [120, 86] which breaks the full
32 which distinguishes type ITA and B backgrounds in the Penrose limitﬂ Starting at the type
ITA considered in [Equation 2.3.38 a null geodesic can be considered where p = 0,01 = 05 =
0,& = m/4 and further for convenience a new angular coordinate can be defined as b=+ @
This can be implemented as a Penrose limit with rescaled coordinates

t ot — P 2yi
+¢ v - r .:fN?J’ e="4 % (3.2.22)
R R 4 2R

Expanding the metric in 1/ R, and taking the R — oo limit, the type ITA metric is

- - ~ du?
ds? = —d*(1 =1/ R2) + dr? [ B2 4 r2dO3 2 + 5

_‘_1 1_y7§ d¢+1 1% do 1 1% do ’ (3.2.23)
AN 2 R) 2 R) -

+1<1_y§> <2<dy%+y%d¢%>) +1(Hy§> <2<d93+y%d¢%>>
2 R R2 2 R R2

In the limit, this will reduce to a light-cone metric

ds?; g = —4dzTdr™ — (r® + y2)(dz™)? + da T (—y2dey + y3dos)

S\ (3.2.24)
+ dr? 4+ r?dQ3(dyi + yiden) + (dys + y3dee) + dy3

The RR fluxes change accordingly. To get the recognizable pp-wave, defining new angles d;1 =
b1 — % and ¢o = ¢9 + % will produce a metric reminiscent of the Brinkman coordinates. We
can also express this in cartesian coordinates (z1, ..., zs)

2 2
_ +
ds%m = —4dxTdx™ — (7’2 + y2 + Lo ) 1 Y2 )(da:+)2

+dr® + 2 dO5(dy} + yidén) + (dys + y5dda) + dy?» (3.2.25)
4 8
1
_ tdp— § E 2 :
— —ddrtdr — <'_1x 1 - ) ) ~|—;(dwi)

The procedure follows the same framework as BMN now. The obvious detail with two repre-
sentations for scalars changes the light cone momenta as follows

iy = 3 N1+ M

(3.2.26)
_ Z N(l) / Z N 27T n2
with level matching condition
> NP+ NP =0 (3.2.27)

Dye to toroidal compactification, 8 of the supercharges are inevitably broken on the spatial isometry direction
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Stating the light cone momenta in terms of gauge theory quantities is crucial as we will see
in a moment. The bosons and fermions arise in the same fashion as excitations of the eight
transverse directions, but the impurity operators this time will be Tr(A;B;)” which is the chiral
primary with A — J = 0. An example of the type of operators are

J
1 |
On=—= > Tr[((A1B1) A1 By (A1 By)” ' Ay ByJe*™ ™/ (3.2.28)
2\/jl 0

For the anomalous dimension, the story does get peculiar. Computing the two-point correlator,
2,2

it was obtained that the leading order correction to the anomalous dimension is 5,(5 S = 4q? ];[2 T

Curiously, this does not seem to match what was found in the type ITA spectrum. This gives a

non-trivial dependence on the t‘Hooft coupling as was noted in [64]

4X2, N — oo
fA) = { 9 A0 (3.2.29)

What the cause is, still poses as a mystery. Some argue that it is due to the violation of
BMN scaling, others might say reduction to 24 supersymmetry generators is the cause etc. But
this poses a crucial difference compared to what what found in BMN. Nevertheless, it has still
proven fruitful to apply the formalism of BMN to ABJM through type IIA pp-waves. Later on,
we compute how the spectrum on the string side can be extracted concretely
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Chapter 4

Spin Matrix theory (SMT): A
Quantum Model of the AdS/CFT
Correspondence

4.1 Spin Matrix Theory: Quantum Mechanical Theory for AdS/CFT

So far we have been discussing the gauge/gravity duality in the Maldacena case, where one takes
two opposite limits and gets that massive stings curving d + 1 dimensional AdS space which is
conjectured to be dual to a d-dimensioal CFT at two different limits of the t "Hooft coupling,
usually taken in the planar limit N — oco. The link between this duality is interpreted in terms
of integrable spin chains, thus the integrability is the interpolation from going from one side of
the duality to the other. But what if we want the case when N < oo, then we need to start
revising our strategy. To interpolate between strong and weak t“Hooft coupling at finite N, must
consider new possibilities then. And the motivations for doing this are plenty [79]. Thus the
idea is to consider non-relativistic limits of the AdS/CFT correspondence in the grand canonical
ensemble, such that it corresponds to the approach of critical temperatures T" = 0. Here we will
let 0 denote the respective chemical potentials conjugate to the global symmetry charges. In
the original work for SMT, one considers N' =4 SYM, And the following limit is considered
C

(T,9) = (0,9)), X=0, with % Q_TQ() kept fixed (4.1.1)
This will give a simple spin chain with nearest-neighbour interaction, based on the fact that we
build our Hilbert space out of harmonic oscillators giving a non-relativistic quantum mechanical
theory. The idea is to go over the case for N' = 4 SYM and see if the same procedure can be
applied to N' = 6 Chern-simons theory. For details of the construction, see [79].

4.1.1 Spin Matrix Theory for ' =4 SYM

The framework developed has a gateway to N' = 4 SYM if considered at near-zero temperatures
critical points in the grand canonical ensemble. In this ensemble, a partition function can be
constructed with chemical potentials present, given by the bosonic subalgebra for the field theory.
It was previously established what generators are present given by the SU(4) R-symmetry and

SO(4,2) conformal group. The partition function is Z(83, Q) = Tr(e_ﬁD‘hBQ'j), with T = % and

the dot product for chemical potentials are given by a weight Q= (w1, wa, Q1,Q9,Q3) times the
generators j: (Sl, S, J1, Ja, Jg). This is obviously Q : j: w151+ waSs+ Q1R +QsRs + Q3 R3.
The theory is considered on R x S2 due to isometries of the geometry and groups as well. Like in
the case of renormalizing the conformal two-point function, it becomes the dilatation operator
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that is expanded in powers of the t "Hooft coupling A such that D = D+ dD. Working only up
to one-loop gives 0D = ADy + (’)()\3/ 2). To obtain one loop corrections, an explicit form of Dy
is needed, which luckily has been studied intensively for PSU(2,2(4)[22, 24]. Acting with Ds
hits two letters at a time in the singleton representation A of PSU(2,2|4). The product of two
singletons are irreps. V;, labelled uniquely by the quadratic Casimir. This gives

AR A=V, (4.1.2)

J=0

. Having asserted this, D2 has the following structure

1 .
Dy = = > b)) + TeWa, O] Wi, 0ws) - (4.1.3)
j=0
Here h(j) = i:l £,h(0) = 0 are the harmonic numbers, P; is the projection operator from

the product of singletons to the irreps. and W4, A € A represents all letters in SYM while
maintaining normal ordering. Amazingly, one can identify components between SMT and SYM.
Raising operators becomes letters az + Ws, Do can be interchanged with Hiy if J < j and
V7 < V; such that C; = 8%h(j),j = 0,1,2. The twist to the naive story is that it only
holds in a non-relativistic limit when A = 0. This restricts us to subsectors of the space of
operators simplifying matters. Using this, SMT has found many applications in non-relativistic
string theory, which we demonstrate later on. The essential features of ner BPS-limits will be
considered now

4.1.2 Near BPS-limit for subsectors and zero-temperature critical points

From the definition of the partition function, it becomes apparent that confinement/deconfinement
might happen considering certain bounds, such that the system undergoes a phase transition.
The zero-temperature critical points is defined as a continuation of a submanifolds of phase
transitions to zero temperature meaning (T,Q) — (0,€()). The critical points exactly corre-
spond to choices of weight-vectors for Cartan generators when obtaining subsectors for a theory.
By specific choices, the BPS-bound considered is given by D > Q@ . J for all operators while
there should still be some that saturate the bound. This will be the most crucial feature. The
discussion of spin matrix theory is long and can be extended to find SMT theories for subsec-
tors by appropriate use of the translation between Do, Hiyy and the respective representations.
Consider now raising the temperature. One encounters a singularity in Z(8, ) at Ty(g) then.
This is known as the Hagedorn temperature. This had already been analyzed for both ends
of coupling regimes in earlier works|78, |77, [80]. The resemblance between this and AdS/CFT
is evident in the planar limit interpretation of spin chains. This motivates the investigation of
how to extend the formalism to fit for ' = 6 Chern-Simons theories as well. We will see the
construction of the Free letter partition function later, but first, the first attempt at connecting
pieces from SMT to the structure in ABJM is done.

4.1.3 Spin Matrix Theory for N/ = 6 Chern-Simons

We proceed as for SYM and list the obvious differences. Constructing the grand canonical
partition function will be identical, up to differences in the bosonic subalgebra. The same R-
symmetry is present, but the conformal theory goes down a dimension SO(3,2). The weights and
generators are shortened to O = (w, Q,Q9,Q3,Qy) times the generators J = (S1, J1, J2, J3, Jy).
This is obviously Q- J=wS+0J + Qs+ Q3J3 + Q4J4. One can reformulate this in terms
of R-generators, but due to orbifolding, we have a translation between J; and R; by a linear set
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of equations. This theory now is considered on R x S2, due to one less DOF of S. The major
differences occur when we consider loop-order of D, since the first contribution Dy comes at
two-loop. Another major difference occurs when translating the singleton representations of the
theory. The global symmetry is now OSp(6[4) which tied to N'= 6 CS has both a fundamental
and anti-fundamental representation (N,N) and (N,N). This will in all give three different
types of ways, Dy can act on two letters (or modules) at a time. Following Zwiebel[147], the
tensor product of a conjugate pair of modules V,, and Vg has one highest-weight state for each
nonnegative integer spin j. Similarly, a like pair of modules has one highest-weight state with
spin (j — 1/2) for each nonnegative integer j. This gives the combinations

Vo®@V5=> Vi, Ve@Vs=> Vi Vi®@V;=> Viip (4.1.4)
j=0 §=0 §=0

The structure of the tensor products both accounts for nearest and next to nearest neighbour
interactions since the vector space is composed as (V ® V)L. The irreducible representation is
again labeled uniquely by the quadratic Casimir which in OSp(6]4) takes the form

1 - o
J? = é([Qij,a, 59— 2RER) + 2M;;M§ +4D? — {P,5, K*%}) (4.1.5)

Acting with J2 on highest weight states (HWS), this reduces to an expression in terms of Dynkin
labels

4

1 1 . 1

J2:2(D(D+3)+S(S+2)+3J11+2J22+J§’+2Z(JZ?)2> :2<D(D+3)
i=1

(4.1.6)
1

1 1
+s(s+2)+ Ja(a +2) + 7a2(e2 +2) +

: : 2p+aq+a)’—2p+aq+ QQ)>

D is the dimension and s is the Lorentz spin. The first expression uses eigenvalues of all diagonal
entries of the traceless matrix of R-symmetry generators, while the second uses the standard
SU(4) Dynkin labels

q=J5—J, @=J3-J5, @=Ji-7J; (4.1.7)

which satisfies the relation j(j + 1) = J2. With this in mind, we can write the full OSp(6/4)
two-loop dilatation operator

2L oo oo
. 1
Dy = Z <2 log2 + Z h(])PZ.(fil_l + Z (_1)]1+]3§h(]2 ~1/2)

=0 Jj=0 J1,J2,J3=0 (418)
X (Pz(]zlJr)l z‘(,Jz"ijl/Q)Pz'(,]z:izl + Pz’(ill),z’—&-Q z'(,]z:24:21/2) Pz‘(fl),iw) )

We see to some extent the same structure as in SYM, but this time, it becomes altered by
the SU(4) spin-chain picture. h(j) are still the harmonic numbers, and the projectors P come
from one of the tensor products combinations. But, the same type of one-to-one mapping is
not as triviaﬂ The terms in Dy can be summarized as nearest and next to nearest types of
interactions, thus the coefficient C; has to be split up into two pieces

1
Cj = Co+ CJ® 4+ CF N = (21og 2 + h(j)) + (—1)Jl+33§h(j2 -1/2) (4.1.9)

The author of [147] notes that it would be nice to have an expression for these projectors in components,
which are given for OSp(4/2) in appendix D
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This seems to be the only natural way of describing the coefficients of the interactions in terms of
SMT language. But the same problem is still facing us, as it was originally noted. N' = 6 cannot
be a SMT since it is a QFT. Following the same line of reasoning, it becomes only sensible at
critical points and BPS-limits, to consider the validity of SMT. No more work has been done
as of yet, but it seems like a possibility using the derived subsectors, to accordingly construct
an SU(2) x SU(2) (and the remaining sectors as well) spin matrix theory by right identification
and further elaborations.

4.2 Subsector in the string dual of N=6 superconformal Chern-
Simons theory

In this section, we go through explicit calculations [64] to show that in a large wavelength limit,
a specific spin chain namely the Landau-Lifshitz model emerges from a type IIA string theory
on AdSy; x CP3. Both a Sigma-model limit and a Penrose limit of the SU(2) x SU(2) sector are
considered. We infer from the letters, that this corresponds to the BPS-bound A > J; + Jso. It
will be apparent that the same picture emerges in the two cases. We extend what is known to
the same bound with the addition of spin

4.2.1 Sigma-Model limit

The starting point is considering the geometry of M-theory background AdS, x S7 as we know
it. In getting the SU(2) x SU(2) sector one can split C* = C? x C2. Each SU(2) correspond to
certain parts of our SU(4) multiplets, the first being for A; o which is associated to z; 2, while
B 5 is associated to z3 4. This motivates S7 to be split into two S3s giving the metric

§%, = -+ cos -+ sin : 4.2.1
ds? = db? 2(0)d03 2(0)d9,

After various manipulations of angle and definitions, one is led to consider an 11-dimensional
metric of the form

R? R?
dsty = —=dt* + ?(dﬂg +dQ) (4.2.2)
Using the definitions of the S3 s from [64], the final form of the metric becomes
2 R? 2 P2 o porlon2 1o 2

There is a presence from one-forms A = i(sin&ldgﬁl —sinfadgs) and w = i(sin@lddn + sinfade2).
To obtain a type ITA background, the prescription from ABJM states that the radius of dv
becomes very small. The term effectively drops out giving the ten-dimensional type ITA back-
ground

2 | 1
ds* = —detz + R, + 5d + (45 + )] (4.2.4)

Getting back to the sigma-model limit, the zoom we have to make to get a narrow window
of momenta, such that we will see individual magnon states in the spin chain, is given by the
coordinate transformations ¢ = %t and x =0 — %t. Defining J = J; + Jo and letting J — oo,
this precisely give us the correct SU(2) x SU(2) BPS-bound A — J regime. Using the coordinate
transformations one obtains a type IIA metric

1
8

L

ds®* = R? {(ﬁdﬂ dx + w)(dx + w) + 2

dQ3 + dg'g}
(4.2.5)

_ _ 1 1
— R? [Jthdx + J2wdt + w? + 2wdy + dx* + gd(zg + 8dQ’§]
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Consider now the standard bosonic sigma-model Lagrangian.
1
L= _ihaﬁc;waaxﬂang (4.2.6)

Apparently a good gauge choice is the one where ¢ = k7, py, = const, hap = 143 With 27Tl§px =
OL/00;x. Via the metric and gauge, one can write out the respective coordinates and retrieve
the full Lagrangian. The gauge choice makes h,g diagonal giving us two cases to Considerﬂ

2
ﬁ/“ = KkJ2O,x + KJ?wr + 0r X% 4 W2 + 2w 0 — X — WP — 2w, X
2
N2 _ pl2 20, N2 02y 2
+ z;(afel) 07 + cos?0;[(8,4:)% — 7] = (kJ? 4 OrX + wr)(OrX + wy) (127)

2
1
— (X +wo)? + 3 D (0:6:)° — 67 + cos’0;((0-¢:)” — ¢77]
i=1
We write w = w;dT + wsdo where letters with primes translate to derivatives with respect
to 0. Proceeding, one considers the Virasoro constraints. This is done by taking the energy-
momentum tensor and imposing conformal symmetry by traceless condition 7 = 0 (off-diagonal
elements contribute as well). In the case of the given metric, this becomes

1
Top = GupOaatdgz” — gnaﬁnémwaﬂ“aﬂ” = G 007" 052" — Nupl =

/<;J2d7'dx + JPw,dr? + kJ2wrdrdo + de + 2w, dTdy (4.2.8)
2
1
+ 2wy dody + w2dr? 4+ wido? + 2w wedrdo + < > " do} + cos®0;dg;
=1

Looking at the contributions one gets the corresponding Virasoro constraints.

2
1
Tyr = Gu0ra’ 0z’ — L = (0;x)% + (KJ? + 2w,) 00X + k2w, +w? + 5 > 0:67 + cos’0:0,¢; — L

i=1
2
1
Too = GuO-at'ora” + L = XlQ + 2wex + w?, + 3 Z 9;2 + cosQqub;2 + L
i=1

(4.2.9)
Adding the two diagonal elements, using the traceless condition will give us the first constraint

2
1 3 13
Too+Tyr = (J? +0rx +wr ) (0r X +wr) 4+ (X +we )+ 3 2(37-91-)2 + 91‘2 +cos?0;[(0-¢;) > + ¢z2] =0
i=1
(4.2.10)
For the off-diagonal element, the second constraint immediately follows

2
1
Tpr = 6J%wy + 2wowr + KJ2X" + 2w Y + 2we0r Y + Orx X + 3 2[6791'92 + c0820;0- ¢}
=1
2
2 / ]‘ / 2 /
= (5% + 0, X + wr) (X o) + 5 D_[0-0:6] + cos*0,0-01 5] = 0
=1
(4.2.11)

2We also multiply by % to remove as much redundancy from LHS
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These will prove handy. But first, our attention is directed to the momentum constraint. Explicit
computation shows

2 2

R R? 1
27l5py = OL/00-x = 7(/&72 +20-X 4 2wr) = py= W(i’“z +OxF+wr) (4.2.12)

Using an argument of time scales relevant to the energy scale of H one can consider in the
J — oo velocities of f to be finite. Thus 0,x = kd;x — 0. Using also that 2J = fozﬂ Dy

R*1 412
2J: gilﬁj — K = JRsz

(4.2.13)

This goes to zero in the J — oo as considered. Applying the limit we can reduce both the
Lagrangian and the Virasoro constraints such that terms with x and J with the same power

survive
2

2 161? . 2 1 [¥] 2 2
ﬁﬁ T R (X +wr) = (X +wo)” — 3 ;[91 + cos“0;¢; |
i= (4.2.14)
164 1<, o o
X +ws=0 e X twr) + g > 6 +cos®0ig; | =0

=1

The dot denotes the derivative with respect to . Further y is constrained by the angular
variables, such that we can gauge away the non-dynamical angle and get a gauge fixed Lagrangian

1 2

4

L= Twi - 5 S7167 + cos?0;0; ] (4.2.15)
i=1

In the end, we can obtain an action for the Sigma-model in the J — oo limit as, using also the

rltiné—#
elation pr = Gy

2 27
J s . i 2 2 2 2
I = = ;/dt/o da[sm O;p— 7 )\(91 + cos“0;¢; )} (4.2.16)
supplemented by a momentum constraint

2 2
Z/ do sinf;¢; = 0 (4.2.17)
i=1"0

this amazingly can be interpreted in the SU(2) x SU(2) sigma-model limit as two Landau
Lifshitz models added together for each SU(2). The LL spin chain is just a long wavelength
limit J — oo which reduces to the standard X X X , Heisenberg spin chain. What might be even
more amazing, is that by a Penrose limit of AdSs x CP3, we might find the same interpretation

4.2.2 SU(2) x SU(2) Penrose limit

Instead of attacking the problem at hand with a sigma-model limit we consider a Penrose limit
where through certain coordinate transformations and rescaling, a pp-wave background emerges.
Start by considering the CP3 x AdS, metric

2

ds? — %(_cosh%dﬁ 1 dp® + sinh?pd02) + R2ds2 ps (4.2.18)
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Writing the CP? in the following way will be useful

CoS edQ sin? 9

dsgps = dO” + QY + 4 cos? 0sin? 0(dS + w)? (4.2.19)
The one-form w is the same as in the previous calculation for the sigma model. In addition, the
same transformations apply for coordinates t and y. We group terms that go as dt’? together
and write cosh? p = 1 — sinh? p. Then the metric reads.

2 2 A
ds? = R—dt’Q(l — 4cos? fsin? 0 + sinh? p) + R—(d;ﬂ + sinh? pd€23)
4 9 ) 4 (4.2.20)
R2[d9? + Z= 202 + sin” ST 02 + dcos® Osin2 0(dt’ + dx + w)(dy + w)]

As noted before we still have the same conserved quantities in terms of killing vectors and
isometries, namely A — J = i0y and 2J = —i0,. The quantity A — J is of course the energy we
want to measure for the SU(2) x SU(2) sector. From this peculiar space-time, one might zoom
in to a null geodesic that corresponds to the SU(2) x SU(2) limit at hand. This will be done
by considering a Penrose limit of the metric. Introducing rescaled coordinates

R
v=R%Y, w=R(0- %), r=5p %=Rés yo=Rbs a=1.2 (4.2.21)
The Penrose limit is realized when the R — oo limit is performed which exactly corresponds to
zooming in on the null geodesic. The metric will reduce down to a type IIA pp-wave background
when the terms have been expanded to first (second) order around the respective coordinates.
This reduces the metric

1
ds* = Z dt”?(duy + 4r%) = + R—(4dr +4r2d92)

R? 4 R X (4.2.22)
R2[duj + dy} + dat + dy3 + dx3 + 2dt' (y1dey + yodas) + dt'dv]—5 7
The full calculation is a little tedious, but essentially it boils down to keeping terms that have

a % dependence such that they don’t vanish in the R — oo limit. If we define r? = 2?21 u?
and dr? + rzdflg = E?:l du?, the metric can compactly be written as

4 2
1
2 / 2292 2 2 '
ds® = dt'dv + ;_1 (du; — uidt™) + 3 ag_l(d:ca + dy; + 2dt'y,dz,) (4.2.23)

To accommodate the pp-wave on type IIA background, there is a RR-field strength unique to
the type of SUGRA theory as we know, which in these coordinates read

Flg) = dt'dus,  Fqy = dt'durdusdus (4.2.24)

Compared to the type IIB background that contain 32 supercharges, as we noted the type ITA
background only has 24. Proceeding, one picks the gauge

t'=cr, hap="nag (4.2.25)

Using the Lagrangian in we find

4 4

1 1

=3 E [(0ru;)? — " + Pl E YaOrTa + — TG [(0r2a)? + (Orya)? — 22 — /2] (4.2.26)
1=1 i=1 i=1
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The final goal is to obtain the spectrum, so we both need to determine the mode expansions and
the light cone Hamiltonian[ﬂ The relevant components at hand are u, x,y. Using the standard
Legendre transform and integrating over o, gives

1 o - 2,2 22 1 ¢ 2 2 2, .12
Hp = W/O da{ ; [(8ru;)? +u + 0] +16; [(0rwa)?+ (0rya)® + a2 +y2] ¢+ (4.2.28)
The spectrum can be retrieved by the mode expansion from the fields. It will be convenient to
define z,(7,0) = x4(7,0) + iya(7,0). Finding the EOM for w;, z is the last piece of the puzzle
before assembling. For wu; this is just a plane wave equation (92 — 92 — ¢)u; = 0. Doing a
standard plane wave ansatz in terms of raising and lowering operators given by

ui(7,0) ——ahe (o) (g )Tl (7o) (4.2.29)

\f neN
one can by the ansatz find from (Q2 — n? — ¢?)u; = 0 the dispersion €, = v/n? + 2. This can

similarly be done for z,(7,0), this time the EOM just changes along with the dispersion. One
finds

T 1 . .
Zi(T, 0.) — 2\/5627 Z a;zle—z(wnr—ncr) - (d%)fez(wm'—na) (4230)
neN Vv Wn

where wy, = 4/ % + n2. The mode expansions contain three types of raising and lowering oper-
ators in total. This will establish the following commutation relations between the fields and
conjugates and the operators themselves.

[7a(r,), ()] = 680 =), a0 pn (o = ibudlo =)
[ui(7,0),p;(7,0")] = 8350(c — o)
s @0)1) = iy, (@, @2)1) = i0unap, (050, (a)1) = G (4232

Using these relations, one can expand the fields in the Hamiltonian, and expand in terms of
dispersions and number operators

Hye = ZZWN%LZZ(VH#—)M‘%ZZ <\/+n2 >ij

i=1 neN a=1neN a=1neN
(4.2.33)

The number operators are defined as N/ = (af)tal,, M2 = (a )T e NI = (~“)L&% and supple-
mented with the level matching condition
2
> n [ZNTHZ M“+N‘l} =0 (4.2.34)
neN =1
As we did for k, the constant ¢ can be fixed via the constraint on the term that has been omitted

£0rv coming from dt'dv in the full lagrangian. Using 27l2p, = OL/00,v gives ¢ = 4lR‘] = o

where momentum conservation fo dop, = 2J was used. Using these pieces, the spectrum reads

s ST e S (e ()

i=1 neN a=1neN
(4.2.35)
3The Hamiltonian can be found via the Legendre transform
oL
He=—F—-0:2" — 4.2.2
1 8(&9:“)8 2t - L ( 7)
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We can connect the spectrum, to the spin-chain description we found previously by writing

A= \/% + %pQ, p? = 2mn/J, where p is the momentum of the magnons arising. One finds that
this is consistent with the sigma-model approach. The spectrum also corresponds to the result
presented for BMN operators on a slightly different Penrose limit in [120]. But the dichotomy
still stands with the gauge theory side as we saw. To end things off, a way to bridge the two
sides, is by looking at a large charge limit J — oo where the action

2

J 2\
I=—" dt'do |yiOpa; — =2 (22 + 2 4.2.36
16w2\/ﬁl§;/ [y ! 7z o ) (4.2.36)

The same structure will also appear in a different context of non-relativistic strings as we will
see later on

4.2.3 New sector: OSp(2|2) Sigma-Model limit

Picking up where we left the SU(2) x SU(2) sector, it should not be difficult to extend the BPS
bound such that we have a spin DOF included. One can use the same geometry constructed
as in the previous case; we only consider extra effects from S? C AdS,;. To zoom in, we take
0 = 7/2 and £ = w/4. This should correspond to a null geodesic in our sector. With this in
mind, we can write up the type ITA background for our 10-Dimensional metric

1 1 1
ds*/R* = — 7 (~ cosh® pdt” + dp” + sinh” pd®”) + [ng; + ng’§ +(dS+w)?]  (4.2.37)

Considering the same coordinates as before, we only need to adjust for our spin-parameter. This
is just the polar angle on the S? that transforms as ¢ = ® — t. The Hamiltonian and —id, are
the same, but we include an additional parameter for the new polar angle

H=J*(A-J-5), 2J=-id,, S=—idy (4.2.38)

We still want to preserve the 1/.J? scaling to be able to see the magnon states in the J — oo
limit. We see that the extra zoom is happening around ® = ¢ which is a null geodesic in the
metric. This probably corresponds on the field theory side to a chiral primary where A = S,
such that we get a connection to H. Employing the coordinate we write the type IIA metric as

1

1 - -
ds® = R* Z(azp2 +sinh? pdg(2J%dt + d)) + (J?dt + dx + w)(dx +w) + 2

1
dQ3 + §d9’22 (4.2.39)

If we consider the same Sigma-model Lagrangian and gauge as for the other BPS sector, with
the addition of py = const with 27rl§p¢ = 0L/00:¢ Then one can find the Lagrangian to be

2

2 1 3 3
ﬁﬁ = (Knﬂ + 0rx +wr)(Orx +wr) — (X,‘HUU)Q + ] 2(8791)2 - 91‘2 + COS29%'[(87'¢1‘)2 - ¢z2]
i=1

+(0:p)* = pi” +sinh® p[(0:0)° — (6)* + 260 ]
(4.2.40)
The Virasoro constraints can be directly copied and used again, this time we only need to add
the AdS-part to the diagonal and off-diagonal pieces

2
(RJ? + 0rx + wr) (O x + wr) + (X +ws)? + é D (0:0:)% + (6;)% + cos” 0;((0-i)* + o7
=1
+(0:p) + (ph)? + sinh? p[(0,¢)* + (¢')? + 2620, ¢] = 0

(4.2.41)
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2
1
(KJ? 4+ 0 x +wr) (X +wo) + 3 2[8791-92 4 cos? 0;0; ;) + (D7 p) pl+sinh? p[(0, )¢’ +2kT%¢] = 0
i=1
(4.2.42)
Using the standard relation for x found with p,, we can reduce the Lagrangian and constraints
to the following

2

2 1611 1 : : ,
e fglf (¢ +wr) = (O +wo) — ¢ ;li[ei +cos?0;¢; | — (p)? — sinh? p(¢')? + 26277 sinh? pgb
16[? 12 2 2 2 /\2 s 2 N2 272 o2 0
i (X + w7)+§ E [0, + cos“0;¢; | + (p')* + sinh® p(¢')” + 2k*J* sinh® p¢ = 0

i=1
/ 8l§ : 2 /
X +w(,+ﬁsmh pp =0
(4.2.43)
The gauge fixed Lagrangian, using the constraints, is now available to us

2
2 3 3 .
ﬁﬁ = w;—m2\ E [9i2+00529¢¢)i2]—(p')Q—sinh2 p(14+712\sinh? p)(¢')2+2k%J? sinh? pd (4.2.44)
i=1

The construction of the action is the same as for the sigma-model in the J — oo

2m 2

I= é df/o do [ Z[Sin Oié—wQA(922+cosg 0@;2)]—(,0’)2—1—% sinh? pd—sinh? p(1+72\ sinh? p)(¢’)2]

- (4.2.45)
The Action, as it can be seen, contains the previous Landau-Lifshitz model as expected, but
contains Wess-Zumino like terms given by hyperbolic coordinates from AdS. This Structure is
reminiscent of the coherent state representation of an integrable spin chain Hamiltonian with
symmetry group SL(2,R), which was also found in a sigma model limit on AdSs x S°[27]. As
for the SU(2) x SU(2) sector, this action will emerge once again in the spin matrix context of
non-relativistic backgrounds

4.3 Partition functions, Decoupling, and Hagedorn Tempera-
ture in AdS/CFT

On a thermodynamic level, systems in AdS/CFT can be regarded in finite temperature regimes
where confined theories undergo a phase transition to deconfinment states. Over the last two and
a half decades, intensive studies of this phenomenon have been performed with great advance-
ment. Usually, this is analyzed via free theory partition functions, since strong coupling regimes
break pertubative methods, making it harder to extract exact results. Through a logarithmic
partition function, Hagedorn temperatures occur at which point, in the standard setting[73],
hadronic matter turns into a quark-gluon plasma. This motivates us to study the same effect in
the context of the bulk scalars and fields of AdS/CFT. This is well established for N’ = 4 SYM
where numerous authors have contributed to the thermodynamic aspect [4} |139, 136} 146]. The
focus at hand will lie in applying the framework used in [80, 78, 74, |77, |76, |75]. The spirit is to
establish this for ABJM, since work on this was last done more than 15 years ago in this specific
context.

4.3.1 Subsectors and Decoupling Limits for /' = 6 Chern-Simons

Following the discussion from [80, [79], and defining the t “Hooft coupling to be A = %, it can be
established as was done for SYM, how decoupling limits emerge for N' = 6 CS. Firstly; the type
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of operators that are present on S? are gauge singlets. This gives all possible linear combinations
of the multi-trace operators for the alternating fundamental and anti-fundamental structure of
the operators

k

i) (i) i i)
[Tl BY..AY By (4.3.1)
=1

The quantum numbers associated are found in [2.3.40} If we wish to construct the partition
function in the grand canonical ensemble for U(N) x U(N) (or SU(N) x SU(N) we can write

3
Zyn(B,w Q, Q,Q3) = Traglexp(—BD + BwS + B> Q)] (4.3.2)
i=1

The factors in front of generators will be chemical potentials analogous to the construction in
statistical mechanics. To get to the point of decoupled theories, we set the chemical potentials
to be equal to the same parameter such that (w,y,Q9,Q3) = Q(n1,n9,n3,n4), here n; are
real numbers and Q € [0, 1] (this can be done in the language of J; as well). For Q — 1 we
approach critical values of the set of chemical potentials. Employing this and defining a charge
J =n1S + noJy + ngJo + ngJ3, we write

Zan(B,wr, w1, 1, Qg, Q3) = Trpg[e PATAY] = Ty [eAA—))-B0-D)) (4.3.3)

It becomes clear that in the limit, a decoupled theory appears, where the contribution purely
comes from A — J. In genergal, the dilatation operator can be expanded in powers for small A
such that A = Ag+ AAy+ A2 A3+ .... The coupling only enters through the dilatation, thus for
each term we take into account, e another loop-order is considered. We will look at two cases

Zn—on (B, w1, w1, Q1, Q, Q3) = Trpy[e AP0 H=A0=2))
4.3.4
Zy N (B, wi, w1, 0, Q2,Q3) = Try [e_ﬁ(DO_J)_mDT’B(l_Q)HﬁO(A%)] 0

In the case of no interactions, we restrict to choices such that Ay > J from the choices of
(n1,ne2,n3,nq). Letting § — oo all states with our chosen condition will decouple from the
partition function. Avoiding total decoupling, it is demanded that our choice of the integers or
half-integers must satisfy, that some states obey Ay = J. To get a non-trivial partition function,
we keep (1 — Q) fixed in the § — oo limit. This enables us to write ZN(B) = TJrM[e*fBDO],ﬁ~ =
B(1—9). Considering N' = 6 Chern-simons, D5 corresponds to the two-loop[147, [109] dilatation
operator, while still demanding the same from the A = 0 case. To get a non-trivial interaction
the only term needed is S\. Hence, in the § — oo limit we find

~ ~ A
g — oo, p=p(1-0fixed, = . Qﬁxed, N fixed (4.3.5)

This will give us ZN(B) = Trys [e*ﬁDOJ”\D?], bringing us close to the zero temperature, {2 = 1 and
zero coupling. The following remarks may be good to sum up now. Higher loop terms for n > 3
in the dilatation operator will be negligible in the considered limit. Further, no assumption on N
has been made. This indicates that it works out in finite cases, and Z N(B) will in the decoupled
theory depend on A, N, 3. Lastly from our choices of n; this will mean that (T,) = (0,1) is a

critical point or rather (T, w, 1, Q2,Q3) = (0,n1, 12, n3, N4, )

4.3.2 Partition function for ' = 6 Chern-Simons and Hagedorn temperatures
in free theories
As it stands, Thermal partition functions have been considered in the literature for ABJM. We

review and state known results at tree level and two-loops with no chemical potentials present.

o1



Other authors have via exotic techniques been able to obtain compact expressions for the ABJM
partition function [91 129, 38]. What we face, is the case where Z turns on chemical potentials,
making it possible to derive the letter partition function such that it agrees with the result in
[47].

Tree level and two-loop with no chemical potential for A’ = 6 Chern-Simons

The tree-level Hagedorn was first found in [120]. Considering the weak coupling limit £ — oo
on S' x S?, one proceeds by writing the free action of two copies of Chern-Simons terms. The
partition function can be expressed as a matrix model in a plethystic exponential

7z / (U [dV] exp [i %zn(x)(trU"trV_" 0 (4.3.6)

n=1

The single particle partition function z,(z) = 4zg(2") + (—)""*4zp(2") is given by bosonic and
fermionic single particle versions

X 1»'1/2 X
ap(a) = (1:)2 2p(a™) = (1(_1;)2) (4.3.7)

The temperture enters as z = e~ ?,. In the large-N limit it is stated that the Hagedorn singularity
can be found by z1(xz) = 1. This gives

42z + 2V (1+3) . 1 1

o6 T=——"" & Ty= ~ 0.283648
(1— )2 17+ 12V/2 7 10g(17 + 12v72)

(4.3.8)
This is the tree-level Hagedorn temperature Ty. Extending on this, one must consider loop-
corrections in the dilatation operator at two-loops. It was shown in [123] how to obtain an
expression for < Ds(x) >, which was found to be

(1+ /1)?
< Dy(z) >= sﬁm [Vz+2+4(1—-6yz+z)log(l — V)] (4.3.9)
With this result, and taking the limit A — 0 and N — oo, the partition function Z of ABJM
on S? is given by a simple expression
— 2 = 2 < Dy(x) >=223(V2 -1 4.3.10
T = 5 < Dalmn) >= 22 (2~ ) (4.3.10)
Hagedorn has also been considered on the string side, where pertubation theory and the use

of Quantum spectral curve (QSC) has proven usefu]E]7 in the context of ABJM, where corrections
to higher loops were computed [52].

Constructing partition function with added chemical potential for ' = 6 Chern-
Simons

Going beyond what has already been done, consider a partition function in the grand canonical
ensemble with chemical potentials turned on. Following [47] we look at how characters give the
emergence of the single particle free field partition function. The starting point is Superconformal
Characters with SO(2N) R-symmetry for ABJM. It is specified to work in N = 3 such that
characters for unitary irreducible representations of the conformal group are in three dimensions

4See [83]182] for application to Hagedorn for SYM on AdSs x S°
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SO(3,2) and have SO(6) manifest R-symmetry. For arbitrary N this can compactly be written
as

(N,B,+) _ () , ()
X(%;O;%7”.%7i%)(sax7y) - Dra0(37x)X(%;D;%V”%’i%)(y) + DD1<37 x)X(%,O,%,%,:F%)(y) (4311)

This is composed of characters for the free field representations of SO(3,2), and the Di and Rac,
singleton representations. The terms can be expressed as
s+ s s?(x+ a7t
2.2 55y Doi(s,7) = 2(2 )2 )
1—s222)(1 — s?2x72) (1 —s222)(1 — s?x72)

DRac(s, ) = ( (4.3.12)
The expression for the characters of the 3d conformal representation turns out to be 1/2- BPS.
For ABJM, we restrict to N = 3. The field content is already known to us, but it is worth noting
how scalars and fermions transform in the + states of (3, B, £), which can be seen in the table.

Field | A | SO(3,2) rep. | SO(6) rep. | U(n) x U(n) rep.
o 2] R | OLD [ (NN
1/}1 1 Di (%’%a_%) (N’N)
®2 3 Rac .41 (N,N)
(P 1 Di (%7%a_%) (N’N)

The character we consider is a trace of what will be interpreted as fugacities to the power of
Cartan generators. For free field theory, the single particle partition function is then given by

2D_2Js, Hi, Ha Hs Li  Ln Mi M,
Zree(S, T, Yy, u, v) = Tr(s* z*By; yy 2ys 2 uy ™t uy o) o, ™) (4.3.13)

In the context of the letter partition function, contributions from u,v will not be considered.
The trace can be expressed in terms of a function given by the characters for (3, B, +)

ZFI“BG(va7y) =f+(5,ﬂs,y)+f_(8,a:,y) (4314)
where N
fﬂ:<37 Z, y) = XE%;’O;%,.?.%,i%)(S’ Z, y)
3
= (y1y2y3)¢1/2(;yf1 + (y1y2y3)i1)DRac(S,x) (4.3.15)
B
+ (y1y2y3)i1/2(2yf1 + (y1y2y3) ') Dpi(s, 7)
=1

The expression for the partition function can be factorized nicely which will motivate what terms
to include in the letter partition function later on. In the latter, we will make the substitution
to new letters, such that we are in accordance with [80|, giving (s, z,y) — (z, p,y)

4.3.3 Letter Partition Function for N =4 SYM on R x S

To motivate the following calculation, it might be insightful to first state what is known. Consider
the partition function for N =4 SYM on R x S in the presence of non-zero chemical potential
for R-charges of the SU(4) R-symmetry and the Cartan generators of SO(4) group on S%. A
method to attack the problem is by spherical harmonic expansion where we expand each field
and associate its spherical harmonic to it. There are 3 parts of this calculation before we can
add everything up. Partition function for scalars, vectors and fermions has to be considered.
It is worth noting that one does not do this for Cartan generators of SO(4) but splits it up
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into SU(2); x SU(2). The detailed derivation can be found in [Appendix B| Using the letter
representations that dictate the spherical harmonics on S2, will contribute to the overall letter
partition function which in all its glory is

:w

3
z(z,wj, yi) = —2ePM) (1 —ze ™) H(z —2") Y (m+y !
=1

k:l
+ 222 [1 + 2 cosh(Buwi) cosh(Bws) — (cosh(Bwy) + cosh(Bwy)) + 22

) - (4.3.16)
+ 2Yjz:2 cosh[ﬁ(w] —x cosh[ﬁ(%)]
+ 2V cosh[ﬁ(%] —x cosh[ﬁ(wl;wn] }

4.3.4 Letter Partition Function for ' = 6 Chern-Simons on R x 52

We proceed to compute the letter partition function and derive the same expression as
Considering the Symmetries, we include the SO(3) group on S? with an effective spin S. Oth-
erwise, one obtains the same as for SYM. The exponential parameters involving temperature,
spin and R-symmetry can be defined as

z=eP p=e™ yi=ePYi=1,23 (4.3.17)

We proceed to motivate and argue for the structure of R-symmetry generators and then use it
when computing the different contributions from scalars and fermions

R-symmetry Chemical potential and structure

To motivate why given a non-abelian group, one introduces chemical potentials to the maximal
abelian subgroup(146, 100]. Consider a system with a Hamiltonian H and internal symmetry
group G. Assuming G is a semi-simple and compact lie group makes it possible to write the
elements as exponentials. Defining a unitary operator U(g) gives a way of defining the partition
function (8, g) = Tr[U(g)e P*]. Using group theoretical arguments, one can choose an element
h of the maximal abelian subgroup which in return can be written as the exponential of a sum
of generators of a Cartan subalgebra h = ¢"*@ p € {1,...,rank(G)} where Q are the generators.
Doing analytic continuation 7y, — —i8u,, a more familiar Grand Canonical partition function
appears

(B, pp) = Trexp[—F(H — Qppp)] (4.3.18)

with chemical potentials p, associated with a maximal set of commuting conserved charges @,,.
Hence, given a non-Abelian symmetry group, introducing chemical potentials corresponds to a
Cartan subalgebra of the group. Having motivated the need for R-symmetry chemical potentials,
the structure is needed to implement it.

As for N = 4 SYM, the structure of the Generators of R-symmetry can vary in how they
couple to fields|78]. Most notable is the SYM example, where scalars transform in the 6 and 6
of SU(4) and fermions transform in 4. The consequence is presented explicitly in the partition
functionﬂ But this problem does not occur in N’ = 6 Chern-Simons, since both fermions and
scalars transform in the same (or dual) representation. Thus, the structure is unchanged. The

S5For characters in the 6 representation one finds Wio,1,00 = Zf’:l(yi + yi_l) and for (4,4) one finds W01 =
T i + 97 (7]
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effective potentials defined in [146], can explicitly be realized through S7/Z;. The orbifolding
imposes a quantization condition on the R-symmetry charges (expressed in terms of angular
momenta) such that the quantization condition holds|64]

4
> Ji€kL (4.3.19)
=1

Introducing three charges generated by the angles ¢; that further generate J;, given by R; =
—i0y,, this is immediately recognized as the three Cartan generators for the SU(4) subgroup
of SO(8) which is know to be dual to the R-symmetry of ABJM. This allows us to write
geometrical angles as effective chemical potentials with the extra constraint that Z?Zl Ji =0
as linear combinations

J1 :(R1+R2+R3), JQZ(Rl—RQ—R3), J3 = (—R1+R2—R3), Jy = (—Rl—R2+R3)

(4.3.20)
Conversely, one can also express R; in terms of .J;. This leads to expressions for the fermionic
partition function to have the R-symmetry structure of

3
[T +47?) (4.3.21)
=1

This will not follow automatically in the letter partition function, but via factorization, it can
be shown that the added contribution will have this form.

Partition function for scalars and fermions

To compute the Letter Partition Function, spherical harmonic expansion is used for each field.
For SYM this was done on S®, where the authors split SO(4) = SU(2);, x SU(2)r. Since
we operate on S2, there is no trivial decomposition as before. But we do note that the spin
index will change from integers working with scalars, to half-integers for fermions. The usual
spherical harmonics should be considered Y}, with appropriately replaced quantum numbers.
The representations are denoted as [r, p, q]s for SU(4) and SO(3). Since only one p is present,
the latter case simplifies to one sum where m € {—j, j}. As argued in [80], the R-charge chemical
potential in [0,0, 1] or rather 4 is given by

Vi = (y1yays) '/ + yi/Q(yw:s)_l/Q + y;/2(y1y3)_1/2 + yé/Q(ylyQ)_1/2 (4.3.22)

Using this, we compute the scalar partition function

oo ]
Moy = Vi3 3 a2t/ o (13.23)
Jj=0m=—j

The factor of 2 follows the convention of |47, to match the results. Evaluating the sum one
finds 3
T+
) — Vv
775(%7 p? yl) 1 (1 . x2p2)(1 . $2p_2)

(4.3.24)

Turning to the fermions, the sum essentially stays the same besides the half-integer contribution
giving us

00 J
np(@py) =Y1 > Y 2T/ (4.3.25)
JELZA1/2m=—]
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The numerator changes to have an explicit p dependence in the following fashion

?(p+p7")
1—a2p?)(1 - z?p=2)

ne(z, p,yi) = Yl( (4.3.26)
This takes care of the contributions from [0, 0, 1] /2. Luckily the other case is an exact replication,
besides substituting the expression for Y7 — Y5, which is defined as for SYM. Putting this
together the full letter partition function seems to agree with what we aimed for

— r+a? 2*(p+p ")
z(z, p,yi) = <(1 —22p2)(1 —22p=2) (1 —22p2)(1 — 22p~2)

) x (Y1 + Y3) (4.3.27)

Using the fugacities defined above, we can put the partition function in the form of the cartan
Generators explicitly.

3 cosh (2UF9) ) cogh (20-w) ,
oo prys) = cosh(f3) 4 cosh(Bw) « (Vi +Y3) = ( 2 ) ( 2 ) cosh (ﬁQ,)

cosh(2f) — cosh(25w) -7 sinh(B[1 + w]) sinh(B[1 — w]) 2

(4.3.28)
The partition function presents itself in a nice formula with ordinary functions, explicitly de-
pending on the chemical potentials. One interesting aspect to consider, compared to SYM on
R x S3, is that no monopole operators appeared in the theory. By inclusion of the baryonic
U(1)y, one gets a charge generated by the gauge transformations at the boundary, which gives
rise to quantized field strengths. For ABJM this means there exist a non-zero magnetic flux
on S? surrounding the insertion point of the operator. This is exactly the monopole operators
appearing. In [93], it was shown through quantization of the field strengths and the use of Gauss
constraint, that an additional term in fi+ proportional to zI"i=7il appears. But this is accompa-
nied by monopole spherical harmonics, which seems to be a different beast than the usual one
when writing and evaluating the sums. This could be interesting for future investigation.

Hagedorn temperature: No Chemical Potentials:

For good sport we look at the easy case which is when the chemical potentials are turned
off, which corresponds to w = 2; = 0, and is just the essential same calculation as was done in
[120]. This gives a polynomial where Ty can be extracted

8(x + 222 + %)
(1—22)2

=1-2=5+2V6 (4.3.29)

~
~

Choosing the minimal solution, the Hagedorn temperature is calculated to be Ty = m
0.436218. It is worth noting though that the same expression has been derived in an altered form.
In [31} 32], the partition functions were found to contain an extra t-parameter which can be
interpreted as R-symmetry chemical potentials. The authors set the parameters to ¢ — 1/x and
y — —1 where y = p. This is the same case as we just considered, but with the identifications,

the partition function boils down to

21/2 4 23/2 £1/2

1—x2 :1+:L“

(4.3.30)

z(x) =

One can similarly find the Hagedorn temperature to be Ty = ﬁg” ~ 0.477464.

As it has been advertised, there are various cases to consider where we turn on different
chemical potentials and make numerical solutions of dependence on either {w, §2;} or both simul-
taneously. Further one can investigate how the partition functions might look for the decoupled
sectors, all inspired by [80, |78].
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4.4 Spin Matrix String Backgrounds

Using SMT, a novel way of evaluating near BPS-bounds in the AdS/CFT correspondence has
been developed. It has already been established for SYM with super lie algebra PSU (2|2, 4) that
in certain BPS-bounds, one can establish connections to spin chains as an example. This relates
to non-relativistic string theory with a non-relativistic target space described by a U(1) Galilean
geometries. One direct way to observe it is to look at magnon dispersions [79] which exhibit
non-relativistic features in the SMT-limit. The starting point is the Torsional Newton Cartan
(TNC) string which was used to derive SMT strings. We briefly review the non-relativistic
approach and establish a manifold that will be useful when going to BPS-bounds that describe
an emerging U(1) geometry. Calculations for A/ = 4 which has been established are done in
[A] The extension for geometries dual to N/ = 6 Chern-Simons theory is done here. We look at
the spin subgroups of OSp(4|6) in certain limits which we will use to parametrize and isolate
specific isometries of AdS, x CP3.

4.4.1 Brief review of TNC strings and BPS-bounds in SMT limit

The starting point is to consider a relativistic string that couples to a non-relativistic TNC
geometry. To this mean, it will be convenient to consider a (d + 1)-dimensional Lorentzian
geometry with null isometry 0, as

ds?* = 27,dz" (du — mydz") + hy,dotds” (4.4.1)

By our null reduction along u, we see an emerging Torsional Newton-Cartan (TNC) geometry
characterized by a clock one-form 7,, a symmetric tensor h,, of rank d — 1 and the U(1)
connection m,. Without going into great detail, one can write up gauge transformations for
the TNC data which makes the decomposition non-unique. For further elaboration see [83].
The important thing to note is that this will make the Galilean boost and U(1) transformations
visible. The trick that was considered was to make the constant momentum P, off-shell by
exchanging a single winding mode in a direction 7 dual to u. But the question is now how to
ensure that when we pick a specific BPS-bound that « will be null on the background geometry.
In the SMT-limit [83] it was established that introducing the following new coordinates one
could ensure that we face no trouble. Consider the BPS-bound

E-Q
UE

gs =0, N = fixed,

= fixed (4.4.2)

Depending on the specific duality one can define @) in various ways. ABJM and SYM align in
terms of Cartan generators considered in () = S + J. From the time coordinate one can extract
that F = i0;, S = i0y and J = i0,. Making a coordinate change will give a non-relativistic
string on the world sheet. Introduce zg and w such that

1
10y =E—-Q=E—-S—1J, —i@uzi(E—S—i—J) (4.4.3)
Then one can rescale zo such that the conserved charge scales as g; when the limit g5 — 0.
Introducing zo = 47:;2 ~ one obtains in the SMT limit
c— 00, o=y c:; N and zp fixed (4.4.4)
) ) 47T95N’ <t

Using these coordinates, when taking a certain BPS-bound, transforms our global coordinates
of the geometry to something depending on zg and u. Using the coordinates [2.3.34] and the
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isometries [2.3.40] it is convenient to define, with the global AdSy time t, transformations to

{20, u, w}lﬂ such that is satisfied

t 1 —1/2 0\ /a° — 0y =FE—-Q=E—S—J,
yl=11 -1/2 1| |u] = . 1 . (4.4.5)
v 1 1/2 0 w _Zauzi(E—S—FJ), —i0y = S

Lastly, a Polyakov action also exists for the SMT-string [83]. In the context we operate in, it
will be convenient to write it in a flat worldsheet gauge. Following the original work, the flat
worldsheet gauge-fixed SMT string action was found to be

1
Shat,gf = —% /dQJ(mu:):“ + §hw,dx“dx”) (4.4.6)

This will be enough to proceed and analyze various BPS-sectors to find reduced geometries on
non-relativistic backgrounds

4.4.2 SMT-limits of A/ = 6 Chern-Simons theory and ABJM

As for the N' = 4 SYM, we set out to do the same computations, this time in the context of
ABJM theory, where one considers a AdSy x S7/Z or rather AdS; x CP? geometry for large
k. Thus the starting point is to establish a general metric depending on the Cartan generators.
The same formalism will be used in this correspondence where we instead now have a S7 which
is associated to the angular momentum J; = —id,; and also S? C AdS4 which associates to spin
S = —i0y. In contrast to SYM, we only have one spin degree of freedom from the AdS part,
but a further addition of angular momentum DOF. We proceed by first analyzing the ”simplest
case” namely the SU(2) x SU(2) sector.

4.4.3 The SU(2) x SU(2) background and penrose-limit

We start by considering a doubling of the cousin from SYM, namely the SU(2) x SU(2) case.
ABJM has the same BPS-bound as for SYM @ = Ji + Js, which is purely constituted by the
S7 part of the metric. From previous calculations and review, our starting point is writing S”
as two 93 ’s and then further to two S2[64]. This reduced geometry is a type IIA background
obtained via M-theory relations considered in [£.2.1]

ds®/R? = — cosh? pdt? + dp?* + sinh? de% + dS%Pg = —cosh? pdt? + dp?

. 1 4.4.7
sinh? pdQ3 + d6* + Z(cos2 0dQ3 + sin? 0dQY) + 4 cos? O sin? O(dd + w)? (44.7)

The 2 S%s and the 1-form w are parametrized by
12
w=7 > sinOidg;, dQ3 = do} + cos® OrdeT, dQE = db3 + cos® fadg)
i=1

Having established the metric one may introduce and transform the global AdS time and the
fibration over & via the coordinates z° and u as follows

t 1 —1/2\ (2"
_ / (4.4.8)
0 1 1/2 U
5Qriginally there was need of gauge fixing, for the w direction since it was a mix of both S°, §3. This meant

that —i0, = ¢1.5 + c2J, but it was found that ¢; = 1 and c2 = 0 which we take as default setting throughout the
computatios
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Reading off from the second column, we get the same type of condition as for N' =4 SYM such
that 9, is null when the following inequality is satisfied

4(0,)*/R* = — cosh? p + 4 cos? Osin? 6 < 0 (4.4.9)

This is exactly met when p = 0 and 6 = 7/4. Using this and transforming to the new coordinates
yield

1 1 1
ds?/R? = —(da® — §du)2 + (da® + S du+ w)? + g(ng + dQ2)

1
= du(2da” +w) +w? + 2da"w + £(d2F + d2P) (4.4.10)
= 27(du — m) + hy;dz*dz’
It is easy to identify the TNC-variables
1 |
7 =dz" + QW m=-w, hijdz'dx? = g(ng + dQ%) (4.4.11)

For comparison, the same corresponding action [82, [75] has been considered. The obvious
difference is the addition of a S?, which stems ABJM-theory. From the construction in
both the geometry and product gauge group seem to indicate this. That would suggest that
the additional sphere represents the same kind of SU(4) spin chain picture that was found in
[110], or rather the R-symmetry multiplets of scalars (and fermions) grouped in in the
fundamental and anti-fundamental representation. If we proceed to consider the flat gauge fixed
action for the non-relativistic SMT string using the TNC-variables one obtains

J 1 )
Stlat,gf = —%/d%(mu:c“ + §hu,,da:“da: )
72 ) (4.4.12)
L ;/dQU(SiD 00 — 5[022 + cos? 9i¢’2])

The structure is in agreement with (4.4.1)) which was the Landau-Lifshitz model on odd and
even sites. The two regimes both for the sigma model limit and SMT-limit for the BPS-bounds
SU(2) x SU(2) seem to overlap.

4.4.4 The OSp(2|2) Background

The subsector defined for the OSp(2|2) background is given by the BPS bound Q = J; + Jo+ S,
that is, we extend the SU(2) x SU(2) sector by introducing spin. Our starting point will be

the metric used in the previous section. The main difference will be the contribution from
dQ3 = do* + sin? @d¢?. Thus, can be expanded to

ds®/R* = — cosh? pdt® + dp® sinh? p(d#?* + sin® Odp?)
1 4.4.13
+ de? + Z(cos? £dQ2 + sin? £dQF) 4 4 cos® €sin? £(d6 + w)? ( )

The isometries that need to be accounted for includes the azimuthal part of S? as well.
This makes us extend the linear transformations to include the w-parameter as in SYM, this
time only controlling how the w-direction is aligned along S? C AdS,;. The matrix translating
between global isometries and coordinates on the submanifold with TNC variables is

t 1 —-1/2 0\ [a°
pl=1(1 —-1/2 1||u], (4.4.14)
) 1 12 0/ \w
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Reading off from the second column, we get 9, is null under the following condition
4(9,)?/R* = — cosh? p + sinh? psin® @ + 4 cos® €sin? € < 0 (4.4.15)

This condition will exactly be met when 6 = 7/2 and £ = 7/4. Setting the angles to the found
constants, the metric reduces to

1 1
ds®/R* = — cosh? p(dxq — §du)2 + dp?* + sinh? p(dxy — §du + dw)?

1 1 (4.4.16)
+ g(ng + dV2) + (dzo + S du+ w)?
After grouping terms such that it will align with the metric, one finds
ds* =du(2dzxq — sinh? pdw + w) + 2sinh? pdwdzy + 2dzow + w?
(4.4.17)

1
+dp? + g(dQ% + dQF) + sinh? pdw?

In this form, it can easily be seen what the structure of the T'NC-variables are for 7 and m
especially. With some rewriting one finds that the geometry has gained some terms due to the
null isometry from —id

1
7 =da — §(sinh2 pdw — w)
m = —(sinh? pdw + w) (4.4.18)

1
h=dp® + g(dag + dQF) + cosh? psinh? pdw?.

Notice how the contributions exactly match the combination of structure from the SU(1,1) in
SYM and SU(2) x SU(2) backgrounds from CS. To finish up, we state the flat gauge fixed action
on this background to be

J 1
Sfat,gf = —%/d%’

wsinh? p — 3 ((p’)2 + (w')?sinh? p cosh? p)

2 (4.4.19)
+ Z [sin 0,0 — %(022 + cos? 9i¢l2)]] .

i=1

The result is exactly contributions that combines the two sectors found in [81, 27]ﬂ

4.4.5 The SU(2|3) Background

The last example before going to the all background case, we consider the maximal R-symmetry
admitted by the bps-sectors, namely @ = J; + J2 + J3. This sector admits SU(3) symmetry
and is purely connected to the S7, thus most of the AdS,; geometry will be redundant. In
it was discussed that there are two distinct ways of writing the metric of CP3. For the
particular choice of @, we tried using the previous metric, that a type ITA background cannot

"The action can take another form by using the set of coordiantes defined in [120] given by

SHat,gf = —% /dQU [w sinh’® p — % ((p")? + (w")? sinh® p cosh? p)

1 1 12 (4.4.20)
; ; N2 N2 2
+ 5(151 cos 0 — 5452 cos 05 + 76 E_l ((01) + (@) sin 01) ]
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be obtained. With three angular momenta and four complex coordinates to parametrize S7,
one falls short of obtaining a null isometry. This leads to the shift in metric, such that
will be favourable to use. as in the SU(2|3) case of SYM, the metric can be seen decomposed
into CP? ~ CP? 4 (dy + A)?, such that we can obtain the Fubini-Study for CP? with a non-
dynamic angle dy which can be factored with Kahler potential. Using the metric, we employ a
transformation from angular coordinates on CP?, namely the «; s into three new coordinates

21/24 = tan € cos aeX¥/?

. Loz 0 A (x n o sin D eixeib—0)/2
wl|l=[1 172 -1/2 ¥ — 22/z4:tan§smasm§e e (4.4.21)
ag 1 1/2 1)2 )

0 . .
23/2z4 = tan £ cos a cos 56”‘62(’/’*@/2

Following [45], this expression becomes comparable to the AdSs x S° geometry which is identical
up to numerical factors. The resulting metric is then

1
ds(%:l[J>3 = 4d€% + 4sin® € cos® E(dy + g(sin2 adyp + cos Bdg) — di))?

(4.4.22)
1
+4sin?¢ [da2 + 1 sin® a(df” + sin® 6dg” + cos” a(dy + cos ed¢)2)} :

Note that the factor of 4 is a consequence of rescaling the overall radius in the near-horizon
geometry as for the previous metric. In this case, we take advantage of it for the null conditions.
The metric can be put in a nicer form following [82] by defining the quantities corresponding to
the Kahler potential

B = sin? a(dyp + cos 0dp) — dip, A = cosBdo (4.4.23)

Looking at the second line of the metric, we can recognize this exactly as the Fubini-Study
metric over CP? defined as

1 1
d¥% = da? + sin? ad¥? + 2 sin? a cos? a(dip + A)?,  dX3 = Z(d@2 + sin? fd¢?) (4.4.24)
Putting all this together we obtain for the full AdS; x CP? metric on the SU(3|2) background
1
ds®/R* = — cosh? pdt® + dp? +sinh? pdQ3 +de> 4+ 4 sin® € cos? &(dx + §B)2 +4sin? £d¥3. (4.4.25)

Using the same type of transformation as for the SU(2) x SU(2) background

(-G 22 C) (429
we see that the null condition becomes
4(0,)?/R* = — cosh? p + 4sin? € cos? € < 0, (4.4.27)
This holds when p = 0 and £ = 7/4. Our Metric reduces as a consequence to the following
ds®/R* = —dt* + (dx + %B)Q + 2d¥3. (4.4.28)
Inserting this into the metric will reduce in terms of new coordinates

1 1
ds®/R* = 2da°du + 5 Bdu+ Bdx® + ZB2 + 2d¥3, (4.4.29)
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which can readily be written in the TNC form

ds*/R? = 27(du —m) + h (4.4.30)
with the identifications
1 1
7 =dx’ + 1B m=-3B, h= 243, (4.4.31)

The last step is to find the flat gauge fixed action, given by

J 1
Sﬁat,gf = _% /dQU(m#l"u + §hw,d:c“d:c”)

= 4i d*o ( sin? a cos 8¢ — cos® ap — 2 [(0/)2 (4.4.32)
77

1 1
1 sin? a(0” + sin” 0¢'%) + 1 cos® asin? a(¢)’ + cos 9@%)’)2} )

This action is equivalent in structure to the case of SU(2|3) case considered in the [Al But this
time, the term that would usually go as — cos(2a) is replaced by — cos? ap since the Kahler
potentials do not have the exact structure to make it identica

4.4.6 All backgrounds From the OSp(2|4) background

For the grand finale, we obtain the U(1) Galilean geometry for S+ J; + Jo + J3 = @Q < E. This
BPS bound leads to the OSp(4|2) spin matrix theory which can be used to obtain the other
bounds in spin matrix theory previously considered, by considering different manipulations for
angles that give the different backgrounds. The full geometry will be parametrized via a hopf
coordinate for the S C AdS, and the CP? using a S'-fibration over CP? for the full in the
Fubini-Study coordinates. This will result in the isometries —i0y = S and —idy = J1 + Ja + J3.
The metric will be written in terms of Fubini-Study potentials

- - 1
ds®/R?* = — cosh? pdt*+dp?+sinh? p(df*+sin’ Od¢?)+de> +4sin’ € cos? £ (dx+ 53)24—4 sin? £dX3

(4.4.33)
Following the transformations we have used before, we get
t 1 —-1/2 0\ [a°
ol=11 -1/2 1| | u], (4.4.34)
X 1 1/2 0o/ \w

Compared to the PSU(1,2|3) case we do not have that —id; and —id, are of constant length in
ABJM, so the null condition we are met with is

4(9,)?/R* = — cosh? p + sinh? psin? @ + 4sin? € cos? € < 0 (4.4.35)

This is satisfied when ¢ = 7/4 and § = 7/2 Using the transformation reduces our expression for
the metric

1
ds*/R? = 2dz"du + dp® + sinh? p(dw? + 2dw(dz” — )

1 1
B+ B(da® + Sdu) + 243 = (4.4.36)
27(du —m) + h

8In the case of SYM the Kahler potentials are defined as B = sin® £(dy + A) — %dw and A = %COS 0d¢. Here

one finds sin? £dy — %dw = —% cos(2€) while in our case this will only amount to sina — 1= —cos® o
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Where the TNC variables are given by

1 1
7 = dz’ + =B + = sinh? pdw
4 2
1
m= — <2B + sinh? pdw)

h = dp? + sinh? p cosh? pdw + 2d2§,

On this background the flat gauge-fixed SMT string action gives

J . .
Sfat gf = y /d20(2 sinh? pu + sin? o cos 8¢ — cos® arp — (p')? — sinh? p cosh? p(w')?

(4.4.37)
-2 [(o/)2 - i sin a((0')? + sin? 0(¢')?) + i sin? a cos? (v’ + cos 9(;5’)2} )

It is interesting to consider how this compares (up to numerical factors) to the case for the

PSU(1,2|3) background in SYM. All the terms that appear in the action are present in the

full background of SYM as well, but the geometry is still not null on the whole space due to

Further, due to the larger isometry, there are additional terms from the S3 present in

SYM that is inherently not part of the AdSy x CP3 geometry. It is worth reflecting upon some

of the results we have arrived at. First, the obvious deviation from the case considered in N = 4
SYM, is the fact that there is not a direct way to go from the maximal BPS-bound and then
truncate to all other subsectors. As we saw, the change of coordinates was crucial in obtaining
the remaining subsectors where the charge contained {.Ji, Ja, J3}, such that a U(1) Galilean
background could be obtained. Seen from the perspective of the supercoset construction[137, 7],
it is found in comparison to the Supercoset of SYM, that it only preserves 24 fermionic DOF (As
seen for type IIA backgrounds as well). It would seem that the OSP(6]4)/SO(1, 3) x U(3) is not
a supercoset manifold[135]. In this context, looking at the coset structure SU(4)/U(3), reducing
the S7 into two S consequently reduced the coset to the subset SU(2) x SU(2) x U(1) or in
terms of BPS language A > J; + Jo. The emergent U(1), is nothing but the hopf fibration along
a fiber bundle for S'. This would shrink through M-theory such that the type IIA background
emerged. Turning on Js, the culprit becomes the orbifolding, removing one of the four U(1)
Cartan isometries. Hence, J3 would move along the U(1) fiber which seems to decouple the
S? interpretation. This forced the switch, which did not make it possible to make a consistent
truncation to the rest of the BPS landscape. These interpretations need to be revised since the
physical picture is somewhat elusive to the naked eye and should be taken with a grain of salt.

4.5 Penrose Limits of Spin Matrix String Backgrounds

As was done for N' =4 SYM, we have been (almost) able to succeed in finding the U(1) Galilean
backgrounds corresponding to the Spin Matrix limits. We do face some complicated and non-
linear theories when going to the flat gauge-fixed action. But as was considered, one can take a
large charge limit for J and zoom in on excitations around specific angles. One expects that we
might obtain free theories that will resemble Penrose limits where we zoom in on the geometry
around the null geodesic. Starting from AdS; x CP3 and zooming in on the null geodesic along
AdS4 and CP3, the resulting geometry should become the 10-dimensional maximally symmetric
PP-wave. But it is important to remember that the expression will depend on the coordinates
we start with for our null geodesic, since it depends on the coordinate pair (2°,u). When one
zooms in around 0, on a submanifold where the vector is null we can expect a background of
the form

ds®/R? = dx®(du0 + z;dy;) + daidx’ + dy;dy’ + dzgdz® — zq2®(dz?)? (4.5.1)
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where ¢ = 1,...,n and a = 1,...,8 — 2n The pp-wave can be written in the form of the above
metric and has the 2n flat directions (z%,y'). There will also be a quadratic potential contained

in the 8 — 2n remaining transverse directions 2. In the rescaling 20 = fg—g one gets that the slope
diverges in the SMT-limit, thus we get dynamics that is suppressed and only the flat directions
contribute. In terms of the TNC-data we expect the following structure to appear then

F=da, m=— Zmidyi, h = Z:((d:lcl)2 + (dy*)?) (4.5.2)
i=1 i=1

This is what originally has been dubbed the flat fluxed (FF) backgrounds, since they contain a
mass flux term x;dy’ that supports the dynamics in the flat directions of both components. The
goal is now to show that the SMT and large charge limit compared with the Penrose limit should
correspond to the same FF U(1) Galilean Geometry. This is done for the cases considered in
the previous section

4.5.1 The SU(2) x SU(2) flat background

Considering the simplest of cases, namely the SU(2) x SU(2) sector, it was found in a previous

section, that the TNC-data can be written as

o1
F=di’, m=-w, hjdr'del = g(dﬁg + dOF) (4.5.3)
For the large charge limit of J — oo, we define the following coordinate transformations

0 = /VJ —7)2, ¢i=yi/VJ (4.5.4)

Using this for m and h we get

2
1
mo = lim Jm = 1 E ;dy;
i=1

J—o0
(4.5.5)
. 1o 2 2
ho = LilgroloJm = 8;dmi + dy;
This corresponds to zooming in on the excitations around # = /2 and ¢ = 0
J < 1
Sttt = 5 Z_; f do | — 5 () + (1)) (4.5.6)

This is the same action up to factors as in [81]. Now we take the Penrose limit and show that we
retrieve the same geometry from a SMT limit of the corresponding pp-wave. To get the pp-wave,
the metric can be written in the adapted coordinates we used previously and then zoom in on
a null geodesic on the submanifold of M corresponding to p = 0 and £ = 7/4 by defining

R=R/e, u=U€, ¢q=yas€e, 0o==zq¢, p=re, E=1/4+ ze (4.5.7)

Writing out the metric first and then taking the limit ¢ — 0 we get
1 - - 1
ds®*/R* = — cosh? p(dx® — §du)2 + dp? + sinh? p(df3 + sin? O(dz® — §du + dw)?)

4.5.8)
1 1 (
+ de? + Z(COSQ £d03 + sin? £€dQY) + 4 cos? Esin® €(da” + idu + w)?
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Expanding in €, and collecting terms that scale like €2, since this is the global factor defined on
the radius of the geometry, one finds

R 1 1
ds?/R* = 2da°dU + dr? + r2d3 + 4dz* + gd:c% + gdxg
1 1 1
+ §dl‘0(xldy1 + x2dy2) + gd?/% + gdyg - 22(d$0)2
= 2dz°(dU — mg) + ho — 2%(dz®)? + 4dz? + dr? 4 r2dQ3. (4.5.9)

It can be seen that freezing the Z-direction, one can obtain a similar expression with an infinitely
steep potential as noted in [82].

4.5.2 The OSp(2]2) flat background

Turning to the case where we keep the same amount of generators over CP3, but additionally
we add a spin DOF from the CP' ¢ AdSs. The relevant quantities to look at are the TNC-data

T=di’% m=—(sinh®pdw+w), h=dp*+= (dQ + dQ}) + cosh? psinh? pdw?.  (4.5.10)

Defining in the large charge limit for J — oo the following new coordinates, we find
r=vVJp, x=VJ0; —7/2), yo=VJda (4.5.11)

After taking the limit, we are left with a much simpler

2
1
mo = lim Jm = 1 Z$idyi + r2dw

J—o0 c
i=1
12
— 1 _ 2 2 2 .27 2
ho—};n;ojh—sz;(dxi—i-dyi)—kdr + r*dw

(4.5.12)

The situation is not much different than before, only this time we have mixed both the sphere
and the AdS part. This will give us the following background action with the addition of
zooming in on the region p =0

Sﬂat,gf Z % do

The corresponding Penrose limit can be obtained from the AdS,;xCP? coordinates by introducing

2

wig + % 1([( D7 )+t (w) + (r’)2)] (4.5.13)

R=R/e, u=Ue ¢og=1ysc, 0;=uxie—7)2, p=r€, &=1/4+qe (4.5.14)

In the € — 0 limit, we obtain the metric

2
1
2/ p2
ds*/R? = 2dz° (dU+ —r?sin 9dw+ E x;dy;) —1—8;:1 (dx? + dy?)

— (4.5.15)
+ dr? + r?(df* + sin? Odw?) + (¢* + r*sin? §)(dx")?
We see that when ¢? = —r? and 6 = 7/2, one exactly retrieve the U(1) Galilean data we derived

from the large J limit above.
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4.5.3 The SU(3|2) flat background

Instead of adding a spin degree of freedom this time, we extend to the maximal amount of
generators for S7 giving us the SU(3) sector from the BPS-bound Q = J; + Jo + J3 < E. If we
consider the large charge limit again of the TNC-data

1
7=di%, m=—=B, h=2d%3
) 2 ) )

One can write coordinates in the J — oo limit as

™ x
a:——’— e

q s

and from this obtain

. 1 1
mo = th{.lo Jm = dey — iqdp

1 1 1 (4.5.17)
hy = lim Jh = 5dq2 + Z(d:g2 + dy?) + gdp2
The action subsequently takes the form
Staat = 3§ dor [y = ap = 5(@ + W) + (@ + 50 (45.18)
47 2 2 4
Similarly, the coordinates that are chosen for the specific Penrose limit will be
R=R/e, u=Uée, ¢q4="1a€, 0;=uxic+7/2 (45.19)

v=pe, p=re, a=n/d+qe, E=m/4+ ze

After painstakingly expanding and bookkeeping powers of €2, the terms that are left after using
the (20, u) is

1
ds? = 2dx°(dU — mg) + ho + 2dg* + 5d22 4 dr? +r2d03 — (r* + 42%)(d2°)? (4.5.20)

The same kind of phenomena occurs in the three-charge case as for SYM, where the relativistic
string experiences a quadratic potential 72 in the now three transverse directions dr? + TQdQ%.
In the SMT limit with 20 = :UNO/CQ, ¢ — 00, the potential becomes infinitely steep as well. Hence,
the geometry is restricted to a U(1) Galilean geometry described by the coordinates in the limit
J — 00. The only notable difference is the extra coordinate dz? as an artifact of the geometry
and the fact that we are a factor 2 off for some peculiar reason (this will be resolved at some
point).

4.5.4 The OSp(4/2) flat background

The last background which corresponds to the OSp(4|2) sector, has to be considered as the
maximal one, From the type IIA condition in [£.3.19] Using the TNC-data for the BPS bound
A—Ji—Jo—J3— 5.

1
7=dz0, m= —(§B + sinh? pdw), h = dp* + sinh? p cosh? pdw + 2d%3, (4.5.21)

Then defining the coordinates that will go into play when taking the large charge limit

T q x o
a=Tt s 0=t ¢6=y/VI, v=p/VI, p=r/V] (4.5.22)
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Inserting into m and h, we find in the J — oo limit

1 1
mo = lim Jm = Zxdy — §qdp + r2dw
e (4.5.23)
. 2,2 2 2 1., 2 L. 5
ho = lim Jh = dr® + r*dw” + 2dq” + —(dz* + dy*) + =dp
J—o0 4 8
In the large charge limit, we find the maximal extension of the action which we hint towards
having a interpretation in action-angle variables and symplectic potential in phase space is given
by
IS _J d 1. C 20 N2 20 2 ne L7 "2 1,0
fat,of = ol5zy—qp+riw— ()" —ri(w)” = (¢)" = (@) +¥)7) - ;)
47 2 2 4
(4.5.24)
Going to the Penrose limit we define as previously all the coordinates in the same fashion

R=R/e, u=U€e, ¢q=yae, 0;=mxic+7/2

B - - B (4.5.25)
Yv=pe, p=re, a=nu/d+qe, {=7/4+ ze

Taking € — 0, we finally obtain the grand piece
_ 1 1 1
ds*/R? = 2d2°(dU + r? sin® Odw — zmdy + iqdp) +dr? + §dZ2

_ _ 1 1 =
+ r2(df? + sin? Adw?) + z(d:c2 +dy?) + 4dg® + gdp2 + (r*sin? 6 — 2%)(dz®)?  (4.5.26)

1 _
= 2d2"(dU — mo) + ho + 2dg® + dr* + idzZ + (r?sin? 6 — 2%)(dz")?

In the "maximal” case we are restricted to submanifolds where by setting § = 7/2 and z = %r,
this exactly reproduces the result obtained in the large charge limit. Compared to SYM, this
inherently does not exhibit the pure background as an immediate effect after taking the Penrose
limit. One can speculate that due to[4.4.35] making —id, not null on the entirety of AdSy x CP?,
exactly gives these extra terms which have to be removed in a by choosing certain planes in the
geometry. And the factor of 2dg¢? is still following, so for consistency, this has to be removed,
but this is hopefully a technical little detail

Phase space, Symplectic Potentials and Action Angle variables:

As it was established in the inspirational work [82] laying the ground for these results, the flat
gauge fixed action can be interpreted as phase space coordinates, which has dynamics described
by a symplectic form and Hamiltonian

w=—am, =" 7{ Aoy XM X (4.5.27)

The actions found in the large charge limit, also resemble that of action-angle variables. This
is natural considering the phase space language exhibited by our action linear in velocities of
the target space embedding fields X*. This begs the question whether or not more complicated
Sigma models can be quantized, and what kind of integrable models and phase space structures
are hiding behind these theories.

To end the last chapter, we can make a form of sanity check. The Coordinates obtained in the
large charge limit seem to appear as for SYM, besides terms that couple the extra spin DOF.
Due to restrictions on operators in the BPS A > J 4 S, the maximal space is still restricted to
a submanifold such that 9, is not null on the entire AdSy; x CP3, which can be seen from
and makes additional terms vanish. Other than numerical constants also, the structure that is
found might be aligned with SYM. For further investigation, it might be useful to extend from
the work of [66], and see if there are possible directions to follow.
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Chapter 5

Conclusion and Outlook

And thus the end has arrived. The culmination of a whole year of academic work is reaching
its end. So what have we achieved and done? and have we not? First and foremost, since the
start of this project, we have traversed the vast landscape of the AdS/CFT correspondence. It
has been a great pleasure to catch up with what has happened in theoretical modern physics
over the last 30 years or so. The thesis has been angled toward the unknown superstar of the
gauge/gravity duality, namely ABJM.

The thesis was intended to be told as much as a fluent story as possible. The intention was to
start the story in a familiar place, where everyone is comfortable. Thus superstrings, type II
A and B SUGRA, T-duality, M-theory and supersymmetry were introduced in rather layman
terms, seen from the perspective of an ordinary physicist. This supposedly lays the ground
for partial ingredients needed to motivate and arrive at the actual AdS/CFT correspondence
that Maldacena famously conjectured. But to get a sense of the physical idea, t "Hooft and
Susskind had to, via holography, take us on a journey for our eyes to be opened. Through
the conjecture, it was also possible to connect quantities from gravity and gauge theory, most
notably the conformal dimension A and the mass of particles m. To end the general story,
GKPW was needed to formalize the precise statement, such that nobody was left confused.
Following right up, Chern-Simons theory was constructed in superspace, since this is the main
act of the ABJM action. With the help of this, and BLG theory involving M2-branes as well,
the ABJM conjecture was stated and unpacked as reasonable as possible, but with some aspects
still missing, such as the brane Constructiorﬂ Nevertheless, the full algebra, action, field and
matter content, geometry and subsectors have been displayed as pedagogical as possible.

With this established, we saw how peculiarities arise in AdS/CFT, when it becomes possible to
realize spin-chains in the planar limit. This builds a whole bridge between operators interpreted
as spin particles as was seen. Furthermore, Penrose limits were considered as they presented
themselves as useful ways to obtain pp-wave backgrounds. Constructing the quantized light-cone
Hamiltonian spectrum for strings became possible, which was compared to the gauge theory side
where corrections of spectra to loop orders can be compared. The case of SYM was straight
forward and caused no harm, while ABJM presented that at strong and weak t Hooft coupling,
the spectrum scaled differently.

Moving on to the main part of the show, non-relativistic quantum mechanics became the main
framework for AdS/CFT (in our case), which was realized by Spin Matrix theory. It was
attempted to link the spin-chain gas to notions considered for ABJM, and while some obvious
remarks were made, much work is needed to be established for a satisfactory comprehension of
the structure.

The first real new contribution came when considering the computations done in [81], where a
new subsector A > J; + Jy + S was considered in a sigma model limit. This was low-hanging

'For the interested reader see |16} |5 [2]
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fruit which was nothing but a simple extension of the previous analysis.
Switching gears and feeling inspired by [80, 78], we set out to find the Hagedorn dependence
on chemical potentials for ABJM. While there are known results for the partition function, we
could derive it through spherical harmonics, and obtain a similar expression to [47, [32] as a
first step toward the desired results. The tree level Hagedorn was computed with no chemical
potentials turned on, but numerical work is still in progress to identify the behavior with explicit
dependence on (w, 2;)
Lastly, the crown jewel of the project was applying the same framework as in [82], this time only
for AdS, x CP3. The peculiar results which are found, do not amount to the same satisfaction
as for the case of SYM for obvious reasons. The culprit seems to be M-theory giving a 10
dimensional type ITA background with the CP? metric. But even if this seems like the case, we
obtain results that align with structures known from the literature up to numerical factors.
Even though it took some time to pick up the pace, we are at an exciting stage where several
directions can be taken to extend this work. First, for future work, a Penrose limit could also
be explored of the OSp(2|2) case considered in revealing if this sector might have a different
dispersion. Furthermore, one could generate a new giant magnon as well. If this is carried
out, the spin element can be implemented in various finite-size corrections to both the string,
magnons etc. |11} 10, (8}, 19, [81].
Second, to advance on the question of Hagedorn, a proper analysis will have to be made of
the tree-level structure with all chemical potentials considered, and further look into decoupling
limits. Additionally, it seems like a natural progression to consider how the one-loop contribution
for T changes in the case of chemical potentials corresponding to the bosonic generators of the
geometry. Using what was done in [123], this should be possible, but the extension is as of yet
still not clear. Using the decoupled sectors, it would also be possible to find Ty for each case
and extend to different coupling regimes in A one could hope. Lastly, some subsectors might
have a nice spin-chain description coupled to an external magnetic field e.g. or other interesting
configurations. Generally, following and extending results from |78}, 80} |77, |75] would be a nice
addition to the literature.
On a different note, the whole SMT program has been busy over the last few years [19, 20,
17] providing near-BPS limits of N’ =4 SYM which enables the probing of finite N effects like
D-branes and black hole physics. The authors of [18] seemed to be hopeful for the extension to
ABJM, which also seems to be the motivation for this thesis in the first place and a starting
point for a new era in SMT. With the result obtained for the SU(2) x SU(2) Landau-Lifshitz
model etc. one could be hopeful for exciting new work in the near future.
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Appendix A

SMT Limits of N =4 SYM

We go through some of the computations done in [82] for Spin Matrix backgrounds in SYM, to
illustrate how the original computations were carried out. The starting point from here is to
consider a parametrization of AdSs x S°, in the following way

29 = Rcoshpe, w1 = Rsin(f/2)sin(Bz/2)e"™
21 = Rsinhpsin(3/2)e’™,  wy = Rsin(B;/2)cos(B2/2)e™*? (A.0.1)
7y = Rsinhpsin(3/2)e’®?, w3 = Rcos(f1/2)e’

The geometry exhibits both features from S® which is associated to the angular momentum
Jj = —i@aj and also S® C AdSs5 which associates to spin S; = —i0a,. By combination of angles
appropriately we can define v and 4 from «; and &;. In addition if we consider the global
time coordinate, we can define new coordinates as per the discussion of null isometries of the
non-relativistic strings

t 1 1/2 0] [2°
Y =11 -1/2 | |u (A.0.2)
¥ 1 1/2 cof |w

This matrix equation precisely leads to the relations established in The only addition is
introducing the parameter w which is aligned along S® and is controlled by ¢; and co. It turns
out that the parameters can be gauge fixed to ¢; = 1 and ¢y = 0 such that s = —i0d,,. From
here on out we should be able to study specific subsectors employing what we have established
so far. This leads to reviewing some calculations for specific cases of PSU(2|2,4).

The SU(2) Background

The maybe simplest example is to consider the BPS-bound F > @ = J; + J,. Since we only
concern ourselves with Angular momentum generators we can focus solely on the S° part. One
can decompose it in terms of a Fubini-Study metric and a fibration over one of the directions
on the sphere. Thus we can write

1 1
dQZ = da?® + sinadf? + cos?aldX? + (dy + A)?], A= 5 cosbds, dx? = Z(de2 + sin?6d¢?)
(A.0.3)
Thus we will focus on ¢ and . If we write them as linear combination of the coordinates zy and
u we get
0

1 1
t=a — JU V= 20 + JU (A.0.4)
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If we want to get conditions for when we exactly have a manifold being null, we impose conditions
on the full metric (i will write explicitly what) such that g,, = 0 when p = o = 0 Thus if we
insert our transformations in the metric and try to reformulate it in terms of TNC variables

1
ds®/R* = —cosh?p(dz® — ~du)?* + dp® + sinh?d03 + da® + sin®ad3?
2 . (A.0.5)
+ cos’aldX? 4 (da® + idu)2 + A% 4+ 2A(dx® + idu)]

We describe in detail how one might identify The TNC variable in this case which will be the same
procedure used in the other cases too. If we group terms firstly that have a factor of du attached
we can group terms and get du(dx® + A), thus meaning we can identify 7 = dz® + icosGdgb
then we look at the rest of the terms left. Since the structure of the TNC variable is of the
form 27(du — m) we look at terms that fit with 7 when factorized. Terms that are left are
A% +2Ada°, so we need to satisfy the equation 27(du — m) = dx’du + A% + 2Adx° + Adu. The
choice can easily be seen to be m = —%cos&dd). Lastly we have the term h,dx#dx”. We look
for squared elements in the range of u, v meaning that our transformed coordinates are out of
question. It can easily be seen that the Fubini-study metric precisely has the structure needed
meaning h,, drtdz” = i(dﬁz + sin?0d¢?). We can also group the cosh?p term and cos?a and
using standard trig-identities to get —(sinh?p + sin®a/)(dz® + %du)? Thus assembling it all we
get the metric in terms of the TNC variables

ds?/R? = 27(du — m) + hy,, da*dz” (A.0.6)

A more elaborate continuation is given in ”cite”, but we just want to show how one can get
this type of metric to begin with. The only thing that could be missing is to take the SMT limit
now and obtain 7 = dZ° when combining the BPS-bound with the coordinate transformation.
Further one can gauge fix the World-sheet by fixing the zweibeins and and taking a gauge choice
on 7. This will reduce the sigma-model lagrangian to a Landau-Lifshitz model describing spin
chains.

The SU(2|3) Background

From the previous example, we extend the BPS-bounds and consider now the maximal choice
of S% where E > Q = J; + Jo +J3. This subsectors is a SU(2|3) theory with the largest possible
compact spin group of N' =4 SYM. Thus we are zooming in on all the commuting generators
of S° seen from the bulk perspective. There will be an emergence of CP? as the compact
spatial section parametrized by a Fubini study-metric giving us the U(1)-Galilean background.
The strategy is to perform a Hopf-fibration such that the S° is described as a circle fibration
(parametrized by x) over the CP? space. The way we want to define the fibration coordinate is
through Q = J; + Jo + J3 = —i0y. The reasoning leads back to this vector being of constant
length on particular submanifolds on the geometry. When defining u, this will ensure that 9, will
be null on specific submanifolds as well. To this mean we perform a set of linear transformations
of the o; “s by the following matrix

o1 1 1/2 -1/2 X
a | =11 -1/2 172 | (v (A.0.7)
o3 1 1/2 0 ¢

Since only considering angles on S, AdS5 can be disregarded, leading to the background
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ds?/R? = d¢% + sin®(€)(df + sin?(0/2)da? + cos?(0/2)da3) + cos?(€)dad
= d? + sin?(€)(d0 + sin® (6/2)(dx + ydv — 5do)’ (A0.8)
+ cos?(0/2)(dx — %dl/J + %dqﬁ)Q) + cos? (&) (dx + %d¢)2

The angles range from £ € (0,7/2) and 0 € (0, 7). Expanding and gathering terms in the
fashion such that we have the circle fibration over x, we can rewrite the full metric in the
following form

ds®/R* = — cosh? pdt® + dp* + sinh? pdQ2 + (dx + B)? + d¥3 (A.0.9)

The metric can be expressed in terms of a Fubini study metric an potentials defined as

B =sin?¢(dy + A), A= lcosedqﬁ
2 . (A.0.10)
d¥3 = de? +sin? €d¥? + cos® Esin* E(dy + A), d¥? = Z(da2 + sin? fd¢?)

To obtain a U(1) Galilean background, one relates the coordinates considered to a pair of
new ones related to a submanifold where you will have null geodesics along the isometry of the
considered subsector. Introducing z° and u we get

ty (1 1/2 (a°
-3
Since u is of constant length across CP? C S® the following condition has to be met

4(0y)?/R* = —cosh? p+1 <0 (A.0.12)

u will be null if and only if p = 0. This six-dimensional manifold is now described by
coordinates {z°,u, 0, ¢, ¢, v}, where the last angle is part of the CP?. One obtains a metric that
can be written using the condition on p

ds*/R?* = —(da” — %dU)z + (da” + %du + B)? +d%3
= du(2dz° + B) + B? + 2Bdx" + dx2 (A.0.13)
= 27(du — m) + hijdxida:j
It is easy to read off what the three different TNC-variables are

1
T =da® + 5B, m=-B, h= dx3 (A.0.14)

As a check to see if one is on the right path, one can look for a structure of subsector which
in this case would be SU(2) C SU(2|3). This seems plausible since it has been engineered via
a hopf fibration of CP! inside the S3, corresponding to the previous BPS-bound we considered.
Setting & = m/2 and fixing v, realizes the same potentials and study-metrics. This is a general
trend that can be derived starting from the maximal PSU(1,2|3) background and reducing on
it
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The SU(1,1) Background

The last real subsector we will look at before the full beast, is a background mixed between the
spin and angular momentum mixing both the S° and AdSs. This will correspond to a SU(1,1)
background with the particular choice Q = 51 + J;. Taking the embedding coordinates, one
finds the induced metric to be
df? - -
ds®/R* = — cosh? pdt* 4 dp* + sinh? p(% +sin?(3/2)das + cos*(B/2)da3)
dp? dp?
+ By in2(51/2)(T2 4 (8/2)d0 + cos? (B/2)dod)

4
+ cos?(B1/2)do3
From the definitions S; = —ids, and J; = —i0,,. Given this, performing the transformation

2%, u, w to the choices that correspond to our choice in the near BPS-limit gives

t 1 —-1/2 0\ [a°
a|l=11 -1/2 e | | u (A.0.16)
%) 1 1/2 ) \w

(A.0.15)

Reading off from the second column and gathering the pre-factors in front of our original coor-
dinates, gives the null condition on u
4(9,)?/R* = — cosh? p + sinh? psin®(3/2) + sin?(B1/2) sin®(B2/2) < 0 (A.0.17)

The condition for u being null is exactly satisfied when 8 = 31 = o = 7. Inserting this into the
metric and using the conditions one finds

1 1
ds*/R? = — cosh? p(dz® — ialu)2 + dp* + sinh? p(dz® — idu + c1dw)?
1
+ (da® + §du + codw)?

1 1
= 2dz°du + dp? + sinh? p(c2dw? + 2¢1dw(dz® — §du)) + c3dw? 4 2codw(da® + §du)

= du(2dz® — (cy sinh? p — ¢o)dw) + (¢ sinh? p + 3)dw? + 2dz’dw(c; sinh? p + ¢5)
(A.0.18)
It can easily be read off what the TNC-data on the submanifold is

T =dz" — %(cl sinh? p — ¢o)dw
m/R* = —(c1 sinh? p + ¢2)dw (A.0.19)
h/R? = dp* + 2 sinh? p cosh? pdw?
Apparently, the spatial slices of the geometry parametrized by p,w are non-compact compared
to the SU(3|2). Also, it can be shown that the constants can be fixed such that they have the

values ¢y = 1 and co = 0. If we insert this into the gauge-fixed action on this background we
arrive at the result

J 1
Sﬂat,gf = _g /dzo(mux/‘ + ihwdx“d:c”)

= —% aZQU[Sinh2 pu — % ((p")? + sinh? pcosh? p(w')?) ] )
To compare, one can make the correct coordinate choices and obtain/reproduce the action
obtained from coherent states in the sl(2) spin chain[27] and spinning strings on AdSs x S°.
The discussion can be extended to the maximal PSU(1,2|3) case as well, but this case just
contains all the cases we have reviewed so far. The interested reader is referred to [82] for the
details, where by our calculations, it should be realtively easy to understand the details and
even go through the computation by one self.

(A.0.20)
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Appendix B

Letter partition function for N =4
SYM on R x S3

Consider the partition function for N =4 SYM on R x S? in the presence of non-zero chemical
potential for R-charges of the SU(4) R-symmetry and the Cartan generators of SO(4) group
on S3. We go through the computations to arrive at for SYM. A method to attack
the problem is by spherical harmonic expansion where we expand each field and associate its
spherical harmonic to it. There are 3 parts of this calculation before we can add everything
together, one partition function for scalars, vectors and fermions. It is worth noting that the
Cartan generators for SO(4) is split into SU(2); x SU(2) 5.

Partition function for scalars

Scalar partition function in terms of its spherical harmonics are given by Sj., m (), where o
is the coordinates on S% and m and m are the eigenvalues of SU(2); x SU(2),. Here m,m =
—4,—%+1,...,4. This gives the Partition function

J
2

(S

3 o :
ns(, p, b, i) ZZ
i=1 j=0,, _

Z 2" " (i 4y ) (B.0.1)

w\w
NS,

For convenience, introducing the two functions makes lif easier

Blon—w) 5 pBlwitws) (B.0.2)

i)

p=e

To evaluate this, the two first sums that are finite can be handled which are nothing but geometric

series _
3 ] _ i+ 1 - pitl
Z P = _pfélipji and Z o 717 (B.0.3)
i P o —p
2 2
Inserting this into we get
z 3 oo
—2 __ 71 _
(, p, D, i) DD @ A= (= ity (B0
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Multiplying everything and splitting it into 4 terms, we recognize each of them as a geometric
series for the index j, which can be performed

3
_ T
ns(, p, P, Yi) = Z m
i—1 (B.0.5)
1 p p pp 1
: (1 “re B 1—gePer 1 —gePer | 1 — gebr (i +v:)

This is a tedious expression to evaluate, so instead Mathematica was used to evaluate the sums,
which in the end result in
626““ (I. _ :ES)

778(567/7757%) = w1 +w w]—w w] —w
(eBwr — z)(—e” 52 4 B NPT — wef

(B.0.6)

wqtwg
2

)(—1 4 zefer)

We want to have the structure of the denominator in all of the expressions to be the same if
possible, so by factorizing everything out and writing it as

1
(1 — zePr)(1 — ze=Bwr)(1 — zebw2)(1 — ze—Pw2)

2
H((l — xzePr) (1 — zePr)) L = (B.0.7)
=1

To obtain the desired denominator, a e2%“1 term is picked up that will cancel in the numerator

3 3

_ B r—x ] 1
773(£E,P, P yl) - (1 — 1‘65“"1)(1 — :L‘e—ﬁwl)(l — xeﬁwZ)(l — .%'6_5“}2) E 1(yz + Y; ) (BOS)
=

This is precisely the reduced scalar partition function that was needed.

Partition function for Vectors

Apparently it seems that vectors are neutral under R-charges. Also the spherical harmonics
corresponding to the gauge boson in the representation [0, 0,0](; o) are denoted with Vi (a)

J,m,m
j—1 ] 1 j+1 ]+1
g e

where m = —*5=,..., 5= and m = Using this we write the partition function

.+ -1

nvr(T, p, P, Yi) Z Z Z 27t pmpm (B.0.9)

To use the same trick for the geometric series over the j-sum, we must re-index the sum which
on the contrary will affect the m-sums. Set i = j—1, then we can set the j-sum to go from 1=0.
But this will change m = ]21, s 321 —(t+1),...,5+1land m = j+1 JH — =tk
and also /1 — 22 . 2 giving us

0 3 311 _
(T, 0 y) =27 zpm " (B.0.10)
=0 m=—§ m=—(5+1)

Again the two inner sums can be performed as finite geometric series and get

% i1 — pi-i-l %+1 B (i—O—l) 1— ﬁi—l
§ : m __ —% § : —m _ (%
m:—% m:_(%—"_l)
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Thus if we put this into the computer and let it do the geometric series over the index i, we get
after factorizing the denominator and multiplying out the numerator

22[1 + 2 cosh(Bw; ) cosh(Bws) — 2x(cosh(Bwi) + cosh(Bws)) + 22]
(1 —zePor)(1 — xe=Pwr)(1 — wePw2)(1 — pe—hFw2)

(B.0.12)

Before going any further, we can check the other sum for the vector which is the su(2); sector.
We see that it is given by the following sum after re-indexing as before

nvL(x,p,pyyi) = Z Z Z ' pmpm (B.0.13)

Z()m: z«g?m )

Thus only the index on the m and m sum get switched, resulting in the same expression, giving
us only an additional factor of 2

22[1 + 2 cosh(Bw; ) cosh(Bws) — 2x(cosh(Bwr) + cosh(Bws)) + 22]
(1 —zePor)(1 — xe=Pwr)(1 — wePw2)(1 — pe—Bw2)

(B.0.14)
This provides the second piece of the puzzle.

Partition function for Fermions

Now for the fermion. The peculiar feature compared to the rest is that they appear in 2
representations, namely both in [0, 0, 1]( o) and [0,0,1] 1. We can introduce the spherical
harmonics as usual. One can for the [0, 0, 1]( 0) representatlon write for the eigenvalues for Sp,

and Sg given by m = —%, s % and m = %,. . 2 One have to take into account that the

R-charge chemical potentials for fermions in this representation is given by

1 1 _1 1 _1 1 _1
Y1 = (1y2y3)2 + v (Y2u3) ™2 +y5 (viys) 2 +y5 (y1y2) 2 (B.0.15)

This will give the sum for fermions

.

nrL (@, ., Yi) le Z Z apm (B.0.16)

J=1 m*—% m*—(] L

Doing the re-indexing as for the vector part, we find setting ¢ = j— 1 weget m = —45L % —

2
—(5)s.. 5 and m = —%, ,% — — “51, i @ and also 2/+! — 2347 giving us

ne1(e, P, B, i) YWZ Z Z a'p (B.0.17)

=0 m=— L m=—({)

Following the previous steps, we solve for the two innermost sums and evaluate the i-sum for
the whole thing and find

xg(eéﬁ(“”*”) + e 3Pwmw2) _ gezBlortws) _ gozBlwitws) _ 2x%(cosh[ﬁ(%] — x cosh[B(*15%2)])
(1 — zePr)(1 — weBwr)(1 — zebw2)(1 — ze—Buw2) (1 — zePor)(1 — xe=Pwr)(1 — wePwz)(1 — pe—hBw2)
(B.0.18)

This assembles by combining with the SU(4) terms to

2% (coshB(#15%] — x coshB(1522)))
(1 — wePr)(1 — e Bwr)(1 — zebw2)(1 — ze—Buw2)

ne(z, wj, i) = Y1 (B.0.19)
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This is the exact expression we were looking for. But what about the other sum for the other
representation. The only difference is the sign in the exponents between the two chemical
potentials swap, making the calculation essentially the same. Thus we can finish the calculation
to gain the full letter partition function. Defining Y5

1 _1 _1

_1 — 1 1
Yo = (y192y3) 2 +yy 2 (293)2 + v 2 (1193)2 +ys °* (v1y2)

N

(B.0.20)

makes it possible to gather the full expression given by the sum of all the pieces to obtain the
full letter partition function

2 3
2(x,w;j, Yi) H xeﬁwk)(l ze /BWk 1{ Z Y+ yl
k=1 =1
22 [1 + 2 cosh(fSwy ) cosh(Bws) — x(cosh(Bw1) + cosh(Bwy)) + $2]
\ o w1 4w (B.0.21)
+ 2ViaE | cosh[f(—] — xcosh[B(—— )

w1 + w2

+ 2Y2$% cosh[S( 5 ] — fUCOSh[ﬁ(WI ;WZ )]] }
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Appendix C

The SU(2) Heisenberg XXX, ; spin
chain, Integrability and Yang-baxter

We review some basics on spin-chains, integrability and Yang-Baxter to connect to the discussion
in to give the reader a more complete understanding of the whole landscape

C.1 XXX, spin chain

A classic problem appearing in fields like condensed matter physics has to do with spin chains
which is of interest in AdS/CFT as well. Thus, it is worth reviewing the original work of Bethe
[30]. The story starts at the Hamiltonian for the Heisenberg ferromagnetic X X X /o spin-chain.
This has a ground state with all L sites containing spin-up |17 ... 7). We sketch out how to get
the S-matrix, Bethe equation and momentum constraints in terms of rapidity comes forth. This
will be done for the one-magnon, two-magnon and M-magnon case[112] One-magnon state:

Consider a spin-chain where single excitations occur. This gives an eigenvector of the form

L
Ip) = & S els; |o) (C.1.1)
=1

The ground state is defined as |0) = [t17 ... 1), where the Hamiltonian is needed such that the
energy spectrum can be derived. The Hamiltonian for this system was found to be

L L
H = 8/\21_Pll+l 8)\;

One Defines a permutation operator that switches the position of neighboring sites. This trans-
lates into spin operators as well, in a classical QM sense.

—_

=8+ Si+1) (C.1.2)

[\.')M—A
[\3

A
Plp) = oy @I o b D) = 1o b )= 1 P )

(C.1.3)
A - A A D
2— e 7P = ——(2(1 — cos = " sin® <
=gl )Ip) = o5 (2 () Ip) = 55 5in” 5 [p)
Lastly, one imposes periodic boundary conditions such that etP(+L) — eipl providing quantization
condition 2”—” ,n€{0,1,...,L —1}. |p) is a single magnon state. Via a quantization argument,

the only allowed state is p = 0. So there are no operators that are not chiral primaries when
only having a single Y excitation.
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Two Magnon state:

Next, we investigate the double magnon state. Some subtleties arise, namely that we can
only have scattering if the two magnons are in close proximity. If the two Y -excitations are far
from each other, we might as well say that the magnons are independent. But in the case where
they are in proximity on sites (I,1+ 1), new features present themselves. A priori, one considers
a superposition of all two-body states parameterized by two momenta p1, ps at sites Iy, o

1, po) = Z w(llab)SlISl; 0) = Z ei(p1li+pal2) + 5(p1,p2) Z ei(p1li+pal2) Sl:Sl; |0)
l1<l2 l1<lo l1>12

(C.1.4)
There is freedom in adding a phase factor ’?, which usually associates to the scattering matrix.
Following [30], one can consider two situations where either magnons are situated right next to
each other, or where they are split apart by more than one site. This gives two equations that
will determine both the energy and the S-Matrix

E(p1,p2)¥(l1,l2) = 4(li,l2) —¥(lh + 1,12) — (L — 1,12) —(l1,l21) — (l1,le — 1)
E(p1, p2)v(l1,12) = 2¢(l1, la) — (i1 — 1,12) — (I, 12 + 1)

Inserting the ansatz into the first equation, the energy is found to be

(C.1.5)

2
E(p1,p2)ib(lh,lo) = (4 — e — €2 — Pt —e®2)y(ly,1p) = 4y sin’ %1/1(11, l2)  (C.1.6)
i=1

For the S-matrix, the equation can be derived through the second constraint

P2 (2 — P2 _ e—im) + eip1(2 _ e _ e_ipz)s(pl,pz))
= (4— TP e P )2 g (P s(py, o) <
eip1itp2) _ 9eip1 4 q

— _ -1
sPup2) = S o~ SPP)

(C.1.7)

Alternatively, an expression for the S-Matrix depending explicitly on trigonometric functions is
also possible to derive
cot B — cot B2 — 2i

cot%l—cot%?—k%

s(p1,p2) = (C.1.8)
Typically this also associates a phase to the S-matrix e*?, which implies that for real momenta we
have s(p1, p2)s(p2, p1) = 1. Imposing periodic boundary conditions by putting the two magnons
back on a cyclic spin chain of length L. To quantize p;, transport the magnon once around the
circle leaving the state invariant. But, transporting will bring the first magnon past the second
one, so it also picks up a phase e’®. This gives e’?e®1l = 1. Using the momentum constraint,
one finds el = s(p1,p2) and similarly e2? = s(py, p1) giving the allowed quantized values
p1 = f—fll (same for py), making the eigenvalues take the form E = 4 Z?:l sin? L“—fl Introducing
the rapidity as u = 2cot § in the Bethe equation will provide an expression for the S-matrix as

ul—u2—i

= C.1.9
3(]72)171) w1 *U2+’L ( )
Using this we can finally obtain the Bethe equation
U1+7J/2 L Uy — ug +1 U2+7//2 L Uy — Ug + 1
: _ - : = i (C.1.10)
up — /2 up — Uy — 1 ug — /2 Uy — UL — 1

M-body problem:
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Ending with the M-body problem, which at first glance seems daunting, amazingly turns
out to have all the relevant data of the scattering and spectrum which is fully encoded in the
dispersion relation and the two-body scattering. Considering the M-body problem, the general
magnon state as a superposition of all M-excitation states given momenta p; can be written as

Py = >, ¥, Hazn (C.1.11)

1<z <..<xm<L

Using the Bethe ansatz, we can generalize the whole system to have a wave-function

M
Y(@1, o mm) = > A(r) [[ e (C.1.12)
{7} i=1

{7} represents all possible permutations of the excitations in the M-body state. A(7) is the
amplitude that will relate to the S-matrix ”cite”. In the end one obtains periodic boundary
conditions for the momenta such that the total phase factor picked up by a magnon when going
around the chain is equal to the product of scattering with all of the other magnons

ot _ [ stouop) (C.1.13)
J#k
Using the same trick for rapidity, and defining uy = 5 cot k will in exchange give the full

M-body Bethe equation and additionally the trace condltlon

<uk+z’/2>L=ﬁ“’“_“j” [[ut2 (C.1.14)

ug —1/2 G Uk U= uj —1/2

The energy just becomes the sum of the two-body scattering we considered, giving us

M

M
ZE(Pk z:élsm2 Ph Z T COt2 o Z o (C.1.15)
k k

Thus we have encoded a very big problem into information containing the data of 2-body
scattering. This is why Bethe equations and ansatz are so celebrated since they provide a
gateway to integrability at a relatively low price. One can consider other possible sectors where
other types of interactions might enter. We touch upon this when the link to conformal field
theory is done. But we explore classical integrability and yang-Baxter equations first

C.2 Integrability and the Yang-Baxter Equation

Integrability stems from the classical notion of Hamiltons equations|53} [130], supplemented by
Liouvilles Theorem. Considers a function F(g;,p;) which are defined by conjugate variables.
Then Finding the EOM “s gives

: “\ OF . OF
Flgi,pi) = Y (56 — 5—Di) (C.2.1)
" 9q; Op;

Using Hamiltons equations ¢; = 8 H oand p; = 78% , makes it possible to reformulate it in terms

of Poisson brackets, which are the classmal analogue to commutators

Z(aFaH OF Oy _ oy (©22)

Flgi,pi) =
(q P ) i—1 8Qi api apz 8%
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Then Liouvilles theorem states that the equations of motion of a Liouville integrable system can
be solved by quadratures. This is very powerful since it provides a way to analyze and solve
various systems. But other approaches are possible as well. Promoting the functions to N x N
matrices, and Poisson brackets to commutators, one can define a set of Lax pairs H, L such that
L= [H, L]. The Lax pairs can either be free of or depend upon an additional complex variable,
called spectral parameter, \. This proves as a stronger form of integrability. It is possible to
relate the lax pairs, to something called the r-matrix. From [130] it can be seen that through
the Jacobi identity, assuming 7;; does not depend on the dynamical variables and satisfying
rij = —7ji, then one can obtain the classical Yang-Baxter equation.

[r12(A = 1), r13(A)] + [r12(A — ), m23(p)] + [r13(A), r23(p)] = 0 (C.2.3)

Having motivated this, we move on to the quantum promotion. Defining the quantum R-matrix
can be thought of as a function again depending on spectral parameters R(A, p) and taking
a linear mapping from a tensor product of two Hilbert space H ® H — H ® H. Taking the
R-matrix again, a quantum Yang-Baxter (qQYBE) equation can be defined which just takes
HRHRXH — HRHH instead. In all its glory the qYBE is

Ria(A = ) Rig(A) Ras(p) = Ros(p) Ri3(A) Riz(A — ) (C.2.4)

As in the classical part, we will also have a Lax operator. It can be interpreted as the transport
between two consecutive sites |v;11) = £; |v;). In a similar fashion to the RRR-equation, one can

vV

Ros(pe—v)

Riaz(A—v)

Figure C.1: Graphical representation of the Yang-baxter equation as scattering in 1+ 1 dimen-
sional QFT which factorize into two-body scattering. The order of scattering is associative,
meaning that the S-matrix is not concerned with. Thus physical observables are independent of
the order of pairwise scattering

do the same and construct a RLL-equation. Lastly, the lax operators can define a new object
called the monodromy matrix. If transport needs to happen over far apart sites, consecutive
uses of the lax operator can be used. This gives the monodromy matrix

N
Ta(A) = H['a,NJrlfi()\) (C.2.5)
i=1

This will also satisfy a Yang-Baxter equation of the form RTT. One could ask why bother,
and just proceed with the coordinate Bethe ansatz. It turns out that there are various types of
Bethe ansatz, where in this case, the algebraic version is considered. Through ABA, it is allowed
to find both the eigenvalues and eigenvectors of the transfer matrix. But more than that, to
find not only the spectrum of the Hamiltonian but the spectrum of all the conserved charges of
our model in a straightforward manner. Maybe it lacks the physical intuition that one can get
through the S-matrix and magnon states, but using Monodromy-matrices, R-matrices and lax
operators, we can prove integrability for relevant systems.
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Appendix D

Massive Scalar Field: Propagators
for S =0 et al.

D.1

Taking the simplest example for scalars, one might try to solve the source-free Klein-Gordon
equation starting from the same action as was considered in the computation for the boundary
asymptotics. The usual EOM is (O, —m?)¢a(z, 2) = 0 subject to boundary conditions ¢(z, 2) =
gb(o)’Azd_A for z — 0

(z,2)a = /é)AdS dYKa(z,39)d0) A1) (D.1.1)

Seemingly the scalar only depends on the boundary value y* now. In the same fashion, bulk-
to-bulk processes can be considered by a KG equation with a source (0y —m?)¢a(z,2) = J(z, 2)

o, 2)a = /8 'y GGz )T (D.1.2)

where the coordinates (z, x) denote a point with bulk coordinate z and boundary coordinates
x#, while (w,y) denotes a point with bulk coordinate w and boundary coordinates y*. This
means that the bulk-to-bulk propagator must satisfy boundary conditions

5(z — w)ol(z — )
V9
It turns out that this boundary value problem in the end is a hypergeometric equation. Using

the chordal distance defined we can express the bulk-to-bulk propagator as a hypergeometric
with & as[56, |144]

(D.1.3)

Oy —m*)Galz a5 w,y) =

Ca

Ga(§) = mfAF1(

AA+l . d .
S8t A%y -
27 2 ) 2+ 75)7 CA

(D.1.4)

From bulk-to-boundary propagator one obtains the bulk-to-bulk propagator by taking the limit
w— 0

. 2A—d
KA(Z7x_y) :fl}}% wh

Ga(z,z;w,y) (D.1.5)

An illuminating way to obtain the exact expression is by use of Greens second identity

/ dzda/G16(0y — m2) — (0, — m?)g) = / /73O — O] (D.1.6)
M oM
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Here + is the determinant of the induced metric on the boundary, and 0, is the derivative normal
to the boundary which would correspond to 9,. One could also just explicitly take the limit
given. But doing either one will finally give

A
z
Kalz,z;y) =CA| ——— D.1.7
s = s (o) (D7)
We notice that for the interior points, there seems to be no obstruction making the propagator
regular for z — oo. In the other limit z — 0 it is found

lim (227K A (2, 2;9)) = 0%z — y) (D.1.8)

z—0
This provides near the boundary, a correspondence to a source with a delta-like distribution.
This provides a framework for doing n-point correlators. A standard exercise is to derive the
conformal two-point function which remarkably doesn “t need holographic renormalization, which
makes it a prime example [116]. Furthermore, the case at hand limits a theory only to scalars,
but this is possible to extend for gauge and tensor fields. The procedure is the same as for the
scalars, but the structure becomes more involved. The main differences are briefly mentioned
For the Gauge field, one considers the appropriate part of the action that contains derivatives

and masses coupled to A,
d+1 1 2 1 m 2 1 2 Ap o
Svector = d Z\/§(§(VMAV) - E(v AM) + §m A AM - AH‘] ) (Dlg)

As mentioned above, working in the restricted space of covariantly-conserved currents V,,J,, = 0,
acting on the EOM with V, from the left, leads to the gauge VA, = 0. Another thing to note
is the mass relation. This gives us m? = (A — 1)(A + 1 — d). Lastly, the action is modified
with a vector function that reflects the gauge freedom but vanishes when the above equation is

multiplied by the covariantly conserved current and integrated over. For further details check
[43, 146]

For the tensor field, the mass relation stays the same as for scalars, But we change the
action instead. Usually gravitons are the most considered particle with .S = 2 in the tensor field
representation, so one consider an Einstein-Hilbert action with negative cosmological constant

1
2

SAdsgsr = /dd“z\@(% (R—2A) + £M> (D.1.10)

d+1

where L); is the matter lagrangian and k441 is the d — dimensional gravitational constant.
Besides this the most notable difference is that the solution to this equation is obtained by
decomposing Gﬁm L Onto a basis of five irreducible SO(d, 1) tensors T},,.,,,s. For further details
check [39, 115]
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Appendix E

The Vanilla Example: AdSs; x S° and
N =4 SYM

Starting with the Birth of AdS/CFT from its cradle[106], we state the conjecture that Maldacena
famously did almost 28 years ago. The perspective for open and closed string and stack of D3
branes is reviewed as well as the action and field content with operators and subsectors

E.1 The Conjeture

N =4 Super Yang-Mills (SYM) theory with gauge group SU(N) and Yang-Mills coupling constant
gym 1S dynamically equivalent to type IIB superstring theory with string length 1, = Va! and
coupling constant g5 on AdSs x S° with radius of curvature L and N units of Fi5) fluz on S5,
The parameters of each side of the correspondence are mapped to each other via

4

L
203 N = 2\ = o2 and gy s = 27y, (E.1.1)

E.2 The heuristic derivation for Open String and closed strings

It shouldn "t be surprising that open and closed strings are the constituents of duality at hand.
The correspondence already prescribes the dual theories between bulk a boundary. In this
case, it just specifies different physical scenarios for a stack of N D3 branes in R%!. Going
back to Susskind and t Hooft, one can assert the realization of the holographic principle as
the information of the five-dimensional theory obtained from Kaluza—Klein reduction of type
IIB string theory on S°, is mapped to a four-dimensional theory which lives on the conformal
boundary of the five-dimensional spacetime. Unfortunately, only weak/strong duality can be
established between the gauge and gravity side. We consider the two sides separately

The open String:

Open strings have endpoints on the D3-branes and are excitations of them also. Considering
small energies F << I, we get only massless string modes excitations. In the regime of small
coupling constant g5 << 1, one finds that the DBI (Dirac-Born-Infeld) action describes the
dynamics of the string. We outline for a single D-brane and generalize for multiple straight
after. We motivate the particles via the mass spectrum here. Taking the gauge field A, this
corresponds to open string excitations parallel to the D brane. This can be seen starting from
the physical state conditions that require @ = 1 and n = 0. with this one can write the spectrum
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for physical states as
1
M?[@) = —pap" |6) = 75 (Njj + Ni = 1) (E.2.1)

First, take the case where N =1 and N, = 0. Using the physical state conditions one can for
a general linear superposition A,(k)a?, |0; k), make a Fourier transform to position space, and
get in Lorentz gauge 0,A%* = 0, that the corresponding gauge transformation is nothing but a
U(1) gauge boson with associated field strength F,, = gAY — 9y A, For the other case when
Nj=0and Ny =1 the general linear superposition of states can be written as

25

> ®i(k)al, [0;k) (E.2.2)
I=p+1

Going to position space again via the Fourier transform, one can solve the EOM, and find the
usual Klein-Gordon equation in p+1 dimension 9,0°®; = 0. Thus scalars arise as transverse
excitations on the brane, while the gauge bosons and field arise parallel to the brane. To extend

this, we must consider what happens in the case of N coincident D3-branes. Now that the fock
space is larger than before one must introduce Chan-Paton factors, which are non-dynamical
degrees of freedom assigned to the endpoints of the string and labels strings that go between
brane i and j. One can show that \;; has the Lie algebra U(N), resulting in U (V) gauge theory
with effective coupling gs/V.

The Closed String

On the other hand, one can also regard closed D-branes as solitonic solutions to SUGRA
theories. To make a description that makes sense, we require that the scale of space-time must
be large compared to curvature at which the branes exhibit a source of the gravitational field.
This should imply that we are at low energy also. We can relate the proportionality between the
size of the space-time and the coupling of N D-branes as 0% x gsN. This leads us to conclude
that we work in a regime where gs NV >> 1.

P -

Figure E.1: Open vs. closed strings. Open strings act as transverse and perpendicular fluctu-
ations to produc gauge fields, where closed strings act as gravitational sources in the flat and
throat region

To be more concrete, one can also derive the metric in a near horizon geometry that we
outline. In the strongly couple limit, N D3 branes arise as BPS solutions to type I1IB supergravity.
The whole story is quite lengthy, but making an ansatz to the EOM from the SUGRA action,
helps one establish the following metric

L4
ds* = H(r)_1/2nwd:p“d:p” + H) 2(dr? +r2dQgs), H(r)=1+ e L* = 4wg,Na'

2 = gg, Cuy=(1- H(r)_l)dxo A dxy A dxo A dxs + F5 Self duaity terms
(E.2.3)
dC\y) is the four-form gauge field, which is related to the self-dual five-form R-R field via
Fi5y = dC(4). The D3-branes act as sources for the self-dual five-form F(5), which has a flux
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on the five-sphere. Taking the near horizon limit r << L, the harmonic function reduces to
4
H(r)~ 5—4. This give a reduced metric of the form

2 L2
A3y = (%n,wdx“dx” + —5dr®) + L2d0%, (E.2.4)

But this is nothing but AdSs x S° in Poincare patch coordinates. In the other limit r > L
the metric becomes flat space due to H(r) = 1. Hence, two strings seem to propagate in the
space-time. One in ten-dimensional Minkowski space (the asymptotically flat region) far away
from the horizon and closed strings propagating in the near-horizon geometry AdSs x S°. The
regions decouple in what is known as the Maldacena limit where o/ — 0 and u = Z; is fixed. To
obtain all details in its full glory, interested readers may be guided to [3]

E.3 The Action

To derive the N' = 4 SYM action, the usual freshman route is going through the DBI-action,
and chopping up your directions into transverse and perpendicular coordinates. This produces
both the gauge field and the scalars in the bosonic sector. To get the whole beast there seems
to be two ways of obtaining it. Either one starts from N = 1 superspace for N' =4 SYM and
express the action in terms of chiral superfields @, as well as a gauge superfield V with associated
field strength W [6]

, A 1
Sy = / d4x[ / d49<I>ZTeV<I>’e_V+8—Im(T / d2ewawa)+(¢gym3f, / 20, ' [®7 B¥]+h, c)]
T
(E.3.1)
Or one considers dimensional reduction of the /=1 SYM in ten dimension

1 _
Siop = / dl%Tr< - 5anFm" + iwrmquf) (E.3.2)

where I'), are 32 x 32 Dirac matrices in ten dimensions. The field strength tensor has gotten
additional structure in terms of a coupling constant glued to the commutators giving a manifest
non-abelian gauge theory. This can be compared to the derivation of the bosonic part from DBI.
We define it as Fipp = O An —OnAm +ig[Am, Apn]. U represents the Majorana—Weyl fermion and
the covariant derivative D,, on ¥ reads D, ¥ = 0,, V., + ig[Am, V]. To obtain the final action,
one must in Kaluza-Klein style do dimensional reduction on the six-dimensional torus 7°. The
idea is the same as for the DBI-action. One splits the space into two ranges for u € {0, 1,2, 3}
and ¢;13,i € {1,...,6}, which decompose the gauge field as A,, = (A,(z"), ¢'(z"). One can
go through the compactification procedure, but effectively in its full glory, it is found that the
action is give by

1 0 .
Ssym = / d4£T&"{ - ngFqu"” ﬁFWFW ZM%%D A— ZD X'D'X?

4y

+) gCPNNX N+ gCiap X (XN + g Z X', X7] }
a,b,i a,b,i
(E.3.3)
The constants C’iab and Cj,p are Clebsch-Gordan coefficients and related to the Clifford Dirac
matrices for SO(6)r ~ SU(4)r, g is the gauge coupling and 67 is the instanton angle. Further, A
arises as the gaugino fields from the N' = 1 superspace expansion one gets from super-symmetry
considerations
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E.4 Global Symmetries with Field and Matter Content

The three main components of the superconformal algebra in SYM, is the supersymmetry,
conformal symmetry and R-symmetry as for ABJM. Together they are a part of the bigger
lie supergroup PSU(2,2|4)[24, 112]. Considering the bosonic subalgebra of the supergroup
SU(2,2) x SU(4) ~ SO(4,2) x SO(6). One can through the similarity explicitly see the appear-
ance of both the R-symmetry manifesting as the SO(6) and the conformal group manifesting
as SO(4,2). Ten of the generators belong to Poincaré group of SO(3,1) where 4 of the gener-
ators are space-time translations, and the last 6 are Lorentz transformations. The remaining
generators are devoted to dilatations and special conformal transformations. To go further for
completeness, one also finds 32 supercharges (Qaq, Qg, Sa, S'aa), and also R-symmetry genera-
tors Rry. The summary is that SYM seems to be nicer given these features compared to ABJM.
The full algebra can be found in [112]

For the field content and matter, there is one gauge field A, in the singlet 1 representation
of SU(4). One also finds the Weyl fermions A%, a € {1,2,3,4} transforming in the fundamental
4 representation and scalars ¢’ transforming in the antisymmetric 6 representation Facing the
operators, we require that they must be gauge invariant. This provides single trace operator
taking the form as O(z) = Tr(x1(z)x2(z)...xL(x)). A specific class of operators only contains
scalars defined as O(z) = Str(qﬁ{i1 $2...¢"} where Str stands for symmetrized trace for the
gauge algebra, which for the scalars ¢' = $"*T, in the adjoint representation is given by the sum
over all permutations

Str(Tay, o To) = > Tr(Toay)-Toan) (E.4.1)

all perm.o

This ensures that operators are totally symmetric. We want to construct the simplest operators
now in terms of the scalars ¢* that combine into three complex scalars defined as

1 1
V2 V2

These will be the building blocks, which is not as restrained as seen in ABJM. The dimension
of operators are given by the bosonic subgroup. It has rank 6 which is thesame amount of
Cartan generators or charges (A, S1,S9, J1, Jo, J3). Here A is the conformal dimension, Si, S2
are the two charges of the SO(1,3) Lorentz group which we call spin, and Ji, Jo, J3 are the
R-symmetry generators. The scalars in SU(4) transformed as [0, 1,0] so the dimension was
Dim(0, L,0) = 15(L + 1)(L + 2)?(L + 3) Taking L = 1 we get the notorious 6 representation of
SU(4).

7= \}E(gsl +ip?), W= —(¢*+i¢?), X (¢° + i¢®%) (E.4.2)

E.5 From DBI and open string to N =4 SYM

The starting point will be a single D-brane or rather N = 1, and then we extend appropriately
as we go along. Taking a single D-brane on R%! we split the directions of X into namely
D = p+ I, where p € {0,1,2,3} and I € {4,...,9}. The dynamics are known to be describe by
the DBI-action

W /d4£\/—det(’}/ab + 27T06/Fab) (E51)

We have the usual induced metric .5 = 1,0, X" X" and F' is the field strength 2-form
given as F' = dA of the U(1) gauge field. From the splitting of directions, we must choose
our coordinates appropriately. First specifying the embedding and choose X*(§) = £* with

1
SpBI = T
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a € {0,1,2,3}. The transverse directions, which we center at the origin for convenience purposes,
can be described by six scalars that are fluctuations in the position of the brane on the world
volume

X3(8) =2ma’¢i(€), i€ {4,..,9}

Applying this to the induced metric we get the Minkowski metric with some fluctuations
that we interpret as the scalars in the theory

Yab = Nab + (QWQI)Qaaqbiabﬁbi

Using these relations, we find that the determinant can be written as

det [nab + 2770/Fab + (27ra/)28a¢i8b¢i}

In the low energy limit where o/ — 0 we can expand around the parameter. For convenience
we can look at the determinant and write it as 7,5 + €Agp = 7ac(0; + €A7). Using this, we can
use the homomorphism property of determinants to split it up

det [1c(85 + €A)] = —det (85 + €Af)

This suggest that we should use the identity det(I') = exp(Tr[log(I")] where I' is an n x n
matrix. Using that I' =14 €A, we can compute

X 1\yn+l
det(I+ eA) = exp(Tr[log(I + eA)]) = exp< (111+6Tr[A”]>
n=1
X 1 \nt+1 0 n+1 X (_1)ym+l
1+ (1T)leTr[A”] _ ;(Z ( ) eTr[A"]) < yo T)n eTr[Am]>
n=1 n=1 m=1
=1+ €Tr[A]

(E.5.2)
Finally, we have to consider the square root in the action, so we use the expansion v/1 + z =
1+ %x + O(x?). With this in mind, we can write the determinant in the desired form

V—det =1+ (27ra')2(%FabF“b + %aawab@) (E.5.3)

Dropping the contribution from 1, which just integrates to the world volume, we find the action

1
4dgs

1 A
SppI = /d4§(4FabFab + 0,90 Op;) + Fermions (E.5.4)

This exactly corresponds to the action of N' = 4 SYM, with gauge group U(1) given that
we make the identification between yang-mills coupling and string coupling gﬁm = 4ng, If we

extend this to N D3-branes, we get a U(NN) gauge theory, which can be represented in the
adjoint representation given the generators of the group ¢' = ¢**T, and A4, = AL‘IT u- For U(N)
there are N2 — 1 generator satisfying the commutator relation [T%, 7% = f%°T,. The main
difference is that one needs to consider covariant derivatives instead of partial only, but the
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same identifications can be made nevertheless. At the same time, one gets a type IIB SUGRA
action which is a free theory in the bulk of R%! in the o/ — 0 limit. This is why the limit is also
known as the decoupling limit, since both SUGRA and interactions both do not contribute to
the overall action. This is somewhat the original setup for the conjecture Maldacena proposed.
The story is a bit more involved, but the essence stays the sameﬂ

E.6 Subsectors

Moving on, we list the respective weights of letters in the theory for both the R-symmetry SU(4)
and S2 SO(4), that we use to construct the subsectors. Following ”cite” we can organize data
into table through the representations

Fy Fy F_ Fy Fy F
80(4) (17'1) (070) (_1)1) (171) (070) (_17_1)
SU(4) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0) (0,0,0)
Table E.1: Weight of Gauge Field Strength components
Z X W Z X W
SO(4) (0,0) (0,0) (0,0) (0,0) (0,0) (0,0)
SU(4) (1,0,0) (0,1,0) (0,0,1) (-1,0,0) (0,-1,0) (0,0,-1)
Table E.2: Complex Scalars in N' =4 SYM
X1,X3,X5,X7 X2:X4,X6,X8 X17>_63?>25a>27 22724»267)28
SO(4) (%7_%) (_57%) (%7%) (_%a_%)
Table E.3: SO(4) weights of Fermions in N'=4 SYM
Xl)XQaXlaX? X37X47>Z37>Z4 X57X67>2575<6 X77X87X775(8
SU(4) (3:3:3) (3—2—3) (-3:3-3) (=333
Table E.4: SO(4) weights for x1, ..., xg Fermions in N' =4 SYM
dy da di da
80(4) (LO) (071) ('170) (07'1)
SU(4) (0,0,0) (0,0,0) (0,0,0) (0,0,0)

Table E.5: Derivative Operators of N' =4 SYM

The way one reads the tables is for the SU(4) one has a vector with entries (Ji, Jo, J3)
and for SO(4) one has (S1,S52). From the decoupling prescription, we see that the choices of

'Maldacena considers a stack of N + 1 D3-branes, where one moves away in the X° direction at a distance 7.
This theory is described by U(N) x U(1) gauge theory. For the stack to combine again, one must keep a Higgs
expectation value fixed, < X° >= 5==7, resulting in the Maldacena limit where o =0and U = 7 s fixed.
This implies that the mass of the stretched strings remains fixed. Apparently, the U(1) C U(N) corresponds
to singleton fields living on the boundary in the gravity theory that cannot propagate into the bulk and thus
decouple, leaving us with SU(N) four-dimensional A’ = 4 SYM, which is valid for any N
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coefficients will pick out the letters for the specific subsector by matching it withAg = J. We
illustrate by example. Take the vector (0,0,1,1,0). This corresponds to J = J; + Jo which is
the classic SU(2) sector. Once we have this, we go through all the letters and see which are the
ones that satisfy Ag = J; + J2. We only take use of the SU(4), since there is no dependence on
spin in this case. Looking at the gauge fields, we see that all the components equate to 0 while
Ap, = 2. Thus no gauge fields are found. It is important to note that the conformal dimension
is different for different letters due to the different representations they occupy. For the scalars
one finds that Z, X satisfy our condition since Ao(m) =1 and J; + Jo = 1 for both. In the
end, after going through all of this, these remain as the only letters contained in this subsector.
This is the general fashion of how to determine the complete landscape. One could do a more
thorough analysis by considering inequalities of the coefficients and thereby determine different
numbers of fermions present in each case. The details can be found in [80]
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Appendix F

Gauge/Gravity Duality

As both gravity and Gauge theory is at the heart of the AdS/CFT correspondence, both sides
of the story is touched upon in a general fashion

F.1 AdS and gravity theories in the bulk

Facing gravity first, it is no surprise that the starting point is Einstein ’s field equations
1
R“V — §Rguy + Ag,uy =0 (Fll)

We are interested in a maximally symmetric spacetime with Ricci scalar R = ZA%. This
corresponds to scenarios where A < 0 such that the geometry is described by negative cur-
vature. One can consider a d + 1 dimensional Anti-de Sitter space (AdS4y1) which can be
embedded into R%2. This is a (d + 2) dimensional Minkowski space. The metric signature is
n = diag(—, +,+, ..., +, —) and is given by

ds® = (dz®)? + (dah)? + (d2®)? + ... + (dz®1)? = nyyda™ da™ (F.1.2)

AdSgy1 can also be written in coordinates as a hypersurface

nunzMal = 24 Z zh2 = 12 (F.1.3)

where L is the radius of curvature of AdS4y1. The embedding is invariant under the Lorentz
group for R*2, SO(d,2), which has dimension %(d + 1)(d + 2). This is the number of Killing
vectors associated to AdSy.1, leading us to conclude that the space is maximally symmetric.
SO(d, 2) is the conformal group of d-dimensional Minkowski space, pointing in the right direction
regarding symmetries of the duality. One can parametrize the coordinates in multiple ways. Let
us introduce the coordinates t € R, ¥ = (z1, ..., l‘d_l) € R 1! and r € R,.. The parameterization
in these coordinates is given by

L? r2 N

XV = 14+ — (22 —t? + L2 Xi="" je{l,...d—1
( +L4( =+ ))) Lv ZE{, 7d } (F14)
2r r? rt o
XP = L2(1+ﬁ( 7 —1*+ L), XDHZZ

Due to the restriction » > 0, we cover only one-half of the AdS;y1 spacetime. These local
coordinates are referred to as Poincaré patch coordinates. In the Poincaré patch, the metric of
the space reads

2 2 2 2

L L
ds* = —d + L2(d52—dt2) —dr + LQ(mwdx“dx”) (F.1.5)
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where we have recognized the metric of d-dimensional Minkowski space. Using this metric, one
finds the Ricci scalar to be R = _d(Ld;rl), implying that L? is indeed the radius of curvature.
Another useful form of the Poincaré metric is obtained by inverting the radial coordinate, z =

L?/r, yielding the metric in Poincaré z-coordinates,

L2
ds® = ?(dz2 + N datdx”) (F.1.6)

Note that the boundary in these coordinates is located at z =0

Another possibility is to introduce global coordinates 7, p, 8;, and describe the space-time via
hyperbolic functions

XY= Lcoshpcost, XP*' = Lcoshpcost, X'= LQ;sinhp (F.1.7)

Here Q; with ¢ = 1,...,d are angular coordinates satisfying >, QZQ = 1. In other words €;
parametrize a d — 1 dimensional sphere. These coordinates are referred to as global coordinates
of AdSyy1 since all points of the hypersurface are taken into account exactly once. The induced
metric can be found to be

ds? = L*(— cosh? pdt* + dp? + sinh? pdQ3_,) (F.1.8)

Since the metric above does not depend on 7, we infer the existence of a timelike killing vector 0.,
and since this killing vector is defined globally on the manifold, 7 acts as a sensible global time
coordinate. Near the center p = 0 the metric assumes the form ds? = —L?(dr? +dp?+ p2dQ§d_1)
implying that the space-time has topology, since 7 is periodic, of ST xR%, where S! is the periodic
time; in particular, since 9, is everywhere timelike, keeping p and 6; fixed while varying 7 will
produce closed time-like curves. This is, however, not an intrinsic property of this space-time,
merely a consequence of our embedding: R%? has two timelike directions, so the appearance of

closed timelike curves is not so surprising after all.

F.2 Conformal field theories

To start we are interested in understanding how big this conformal algebra is and what bits and
pieces it contains. It would be seen that it is an extension of the Poincaré algebra with extra
features. What constitutes a conformal transformation is that it “s angle preserving, this we can
represent as

9as(x) = Gap(z) = 2@ gos(x),  gu(x) = QO (2)gw(z) (F.2.1)

If we want to know the infinitesimal transformations in flat space, we should take the lie deriva-
tive of the Minkowski metric and solve the killing equation to get the isometries

LNy = N + Ouev + dpep and 2@y (2) ~ (14 20(2)) 1,0 (F.2.2)
This leads to the equation after taking the trace of the metric to relate o to €
1
0" ey = —(2 = d)d,0xe (F.2.3)

There are 2 distinct cases to take into account, d < 2 and d > 2. The case for d < 2 is known
for an infinitesimal conformal transformation given by

(x) = a* + olx” + Nt + ba? — 20M - x (F.2.4)
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We can link each term to an operator which are generators of the conformal group. The first
term we recognize as a* — p, which is nothing but translation. Secondly we have Lorentz
transformations ol z” — J,,,,, and thirdly we get a new feature namely dilatations D which has

the property of scaling coordinates as follows
¢ s gt (F.2.5)

The last feature is special conformal transformations (b*z* —22#b-x) — K,,. These objects are the
building blocks for conformal field theory. This will be the starting point for the algebra. Since
the Poincare algebra is a subalgebra of the conformal group, we have all the same commutators,
but with our new features, we get non-vanishing commutation relation

(D, Pu] = =Py, [Ty, Kp] = —i(nup Ky =m0pKy), D, K] = iKy, [Py, K] = 2i(Jpw =1 D)

(F.2.6)
The conformal algebra is isomorphic to ISO(d,2) with signature {—, +,...,+,—}. One can con-
struct elements of the Lorentz matrix consisting of the other generators to manifest the isomor-

phism such that
— K,— P
Jud = ——5—, Jud+1) = % Ja@+1y =D (F.2.7)

Going from here, deriving the correlator between two or more conformal fields is possible. First
we start by expecting states of the form ¢(z) = ¢ +¢(0). One can find that the commutator
now a field at = = 0 with the dilitation operator obeys [D, ¢(0)] = —iA¢(0). This implies

[D,¢(x)] = [D, e F1¢(0)] = (ID, ™™ ] + " T+ D) (0) + & T 6(0) D (F.2.8)

Expanding the exponential and get

X0 .pn

; i
REASOEDY gt (D, Py Py, (F.2.9)

=0
Where we define [D, P,,...P,,| = [D,P"]. Since [D,P,] = —iP, this leads to proving the

following via induction [D, P"] = inP"™. Consider for n + 1
[D, P"* = [D, P"|P + P"[D, P] = inP™ +iP" = i(n + 1)P" (F.2.10)

Using all these identities, proceeding from where we are left with

o -1 , (F.2.11)

We are prepared to look at the two-point function for scalar operators and see what we might
expect. From rotational and translational invariance we get

< o1(x)¢2(y) >= f(lz —yl) (F.2.12)

To find the undetermined function, a general ward identity is useful concerning dilatation namely
that

n

0= Z(:L'Z;b —A;) < P(x)...pi(i)..on () > (F.2.13)

i=1 g
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For the two-point case, it easily comes out by considering the commutator between the dilatation
operator and the fields at hand

0 = (0[[D, ¢1(x)¢2(y)]10) = (0] 1(2)[D; ¢2(y)] — [D; ¢1(x)]d2(y) |0)

= (xua;(f) — A+ y#al(}/) — Ay) < d1(2)daly) > (F.2.14)

The superscripts refer to the variable that the derivatives act on. The solution is the usual
blueprint of a conformal field theory

C
[z —yl) = e —ypa (F.2.15)
The exponent is in actuality A; + Ay but by special conformal transformations, one can fix
them to be Ay = As. This procedure can also be done for 3-point functions, but the story
does change for the 4-point where one must consider the cross ratios as your restrictions in the
undetermined functions since they are invariants under the symmetry group.
In general one can take a primary field ¢(z) of scaling dimension A and get the general conformal

transformation
“A/d

_ |92 A (F.2.16)

/ /
o) = (') = | 5
Where one must introduce the Jacobian for the coordinate transformation and also the space-
time dimension d. This also implies from the coordinate rescaling that ¢/(A\z) = A~2¢(x).
Lastly, we just mention primary operators and how one can lower and raise the conformal

dimension from the commutations. If we consider the following

D, Kud(0)] = K,[D, $(0)] — [D, K,J$(0) = —i(A — 1) K,6(0) (F.2.17)

From this one can deduce that by applying an arbitrary number of K, operators on an oper-
ator, this process must eventually terminate giving us [K,, ¢(0)] = 0, meaning that ¢(0) is a
primary operator. From primary operators, it is then possible to construct what is called descen-
dants, which can be obtained by applying consecutive momentum operators on such primaries
[T, P.#(0) giving a conformal weight of A 4+ n. This can be stated in commutator language
as [D, P,¢(0)] = —i(A+1)P,¢(0). To summarize thus, for an operator to be primary, one must
meet these conditions

[D,¢(0)] = —=iA¢(0), [, #(0)] = T (0),  [Ky, ¢(0)] =0 (F.2.18)
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Appendix G

Supersymmetry and Superspace
formalism

Having encountered the Action in ABJM, one is in great need of both supersymmetry and
superspace fields. Hence, we give a brief review of the general idea of the formalisms

G.1 Supersymmetry and BPS bounds

As it is known, one can extend the Poincaré algebra to contain further symmetries such as
dilatations and SCt’s, which is nothing but the conformal algebras and thus the basis for
conformal field theories. One might wonder if there is an even larger group of symmetries
present. Due to the Coleman-Mandula no-go theorem|41], it was assumed that conformal sym-
metry was the largest extension the S-matrix could fulfill. But as it was shown [72], if the
notion of supercharges is introduced @, a new symmetry is introduced, which converts be-
tween fermionic and bosonic states. Taking the general case consider, in weyl notation, the
supercharges {Q%, Qus},a,b = 1,..., N with the following commutation relations and algebra
[6].

Qs J*] = (6")3Qp,  [Qar J™] = cz5(")3Q"
[Qa, P*] =0, [Qa,P"]=0 (G.1.1)
{ng ng} = 2055,]3#51?7 {an Q%} = 6a,3Zab7 {an’m ng} = 5@52(117

Z% 7% are called the central charges and commute with all the other generators of the su-
persymmetry algebra, or rather generate the center of the algebra. Respecting anticommutator
symmetry, Z,;, obey the antisymmetric property Zg, = Zp, as well as Z% = (Z1),;, from the fact
that Qus = (Q2%)*. An important feature is that the algebra is invariant under the global U (N)
phase rotation of the supercharges

QL — Q% =RyQ%, Qaa — Qhs = Qua(R)}, (G.1.2)
This non-abelian symmetry is also known as R-symmetry R{ are N x N matrices. The charges
transform in their respective representations as well,Q% in the fundamental of U(N) and Qg;

in the conjugate N, which is indicated by the upper and lower index of a. Further details are
found in [6]

Turning the wheel, we will be interested in the massive representations to get a sense of field
multiplets. For the central charges, it is convenient to pick a basis where Z,;, are diagonal and
have eigenvalues ¢;. It can be arranged in an antisymmetric matrix Z% giving us for N = 2

79 = ( 0 qol) (G.1.3)

—q1
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The same construction follows for AV > 2. Here we just build block diagonals consisting of Lego
blocks for the matrix above[6] Constructing a set of raising a lowering operators, the only ones
that are non-zero, will take the additional term of the eigenvalues for the non-vanishing central
charges. Using a linear combination

b= QU @YY, je (LD (G14)

and establishing the anti—commutator, it can be found that all non-zero terms can be written as
{Qh,, (@)1} = dl852m +a), {Qh (@4} = 6165(2m — ¢) (G.1.5)

For unitary particle representations, we must insist that both the right-hand sides must stay
positive leading to |¢;| < 2m for all j. The famous Bogomolnyi-Prasad-Sommerfield (BPS)
bound is obtained, when equality holds for |¢;| = 2m. Imagine that k of the ¢; are fulfilling
the BPS bound, then we see that 2N — 2k of these operators satisfy the equality such that we
now have 22V =2k gtates. This is referred to as 1 /2 BPS multiplets. The space of multiplets
then become {1/2,1/4,1/8,1/16} BPS etc. To summarize for different values of k one finds
BPS-multiplets which has following shortening conditions [4§]

k=0— 2*States Long Multiplet

0<k< /;/ —  2°W-F)Gtates Short Multiplet (G.1.6)
k= j;[ —  2NStates Ultra Short Multiplet

The relevance of BPS-solutions has proven immense in the fields of SUGRA and string theory,
specifically related to black holes and branes making it a tool worth using to study phenomena
that exhibit properties characterized by supersymmetry. For further details, there is plenty of
literature to consult for the interested reader [108], 49, 143, [33, 6]

G.2 Superspace Formalism

In ordinary Quantum Field Theory, fields are usually functions of z*, the coordinates of Minkowski
space. But, as we just extended the conformal group to be a larger symmetry by introducing
supercharges, one can in the same spirit extend Minkowski space to superfields living in super-
space. The idea is to include anti-commuting fields in the mixture. The set of variables will
be a triplet {z#,0,,0%}, which is nothing but space-time coordinates in a Minkowskian sense
with the addition of Grassmann spinors. Superspace becomes not a regular manifold of the
kind that we know, but instead, it is an example of a supermanifold, with both commuting and
anti-commuting dimensions. To get a sense of how to represent the supercharges and covariant
derivatives, we first start by looking at the properties of the Grasmann spinors. Indices are
raised and lowered as 0% = 60‘595 and 6, = eaﬁﬁﬁ with €2 = —e15 = 1. For products, conven-
tions dictate that 0“0, = 62,60, = 0 etc. There is also surpressed indices Ho"ygﬁéﬂ, where we
use Dirac matrices ('y“)g = (i0?,0',0%). This amounts to 0,05 = 1e,p6? and 6°0° = P62,
Having defined the properties, one can generate operators for both supercharges and covariant
derivativesﬂ by considering infinitesimal transformations and using the BHC formula. This
provides the basis for writing

_ ) 0

— B — 0B M
Da = _aga —0 ,Yﬂaal“ Da - 69‘1 +6 ’yaﬁ(?“ (G ) 1)
~ 0 0 - o
Qo = _8(9 + 0575018/17 Qo = 90 - 9[37553#

IPartial derivative in the superfields are defined as 0,0 = 52
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For the purpose of section (2.3.1), we only comment on Vector and Chiral superfields and leave
the details to be studied in [87, 6]. Since grassmann numbers obey anti-commutation 62 = 0
or rather 0,03 = —030,, Grassmann variables at most contains quadratic orders in 6. Thus a
generic superfield Y (z,6,0) can be taylor expanded in the spinor components which truncates
at the quadratic #26%. In terms of ABJM and gauge poduct group for chiral vector superfields
in A/ = 3 Chern-Simons theory, one gets fields components

V(2,0,0) = —07"GA,, — 0G0 (x) + i6°Fx(x) — i20x(x) + 352920@)
1
NG

B(s.6,0) = 6(0) + V) + PE() — #900,6(0) + ~=100,0(0) - 0007600
(G.2.2)

®(x,0,0) = ¢(x) + V20 (x) + 0> F (x) + i0700,6(x) — —=020,(x)y"0 — 29297282(?(1')
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Appendix H

Kaluza-Klein compactification on a
circle

Usually when one talks about super-gravity, we are dealing with situations where the dimension
of the theory exceeds the one we should make phenomenological models for in particle physics.
Thus one could consider what could happen if we could shrink the redundant dimensions to
be so small, that they would not have an effect in the observable theory. One way is to do
Kaluza-klein (KK) compactification on certain geometries (Calabi-Yau manifolds, a Torus or
spheres/circles). Thus, we wish to compactify one space dimension on a circle S}g of radius
R[122]. Thus we make one of our z* coordinates into a y-coordinate on a circle and let the
remaining ones be called z#. Thus our wave operator can be written as

82
Up=Up_1+ = H.0.1
D D-1 BIE ( )
We want to investigate how fields transform in the limit where we let the radius R — 0 which will
be called dimensional reduction. Starting with a scalar field ¢(z#) obeying periodic boundary
conditions on 5}27 which can then be expanded into its Fourier decomposition

ozl y) =Y ulaMe 7" (H.0.2)

nez

If we look at a standard kinetic term, of the Klein-Gordon form in d dimensions, we can use
dimensional reduction to get

2 ,
/ddxqb(—DD + m2)¢> = Z 27TR/dd£U¢n(—|:|D1 + anz + m2)¢>ne2 R
nezZ
© - (H.0.3)

4
= 3" 2R [ dlapn(-Op-1+ 25+ )

R2
nez

One defines the mass of the n’th mode as m, = ]%22. In the limit R — 0 the only mode
that contributes is for n = 0 since all others modes acquire an infinitely heavy mass and thus
decouples. Due to the infinity of every increasing mass, this became known as the Kaluza-
Klein tower of states. When L << 1, the non-zero modes will be immensely heavy and can be
safely neglected. These heavy masses truncate the Kaluza-Klein spectrum and are known as the
Kaluza-Klein reduction ansatz
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Appendix I

Representation of SU(4)

As SU(4) seems to be an important player in this whole story, it is worth giving a little back-
ground on all the confusing numbers flying around all the time. This is not intended as a group
theoretic background to SU(N) groups, this can be found in [6]. Given the group SU(4), the
rank is in SU(N) is given by N — 1, so it has rank 3. This exactly represents the three Dynkin
labels [r,q,p]. To find the dimension of an arbitrary representation in SU(N), a deep result
known as the Weyl character formula can be stated

. Ni—Ai+7—1
dim[Ay, . Avoi] = [ L (1.0.1)
<<y 7!

This is in spirit a very general formula, since it encapsulates all the possible representations,
but for practical purposes, we see how it is used for SU (4)E Going through all the possible
combinations of indices, it can be found that the dimension of any given representation in SU (4)
is
. 1

Dim(r,q,p] = (r+ D@+ D+ 1) +a+2)(q+p+2)(r+q+p+3) (L0.2)
With this formula, it is nice to summarize the most fundamental cases, which is extensively used
in the thesis in the table below

Dynkin Label | Representation
[0,0,0] 1
[1,0,0] 4
[0,0,1] 4
[0,1,0] 6
[2,0,0] 10
0,0, 2] 10/
[1,0,1] 15
[0,2,0] 20
[1,1,0] 20/

Table I.1: Representation of SU(4) and the dimension of the different representations

'One can find the dimension of representations via Young Tableaux as well, but this is a bit more daunting
than this plug and play game
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