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This thesis presents work extending the precision holography calculations for the D1-D5 CFT.
The context of these calculations is the fuzzball proposal, which is the most widely accepted
string theory answer for black hole microstates. According to this proposal, associated to a
black hole there is an exponentially large number of microstates, called fuzzballs, which are
regular, horizonless stringy solutions. These account for the whole entropy of the black hole,

and solve all the paradoxes arising from the semi-classical study.

The D1-D5 system has an orbifold point in its moduli space, at which it may be described by
an N = (4,4) supersymmetric sigma model with target space M~ /S(N), where M is T* or K3.
In this thesis correlation functions involving chiral operators constructed from twist fields are
considered, as well as one and n-point functions. Explicit expressions for processes involving a
twist n operator joining n twist operators of arbitrary twist are obtained. One point functions
for chiral primary operators are calculated, extending the known CFT results in the literature.
The suppression of the long string one point functions with respect to the short string ones is

corroborated. Bounds for n-point functions of twist operators are also presented.

On a different direction, work towards the counting of the so-called superstrata subclasses of
black hole microstates is presented. To do so, some integer partition results in the context of
number theory are introduced. The generating functions for the partitions are obtained, as well
as a novel formula to count them exactly. A computer program which implements such formula

is described.






Who controls the past,
commands the future.
Who commands the future,
conquers the past.

Kane
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Context






CHAPTER 1

General introduction

In this chapter we give an overview of the background needed, and motivate the study of
the field. After setting up the topic, we briefly review the main issues that led to the study
of quantum black holes. Within the context of string theory we introduce the holographic
principle, and one of its main answers to the quantum structure of black holes: the fuzzball

proposal. At the end we give an outline of the other chapters of this thesis.

1.1 Motivation

The Standard Model of particle physics [3] describes three out of the four fundamental
forces in nature: the electromagnetic, the strong nuclear and the weak nuclear. It leaves
some questions unanswered though, such the nature of dark matter. It is also unable to
describe the fourth fundamental force: gravity. The current theory to describe gravity is
general relativity (GR) [4], but it is classical. This means that it is incomplete, and it will
thus break down at some point. Black holes are of great theoretical interest because they
are systems where, indeed, general relativity seems to be giving the wrong description

when considering quantum effects on top of it.

As reviewed in the next section there are many mysteries regarding black holes. All

these mysteries arise because a quantum theory of gravity is not being used. Therefore,
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to answer and solve them there is the need to work towards constructing an extension
of general relativity at the quantum level. String theory [5,/6] is a consistent theory of
quantum gravity, and is the best candidate discovered so far. The work presented in this
thesis uses the fuzzball proposal within string theory to learn new things about quantum

black holes in this context.

Another motivation to pursue the fuzzball proposal is the recent detection of gravi-
tational waves by the Laser Interferometer Gravitational-wave Observatory (LIGO). The
LIGO team has been able to detect gravitational waves from black hole binaries [7-11]
and also from neutron stars [12], along with the electromagnetic counterpart in this second
case. These new detections provide the most concrete evidence there is for the existence of

black holes, and they have opened a new field of research: gravitational wave astronomy.

Gravitational wave astronomy gives observations which are direct experimental data
that can be used to further test general relativity. These measurements can also be
used to test extensions of GR. In the forthcoming years LIGO is predicted to give more
accurate observations, which may be used to eventually see the quantum corrections in the
gravitational wave signals. The Laser Interferometer Space Antenna (LISA) mission [13]
has also been accepted, and is predicted to launch in the 2030s. This new mission will have
increased accuracy with respect to LIGO, and so more and better data will be available

to compare with the theory. See [14] for a recent review.

All these facts make the study of black holes very exciting and with a promising future
as, most likely, there will be many new gravitational wave detections in the upcoming years.
These detections will allow people to check theoretical predictions, and thus confirm or
rule out the proposed extensions of general relativity. As it will be obvious by the end
of this chapter, the study of black holes in this context is also a very important building
block in holography, as the D1-D5 system is one of the prime examples of the duality.
In other words, a better understanding of this system may give insights in understanding
string theory further. In the following sections some more details on the main issues that

have been just mentioned are given, as a warm up and context for the rest of the thesis.

1.2 Black hole puzzles

According to general relativity black holes are predicted to have a singularity. Consider
for instance the Schwarzschild black hole [15],

2GM

ast = - (1- 250 ) a + dr? + 12d03. (1.2.1)

-
(%)



1.2. Black hole puzzles )

This is a spherically symmetric solution of the geometry of spacetime. In other words, it
is a spacetime with rotational invariance, where ¢ is time and r is the radial coordinate.
At r = 2M there is the event horizon, which is the boundary of the no return region. At
r = 0 the geometry is singular, and this singularity can be reached in finite proper time
by an observer. This is a problem in the theory, as these objects can be formed from
gravitational collapse of a cloud of dust [16]. As mentioned above, astrophysical black
holes have now been detected in the universe, so this needs to be resolved. Certainly
singularities are hidden behind a horizon [17], but they are still an issue which needs to
be dealt with.

The source of the main problems around black holes are horizons though. When adding
quantum fields to the system, Hawking showed that black holes evaporate emitting thermal
radiation, semi-classically [18] (see, for instance, [19] for a comprehensive explanation). If
Bekenstein’s work is added to this result [20] then the Bekenstein-Hawking relation for

the black hole entropy is found. It is

SpH = —. (1.2.2)

This raises a new question: if entropy is an extensive quantity, why is the entropy of a
black hole proportional to its area? This may be taken as a first hint towards holography:

the information of black holes is encoded on their horizon.

Also, if one puts on the statistical mechanics hat, one may realise that this is a macro-
scopic system with an entropy associated to it. Therefore, there should be a description
of this system as an ensemble of microstates. This is the next puzzle: what are these

microstates? Can they be identified?

Hawking radiation also gives rise to one of the most famous problems in theoretical
physics: the black hole information paradox [21]. There are several interpretations of this
paradox, none of them being completely controversy free. The basic idea behind it is the
following. Consider figure Hawking radiation originates from particle creation close
to the horizon. Imagine that one of the particles falls into the black hole, while the other
radiates away. Both particles are originally entangled, however at some point the black
hole evaporates completely and all that remains is a mixed state which is not entangled
with anything. Therefore, unitarity is lost in the process, as the start point could have
been at ¥; with a pure state. In other words, from the Hawking radiation resulting from
the black hole evaporation the initial states that fell in cannot be recovered. This is the

usual wording of the black hole information paradox [23H26].

In the next subsection we present what we think is the strongest argument to see the

information paradox in black holes, due to Page [27]. The introduction of that paper is a
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final point of
evaporation

Figure 1.2.1: Penrose diagram of an evaporating black hole. At 3; the observables outside
and inside the black hole are entangled, and the infalling state may be pure. At X, the
observables are not entangled with anything, and the state is mixed. Unitarity is lost in
the evolution from ¥; to Xy. Figure taken from [22].

very good and concise reference on the information paradox and all the main discussion
around it at the time, 1993. Before we review Page’s argument, let us make a side
comment. We consider quantum effects on black holes as we strongly believe that our
world is very well described by quantum field theory. The Standard Model has given the
most precise measurements that humanity has ever achieved, and physics is no more than
finding the best model which fits observation. Hence, at present there is no logic route
to solve these problems other than quantum gravity. Let us now understand information

loss in black holes.

1.2.1 Information loss

The main point of this argument is that semiclassical physics at the horizon cannot solve
the paradox. In other words, small quantum corrections localised to the neighbourhood
of the black hole are not the answer, as Mathur showed [24]. Consider figure It
shows the expected behaviour of the entanglement entropy for a unitary process. This
curve can be understood in the following way: the first radiation that comes out of the
black hole is entangled with the interior, and so the entanglement entropy that is measured
increases. After some point the entanglement entropy has to start decreasing, as all the
interior will be radiated and so the entanglement will all be within the emitted radiation.
Similarly, information is expected to start coming out mainly after the middle point is

crossed. Before that there is radiation coming out, but it is entangled with the inside still,
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A
12
Leading ,
order
10
ent .
Hawking 7
8 4 Hawking
s 7 with small
5 Entanglement entropy s / corrections
P . /
K ., F
4 ‘I" \'\:' /
- e
K Information, -, /
i 4
2 i
. “1"
0 = >
2 4 [3 8 10 12 >
Thermodynamic entropy
time

(a) (b)

Figure 1.2.2: (a) Plot of the average entanglement entropy and information against the
thermodynamic entropy, for an evaporating black hole. Figure taken directly from [27].
(b) The growth of entanglement entropy for the traditional black hole in the leading order
Hawking computation (solid line), and with small corrections allowed (dashed line). Figure
taken directly from [28].

and so information can remain hidden. Once radiation is only entangled with itself or, in
other words, when the interior can no longer hold all the information, it has to be radiated

away.

Consider now figure [I.2.2b] The solid line represents the growth of entanglement en-
tropy for a traditional black hole which emits Hawking radiation. Clearly, its behaviour is
very different from One could think that small quantum corrections to Hawking’s
semiclassical calculation could correct the behaviour to the expected one. However, this
is not the case. As mentioned above, Mathur showed [24] that the small quantum correc-
tions are not enough. In the figure, the dotted line represents Hawking’s result with small
quantum corrections. Clearly, the expected behaviour cannot be recovered like this. In
other words, there is a paradox: the entanglement entropy of an evaporating black hole
does not match with the expected behaviour for the entanglement entropy of a unitary

process.

A relevant argument within this story is the firewall discussion [29H31]. The main point

of the discussion is that one of the following three statements must not hold:
1. Hawking radiation is in a pure state.

2. The information carried by the radiation is emitted from the region near the horizon,
with low energy effective field theory valid beyond some microscopic distance from

the horizon.



8 Chapter 1. General introduction

3. The infalling observer encounters nothing unusual at the horizon.

The fuzzball proposal, which is introduced in this thesis in section [I.5.1], gives an answer
to this contradiction by proposing that the black hole microstates, the fuzzballs, are pure
states which have no horizon. Related to it there is the fuzzball complementarity discussion

[2832]. We refer to the given references for the discussion in depth.

After all this, it is now clear that there is the need to go beyond general relativity. A first
attempt would of course be to directly quantise general relativity. However, many issues
arise when trying to do so [19]; the resulting theory is not renormalisable for instance.
Therefore, a new theory is required. The most promising candidate for quantum gravity

that there is so far is string theory, and so it is the one considered in this work.

1.3 String theory

As its name advocates, string theory is based on the idea that the most fundamental
constituents of the universe are one-dimensional bodies called strings. Here we will just
very briefly mention some of the aspects that are used later. We refer to [5,/6] for a

comprehensive introduction to the theory.

One of the predictions or requirements in the best understood version of this theory
is that the universe has ten spacetime dimensions. Obviously people do not see ten di-
mensions in their everyday life, but the compactification of the extra ones on a very small

scale renders them invisible to all measurements that have been performed so far.

Superstring theory assumes that the universe is supersymmet1"i<£|7 and so attempts to
explain all existing particles. In the spectrum of the theory there are gravitons, which are
the particles associated to the gravitational field. The low energy limit of string theory is

classical supergravity [33], from which Einstein’s equations can be recovered.

Now, the worldsheet theory describes the motion of strings. It is understood by world-
sheet the two-dimensional surface that strings sweep with their motion. Strings can be
open or closed, with the open ones having Dp-branes as their endpoints. D-branes are
p + 1 dimensional (p spatial dimensions plus time) dynamical objects, with their analo-
gous worldvolume. The worldsheet action can be thought of as a two-dimensional field

theory. Let o! and o2 be the coordinates of the worldsheet, and consider the Euclidean

1Supersymmetry |6] is a proposed symmetry which relates bosons and fermions. Supersymmetric string
theory is usually called superstring theory.
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space complex coordinates

2

wzal—{—ia, w=o!

—io?. (1.3.1)
Holomorphic fields are such that they only depend on w, and antiholomorphic fields only
depend on w. In the literature the usual notation is to call left-moving the holomorphic
fields and right-moving the antiholomorphic ones. Consider now the theory on a cylinder,
which is achieved by compactifying the space coordinate. The world-sheet action for a flat

S = — (] e Ma [ Ma m Ma i

where o is the Regge slope, ¥H, ihH (with the p index being a spacetime index) are
fermions and X, are the bosons. In order for the fermion action to be invariant under the
periodicity of the cylinder there are two possible choices for the fermions, which separate
the theory in two different sectors. When the fermions are periodic the theory is said to
be in the Ramond (R) sector, and when they are antiperiodic the theory is said to be in
the Neveu-Schwarz (NS) sector. In short,

G (w + 2m) = TYRw), D+ 2m) = e PR (@), (1.3.3)
with ¥ = 7 = 0 being the R sector and v = 7 = 1/2 being the NS sector.

Now, black holes in string theory are solutions of the corresponding supergravity theory.
If one constructs a configuration of intersecting branes wrapped in the compact dimensions,
the dimensional reduction is the black hole geometry. There are simple rules to write some
of the black hole geometries that are obtained from brane configurations [34]. This thesis
focuses on the D1-D5 system, which means type IIB string theory compactified on X4 x S!
with D5-branes wrapping the whole compact space and D1-branes wrapping the S'. Here
X, is a four-dimensional compact space, which can be T* or K3. This system has a
supergravity black hole solution that has only D1 charge (1 and D5 charge (s, with

metric [35]

1 h
2 2 2 / 2 2102 [181 5 2
ds”® = h1h5 ( dt“ + dz ) + h1h5 (dr +r ng) + h5 ds (X4), (1.3.4)

where 7 is the radius of the noncompact space, z is the string direction and

Qi
hi=1+%, (1.3.5)

for the single-centered solution. When adding momentum along the circle we add a third

charge, (), and we obtain the three-charge black hole. The metric for this three-charge
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black hole then is, using the same notation as above,

1
ds? - <—(dt2 —dz?) + %(dz — dt)Z) +
175

+ Vhihs (dr2 +72(d6? + cos? Odip? + sin? 9d¢2)) 4

+ 2%%@1 — Ly)(dt — dz)(cos? Odep — sin? dep) + \/EdSQ(X4), (1.3.6)

where L; and Lo are related to the parameters of the metric of the corresponding type
IIB solution. See [35] for all the details.

The last thing that needs to be mentioned in this section are orbifolds. Let H be a
group of discrete symmetries of some manifold M. Then the coset space M/H is called
an orbifold. In the case of a string theory, this means that the strings will be propagating
on the coset space M/H. For example, given a space M, if the spacetime is identified
under the reflection of coordinates then the space M /Zj is obtained. This will introduce

twisted sectors in the theory, as is shown in chapter [2[ with a torus and the symmetric

group.

String theory has had many successes, like the derivation of the black hole entropy
using a counting of microstates. This is presented in section as the calculations of this
thesis follow from these early results. However, string theory’s biggest success is probably

the concrete realisation of the holographic principle [36H38].

1.3.1 Holography and the AdS/CFT correspondence

As mentioned before, the Bekenstein-Hawking black hole entropy formula suggests that
all the information of a black hole is somehow encoded on its horizon, that is, on the area
that “limits” it. This is the main idea of the holographic principle: in a quantum theory
of gravity, the information stored in a volume of spacetime is encoded in the degrees of
freedom living on the boundary of that region. The first realisation of the holographic
principle was the Anti-de Sitter/Conformal Field Theory (AdS/CFT) correspondence [39-
41], and its prime example is N' = 4 Supersymmetric Yang-Mills theory (SYM) being
equivalent (dual) to type IIB superstring theory on an AdSsxS® background. A precise
mapping between the elements in both theories has been well established since its discovery.
This mapping is commonly called the holographic dictionary. See, for instance, [42] for a

review.

A remarkable property of this conjectured duality is that it relates the theories when
one is at weak coupling and the other at strong coupling. By taking appropriate limits, it

can relate a classical string theory to a gauge theory in the 't Hooft limit, or it can also
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relate a classical supergravity theory to a strongly coupled gauge theory. All this thesis
is focused on a two-dimensional CFT, which is the dual theory of the AdSs region that is
obtained by taking the near-horizon limit of . The focus in this thesis is put on the
three-charge case, the so-called D1-D5-P system, where momentum charge @), is added.
The CFT description of this system is explained in detail in chapter 2 As a warm up, a
very brief introduction to CFT is given in the next section. After that section [1.5|explains

how string theory resolves the black hole puzzles.

1.4 Conformal Field Theory essentials

In this section two-dimensional CFTs are introduced. For a comprehensive review see [43]
(which this section mainly follows), or [5] for a shorter one. As it has been said in the
previous section, the worldsheet of the string is described by a conformal field theory,
and so coordinates for a two dimensional CFT have already been introduced in equation
(1.3.1)). Taking a step back, the conformal group is defined to be the subgroup of coordinate
transformations that leave the metric invariant up to an overall scale change. In the two-
dimensional case, the CFT is governed by the Virasoro algebra, which is presented in this

section.

A field ® is said to be a primary field of conformal weight (h, k) if under a change of

coordinates w — f(w) it transforms as

h /o h
®(w,w) — (gf;) <§£> O(f(w), f(w)). (1.4.1)

Let us recall that (w,w) are cylinder coordinates. In order to be able to use usual complex
analysis tools for the calculations it is common to consider a conformal map to the complex
plane, defined by

z=e". (1.4.2)

Now, the standard Noether prescription is used to construct the symmetry generators. The
stress-energy tensor 7}, can be obtained considering translations in the world-sheet. In a
classical theory with conformal invariance, this tensor is traceless. Also, its conservation
implies

O, =0T =0 =  T(2) =T.(z2), T(Z) = Tsz(2). (1.4.3)
Leaving the radial ordering implicit, it is important to understand the product of two local
operators when they are close together. This is the so-called Operator Product Expansion

(OPE): the product of two operators Op, Oy can be approximated to arbitrary accuracy
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by a sum of local operators O;,

01(01)02(02) = Z ci(o1 — 02)0;(02), (1.4.4)

)

where the ¢; are numerical coefficients. The conformal transformation properties of an

operator ® can be found by taking the OPE with the stress-energy tensor,

_ h _ 1 _
T(z)®(w,w) = m@(w,w) + mﬁwq)(w,w) + ..
. - h - -
Taking the OPE of T with itself yields
T(2)T(w) = 2 + 2 T(w) + ! oT (w) (1.4.6)
(z—w)t (2 —w)? z—w ’

where c is a constant which is known as the central charge. Its value is theory dependent.

Consider now the Laurent expansion of the stress-energy tensor,

T(z)=> 2" %Ly, T(z)=> 2" "Ly, (1.4.7)
neZ nezZ

The exponent —n — 2 is chosen so that the modes have scaling dimension n, i.e. so that
under the scale change z — z/A the modes transform as L_, — A"L_,. To compute the

commutation relations of the modes first the expansions above need to be inverted,

— dz n+1 oo dz —n+1/=

Then the OPE needs to be used, and after that the evaluation of the contour integral can

be performed. Doing all this results in the following formulas

&
[Ln Lm] = (n — m)Ln+m + E(Tl/s — n)5n+m,0

i

£

~ ~ 1%
L) = (n=m) L + 57 = 1)dnsmo
Ln|=0 (1.4.9)

The generators Ly, L, span two copies of an infinite dimensional algebra, which is called
the Virasoro algebra [44]. See appendix |A| for more details on this.

Now, let O(z,%) be an operator of conformal dimension (h, h). Its adjoint is

(O(z,z)ﬂ:o<1 1) L1l (1.4.10)

z' 2 ) 72h 2h
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In analogy with usual Euclidean field theory, since the origin of the complex plane corre-
sponds to negative infinite time in the cylinder (which can be read from the coordinate
transformation above, equation ([1.4.2))), states are associated with operators as

|0) = lim O(z,2)10), (1.4.11)

2,2—0

where |0) is the vacuum. Similarly,

(O] = lim (0|O(z,2)22"z2". (1.4.12)

z,2—0

For the stress-energy tensor modes, for instance, this gives the following relation

LI =L ... (1.4.13)

m

Now, the vacuum |0) is called the SL(2,C) invariant vacuum, for the following reason. If
regularity of
T(2)[0) =Y Lz "%|0) (1.4.14)
neZ
is required, as well as for (0| and for the right-moving modes, then the only modes which

annihilate them all are subalgebra {L41 0, Eil,o}-

One can use the modes of the stress-energy tensor to construct the so-called descendant
fields, i.e. the remaining fields in the representation of each primary field. Let ® be a
primary field, and ¢ its corresponding state, of weight h. ¢ is then called a highest weight
state, and is annihilated by all positive modes of the Virasoro algebra. That is, when
considering the state

h) = 6(0) [0). (14.15)

it satisfies
Lo |h) = h|h), L,|h)y=0, neZ". (1.4.16)

Descendant states are thus obtained by acting with the negative modes of the stress-energy
tensor. Notice that if one wishes to compute the correlation function of Ly with this state,
the whole operator can be plugged in: the positive modes will annihilate |[0) and the

negative terms will annihilate (0|.

Consider now the free massless fermion, described by the action

1 _ S
S=o / (v + go)., (1.4.17)
where the normalisation is chosen so that
1 .~ 1
Y(2)Pp(w) = — , o Y@EY(w) = ———. (1.4.18)

Z—w zZ—w
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From the OPE with the stress-energy tensor it is found that ¢ is a primary field of
conformal weight (1/2, 0). From what was said above it can be deduced that the zero
mode of the fermion does not change the eigenvalue of Ly, and thus it can be used to raise

the spin on a state without modifying its dimension.

In this thesis we work with a SCFT, that is, a supersymmetric CFT. In chapter [2] we
present the CFT at hand, which is an extension of what we described above. In appendix[A]
we give its algebra, which should look more familiar now. Since we have already reviewed

conformal field theory we can continue with the black hole story.

1.5 Quantum black holes

In the previous sections black holes have been very briefly reviewed, as well as the main
problems that arise around them semi-classically. After seeing that their full quantum
description is needed in order to resolve the problems, string theory, which nowadays is the
most popular candidate for a consistent theory of quantum gravity, has been introduced.
Therefore, string theory should be able to give a quantum description of black holes and

resolve all the issues that have been mentioned.

Historically, the first result was obtained by Strominger and Vafa [45], preceding the
first AdS/CFT results. They were able to reproduce the entropy for the D1-D5-P su-
persymmetric black hole using D-branes. More precisely, they computed the degeneracy
in the brane description, and changing the gravitational strength understood the result
in terms of the corresponding black hole. This calculation is possible because there is

supersymmetry protection when considering BPS states.

Using the holographic principle this process can be generalised to non-supersymmetric
solutions [35]. In the system at hand, since the D1-D5-P black hole has an AdS3 factor in
its near-horizon limit, if one manages to compute the degeneracy in the CFT description
using Cardy’s formula [46], then the result can be translated in the black hole regime. By
doing so an exact match with the Bekenstein-Hawking entropy is found. Namely, by doing

a gravity /CFT calculation the entropy of this black hole can be reproduced. This entropy

SBH = 27M/N1N5Np, (151)

where the charges N; are related to the ; ones introduced in section by [35]

1S

Nl 0/3 N, 20(/2
Q=" Qs =Negud, Q=T (1.5.2)
z

with V being proportional to the volume of My, R, being the radius of the S', g, the string
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coupling and o’ the Regge slope. This calculation however does not give any information
about the microstates themselves. As it has been pointed out in section[I.2.1} the quantum
structure of the microstates has to embrace all the black hole, up to the horizon radius.
In general relativity there are the no-hair theorems [47-51], which greatly restrict the
geometries that can be written. In string theory these theorems do not apply, as there are

many extra fields.

Using the AdS/CFT correspondence the microstates can be characterised. Take the
metric (|1.3.4)) and consider the following limit,

’ r

Vv
o — 0, J, RZ7 F ﬁXed. (153)

This is the decoupling limit; in this limit the black hole has an AdS3 factor. Similarly, in
the three charge case, equation , we obtain the decoupling limit by focusing on the
region 12 < Q1, Q5. Taking the near extremal limit as well, with large Q1 and Q5 charges,
we find that in this case the metric also has an AdSs factor (to be more precise, in this
case we find the extremal BTZ black hole; see, for instance, [35] for details). Therefore,
the AdS3/CFTy correspondence can be used.

Hence, one should be able to find a CFT state corresponding to each microstate of
the black hole. And one should also be able to find the duals of these CFT states, which
can be described by asymptotically AdS regular geometries. All the gravity duals are not
necessarily classical geometries; this will be discussed in more depth later. Since the near
horizon region of the original black hole also has the AdS factor and is asymptotically
flat, the asymptotically flat region can also be attached to these microstate geometries.
Therefore these black hole microstate geometries look like the black hole up to the horizon
scale. Mathur and collaborators found this characterisation of the microstates for eternal,

supersymmetric black holes, and called them fuzzballs [52-56].

1.5.1 The fuzzball proposal

Let S be the entropy of the black hole. As stated in the previous sections, associated to a
black hole there must be e microstates describing it. The fuzzball proposal says that these
microstates are regular, horizonless solutions, which give the black hole geometry after a
coarse grained average over all of them. So, fuzzballs propose a change at the horizon level,
as was required before. This is depicted as a cartoon in figure [I.5.1] Generically fuzzballs
are string theory states but, as it will be shown in the next section, a fraction of them
can be described in supergravity. The important point here is that only a small fraction
of them is visible within supergravity; not all of them [35,57]. This thesis deals exactly

with this last observation: to characterise and count what fraction of the microstates is
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Figure 1.5.1: Cartoon representing a fuzzball. Namely, a graphical representation of a
string theory state which is one of the microstates of the black hole.

well described by supergravity, in the three-charge case.

Since the AdS/CFT correspondence is believed to be exact and the dual field theory is
unitary, holography implies that the black hole dynamics are unitary. Therefore, there is
no information loss [24,/58|. This proposal for the microstates deals with all the other initial
issues about black holes as well, because the fuzzballs do not have a singularity. They do
not have a horizon either, but they still radiate [59,/60], and this radiation matches the
expected Hawking radiation for fuzzballs. This radiation does carry information, precisely

because there is no horizon [61},62].

Fuzzballs give a complete description of black holes in string theory and holography.
They do not only describe the evaporation process, but also formation and evolution:
Mathur showed that a shell of collapsing matter will tunnel to these microstates [63]. The
probability of tunneling is exponentially small, but this is compensated by the exponen-
tially large number of microstates (fuzzballs) corresponding to that classical black hole.
Also, this collapse and tunneling will happen in a time much shorter than the evaporation
time [64], and so the process of formation and evaporation is well described. There is
also ongoing work on whether fuzzballs can be observed [65,66], including their traces on

gravitational waves as exotic objects [67]. For reviews on the proposal see [23.|35,68-70].

This thesis is not centered around the fuzzball proposal itself, but around the study of
the CFT duals of some of the microstates in the D1-D5 system. The next section reviews

the major developments that have been obtained for this proposal in the last few years.

1.5.1.1 Latest results

There is a long running programme to construct putative black hole microstates as su-
pergravity solutions. This began with the construction of two-charge D1-D5 microstates
[52,/56,/71-73]. In this case the corresponding black hole does not have a macroscopic

horizon, but this two-charge case is nonetheless a useful arena to construct microstates
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explicitly and to make sharp identifications between geometries and the dual CFT states

using precision holography [73H75].

For three-charge microstates, the original examples of supergravity solutions were
highly non-generic, with, for example, atypically large angular momentum. Early dis-
cussions of (non-generic) microstates for macroscopic black holes can be found in [59}60,
76-81]. Recent constructions of microstates illustrate more generic features, using con-
cepts such as superstrata, see for example [82H100]. As already mentioned, one of the
aims of this thesis is to further study what fraction of the black hole microstates such

constructions can represent.

Most progress so far has been focused on finding the aforementioned solutions. However
there are some recent results on possible traces on gravitational waves caused by the
existence of fuzzballs as well [67,[101,102].

We have just given a broad overview of the fuzzball proposal and the constructions
that have been found recently; we leave the more specific context and introduction for the

start of each chapter. Closing this introduction comes the outline for the thesis.

1.6 Outline

This thesis deals with the study of the CFT states which are dual to the fuzzball black
hole microstates in the D1-D5 system. So far we have given context and presented the
proposal, without any explicit technical details. Chapter [2] introduces in full detail the
D1-D5 CFT in which the rest of the thesis is based. It reviews the known properties and
structure of the theory, and introduces some new details and explicit descriptions that
will be used in part [[Il We also give there some basic notation and results of elementary

additive number theory, as it is used throughout this thesis.

Part [[I] deals with the study of correlation and one point functions in this system. In
chapter [4] we consider correlation functions involving chiral operators constructed from
twist fields. We find explicit expressions for processes involving a twist n operator joining
n twist operators of arbitrary twist. These expressions are universal, in that they are
independent of the choice of M, the total twist, and the final results can be expressed in
a compact form. This result is essential for the calculations of chapter [5] This chapter is

based on the publication [1].

Chapter [f] starts by reviewing the known CFT calculations for the field theory side
superstrata three charge states, mainly based on [88,[89]. Then, the chapter is divided
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in two: in the first part we extend the reviewed calculation, for more generic one point
functions, in the short strand case. In the second part of this chapter we calculate the
same one point functions again, but now in the long strand limit. The results are general
and can be used for a wide range of chiral primaries; we compute explicitly some one point
functions to illustrate the process. From these we recover the expected relation between

long and short strand one point functions.

Motivated by the results in the previous chapters, in chapter [6] we calculate all possible
ways of joining single strands into a state of twist n. Some more results on number theory
are introduced, in particular on integer partitions, as they are needed for the countings
involved to accomplish this. We give bounds for the one point function for multi-particle
states of twist two operators, and compare the result with the twist n one point function.
These results, together with chapter [5| have been submitted to the General Relativity and

Gravitation topical collection on the Fuzzball Paradigm.
In chapter [7] we gather all the results of part [[T| and comment on them.

Part [[T]] has one main chapter, chapter 0] where we take a different approach. Rather
than trying to study the microstates themselves, we count directly in the CFT the mi-
crostates that have been already constructed. To do so we use some more number theory:
reviewing more results on integer partitions we reproduce the entropy of the two-charge
case, and count the states that have been found in the three-charge case. We also explain
an algorithm to implement this process in a computer program, and present some numer-

ical results which we ran on IRIDIS4, the University of Southampton supercomputer.

Part [[V] discusses the results of this thesis and explains some of the future work that

follows naturally from the results of this thesis.

Last, appendix [A] gives some more notation and background on the D1-D5 system.



CHAPTER 2

The D1-D5 CFT

In this chapter we introduce the D1-D5 CFT, on which the whole thesis is based. A great
and exhaustive review of the D1-D5 system is given in [103,/104], where the general picture
and the construction and details of the gravity side can be found. This chapter focuses on
the CFT side, giving insights on the spectral flow operation and also explicit details and

expressions for the operators needed for the calculations.

2.1 Setup

Consider type IIB string theory compactified on X x S!, with X being T* or K3. Let
N5 D5-branes wrap the five compact dimensions and N; D1-branes wrap the S'. This
is summarised in the standard way in table X is taken to be string scale and the
scale of the S! is assumed to be much larger (so that the circle can effectively be treated
as non-compact). D1-D5 black hole solutions in the supergravity limit are asymptotic to
M*! x 81 x X. The geometry of the decoupled near horizon limit is AdSz x S3 x X, and

there is supersymmetry enhancement (see [105] and references therein).

The CFT dual to the decoupling region geometry is a two-dimensional superconformal
field theory (SCFT). In what follows, the focus is put on the theory for X = T*, although

much of the later analysis of this thesis also holds for K3, i.e. it does not rely on features

19
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DL - | -1 -1 -1 -1-

D5 |- -1 -] | -|-|-1-1-1-

Table 2.1.1: Table showing the brane configuration for the D1-D5 system. The lines indi-
cate that the brane is extended in that direction, dots represent perpendicular directions.

Dimension 0 is time, 1-4 are the noncompact ones, 5 is the S' and 6-9 are X, which can
be T4 or K3.

specific to T4, For toroidal compactifications, the SCFT is an A/ = (4,4) superconformal
sigma model with central charges ¢ = ¢ = 6/N1N5; this theory can be viewed as a defor-
mation of a free orbifold CFT with target space (T4)V1Vs5 /S(N{N5), where S(n) is the
symmetric group. Three point functions of (single trace) chiral primaries are protected in
this theory (see [106-109]), and thus agree with the corresponding three point functions

calculated in supergravity.

In chapter [5| we calculate one point functions involving chiral primary operators in the
field theory. The states involved in such computations have a chiral primary operator O

within them. Thus, in general the one point functions can be written as
(01] 02(y) |Os) - (2.1.1)

Therefore, using the relation between states and operators the one point functions calcu-

lated in chapter [5] can easily be related to three point functions of the form

(O1(2)02(y)Os3(2)) - (2.1.2)

For some of them the dual supergravity one point functions are known, and for the others
the matching is yet to be done. We work in Euclidean signature on a cylinder which is
parametrised as

w=7T+io (2.1.3)

where 0 < g < 27w and —o00 < 7 < 00.

For the calculations in part [II| of the thesis it is crucial to understand the orbifold
description of the theory, so let us review it. The Hilbert space of the orbifold theory
decomposes into twisted sectors, which come from the action of the symmetry group
S(N1N5). They are thus labelled by the conjugacy classes of the group, which consist of
cyclic subgroups of various lengths. See the discussion in [110] for further details. Let
N := N1 N5 be the total number of copies of the CFT, m; the lengths of the different

cycles and n; their multiplicity. Then, in order to have full physical states in the theory
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the conjugacy classes must satisfy the constraint
> nim; = N, (2.1.4)
i

where the sum is over all the cycles. There is a direct correspondence between the conju-
gacy classes and the long/short string picture of the D1-D5 system [111]. The symmetry
group of the SCFT is SU(1,1|2) x SU(1,1|2), which breaks down into the following parts.
The SO(4) g isometry of the S in the gravity side is identified with the SO(4) R-symmetry
in the N' = (4, 4) superconformal algebra. The other SO(4) symmetry of the field theory
is identified with the SO(4); of the torus. In subsection an explicit index description

with free fields is given.

At the orbifold point of the theory chiral primaries can be precisely described, as they
are associated with the cohomology of X. Hence, chiral primaries in the NS sector are
labelled as Oﬁﬁ’q), where m is the twist of that chiral primary and (p,q) refers to its
associated cohomology class. The conformal weights (h,h) and the R charges (js, j3) of

these chiral primaries are given by
1 ~ ~ 1
hNS:jgszi(erm—l), hNS:jyszi(qum—l). (2.1.5)

Recalling the constraint for the cycles mentioned above, the complete set of chiral primaries

is built from products adding up to the total twist,

[J(O%uaym, > mmy = N, (2.1.6)
1 ]

with symmetrisation over N copies of the CFT implicit.
Chiral primaries in the NS sector are mapped to ground states in the R sector via

spectral flow. Spectral flow is a deformation of the algebra, under which the quantum

numbers of the R ground states transform as

<
24’

. . (&
D (2.1.7)

hR — hNS NS
J3 + 19’

where c is the central charge of the CFT. More details on spectral flow are given in section
[2:2] For chiral primaries of associated twist m the central charge is ¢ = 6m; the central
charge of the full theory is ¢ = 6 N1 N5. Analogous expressions hold for the right moving
sector. As we just said, NS chiral primaries are mapped by spectral flow to R ground state

operators,

H(O;ﬁf#ﬂ))nl N H(@%th))nl (2.1.8)
l l
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with R charges

) 1 ~ 1
3 = B > (o — Dy, 3 = B > (@ = ). (2.1.9)
! 1

Note that the Ramond operators obtained from primaries associated with the (1,1) coho-

mology have zero R charge.

The microstates of the 2-charge D1-D5 black hole are Ramond ground states. The

entropy associated to the microstates is

(2.1.10)

where C(X) is determined by the cohomology. C = 24 for K3 and C = 12 for T
However, the corresponding black holes do not have macroscopic horizons. The famous
3-charge black holes with macroscopic horizons discussed in [45] are obtained by exciting
the left moving sector with momentum P, and they do have macroscopic horizons. The
entropy is then

C(X)NP

S=2
i 5 ,

(2.1.11)

where implicitly it is assumed that P > N. The generic structure of the 3-charge mi-
crostates is thus
Op [J(ORpraym, (2.1.12)
!

where Op describes the excitation of momentum P. As discussed in early works such
as [111], most of the 3-charge microstates are associated with excitations over maximal
and near maximal twist ground states (“long strings”) as there are more ways to fractionate
the momentum over such states. This is our motivation to calculate one point functions
of chiral primaries for short and long strings and compare their results in chapter [5| and
also to count sub classes of microstates and see their distribution in short and long strings
in chapter [0

In chapters [}, [6] and especially in chapter [0] we will be using nomenclature and results
of the theory of integer partitions. We introduce all necessary concepts as they are needed
throughout the thesis. However, we include a short and introductory section on the topic,
with the basic definition and references for further reading. The reader familiar with the

concept can skip the next section.
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2.1.1 Integer partitions

Let n be a positive integer. A partition of n is a finite non-increasing sequence of positive

integers my, ..., m, such that they add up to n,
T
> mi=n. (2.1.13)
i=1
The m; are called the parts of the partition. The total number of partitions of n is denoted

by p(n) and is called the partition function. Let us write the partitions for the first six

natural numbers as an example.

p(0) =1 (the empty sequence)

p(1)=1; 1

p(2)=2; 2, 1+1;

p(3)=3; 3, 2+1, 1+1+1;

p(4)=5; 4, 3+1, 242, 24141, 1+1+1+1

p(5)=T7; 5, 4+1, 342, 3+1+1, 24+2+1, 2+1+1+1, 1+1+1+1+1

(2.1.14)

For an exhaustive explanation and results on integer partitions see, for instance, [112].
In parts [[I] and [[TT] we introduce more definitions and theorems that derive from this
definition. Let us now go back to reviewing the orbifold CFT, by introducing the free field

description.

2.1.2 Free field description

In this thesis we do not use explicitly the free field description of the theory for most
calculations, but it is necessary to introduce part of it to define the chiral primary operators
with which we work. Details of this description and also a complete classification of all
chiral primaries for this theory can be found in |103]. Our notation follows closely that
of [88] and [89].

Let us first define our notation and conventions. Recalling that SO(4) ~ SU(2)xSU(2)
we write the SO(4) symmetry associated with the torus as SU(2)¢ x SU(2) 4. We label
the SU(2)¢ group with A = 1,2, and the SU(2)4 with A = 1,2. The R-symmetry
SO(4) group also splits into two SU(2) subgroups, corresponding to the left and right
R-symmetry. We use the labels «, & to identify them, with a = {+,—} and & = {4, ~}.
To refer to the copies of the torus we use a subindex (r), which runs from 1 to NjNs.

Fields and operators corresponding to the right moving sector are denoted with a tilde.
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At the orbifold point, the CFT has free fields
(X35! (w, @), 45 (w), 94 (@), (2.1.15)

that is, four bosons and four doublets of fermions. The mode expansion of the fermions

in the Ramond sector is

=S yedem, gt =Y dide (2.1.16)

nezZ nez

and they satisfy the following Hermitian properties,
+1 -3 +2
wn(TT) - _w—i(r)’ wn(: w_ (2.1.17)

The right-moving sector is completely analogous. The Ramond vacuum state, which we
denote as |[++),y, is defined by

i S _ yas|
f [P0 =W H P =0 iy e =t e =0 (21.18)
The R-symmetry currents in terms of the free fermions read

Fd@espd S @), (2.1.19)

l\’)\}—t

L i B
Je ) = S Weagugh ), J5 () =
where the operators are normal-ordered with respect to the |—|——|—>(T) ground state. Another
operator we are interested in is
Y VN (2.1.20)
(7“) = \/§ (7,,) AB (7_) A,
Notice that all these operators have been defined to be unitary. Using its zero mode and
the zero modes of the standard SU(2) generators of the left R-symmetry current, which
are defined as

3 . +—
I3y =

1 _ - -
m ty Jm=Je ad Jg= =T (2.1.21)

the other R ground states can be written as

=)y = oy F ey e = o )y (2.1.22)
and ,
100) ) = Lim Ogoy [+ ﬁw&f;‘)%&&ﬁ ++) () (2.1.23)

The operator modes change when moving from the NS to the R sector. This change is
determined by the spectral flow operation mentioned above. In section [2.2] we give details

on how this mode change arises.
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Let us turn our attention now to the twisted sector of the theory. The twist (or gluing)

ad

@ is an operator which induces a cyclic permutation of

operator, which is denoted by X
Kk > 2 copies of elementary fields. This operator is also a chiral primary, and it generates
the twisted states. That is, it generates the cycles of length . In other words, the twist
operator joins x strings of winding one into a single string of winding . The strands of

length x are defined as
K

1 K—lw—— _
) = lim [0 (2,2) [T ) - (2.1.24)

r=1

where E;; is the lowest weight state in the Y, multiplet. This operator has conformal

dimensions (51, 551) and, as can be read from the definition above, the state [++), in
the Ramond sector has spin (%, %) and winding k. To write the expression of the twist

operator X, in terms of free fields it is necessary to bosonise the fermions. Details on
bosonisation and the expression of the twist operator in terms of free fields are left for

section [A-4] of the appendix. The normalisation of the twist operator is dealt with in

section 2.1.71

Now that the gluing operator has been introduced we can study the twisted sector of
the theory. First of all, in order to facilitate the calculations, the fermion basis needs to
be changed, in order to obtain independent fields for this sector. To do so we consider the

following combinations, which diagonalise the boundary conditions [115]:

A 1 a STP A A 1 al ST A
;A(Z) = Tr > GZM?%J;)A(Z% T/J;A(Z) = Tr > 6727”7%;;1(2)7 (2.1.25)
r=1 r=1

~ -rp

i 1 & 1 O omire 7o
Sz = NG YR, ) = NG Yo E),  (2.1.26)
r=1 r=1

where p = 0,1,...,x — 1. To obtain the other R ground states in the twisted sector the

zero modes of the fermions are used, just as in the untwisted case,

=) = Jopeo ) » [+—) = Jopeo [H+)s - (2.1.27)

Similarly, for the spin zero R ground states we act with the zero mode of > ;_; (’)(T) ,

V2

The relation between ground states and their associated cohomologies is

100),. = —— =0 m0€ AnPopo I+ (2.1.28)

OFC? & 44),,  OFD 100),,  OFO0) & |—) (2.1.29)

K

and

OFRO) 14—y OF02) (51 —4) (2.1.30)

P
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In the R sector all these states have h = h = /4, while (4, 7) for these states is 1/2(a, &).
For instance, the state |[++4), has (h,j) = (h,j) = (x/4,1/2), and the |00), has (h,j) =
(h,J) = (k/4,0). In the NS sector all these correspond to chiral primaries, as we explore
in detail in section with the spectral flow operation.

In this thesis we only consider ground states associated with even cohomology classes,
even though all classes can be straightforwardly considered in part [[TI} In chapter [ the
cohomology notation for the chiral primaries is more convenient, and thus it is the one
used. For the calculations in chapter [5] in order to see the effects of the operators more

explicitly, the cohomology notation is dropped.

Now that we have twisted sectors we should also give the definitions of the Ramond
sector and the Neveu-Schwarz sector in the twisted case. Analogous to the definition for
the untwisted case, equation ([1.3.3]), we now define

R sector: ?ﬁ(r) — w(r+1)> ey w(n) — ¢(1)
NS sector: Viry = Vig1)s o Pm) = —¥)- (2.1.31)

So far we have defined the ground states for a single copy, namely, in the untwisted
sector, and we have also seen how to construct the twisted sector ones. We have also
defined all the operators for which we will compute one point functions explicitly, but
only in the untwisted sector. Most of the explicit calculations in chapter [5] will be using
these untwisted operators, but we are also interested in one point functions for twisted

operators. Therefore, we define them in the next section.

2.1.3 Operators in the twisted sector

Let us now focus on the chiral primary operators defined in the twisted sector. All chiral
primaries from single particle states of the SCFT are listed in [103], and we refer there for
the exhaustive list. We calculate one point functions for a subset of them in this paper,

but the methods can be easily extended to the rest.

Keeping in mind that the twist operator ¥, acts on a product of k copies, the first
twisted operator that would come to mind to extend (9(0;,0)‘ to k copies would be to join &
(98?)‘ operators using a twist of length k. This process creates chiral primary operators,
but not coming from single particle states. We can see this explicitly by looking at the

quantum numbers. Consider for instance the operator

Ot =%, QO[T (2.1.32)
r=1
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It is important to note here that the twist operator and the O operator act on different

groups of copies It is a chiral primary, as it has

(515 e (1)~ (e
(FLJ):(H;{n;l)ﬁ.(;;):(K_;,K_;)_ (2.1.33)

Analogous definitions can be done for the rest of the O®“ operators. These are not however
“single particle” operators, as we have the product of many (98?)‘ operators. Let us be more

precise on what we mean by single particle states.

Given a fixed gravity background, single particle states can be thought of as excitations
over this background. Thus, if we have two such states, very localised in the gravity
background, we can see this as two particles. However, if the two states are bound to
each other and the particles cannot be separated out, we would view this as a bound,
multi-particle state. As we increase the energy of the state, we can no longer view it in
terms of excitations over a fixed gravity background though. Instead, we need to take
into account the gravitational backreaction and give a description in terms of the curved
geometry. Doing this renders the distinction between a single very heavy particle and

multi-particles less clear.

Now, to connect with the one point functions discussed in this thesis, consider the
operator O,, ® 1n_,, with twist m. This would be a single particle state, which would
correspond to a single excitation in gravity, that is, some specific fields with specific spheri-
cal harmonics of degree ~ m. On the other hand, consider now the operator [[%_; Oy, ®1g,
where the twists m; are such that ), m; + ) = N to make the operator BPS. In this case
we would think about this in gravity as being effectively k particles, of different spherical

harmonic degrees, all bound together.

The black hole microstates for which we have geometric descriptions are generically
the latter, i.e. large numbers of particles, all bound together to give a state of specific
energy. The energy in this setup is sufficiently high that it cannot be thought in terms of
small excitations over an AdS background; the multi-particle state is so energetic that it
effectively caused the background geometry to change considerably, reflecting the nature

of the bound state of particles.

Coming back to the twisted operators that we are constructing, we can also create
analogous chiral primaries with the J currents. For instance, we can consider the x-twist
operator

T =2 QI (2.1.34)

r=1
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which has (h,7) = ((35 — 1)/2,(3x — 1)/2) and (h,j) = ((k — 1)/2,(k — 1)/2) and so
is also a chiral primary. As in the previous case, it is important to note that the twist
operator and the product of R-symmetry currents act on a different group of copies. We
can analogously construct the rest of the J operators this way, and also without the twist
operator. The methods for computing one point functions showed in this paper extending
the work of [88] can be easily applied to these cases. We will comment on this further
in subsection [5.2.9] Hence, it would be interesting to have a better understanding of the

gravity duals of all these one point functions.

However, in this thesis, and more in particular in chapter [b| we are concerned with
chiral primaries from single particle states. Before we go into details, let us define some
conventions that will simplify the expressions and ease the notation. In what follows we

will define operators like

K
e 1)@ ® L1y @ OFF @ Lp1) ® oo ® L. (2.1.35)

r=1
That means, we act trivially on all copies except one, on which we act with the (’)‘(3;‘3‘
operator. In order to avoid long expressions, we will leave all the identity operators

implicit, and instead write
K
Sy O (2.1.36)
r=1

From now on, and throughout this thesis, every time we write an expression like (2.1.36])
we are leaving all the identity operators implicit. Let us now write the chiral primaries
from single particle states. As we said, they are all listed in [103], and we give only the

subset with which we work.

Chiral primaries from single particle states with h — h = 0: The four chiral

primaries with h — h = 0 corresponding to the (1,1) cohomology are

k=1 K . . k=1 F . .. k=1 F . .. k=1 K . ..

5 +1, 741 5 +1,742 5 +2 741 5 +2 742

D I L D WA A L1 M DL L4 F D DL A

r=1 r=1 r=1 r=1

(2.1.37)
where the superindex in the twist operator corresponds to its conformal dimension. These
chiral primaries have conformal dimension (x/2,%/2). They have one fermion of the left
sector and one of the right sector, and so they correspond to the O%% operators. Therefore,

taking Combinationsﬂ we see that the twisted sector generalisation of the chiral primary

!Note that the operators given in correspond only to the case o = +, & = + of the O%% operator.
That is because, as is usual in the literature, in [103] only the bottom component of the multiplet is given
explicitly. We obtain the other O%% operators that we have written above by taking other components of
that same multiplet.
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K e ;
r=1 ('r) 1s

, sl B .
024 .= ¥, 2 2_:1(%)' (2.1.38)

The other operators with h — h = 0 are obtained with other components of the short
multiplet of the twist operator. There is another chiral primary associated to the (2,2)

cohomology, which is
S I T L AT
22 ;¢(T)¢(r)w(r)¢(r)- (2.1.39)

We do not use this operator in this thesis because we only want to raise the spin on the
left, as we mentioned before. The sixth and last chiral primary with h = h is the twist

operator 32, which also has conformal dimension (k/2, k/2).

Chiral primaries from single particle states with h —h = 1: In this case we have
K ad . .
Pl +1,,+2

i Eflw(r)w(”’ (2.1.40)

of conformal dimensions (/2 + 1, %/2), from which we construct the .J,, currents. Notice
that in this case 0 < k < N — 1. Thus, we define

Jo=52 YTk (2.1.41)
r=1

Notice that J. and J5* have the same transformation under spectral flow, just like O2%
and O2%* do. To finish this section let us connect these operators to other notation found

in the literature (see, for instance, |113]).

Heavy and light operators In the context of one point functions in the D1-D5 system,
and more generally in holographic CFT calculations, it is common in some literature
to define heavy and light operators [113-115]. These are all primaries, with different
conformal weights. Light operators are operators with low conformal dimension relative
to the central charge ¢, and heavy operators have large conformal dimension (of order c).
With the definitions that we have given above, if we consider the chiral primary operators
alone it is natural to say that heavy operators are the ones we have constructed in the
twisted case, using the gluing operator ¥ and combinations of fermions. Light operators

would then correspond to single trace operators in the untwisted sector.

When looking at the one point functions that we compute in section [5.2] we need to take
into account that, in the definition of our states (which we will see in subsection [2.1.5]), we

have some operators inside the definition of the strands. As we will see mainly in chapter
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the calculations that we make can be used to calculate both heavy and light one point
functions. Now that we have defined all the strands and operators we will briefly review
how to construct 1/8-BPS strands, that is, strands where we raise the left R symmetry
charge. Further details can be found in [86-90].

2.1.4 Creating 1/8-BPS strands

So far we have only defined the two-charge strands in section In this section we
define three-charge strands. To construct the most general 1/8-BPS strands considered so
far in the literature first we need to introduce fractional modes. In a sector of twist x of
our theory one can define [116]

_[de g n

= —2mi(r=1) = 2.1.42

J+

a3

where n is an integer. These modes allow us to increase the R charge of a state by one
unit while only raising the conformal dimension by n/k. Then, given the R ground states
that we defined in section [2.1.2] one can add momentum excitations by acting with these
fractional modes,
+ e
(J*2e) ™" 100),,. (2.1.43)

We will be writing strands generically like this in section but it is important to keep
in mind that the total momentum added to the state has to be integral [111]. In chapter
the attention is focused on the case when n = &, even though the calculation can be
easily extended to generic fractional modes. Fractional modes are considered explicitly
in chapter [9] This state also shows us why we expect most of the 3-charge microstates
to be associated with long strings: the greater x is, the more possibilities we have to
distribute the momentum excitations within the strand. We will see this very clearly
when we consider the norm of the states in the next section. This long and short string

difference is also our motivation to calculate one point functions in the long strand case.

We now have all the definitions for the strands and operators that we need to calculate
all the one point functions that we consider explicitly in this thesis. However, so far we
have only considered building blocks of our states. Recalling equation , we see that
any state of the full theory must have strands adding up to N. We call states which satisfy
this condition physical states, and in the next section we construct all the ones that we

use in chapter [5] and give their norm.
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2.1.5 Physical states

This section is very closely related to section 3 of |88], but we include it here for complete-
ness. Before we start constructing states let us introduce some notation. We denote by N
the total winding number, and |gs) ) denotes any of the ground states, i.e., |4, £), or
00)(,-y, on the copy r of the CFT. When instead of writing a number in parenthesis in the
subindex we write a number x then it denotes a strand of length «. We consider several
copies of each strand, in order to satisfy the condition and be able to have generic
strand lengths. We denote the number of copies of each strand by N,ggs), where k is the
length of the strand |gs) . To get the %-BPS states we use the R-symmetry current, as
explained in section @ We denote by N, ~(09) the number of copies of the three-charge

strand, where the new index stands for the number of insertions of the J* mode.

K"

Now that we have this notation, let us write a full 1/4-BPS state. Keeping in mind

that the total winding number is N we define

SUNEY) = TT(gs) ™", with YT RNGY = N, (2.1.44)

QSVK gS7K

where {Nﬁﬂs)} denotes the partition that satisfies the condition of the total winding being

N. We denote by N({N,ggs)}) the norm of this state. This norm is taken to be the number
of combinations in which one can produce N,.ggs) strands |gs),. starting from the state

N

& 1++) ) - (2.1.45)

r=1

Recall that the Ramond ground states in a single copy have unit norm. Also, once we
have created the different strands, there is a unique way to transform them to the desired
ground state. We do this by acting with the O and J operators defined in [2.1.2] which

are already normalised. Therefore we only need to consider the creation of the twisted
sectors. Starting from the state (2.1.45)) there are ﬁ possible ways in which we can

choose k of these copies up to cyclic permutations. Taking this number into account every

time we construct another twisted sector, we produce the following number of terms

N! (N_"‘fl)! (N—Kl—liz—...—,‘igfl)! i N! (2146)
(N—Iil)!lil (N—Kl — I{Q)!/QQ O!Kg - HHSHN'ES)’ .

where g simply denotes the last term. The normalisation of the twist operator is calculated
in this way as well, as we show explicitly in the next section. If we have several strands of

the same type it does not matter in what order we got them, and thus we have to divide
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by an extra N,gs)!. So, the norm of the physical state (2.1.44]) is

(gs) Nl
N({NK }) = H N(QS)'KN’ggs) . (2.1.47)
gs,k * 'k .
Notice that the states are orthogonal,
(w{Nﬁf’S’}’ w{N;(gS)}> =0 ytoy (/o0 N NETY). (2.1.48)

)

Last, we write a dimensionless coefficient A,(.;gS in front of each strand, so that our state

describes the CFT dual of a black hole microstate geometry. These coefficients satisfy

STIAWYE = N. (2.1.49)

‘g's7’c

See section [4.2|and [88] for the formulas connecting these coefficients to the corresponding
supergravity geometry. Including these A% Fourier parameters the physical states are

written as

N,,ggs)
(9s)
Viapoy = 2 (HA%S)) ooy = 3 TTA8 19 )™ (2150

{N’(QQS)} gs,Kk {N’ggs)}gsﬁ

where the sum is restricted as in ([2.1.44]).

Now that we have described the i—BPS state, let us excite it to obtain the %—BPS one.
As we mentioned in , to obtain a three-charge solution we raise the momentum of
the states using modes of the J* operators. In chapter we restrict to the —1 mode, as for
the one point functions involving only this mode, some of the results have been explicitly
matched with its gravity dual [88]. Thus the three-charge states that we consider are

written as

(00)
4 1 Nn,m,{

Vg = 090 T (g oo, ) 2.151)

|
s=1 K,y M

As we said before, in chapter [J] we start investigating a more general case. To do so we
consider more general states with fractional modes for the R-symmetry current. Similar
calculations can be performed in that case for the one point functions, as well. In the
state my is the number of insertions of Jfl. As it is important for this thesis,
let us explain carefully the notation and normalisation of the excited state. The operator
is acting on a strand of length x which, with the notation that we introduced above, is

equivalent to writing a sum over the copies. That is, when we write the state above it is
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shorthand notation for

(00)

4 K Mg NK Mg
(s) 1 ’
Yo 3= [TTT0)0 ™ 11 (m' <Zl Jfl(r)> \00>n> : (2.1.52)

s=1 K K,Mg

which, as always, the sum for J is over any & copies. Notice that m, < k, as otherwise we
would have two insertions of the mode on a same copy in every term, and so the resulting

term would vanish. Writing the copies out explicitly we have

Mg

(Jirl(l) ® 1(2) ®..® l("i) ot 1(1) ®. 1(&—1) ® le(ﬁ)) (2.1.53)

We will thus have (7 ) terms, up to cyclic permutations of the R-symmetry modes. We
need to divide by m,! to get rid of the permutations, as they all correspond to the same
state. Also, let us recall that the sum says is over k strands, but it does not give any infor-
mation on which « strands we act on. This will be taken into account by the normalisation
of the state. Keeping all these comments in mind, the norm of this three charge state is
analogous to the previous one, equation , except for an extra factor accounting
for the different combinations in which this operator can act on the strands, as we just
mentioned. Therefore, the norm of is

. A(00)
| 1 K KoM

NUNE) 1) — . (2.1.54
WeimeD) [y NN |\ T, NI 16N r}r_n[n s -

As a side comment, let us recall that, as we said above equation (2.1.42)), in the twisted

sector we have fractional modes. Therefore, when writing the operator in terms of modes

of the fermions we have the integer modes, but also all the combinations of the fractional

modes that give the desired one.

Let us write now, as in the case of the %—BPS state, the state dual to the supergravity

geometries. Analogous to the previous case, we define the supergravity dual as

N N,
w({AI(QS)7BK,mm}) = Z (H A/({S)> ( H BH,TI’M) w{N,SS% } =
Y o o
(00)
s (s) BH - m Ny
= > ([T 0™ 11 (m’!uﬂ) - \00>N> ,
{N;gizm} S,K K,Mg K
(2.1.55)

where the condition (2.1.49) also holds, adding now the new By ,,. coefficients. That is,

the condition now reads

STIAEIP + 3 B, P = N. (2.1.56)

gs,k KyMy
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The norm of the state is

WHAY . Bem D= > NUNELD) (H |AS>\2N’£“S)> (H 'Bmmn'2N§’0’3”> |

(NS ot
(2.1.57)

We have now defined all ground states and three-charge states that we use throughout
this thesis. However, in chapter [5| when calculating one point functions of twisted chiral
primaries we will end up with other excited states, for which we will need the normalisation.

We dedicate the next section to calculate these normalisations.

2.1.6 Normalisations

Before we calculate the normalisation for the excited states let us review the normalisations
of all the operators and of the one point functions themselves. As we have seen in the
previous sections, the ©O%® and the J? operators are all normalised to one by definition.
Also, in the previous section we have normalised the physical states by counting the
number of combinations in which we can create them from the untwisted vacuum. As

usual, we normalise the untwisted vacuum to one, that is,

l++) e o1 (2.1.58)

Therefore, the norm of the physical states is fully determined by the twist operators .
This means that this norm is not trivial, and so we will need it when computing one
point functions of twist operators. Let us calculate its norm. To calculate the norm of an
operator we need to calculate its vacuum expectation value. To do so we need to calculate
a two-point function; otherwise the result will be zero. First of all let us recall that the

vacuum of the Ramond sector is
N

® [++) () - (2.1.59)

r=1

Then, the norm of the twist operator is given by

N N

2 Fy——

2.l = (@ ) <++y> I I <® |++>(T)> . (2.1.60)
r=1 r=1

This two-point function is easily calculated with the combinatorics presented in the previ-

ous section. Namely, the number of ways in which the Z;; operator can act is given by the

choices of k objects among N up to cyclic permutations. Formally, the twist operator can

act in any of this combinations because when we write the operator >, this is shorthand
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notation for

Y. Do) (2.1.61)
{i1yeeesin }

where the sum runs over all possible choices of k copies among the N total ones up to
cyclic permutations. The only non-trivial action its complex conjugate can perform is to

undo that joining, and so the norm of the twist operator is given by

N!

EadQZ )
=7 (N —k)lk

(2.1.62)
This of course coincides with the norm given in equation (2.1.47) when we consider the
state ¥ = |[++),. ® (|++);)V ~". We can also calculate the norm of the operators in the

twisted sector. Consider for instance the chiral primary
K .
Sy O (2.1.63)
r=1

As we said above, the O“? operators are normalised to 1, and so only the twist contributes.

Therefore

K 012 N'

at |2 .
P Z 04SP = N )i (2.1.64)

r=1

Let us finish this section with a general comment regarding the normalisation that we use
for the one point functions. We will always normalise them by the norm of the in stateﬂ
More concretely, if O is an operator for which we want to calculate the one point function

and |O) is the state we are interested in, the results that we will give will be

(00(»)|0)

10] (2.1.65)

Now that we have the normalisations of all the operators we can find the norm of other

excited states in which we will be interested on.

2.1.7 Other excited states

As we have said in section [2.1.3] in chapter [5] paper we will be interested in calculating one
point functions for chiral primaries. The untwisted chiral primaries and twist operators
will generate other ground states or three-charge states, and so the same states that we
have described before will give a non-zero answer for the one point functions. However, the
state resulting from acting with a twisted operator on a ground state is not any strand we
have discussed before, and so we need to introduce these other excited strands. Consider
for instance the operator (’),jjr defined by acting on a ground state |[++),. It will

By in state we mean the state for which we calculate the one point function. We will call out state to
the state after we act on it with the operator for which we are calculating the one point function
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generate an excited state, which we define as
. R .
)% = lim 2T D Oty ) (2.1.66)
r=1

In the R sector this is a state with h = h = T+ %, j =7 =1. We do not use its norm in
this thesis though, or the state itself. As we will see in section [5.2.8] we can show how the
calculation would be done for these cases. But we will not give the final result, as there
is more work to be done in the supergravity side necessary to finish the calculation. We

give more details in that section.

Now that we have given a description of the free field theory we focus on the spectral
flow operation in the next section. We leave for appendix [A] further details on this CFT,

including OPEs, commutators and the bosonisation formulas.

2.2 Spectral flow

Spectral Flow (SF) [104,|117,/118] is an R-symmetry transformation, where a phase is
added to local operators. Namely, it is a continuous deformation of the algebra generators
such that after the deformation the operators still satisfy the algebra. Such deformation

is possible when we consider a transformation by the angle
n(z) = islog z. (2.2.1)

We call a transformation by this angle spectral flow by s units. Under this operation,
fermions transform as
YA (2) = 2F2ytA(2), (2.2.2)

As we can see, this transformation relates the NS and the R sectors, since odd numbers

change the periodicity of the fermions.

Let U, be the spectral flow operator. States transform as

W) = Us [¢) (2.2.3)

and operators as
O'(2) = U0(2)U; L. (2.2.4)

As shown in [104], the best way to find how operators transform under SF is by using
the bosonised fermions, and writing everything out explicitly. See section [A4] for the

details on how to bosonise the fermions. By doing so the following transformations for the
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currents are obtained

T Jies,
CS
T3 J3 — ﬁan,o,
Gt Gt
2
S CS
T(2)— T(z) = 2J3
(2) (2) , (2) + YL
3 cs?
Ln — Ln - SJn + ﬂén,o- (225)

Using these transformations the changes in the modes of the operators after the spectral
flow operation are also obtained. In order to see how the quantum numbers of the states
are transformed we use the modes of Ly and J§. Given a state with quantum numbers
(Lo, J3) = (h,j), spectral flow generates a new state with

2 cs

CS
Lo=h+j — =5+ — Z. 2.2.
0 +]S+ 247 J3 j+12’ s € ( 6)

As we mentioned earlier, with the convention we have chosen spectral flow by an odd
amount moves an R state to an NS state. In particular, R ground states map to NS chiral
primaries, as we show in the next section. Now, as explained in [84,89| this transformation
can also be used to find excited states in the same sector within the theory. Or it can also
be used to obtain three-charge states from two-charge ones, when we consider it in a twist
sector. This last case is called Fractional Spectral Flow (FSF) [84}89,119,(120].

2.2.1 Fractional spectral flow

We will use fractional spectral flow acting on states only, to obtain three-charge ones.
The FSF transformation is the same as the SF one, but now we transform by s/x units,
where k is the length of the strand and s is still an integer. Then, the quantum numbers

transform as

Ly=h+—+ — J3=7+ —. (2.2.7)
K K

Now that we have all these definitions, let us use the transformations to relate the states

of this system.

2.2.2 R ground states and NS chiral primaries

In this section we show explicitly how spectral flow connects R ground states to NS chiral

primaries, as a warm up for the fractional spectral flow case. We focus on two ground
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states in particular: the highest weight state |++) of the spin % multiplet and the “singlet”
combination of the SU(2) 4 bispinor, |00). We gave their expressions in terms of free fields
in section [2.1.2] We can spectral flow these states to the NS sector, which means spectral
flow by s = 1 units. Any odd integer, positive or negative, would give an NS sector state,
but we are looking for chiral primaries. Higher values of |s| would give us an excited state.
This applies to both untwisted and twisted sector states, with the only difference that for
twisted sector ones the central charge is taken to be ¢ = 6k, where « is the cycle length.

Thus, the central charge is dependent of the length of the cycle.
So, let us translate the ground states, that is, the 1/4-BPS states. First,

100),. : hz%JzO(R) —  Ly= (NS), (2.2.8)

which comes from applying equation (2.2.6) with s = 1. This state is related to the

(1,1) cohomology of T4. Thus, in the notation of [75] this state, which is a NS chiral

primary, is written as (’),9’1) 4, where the superindex 4 stands for the dimension of the (1,1)

cohomologyﬂ Note also that the spectral flow formula is the same for the left and right

sectors, with tildes on h and j for the right sector, of course. Similarly,

Kglﬂkzﬂ+1(N®. (2.2.9)

4y b= :

R) = Lo

This one is related to the (2,2) cohomology, and thus it can also be written as 0,22’2). Last,

1 -1 —1
J==3 ®) = Li="o— J=t— (NS),  (22.10)

=i b=

which is related to the (0,0) cohomology and thus is written as O All the relations

are summarised in equations (2.1.29)) and ([2.1.30).

Now, we want to obtain the R sector excited states described in [89], as we will be
using them in parts [[] and [[T1] In order to do so, we spectral flow the R ground states by
an amount s/k, s € Z, where k is the length of the cycle (and again, ¢ = 6x). This is the
fractional spectral flow operation that we have first introduced in section and the
resulting states are é—BPS states. Before we go into the details though, let us do some
checks on FSF.

3This dimension is not relevant for this thesis, as it does not play any explicit in the calculations
presented.
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SF(1) FSF(m=n)

R* ——— NS* R¥ — R¥

FSF(%) FSF(%) " m
FSF (%) FSF(2)
RGS — NSCP
SF(1) Ras

(a) (b)

Figure 2.2.1: (Fractional) spectral flow sketch diagrams. Rgg stands for Ramond ground
state, NScp for Neveu-Schwarz chiral primary, (F)SF for (fractional) spectral flow, the
number in parenthesis right after is the amount by which we (fractional) spectral flow, R*
and NS* denote excited states (excited with FSF by an amount n/k, where n € Z and s
is the strand length) coming from R ground states and NS chiral primaries respectively,
and * means that we have excited the state by a different amount (m/x, with m € Z,

2.2.3 Comments on fractional spectral flow

As we just said, fractional spectral flow consists in spectral flowing states by fractional
amounts, written as (integer)/(strand length). By doing this we may not change sectors,
but instead get an excited state in the same sector. This is more clearly understood in the
covering space [116,/121], as there we are spectral flowing by integer amounts and thus we
do not change sector. In figure [2.2.1] we make some checks on FSF| to see that everything
works as expected. As we can see in the figure and easily prove, FSF is additive, just as
the regular SF is. This means that we need to be careful when considering FSF on a state
though, as there are cases where we do change sectors after this operation. Let us make

more checks to see this explicitly.

Consider figure As we can see in the subfigure starting from an excited
Ramond state we can obtain an excited NS state, if the integer number on the numerator
is taken appropriately. Similarly, starting from a Ramond ground state we can perform a
fractional spectral flow which leads us directly to an excited NS state. For this to happen,
however, we need the numerator s to be greater than «. That is, we are simply adding
the two operations, SF(1) and FSF(n/k), and doing them in a simple step. If we separate
the fraction in two we recover the two different steps. Notice also that to go from R* to
NS*, the FSF amount needed may be smaller than . So, by writing the integer s in the
numerator of FSF in a convenient way, we can effectively do a spectral flow operation which
changes the sector of our state, and then a FSF to excite the state. It is also interesting
to see the (fractional) spectral flow transformations that we need to do to obtain other

states of the same multiplet. For instance, to obtain a state like NS* but with opposite
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S o FSF(*5=)
FSF(m=n) R* NG
R* -oooees > NS
FSF (™) FSF(™)
FSF(%) FSF(™)

Rgs ——— NScp
SF(1)

(b)

Rgs ——— NSep
SF(1)

(a)

Figure 2.2.2: Same notation as in figure The diagram on the left holds in general,
except for the dotted line, which only holds for x even. In this case, the diagram on the
right also holds and we can FSF from a R ground state to an excited NS state.

J3 charge we have to apply the following transformations,

FSF(—£tm) ;o
Rgg ——= NS*»~. (2.2.11)

Notice that, again, this is a combination of a regular spectral flow by —1 units followed

by a fractional spectral flow by —m/k units, or the other way around.

Now that we have a more clear idea of how SF and FSF act, we are ready to explicitly
construct in the CF'T three-charge states like the ones we described in equations (2.1.12))

and ([2.1.43]).

2.2.4 Obtaining the superstrata 1/8-BPS states from FSF

As we mentioned before, in order to obtain three-charge states we have to raise the mo-
mentum of a state on the left or right, in order to create a difference in momentum. As
we have said, in this thesis we only work explicitly with the case where we raise the R-
symmetry current on the left. To do so we act with modes of the R-symmetry current J
and, as we have mentioned, this is equivalent in some cases as doing a FSF transformation
on a state. The states which can be obtained from FSF are called superstrata, and the

relation between both notations is [89).

|g‘9>n75 = <J+9+2]> |gs>ﬁ7 (2212)

K

where j denotes the R-symmetry quantum number before FSF. In what follows we use
the same notation as in [89], in order to make the connection more transparent. Thus,
we write the strand length as k2p for the strands |00), as k(kn + 1) for the |[++) and as
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R SECTOR
ground states after FSF
h Jj h* J*
100) 52, Kp 0 | h+p | j+kp
) k(kat1) W 5 | h+n | j+kn
| == k(kin—1) k(kﬁfl) —5 | h+m | j+km

Table 2.2.3: Overview of the R ground states and their quantum numbers. We write the
quantum numbers after FSF in terms of their values before FSF to emphasize how the
fractional modes of the R-symmetry current act. The FSF amounts considered for each

state are, following [89], s = 2kp for the |00),2; strand, s = 2kA for [++); ;1) and
k(km —1) for |——), where p, 1, 7t are integers. There is another difference in the notation

used in this thesis, and that is the spectral flow convention. As we have said, in this thesis
the s in the numerator is an integer, and spectral flow by an odd amount changes sectors.
With the convention taken in [89] s € %Z, and to move from the R sector to the NS sector
the spectral flow amount needed is 1/2. Therefore, the amounts of (fractional) spectral
flow we write here need an extra factor of two to generate the same result. We summarise

all the superstrata strands considered in [89] in the R sector with this notation before and
after FSF in table 2.2.3

Let us now check which fractional modes of the R-symmetry current can be obtained
from FSF. In what follows we do the discussion with the |++) states; the result for the

other ground states is completely analogous. First we show that J, cannot be related to

k
any spectral flow amount. Recall that ]++)k(kﬁ+1) has (h,j) = (W, %) Then,

+2,5+1

k(i +1) 11
_ 2.2.1
. * ) , (2.2.13)

Jj% [+ k(kas1) has (R, j) = <

but no FSF amount can account for this, because after FSF by an amount 27, where
7 :=rk(kn + 1) we have

k(ki + 1)

h:
4

1
+r 4 k(kh + 1)r?, j =5 +k(ki+ 1, (2.2.14)
and these equations are not consistent with ([2.2.13]).

We can check which modes do correspond to a FSF. From the calculation above we
can see that, if we have only one insertion of the R-symmetry mode, then there is a single
mode which can be accounted for with FSF, and that is m Let us do now the general

case, i.e. for s insertions of the mode. Applying the s insertions of the fractional mode we
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get

-Pp

j, — k(knt1) e p— kD |
{ 4 !> 4 b (2.2.15)

i=3 j=3z+s
where s € Z (it will correspond to the integer s in the numerator of the FSF amounts in

the previous sections) and p € Q. From FSF, the quantum numbers change like

j — kkitD) . Bo= BEAD L 4 (kR 1
{ T FSF(27) 1 r( (ki + L)r) 7 (2.2.16)

j=3 j=3+k(Ea+1)r
where 7 has been defined above. Solving for r with the j we get that we need the following

amount of FSF:
S

AT (2.2.17)

r =

Imposing that both conformal dimensions are the same after the transformation, and

assuming s # 0 (otherwise the transformation is trivial), we obtain

1+s

P= %+ 1)

(for [++)xkasn)) - (2.2.18)
This means the following: we can have a FSF corresponding to a mode, for many modes
(in short we will see which ones). However, in order to have a FSF that changes the
quantum numbers in the same way the fractional mode does, we need multiple insertions
of that mode. The relation between the mode and the number of insertions needed in
order to have a related FSF is given by . Now, let us recall the result we checked
and that is mentioned in [8§]: if the number of insertions is greater than the strand length,
then the state is annihilated. Therefore, we have a related FSF to the p mode (given by
(2-2.18)) for s insertions of the operator, for 1 < s < k(kf + 1). Thus, the highest mode
that has a related FSF is

L+ Smax 1+ k(ka+1) 1

max — N = = =1 — .
Pmax = Phh+ 1) kkA 1 1) M)

(2.2.19)

We have analogous results for the other two R ground states we considered. The relations
analogous to ([2.2.18)) for the other two cases are

P=1zp or [00)p, (2.2.20)
and
s—1
P kem — 1) for |=—=)g(rm—1) - (2.2.21)

Hence, with FSF we can only obtain certain modes of the R-symmetry current and with a
specific number of insertions. All other states obtained by applying other modes, or those

modes with with a different number of insertions cannot be expressed in terms of FSF.
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NS SECTOR
chiral primaries after FSF
h J h* J*
o Kp K h+p+kp | j+kp
o,?(;fg Ly | BERPDEL | MEREDEL ki |+ K
O}(ﬂ%{o%il) k(kmgl)q k(kmgl)q h+ i+ ki |+ ki

Table 2.2.4: Overview of the NS ground states and their quantum numbers. We write the
quantum numbers after FSF in terms of their values before FSF to emphasize how the
fractional modes of the R-symmetry current act. The FSF amounts are the same as the
ones in table that is, s = 2kp for the |00),€215 strand, s = 2kn for H—i—)k(kﬁﬂ) and

We briefly discuss some precision countings of these states in section [9.4.1

The superstrata states are obtained in the CFT using FSF [89]. Their expression is

(4™ H «le/k)kﬁmo)k%)nw ((Jj_l/k)kﬁ‘++>k(kﬁ+1))n3ﬁ

m,n,p

® ((Jj_l/k>km ‘__>k(km71)) o ) (2.2.22)

This is the expression we will use in section to count them. To finish this section
we write these states in the NS sector, taking into account the mode transformations for
the R-symmetry currents (2.2.5). After SF by 1 unit the modes change by the following

amount,

S\ + M 11
(J i) 00}, (R) (Ji(w)) okt (Ns),
kn kn
(2,2
(J+]1€> ) kwasy  (R) — (J+}1€(1+k)) Ok(k7%+1) (NS),
krn ki
0,0
<in) =k (R) (Ji_i(l-i-k)) Otim_1y (NS).  (2.2.23)

We give in table[2.2.4]a summary of all the NS chiral primaries used and of their conformal
dimension and J3 charge before and after FSF. and so the superstrata states (2.2.22)) in
the NS sector read

kp n2.p ki n3,5
(2,2)\™ + (1,1)g + (2,2)
)" L ((#50m) " 08") " ((770.0) " 0litn) o

m7n7p

km n4,1n
®(<J+1(1+k)> (’),Efz}f%_l)> . (2.2.24)

Tk
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CHAPTER 3

Introduction

As explained in section precision holography calculations in the D1-D5 system
started in [73475]. Even though the two-charge black hole does not have a macroscopic
horizon, several generic lessons from the two-charge system apply to three-charge black
holes with macroscopic horizons. Firstly, for the supergravity description to be valid, one
needs coherent superpositions of microstates in which (single particle) chiral primaries
acquire expectation values. The reason is that single particle chiral primaries are dual
to supergravity fields; one needs the former to acquire expectation values for the interior
supergravity geometry of the asymptotically AdS region to carry information about the

microstate.

Secondly, suppose that a given geometry is postulated to be dual to a particular su-
perposition of microstates |F'). The expectation values of single particle chiral primaries
Op, of dimension A,

(F|OAlF) (3.0.1)

can then be read off from the asymptotics of the AdS3 region using Kaluza-Klein holog-
raphy [122]. The matching of not just conserved charges but of whole towers of operators
provides very strong evidence for the conjectured duality. This matching was carried out
for low dimension operators in the two charge geometries in [73-75] and in three charge
geometries in [88]. Holographic four point functions were discussed in [114}|115]. See

also [122}|123| for an example of matching involving the whole tower of Kaluza-Klein op-
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erators — the detailed matching between distributed D3-brane supergravity solutions and
the Coulomb branch of N' =4 SYM.

The matching of between the bulk and field theory descriptions relies on being
able to compute these expectation values from the dual field theory side and hence, implic-
itly, uses either non-renormalisation theorems or integrability /bootstrap methods. In the
case of the D1-D5 system, one can explicitly compute correlation functions in the orbifold
limit of the dual CFT. Correlation functions involving chiral primaries are believed to
be non-renormalised as one deforms away from the orbifold point [106-109] although the
matching between CFT and supergravity is subtle. This non-renormalisation implies that
is non-renormalised away from the orbifold point for two-charge microstates and
it also has implications for expectation values of supergravity operators in three-charge

microstates.

Correlation functions in the orbifold CFT have been analysed for a variety of ap-
plications previously. In what follows here, we will use heavily the pioneering work of
Lunin and Mathur on computing three point functions in (super)conformal orbifold the-
ories [116,(121]. An important part of understanding the D1-D5 system is deforming the
CFT away from the orbifold limit, and the deformation process has been considered in
a number of works [87,[124-140]. The methodology used here is closely related to that
of [88,]131},/132], although our motivations are somewhat different. Efficient methods for
computing certain extremal correlation functions in the orbifold theory and relations with

spin chains were studied in [141-143].

In this part of the thesis we present work which develops the precision holography
programme for black hole microstates in the D1-D5 system further. More precisely, in
chapter |5| we calculate one point functions of the form , from the CFT side. In
order to carry out such calculations, we first need to fill in certain gaps in the previous
literature on correlation functions in the orbifold CFT; to be able to access expectation
values for generic dimension operators, we need as a building block amplitudes involving

twist n operators joining together n other twist operators.

To that end, in chapter ] we compute them, that is, we compute amplitudes for pro-
cesses in the orbifold CFT involving a twist n operator joining n operators, each of twist
m;. We solve this problem for general n and m;. The general result is summarised in
equation . Last, in chapter |§| we calculate one and n-point functions of twist op-
erators, similar to the calculations performed in chapter [5] in order to start investigating
the relation between them and check the preferred way of creating long strands. Notice
that all these calculations can also be used as building blocks for correlation and one point
functions involving less supersymmetric operators. We finish this part of the thesis with

a summary of all the main results and a discussion, in chapter [7]



CHAPTER 4

Correlation function for a twist n operator

This chapter deals with correlation functions involving chiral operators constructed from
twist fields. We find explicit expressions for processes involving a twist n operator joining
n twist operators of arbitrary twist. These expressions are universal, in that they are

independent of the choice of M, and the final results can be expressed in a compact form.

4.1 Layout

The plan of this chapter is as follows. In section we explain why processes involving a
twist n operator joining n other operators are essential to calculating expectation values of
the form (3.0.1)) from the field theory side. Section 4.3| contains the technical computation

of the amplitude for such processes.

4.2 Twist operator amplitudes

In this chapter we focus on processes in which a twist operator of twist n joins n operators
of twists (mq, ma, ..., my), to form a single operator of twist M := (mi+...4+m,,). Following

the usual correspondence between twist operators and strings, we illustrate these operators
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m
|

Figure 4.2.1: Joining of n component strings to form one single string.

via strings with winding equivalent to the twist. The process of interest is illustrated in

figure [1.2.1}

Let us consider the following example of such a process, expressed first in NS sector

language. Let each component string be generated by a chiral primary i.e.
ngﬂi)’mmi' (4.2.1)

Let the operator of twist n joining these component strings be a chiral primary as well,

which we denote as

0P, (4.2.2)
The joining process then acts as
OPD| T 0%y — |x). (4.2.3)
i=1

Notice that all operators have maximum J? eigenvalue, 4.e. they are the highest weight

state of the spin multiplet. Here the state |x) by construction has R charges

Ns 1 . 1 1 ~Ns 1 = 1 1
i=1 i=1

We begin by considering processes in which
<p+2pi>:P§2 <q+Zqi>:Q§2 (4.2.5)
i=1 i=1

for which
xX) = %057 D) (4.2.6)
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where eP¢ describes coherent excitations of zero R charge over the NS chiral primary.

By construction the one point function
n
(O @0 @M TL 0fF) (42.7)
i=1

is thus (generically) non-zero. In this expression we include explicitly the factor of (M —n)
copies of the identity operator, to emphasise that this correlation function is computed in
M copies of the CFT.

The one point function is not a “physical” one point function in the orbifold
CFT as we have imposed neither M = N nor symmetrisation over copies of the CFT, and
we have not specified the full state. However, is an important building block for
physical one point functions of interest in the context of D1-D5 holography. For example,
the one point function contribution is relevant to the computation of one point

functions of single trace chiral primary operators in Ramond ground states. Spectral flow

of ([EZT) gives

(0T ONSwa)) ﬁ OFPpiai)y (4.2.8)
i=1
The basis of Ramond ground states in the orbifold CFT was described in chapter 2] Since
each Ramond ground state is an eigenstate of J® and J3, the expectation of a single trace
chiral primary (with non zero R charge) is necessarily zero. However, R ground states that
admit holographic supergravity duals can be expressed in terms of projections of coherent
superpositions [73.|75], i.e. as

10F) =" calOF) (4.2.9)
A

where A labels the complete set of Ramond ground states and the coefficients c4 are

inherited from projections of coherent superpositions.

More precisely, there is a direct correspondence between the curves describing the
holographic supergravity solutions and these coherent superpositions, described in detail in
[73,/75]. In brief, the curves F(v) describing the supergravity solutions can be decomposed

into Fourier modes )
F(v) = Z — (ape™™ 4 ake™) . (4.2.10)
n>0 \/ﬁ ( )

Now introduce auxiliary harmonic oscillators as operators, a,, and define coherent states

associated with these operators as

ap, |an) = ap |an) . (4.2.11)
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There is thus a coherent state associated with the curve

1) =1T lew) (4.2.12)

n

The coherent states can be expressed in terms of Fock states in the standard way as

_ || Oéﬁ A
‘an> = exp <_ 92 ) Z ﬁ(a;rl)k ’0> ) (4'2'13>

k

and we can then project from |F) the Fock states that satisfy the constraint
[T@h,)™0) >~ nmy = NiNs. (4.2.14)
l

The final step is to retain only these terms from |F) and map the auxiliary harmonic
oscillators to CFT R operators. The Ramond ground state operators are in one-to-one
correspondence with the cohomology of the target space for the orbifold CFT; thus the
number of independent curves defining the supergravity geometries is given by the sum
of the Hodge numbers of this target space. The result indeed gives a linear superposition
of Ramond ground states (4.2.9)) with superposition coefficients c4 inherited from the

defining curves.

An important feature of the superposition is that it is not in general an eigenstate
of R symmetry. This implies that charged operators can acquire expectation values in
this state. One can extract these expectation values from the supergravity solutions via
holographic renormalisation. For the D1-D5 ground states, non-renormalisation theorems
are believed to exist, implying that these expectation values match between supergravity
and the CFT in the orbifold limit (although the required matching between supergravity
and CFT operators is subtle [109]).

Hence in a generic superposition the expectation of a single trace operator is

(Oc|O81|Oc) = ) chep{OF|OR|OF). (4.2.15)

A,B
It is now apparent that (4.2.8) is a building block for computing such one point functions:
non-vanishing terms in this one point function are associated with the twist n operator

joining component strings.

Computation of for general twist n operators would allow precision holography
for two charge microstates to be tested further, using the methods of [73-75]. A good
understanding of is also needed to calculate one point functions of supergravity
operators (single particle chiral primaries) in three charge microstates, as shown in chapter

Bl A typical 3-charge microstate is built out of superpositions of Ramond ground states
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excited by left moving momenta as in (2.1.43). The one point functions will then reduce

to sums of amplitudes of the type

(Op,0F|0P|0Op, OF), (4.2.16)

where Op, and Op, denote the operators exciting left moving momenta over the ground
states. For excitations such as one can then use commutation relations to reduce
this calculation to ; this will be discussed in future work. Note that it is the one
point functions of single particle chiral primaries (single strings) that are of most interest
in matching holographically with microstate geometries, as it is these values that are

captured by the asymptotics of the interior AdSs regions.

4.3 Computation of twist operator expectation values

In this section we focus on the computation of

n

(ORPD|oNSwa)| [T O Py, (4.3.1)
i=1
Our methods follow the approach pioneered by [116,121] and used in the case of a twist
two operator in [131},/132].

The one point function is computed on the cylinder, with the operator inserted at the

location wy, i.e. the explicit computation that is required is
n
R P’ 7,4
(OM( QD |ONSP-a) (1) H(f)ﬁgp %)), (4.3.2)
=1

Note that the dependence on w and wy is fixed by conformal invariance. The Ramond
ground states are eigenstates of Ly and Lo and thus one can freely use translations to move
the insertion point around the cylinder. In practice we calculate this one point function
by lifting to a covering space, and computing the appropriate (n + 2) point function. We

begin by discussing the required maps to covering spaces.

4.3.1 Maps to covering space

We begin by working on a cylinder with coordinate w. The cylinder is mapped to the
complex plane using the standard exponential map z = exp(w). The CFT fields are
however multi-valued on the z plane due to the presence of the twist fields. We thus

map to a covering space with coordinate ¢ where the fields are single valued. The twist
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operators are punctures on the ¢ plane.

We can regulate the single component string insertions using the following map from

the z plane to the ¢ plane, in analogy to the map used in [131}/132]:
z=t"(t —a2)™(t —a3)"™ - ...- (t —ap)"". (4.3.3)

On the cylinder the initial component strings are at w — —oo, which corresponds to z = 0
on the z plane. On the ¢ plane a string of winding m; is mapped to position a;; we set
a1 = 0 for simplicity, without loss of generality in what follows. The final component
string is at w — oo on the cylinder, which maps to t — oo on the plane. The twist n

operator is inserted at wp on the cylinder which corresponds to exp(wp) on the z plane.

A priori the parameters a; are not fixed in terms of the original parameter wg on the
cylinder. However, the ramification map should be such that dz/dt has a zero of order
(n — 1) at the location of the twist n operator. Let to be the location of the twist n

operator; then

% = (t — )" ' Py_n(t) (4.3.4)
with Pps_y,(t) a polynomial of order (M — n) with no zero at to. We can understand this
as follows. The map is a polynomial of order M with M non-distinct zeros: it has
a zero of order m, at t = 0 and so on. Thus its first derivative is a polynomial of order
(M —1). Now dz/dt has a total of (M — n) zeros at locations a;: it has a zero of order
(m1 —1) at t = 0, a zero of order (mg — 1) at t = ay etc. By the fundamental theory of
algebra, dz/dt has an additional (n — 1) zeros, and these are located at the position of the

twist n operator.

The original map (4.3.3) has (n — 1) parameters (ag,...,a,). These parameters are
determined by the condition that dz/dt has a zero of order (n —1) at the location ty. Note

that tg is related to the original insertion point on the cylinder via the map
exp(wo) = tg“ (t() — ag(t()))m2 (to — ag(to))m3 Cat (to — an(t()))m" (4.3.5)
where here we indicate that the positions a; can be expressed as functions of .

Let us first illustrate these general discussions in the context of n = 3; the case of n = 2

is discussed in detail in [131}/132]. For n = 3 the ramification map is

z=t"(t —a2)™*(t — a3)" (4.3.6)
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and thus
dz m1—1 ma—1 m3—1
E =t"™ (t—a2) 2 (t—ag) 3 (m1(t—a2)(t—a3)—f—mgt(t—ag)—i-mgt(t—ag)).
(4.3.7)
The requirement that this takes the form (4.3.4)) imposes
as = th() az = dgt[) (438)
where (ag, as) satisfy
_ M _ m2 _ m3
= 1—- — 1-—| =2 4.3.
Gali3 = az( M)+a3( M> (4.3.9)
These equations can be solved to give
_ ma . [m2m3 _ ms3 . [T2mg
1-—= =1+ 1——=]=1 . 4.3.10
‘”( M) Vi a3( M) T (43.10)
With these solutions we can relate wy and % as
exp(wo) = t31(1 — az)™2(1 — az)™. (4.3.11)

Clearly the relation between ¢ty and wq is not unique; we will clarify this issue below in

the case of general n.

We can now immediately generalise to arbitrary n > 2. The ramification map is
n
z=t™ [t —ai)™ (4.3.12)
=2

and the requirement that ¢t = ¢y is a zero of dz/dt of order (n — 1) (4.3.4) imposes (n — 1)

relations on the a;: a; = a;to with
n
M
[[Tas=— n=>2, (4.3.13)
i=2 mi

together with (n — 2) further conditions

n>4 (4.3.14)

and so on. For example, for n > 5 we would in addition need the cubic relation between
the a;. Note that for n = 2 we can immediately read off aa = M /m; from the expression

above, which is in agreement with the ramification map used in [131}132].
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In analogy to the n = 3 case, it is natural to write the solutions of these equations as

(1 - m) d; = (1+ aexp(ids)) (4.3.15)
M
where the phases ¢; satisfy
[[expligi)=1 n=>3 (4.3.16)
=2

and

zn:exp(igbi) =0 n>3

=2
> expli(gi+¢;) =0 n>4
i#]
Y exp(i(di+ ¢+ 1) =0 n>5 (4.3.17)

ik

and so on. Solutions for these phases are:

1 1
(n—1)€27: P Gl S S Gt ) L P R B (4.3.18)
n—1 n—1
1 1
nEdZ: dp0, g7 -Dm (i—1) €22, i>3.
n—1 n—1

Note that these solutions are not unique, i.e. any permutation of the phases will also

solve the equations. Ome can also shift all of the phases by an equal amount, that is,

b; — i = ¢; + \, satisfying (4.3.17), but now instead of (£.3.16)) one has
[ exp(idi) = exp(i(n — 1)A). (4.3.19)
i=2

This shift can trivially be absorbed into the parameter a in (4.3.15) and thus we can

always set A = 0 without loss of generality.
The parameter a in satisfies
1var =M ﬁ (1 - mZ) . (4.3.20)
We can solve this equation as follows. First note that

my=M - m; (4.3.21)
=2
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and introduce the notation v; := m;/M, where clearly 0 < v; < 1. Then
2o (1 =)
gt = Higd=va) 4.3.22
(1 - Z?:Q Vi) ( )
Now for n > 2

ﬁ (1—v)> (1 - En: w) : (4.3.23)
=2

=2

This follows from induction: if one assumes that the identity holds for n then for (n + 1)

n+1 n
[Ta-wv)=0-vu) [JQ—w)
i=2 i=2
n n+1
> (1= Vpy1) (1 - ZW> > (1 -> VZ-> : (4.3.24)
i=2 i=2
The identity is true for n = 3 as
(1 — VQ) (1 — 1/3) > (1 — V2V3) (4325)
and therefore by induction (4.3.23)) holds for all n > 3.
Hence we may write
1 n
A" l=Q=—J]0-w) -1 (4.3.26)
L
where Q € Q*. The (n — 1) roots of this equation are
2mik
a= Qnil exp ( m ) , (4.3.27)
n—1

with £ = 0,1,...,(n — 2). We can however fix k = 0 so that a is real: other choices of k

are equivalent to rotations of the phases ¢;.

Thus for general n we have concluded that the map between wg and ¢y (4.3.5) takes

the form

exp(wp) =t ﬁ(l —a;)"™ (4.3.28)
=2
where (1 + aexplicn)
. aexp(ig;
i o) (4.3.29)

with a given by (4.3.27) and the phases ¢; given by (4.3.18]). It is useful to illustrate the
structure of this ramification map as follows. If we consider the combinations

then the A; are located at the vertices of a regular n-sided polygon, with centre one, as
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Figure 4.3.1: Tlustration of structure of ramification map; the crosses denote A;.

shown in Figure [£.3:1]

4.3.2 Computation of the one point function

In this section we explain how the required one point function can be computed in
terms of a correlation function in the ¢ plane. The methodology follows closely [131,132],
which in turn exploited the techniques for computing orbifold CFT correlation functions
developed in [|116}/121].

The one point function (4.3.2)) is calculated by first lifting to the z plane to give

(O3 V0N (20)| TT O5iP#7) = (O3 (00) O30 (20) [T i1 (0)). (43.31)
i=1 =1
The conformal weight of the twist n operator gives a Jacobian factor under this conformal

map. Let us recall that the weights of the insertion operator are

1 - 1

and thus the Jacobian factor induced is

dz )h ( dz ) h
dz 2\ (4.3.33)
(dw |wo dw |@o

which can immediately be written as

exp(hwy) exp(havg). (4.3.34)
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To rewrite this expression in terms of ¢, we need to use (4.3.28)). Here we will be primarily
interested in calculating correlation functions for which p = ¢ = 0 and thus the Jacobian

factor gives

n n—1
thW”<rﬂ1—anw> : (4.3.35)

=2

where the a; are defined in (4.3.29)).

Next we can express (4.3.31]) in terms of a normalised correlation function,

n

(0" (0)ON 5P (z0) [] OfF-4(0)) =
=1
: S , n i,q1
_ i O VQON D @) [T, 00 0)
B R(P, R(P, ' -
(OFP () oEFQT ()

Here we use the notation
ORPQI (4.3.37)

to denote the conjugate operator (with conjugate R charges).

Following [116}(121], the key point is then that this normalised correlation function

factorises into a bare twist part (associated with a Liouville action) and a spin field part,

i.e.
i (ON"D (@O0 () [T, ORP(0)) 1 (Snra(220)) (Snpalts o))
e (ORPR) () ORI (g)) e (Sa(2)) (Sa(1))
(4.3.38)
Here the bare twist part is
(Xnt2(2,20)) = (om(2)on(20) H om,;(0)) (4.3.39)
i=1
with
<22(Z)> = <O’M(Z)O'M(0)> (4.3.40)
The spin field correlators are calculated on the ¢ plane as
(Suva(t o)) == (i@ (H(=)SPV (to(20)) [T S&% (as) (4.3.41)
i=1
and
(Sa(1)) = (Shr ¥ (1(2)) Sy @ (0)- (4.3.42)

We discuss in section how the operator/state R charges (indicated in the labelling of
these spin fields) relate to the spins of the spin fields. In the rest of this section we collect

all the contributions required to compute the correlation function.
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4.3.3 Twist operator correlator

In this section we calculate the bare twist operator contribution, namely

lim <En+2(2720)>
zlmo0 (Xa(2))

where the twist operator correlators are defined in (4.3.39) and (4.3.40)).

(4.3.43)

Following [116,121] we work in a path integral formulation and regularise each twist
operator inserted at a finite value of z by cutting out a hole of radius ¢ <« 1. The regularised

twist operator oy, is related to the original twist operator as

1 €
Om = —F——0, 4.3.44
NV i .
and thus when working with such regularised operators we need to take into account the
appropriate normalisation factors. If a twist operator is inserted at infinity, we need to
cut out a hole at infinity with radius 1/§ > 1; we denote the corresponding regularised

operator as ag/[.

Thus we need to calculate

_ (Zara(z20)) |, (08(00)05 (20) [Tiey 05y, (0))
IRTEE) N ey 0) (43.45)
where the normalisation factor is
_ (09,(0)0,(1))
Ne = \/ 050075 (D) [T (750, (0076, (1)) (4.3.46)

Note that normalisation terms cancel for the operator inserted at infinity.

The two point functions of regularised twist operators at finite separation are given
by [116,121]

2
2 _ (m—1)

(06, (0)0%, (y)) =y~ (™) (m ¢ m) Q- (4.3.47)

where () depends on the regularization. Factors of () cancel in the normalisation factor
(4.3.46)). Thus the overall normalisation factor is

(M—1)2 | (n—1)2 (m;—1)2
M T 2M +2% +Zi >

Ne=——¢ 2n 2m; 4.3.48

The correlation functions of the regularised twist operators are calculated using the

Liouville action associated with the conformal map from the z plane to the ¢ plane. This
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conformal map changes the metric by a factor of exp(¢), where

dz |?

4.3.49
pr (4.3.49)

¢ = log

Under this map the Liouville contribution to the path integral reduces to boundary con-
tributions

S, 60,6 + c.c.) , (4.3.50)

=—11
967 ( 9%
where the boundaries are the images in the ¢ plane of the circular holes cut out in the z

plane to regularise the operators. Here the central charge is ¢ = 6.

Let us now calculate the Liouville contribution associated with the twist m; operator,
for which the insertion point in the ¢ plane is t = a;. In the neighbourhood of ¢ = a; the

ramification map is

R (t — ai)mi H(az — aj)mf (4.3.51)
i#]j
and thus )
z i
(t—ai) = ( m) : (4.3.52)
Hi;éj(ai —a;)™

Therefore, the Liouville field in the vicinity of ¢ = a; is given by

¢~ 2log (mit — a|™ ! H la; — aj|mf) (4.3.53)
i#]

with

m; — 1
(t - ai) ’
The contribution to the Liouville action from this point is given by (4.3.50[), with the

integral evaluated using

Oy ~ (4.3.54)

~ i ) A € . 0
z 2 ee”, (t—ai) ~ (Hi#( aj)mf> e, 0 =—, (4.3.55)

a; —
where the range of ¢ is 2. Thus the contribution from t = a; is

m;

. 1 mizl —
St = —5(mi —1)log (miﬁ i 1 lai = aj\mi) ~ (4.3.56)
i#]

We now consider the contribution from the point associated with the twist n operator. In

the neighbourhood of the insertion point

2 — 29~ by(t — to)", (4.3.57)
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where the coefficient b,, will be calculated in the next section. Following the same logic as

above, we can immediately write down the associated contribution to the Liouville action

1
to __ o _ n n—1
SP = o (n—1)log (n by |€ ) . (4.3.58)
For the insertion at infinity
ztM (4.3.59)
and the Liouville action contribution is
1 _
S7° = 5 (M~ 1)log (M=) (4.3.60)

Note that the opposite sign relative to the previous contributions follows from the direction

of the boundary normal.

Collecting together all of these contributions we obtain

(4) 1 mi—1 mj
S; :—Zi(mi—l)log mie ™i H|ai—aj]mi -

i i#]

L= 1)10g (mo=57). (4.3.61)

- i(n —1)log (n”\bnk”_l) + 5

2n

The regularised four point function is now calculated as

(#51(00) 20) [] o, (0)) = €55 (13.62)
=1

The calculation of the regularised two point function
(2)
(0%,(00)a%,(0)) = €5t (4.3.63)

is very similar. The Liouville contribution from the insertion at infinity is given by (|4.3.60))

and the contribution at zero is
1 _
S° = —5 (M ~1)log (Me 7). (4.3.64)

Thus the total Liouville action contribution to the two point function is

S\ = %(M —1)log (M6~ ) — %(M — 1)log (Me 5 ). (4.3.65)

Collecting all of the holomorphic and anti-holomorphic contributions together we ulti-

mately obtain

_ mj(m;—1)

n
M%(Mﬂ)nfé(nﬂ)‘bn’f% H m*%(m¢+1) H la; — a; e (4.3.66)

i

i=1 i#j
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where implicitly we set a; = 0. Note that all contributions depending on the regulators e

and § cancel, as required.

4.3.4 Spin field correlator

In this section we calculate

. {Snta(t(2),t0(20)))
S TN UTES AR (4.3.67)

where the correlators are defined in (4.3.41)) and (4.3.42]).

The relationship between the R charge assignments of the original operator/states and
the spin field labels is as follows. The operator creating a component string of twist m is
mapped to

oNSwa) _, gPa)g,, (4.3.68)

where o, is the bare twist m operator, and S&'? has SU (2)r, and SU(2)g charges
So-1) la-1) (4.3.69)
5P 5 . 3.
For the twist n operator, the mapping is
ONSw.a) _, §Pa)g,, (4.3.70)
with the SU(2)r, and SU(2)r charges of S being
1 1
§(p+n—1) i(q—l—n—l). (4.3.71)

Note that the correlation function calculations in [116] are applicable to universal operators
common to both the 7% and K3 CFTs, i.e. operators associated with the (0,0) and (2,2)

cohomology.

As a warm up we will consider an example of twist three operator joining three com-
ponents; the case of a twist two operator joining two components can be found in [132].

We consider R charge assignments such that we need to calculate

11 3 1 1
(S5(t, t0)) = (5522 (#(2))S5" (t0(20)) [T St (@) (4.3.72)
=1
and 11 1 1
(Sa(t)) = (857 (1(2))85, 2 (0)). (4.3.73)

Thus, the original one point function involves only operators associated with the (0,0)
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cohomology.

We begin by collecting the normalisation factors for the spin fields. For a spin field

associated with a twist m operator, the ramification map by construction takes the form
(z = zm) = by (t —t)™ (4.3.74)

near the insertion point z,, (mapped to t¢,,). The corresponding (holomorphic) normali-

sation factor for the spin field insertion is then

73

b, (4.3.75)

where js is the SU(2); charge of the spin field. Here and throughout this section we
explain in detail the holomorphic contributions; we then combine the holomorphic and

anti-holomorphic factors to obtain the full result.

For the component strings this results in normalisation factors

- _ma _m3
bml — (_a2)m2(_a3)m3 bmlml — (—az) amq (—a3) dmq
— L —m _ mg
by = a5t (ag — az)™ b, = ay " (ag — az) M2
1 _my _mg
by = @ (a3 — a2)™ bt = az " (a — az) (4.3.76)

Taking the product of these factors we obtain

%*%(%*%h%) _mg _m3 -l _my ——L _ma
fo N (Cag) T (ay) Iy T (g — ) ey 0 (ag — az)
(4.3.77)
For the twist three operator joining these component strings we find that
M
by = ?téw’?’(l —ag)™ (1 —ag)™s ! (4.3.78)

and thus this spin operator normalisation is

1
MM 3
N (3(1 ~ap)mel(1 ag)m3—1> 0 (4.3.79)

The normalisation factors from the twist M operator are trivial in both the five point
function and the two point function since by = 1. The combination of (4.3.77)) and

(4.3.79)) results in a term proportional to

SZ_M@HL mi) (4.3.80)
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The complete normalisation factor is obtained by combining both the holomorphic and

anti-holomorphic parts, leading to a term proportional to

T_pm(241% L
|to|® (3 22“"2'). (4.3.81)

Having studied the case of three strings being joined, it is straightforward to generalise

to the joining of n strings. The normalisation factors give a contribution of

(n12 n

B H bm“'” , (4.3.82)
where
b, = [ [ (@i —a;)™. (4.3.83)
j#i

In (4.3.82]) we have used the fact that the R charge of the twist n operator is (n —1)/2.
Thus the complete normalisation factor from holomorphic and anti-holomorphic parts

gives
(n 1)

H H lai — aj| 2"%. (4.3.84)

i=1 j#i

We can calculate b, explicitly as follows. From the definition of b, in (4.3.57) it is clear

that close to tg
dz

() ~ it -t (4355

Differentiating the ramification map directly gives

<Cj;) ~ H(tO _ ai)mifl (Mtnfl + .. ) . (4386)

Comparing (4.3.85)) and (4.3.86) gives

M
by = —tMTT(1 —a;)™ 1, 4.3.87
o H( a) ( )

where we use the dimensionless quantities a; to make the ¢y dependence of b,, manifest.

Let us now move to the spin field correlators. Each of the spin fields factorises into

holomorphic and antiholomorphic fields i.e. we can write

S = S(js)(t)g(is)({) (4.3.88)

where the SU(2)r/r charges are given in (4.3.69) and (4.3.71]).

As above, let us consider first the case in which three component strings are joined,
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before moving on to the general case. For operators associated with the (0,0) cohomology

in the holomorphic sector we therefore need to calculate

(SB) ()W (16)S (015 (a2) S5 (az))
(5@ (1)s2(0))

(4.3.89)

in the limit that ¢ — co. This correlation function can be computed following the methods
of [116].

Using bosonisation (for simplicity we write this formula with the notation given by

[131]) we can write the spin fields as

k
2

$5) = exp (5 @1(6) - 62(0)). (4.3.90)

The OPE for these fields is
exp (ik19(t)) exp (ikagp(t')) ~ exp (ik1(t) + ikagp(t)) (t — t')F1F2. (4.3.91)

Using this OPE to complete the two point function and five point function (with appro-

priate ordering) we then obtain

(5B (1)$1)(0)) = tl (4.3.92)
S (B SD (1) (0)S ) (a9) S (az))=— (t*toz(*az)%(:%)%(@*a:s)%
(5427(1) S (to) (0) (a2) (a3)) F 0t~ an) 2t = aa)Folto — o)t — a3)

T — — 5 (4.3.93)
(5@ (1)53)(0)) 13(1— a2)(1 — as)
Combining holomorphic and anti-holomorphic contributions we obtain
- (S5(t(2), to(20))) (S5(E(2), t0(20))) |az||as||as — as|
lim - = - = 4.3.94
T S ®eE)  PL-aPi-ap

as the final result for the spin field correlator contribution.

The generalisation to twist n operators joining n component strings is now immediate.
Following (4.3.72)) we choose R charge assignments such that

n—l),%(n—l))

(Suralt,to) == (512 (¢(2)) 552 (o) [ %7 (@) (4.3.95)
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(with a; = 0). Then

SIS

(t = to)2 ("~ 1)1_[ I )

Sn+2(t, to , (4.3.96
< n+ ( )> i:1(t . ai) (to . ai) (n 1) )
and thus the normalised correlator is
l
<STL+2 (ta t0)> 1 H1<J( CL]) (4 3 97)
(BB (0) Hz:1(t0 —a;)z(D -

Combining holomorphic and anti-holomorphic contributions we obtain

i On2(t(2), to(20))) (Sn +2(H(2), to(%0))) _ [T [Lie lai — aj (4.3.98)
|2 =00 (S2(t(2))) (Sa(t(2))) lto] 27D [Ty [1 — @)= D)

for the spin field correlator associated with the given R charge assignments.

4.3.5 Final answer for the one point function

The final answer for the one point function is obtained by combining (4.3.35)), (4.3.66)),

(4.3.84]) and (4.3.98)). First note that combining (4.3.66]) and (4.3.84)) gives

n

MM =3t 1) gy =5 (1) 11 m;%(mi+1) I] la: ajr% (4.3.99)
i=1 i#j
which can be rewritten as
i=1 i#]

Substituting the expression for b, from (4.3.87)), the tg dependence is
||z (D)= M(n—1) (4.3.101)

Since the ty dependence of (4.3.35) is \t0|M(”*1) and the tg dependence of (4.3.98) is

)
, all factors of ¢ty cancel from the final result, as expected.

Combining the remaining terms in (4.3.35)), (4.3.66)), (4.3.84) and (4.3.98) gives

<OR(O,0)) |O(0,0)’ ﬁ Oﬁ(0’0)> _
=1
L(M+2—n) (m
_ M2 H ’1 . a ’ (mzfl)(n 1) H j+1 H |CL] _ ak|2 1 mk) (43102)
Jj#k
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68
where
1
1 +ae _ M "( mi) n=1
Gi=—108 1, a=[— 1——)-1 4.3.103
o1 <m1iHQ M ( )
and the phases are
—1 —1
(n—1)€27: @»:H, ‘bi*l:_(ln—iﬂ’ i€27, i>2 (4.3.104)
—1 —1
= D Qbi—i-l:—(zn_iﬂ, (i-1)€27, i>3.

ne€2z: ng:O, ¢i:7’
n—1

4.3.6 Special cases: n =2 and n =3

In this section we consider the limit of this correlation function in special cases. We begin
with the case of n = 2, which was already studied in [132]. In this case the correlation

function reduces to the simple expression
M
— (4.3.105)

R K b
(O3 105 w0 OV OO = S

in agreement with [132].
Now let us turn to the case of n = 3. The correlator (4.3.102) can in this case be

—1(ms+1)

1
—5(ma+1
2 )m3

1
—5(m1+1
2 )m2

written as
(4.3.106)

EM%(Mfl)(l - a2)m271(1 as)mgfl
3(matms)

1 1
|EL2|1—§ m1+m2)’a3|1—§(m1+m3)|a2 . &3‘1—

Note that this expression appears asymmetric between the twist m; operators only because

we have set a; = 0; the expression could trivially be symmetrised by reinstating the a;

terms.
This expression looks extremely complicated but in fact it simplifies to give a very

concise result. Using
1
Mz
—Vmi M + mams

‘5‘2’ = 71
mi (my + ms)
1
’ (4.3.107)

vV mlM + momg

‘C_L?)’ = 1
mi (my + ma)
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as well as
1
_ ms
11— ag| = ——————Vm3M +mimay
mi (m1 + mg)
2
I1—ag| = —/—2——V/moM + mymg (4.3.108)
mi (m1 + mo)
and
1
_ _ M2
|CL2 — a3| = \/mgM + mlmz\/mQM + mims (4.3.109)

1
mi (my + ma)(m1 + ms3)

together with relations such as
(mlM + mgmg) = (m1 + mg)(ml + TTL3) (43110)

we can show that the correlator simplifies to

R(0,0)),,1(0,0) R(0,0) nR(0,0) AR(0,0)\ _ M
(On 105" (w0) | OF LD O RO O F0-0)) — Fp— (4.3.111)
This expression is manifestly symmetric over the m;; furthermore, all dependence on

factors of the type (m; + m;) cancels out.

Given the special cases considered in this section, it would be natural to conjecture

that the result for the general case is

(OO0 (uy)| [] OFOD) = (4.3.112)

nHimi’

but this is not supported by the results below.

4.3.7 Case of equal m;

In this section we consider the case in which the n strings are of equal length i.e. m; =
M /n. In this case the general expression (4.3.102)) simplifies considerably to

n n
MM T 1 — a2 DD T T Jag — awl 20, (4.3.113)
i=2 j=1j+k

The zeroes of the ramification map are located at:

a; = : (1 + aexp(ig;)), i>2 (4.3.114)
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where

I 1 n—1
A t=n(1-= —1 (4.3.115)
n

and the phases are given as before by (4.3.18]). Using the properties of the phases we can

then immediately show that
n 1 M 1 M
[T la;|20—5) = na(1=30), (4.3.116)
j=2
and hence we can write (4.3.113)) as

n n
M=M= T 1= a3 T [T fay — axl 205, (4.3.117)
i=2 J=2j#k

i.e. we can immediately evaluate the products involving a; = 0 (note that this evaluation

gives ([4.3.116]) squared).
To evaluate (4.3.117]) we make use of

(1 =) = (g5 (1L+ naexp(ion) (4.3.118)

and _
a; — a,j = (n — 1) (eXp(i(m) - exp(i¢j)) . (4.3.119)

Note that the latter expression has a geometric interpretation: the (n — 1) ramification
zeroes {a;} are located at the vertices of a regular (n — 1) polygon in the complex plane.

The expression
vij = (exp(i) — exp(ig;)) (4.3.120)

can thus be interpreted vectorially in terms of vectors connecting the vertices of such a
regular (n — 1) polygon, in which the vertices are unit distance from the origin of the

complex plane. We represent this in figure [£.3.2]

The first product of (4.3.117)) can be written as
. = (_1)n—1 = = . —\n—1 & .
H (1—-a;) = =)D 1+ naZexp(zqﬁi) + .-+ (na) H exp(ig;) | . (4.3.121)
=2 =2 =2
Using the properties of the phases (4.3.18)) we can then show that this reduces to

n _1\n—1
[[a-a)= (n(_ll))(nl) (1+nmtan ) (4.3.122)
=2
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Figure 4.3.2: Polygon representing the location of the ramification zeroes. We represent
with dotted lines all the diagonals of one vertex, and with thicker lines its two adjacent
sides.
and thus
i 1 (1) _ 1)
- o n—1) n—I1
g 11— G| e (14nn-1) D). (4.3.123)

Hence we can evaluate the following contribution to the one point function,

(r=1)(n—1)

N|=

ﬁ 1= @ HED0D) = (g — 1)~ HE DO (14— 1)fnmD) i)
=2
(4.3.124)

It is more subtle to find a closed form expression for

(n-1)(n-2) n

T 1116 —al = ((n”_l)) LTI lexplio;) — explice)|  (4.3.125)

=2 j#k =2 j#k

as this requires

ﬁ [ ] lexp(id;) — exp(ion)], (4.3.126)

=2 j#k
i.e. the square of the product of the side lengths and all the diagonals of the regular
polygon. The polygon side length is given by

2sin <(n = 1)) (4.3.127)
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while the lengths of the diagonals are given by

. Jm ,
2sin ((n — 1)> 2<ji<(n—-2). (4.3.128)

Now consider a specific vertex of the regular polygon. For this vertex the total product of

side lengths and diagonals is, using the two previous results

(n—2) .
n— (T )
o(n-2) ]r_[l sin <(n i 1)> — (n—1), (4.3.129)

where in evaluating this expression we use standard trigonometry identities.

The polygon has in total (n — 1) vertices and thus we obtain
n
[T I1 lexp(ic;) — explign)| = (n — 1)) (4.3.130)
j=2 j#k
Collecting together all the contributions yields

R(0,0 R(0,0)\ "™
(03" Mo (03" =

o Ln-1)(1-21)

M= E RS (- 1) (na) "D A (4.3.131)
where we introduced the notation
A=(1+n(n—1)m —nr ). (4.3.132)

Note that this does not take the simple form conjectured above (4.3.112f), except for n = 2

and n = 3.
It is useful to work out the expressions explicitly for low values of n. For n = 3,
1—ag|=[1—asg|=1 (4.3.133)

and
|ay — as| = V3. (4.3.134)

Combining the factors, the correlation function thus reduces to

M —2
O I0P w05 OO IOE) = () (4.3.135)

in agreement with the direct limit of the expression (4.3.102]).

Now let us consider n = 4. The regular polygon used to calculate (4.3.126)) is an
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equilateral triangle with circumradii equal to one. Elementary geometry gives the length

of the triangle side as v/3 and thus (4.3.126]) reduces to 33, in agreement with (4.3.130).

In this case

11
@t = — 4.3.1
a 16 (4.3.136)
and thus
R(0,0)) | ~(0,0) r00)\" 4\3 sm_3 M
(O 7105 (wo)| ((’)M’ ) ) = (M) 5% 21117, (4.3.137)
4
The conjecture (4.3.112)) would instead give
4 4 3
100 wo)l (05°) ) = (47) (4.3.138)

and therefore this simple form for the one point function cannot be correct for n > 3.

We can also take the large n limit of (4.3.131)). In the limit of n > 1

A~=n" (4.3.139)
while
—n—1 n
i (4.3.140)
The latter follows from the limit
I\t 1
(1 - ) 51 (4.3.141)
n e
for large n. Then
O V1000 (wn)| (057 ) ) & (§7) nHredorm. (4.3.142)

In this expression we do not make any assumptions about the twist of the component

strings, i.e. about the ratio M/n, beyond the fact that it is a positive integer.
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CHAPTER D

One point functions

In this chapter we calculate one point functions for chiral primary operators. Both long
and short strands are considered for the case of single trace operators. Where relevant,

we indicate how to generalise the results to multi trace operators.

5.1 Layout

In section [5.2] we calculate one point functions for model single trace chiral primary op-
erators in the short strand limit. Namely, in the limit where the strand lengths are of
order one and the number of strands is of order N. We first give an overview of the proce-
dure and then we calculate some examples explicitly for untwisted and twisted operators.
Section contains the same one point functions as the previous section but in the long
strand case (strand length of order N). We separate that section into two-charge states
and three-charge states, as for the two-charge case we can give exact results whereas in
the three-charge one we need to approximate it in some cases. In section we briefly

discuss the results obtained.

75
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5.2 One point functions: short strand case

In this section we compute one point functions for all the chiral primaries described in

sections [2.1.2] and [2.1.3] for the two and three-charge cases. Some one point functions

have been calculated in [88], where strands of length one and two were considered, and
also strands of arbitrary length for the operator X5 ~. This section extends the CFT
calculation performed in that paper, by considering arbitrary strand length for all one
point functions. In what follows, first we describe the approximation used in the short
strand case, and then we go case by case calculating the one point functions for all different

chiral primaries.

5.2.1 Approximation used

In this section we are concerned about the case where the strands are short and we have a
large number of them. That is, we consider the case where « is of order one and Nﬁ;" ) < N.
This is the case considered in [88]. We take the same approximation, which consists in
finding the saddle point on which the sum over the partitions is peaked. This saddle point
is determined by the numerical coefficients A,&g %) and By, m,. accompanying each strand. In

the two-charge case the norm of the state is

WEADONE = 3 NENOD T 1A (5.2.1)
{Nés)} S,k
Let W,({S) be the saddle point on which the sum is peaked. To obtain it we use Stirling’s

approximation in its weakest form,
logn! ~ nlogn —n, neN, n>1. (5.2.2)

Taking the logarithm of each term of (5.2.1)) and using ((5.2.2]) we obtain

Nlog N + 3 (N5 log |4 = NS log NI + N — N log k) . (5.2.3)
S,k
The stationary point N,&S) is then
o Al(f) 2
N = ”€| (5.2.4)

For the three-charge case we can use an analogous approximation, which results into

Y K,m
K R My K

(8))2 2
FO _AE geo ( K )‘Bmﬂ (5.2.5)
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We use these relations to approximate the resulting sums after we act on the states with

the chiral primaries.

Now that we have all the ingredients needed we can start calculating the one point
functions in this limit. Notice that for each chiral primary we can use a state which only
has the strands that will come into play. With the approximation taken in this section
the norm of the state will always cancel, and so having extra strands which do not play
a role in the process does not affect the result. To see this clearly and to introduce the
calculation and some simplified notation we start with a review example. Afterwards we

will calculate one point functions in more general cases.

5.2.2 Review example: 2;4 operator

In this section we calculate the one point function of Y3 ;, a chiral primary which joins
two strands into a single one and increases the left R symmetry charge by 1/2 and lowers
the right one by the same amount. This example will be used as an explanation of how to
calculate the one point functions, following closely [88]. In subsequent sections we will use
the notation and methods introduced here directly. Let us start calculating the one point
function. In order to have a non-trivial answer for this operator we consider the following

state,

1(00)
ml my

N/my (+4) 0(00)

DA (+4) B! 00)}): Z Z ( (++ |++),, )an (BSZ(OO) |00>pz)Npl @

NL(00) 0(00)
N9=0 Np©)=0

N—-N,

1(00)

Np,
@ (B I j00),, ) ™ (5.2.6)
where we take m; = n; + p;. Using equation (2.1.44}) we obtain the constraint
NGy + NOOOpy 4+ N Oy = N, (5.2.7)

One of the N¥%) can be related to the others due to equation (2.1.6)), but we will not
substitute it during calculations to simplify the notation. From equatlon we learn
that the sum is peaked at

nNn ‘A

’ NI _ ‘BO (00) ‘ NL00) ‘Bl (00) ‘ . (5.2.8)

Also, using (2.1.54]) we find the normalisation factor for the state 1 to be

N!

N (NG, Ny ) = (5.2.9)

N No(oo)

N( +)'N (00)']\7 (00)1 N,
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Recall that using equation (5.2.7) we can write one of the N(&) in terms of the others,
and so A only depends on two of them. The action of the X7~ operator on these strands
is

(5.2.10)

my=n;+p; *

557 (144, ®100),,) > J*, [00)

To write the state resulting from the action of the operator exactly we need to calculate
two coefficients in general. The first one, which we will always denote by «, is to ensure
that we have the same number of terms before and after applying the operator, that is,
in the Lh.s. and in the r.h.s. of . The second coefficient will only be needed when
we calculate one point functions of gluing operators. We will call this second coefficient
Cn, Where the subindex n stands for the number of strands joined together. We give its

expression later, but its general form is the main result of chapter

Let us start by calculating the « coefficient for this case. The twist operator 22*;
can act on any of the N}J” strands [++),, and on any of the N](,)l(oo) strands [00),, . So,
we need to multiply the Lh.s. by this two numbers. Also, once the strands are picked,
the operator can act on any of the copies within each strand. Therefore, we also need
to multiply by their lengths, n;p;. Last, we also need to divide by two, for the following
reason: the twist operator acts up to cyclic permutations, and so we need to take the
symmetrisation of the strands over which it acts. More precisely, the one point function
that we consider is
, (5.2.11)

Symm.

o 00] J51 35 (|44, @ [00),)

where

<|++)nl ® |00>pl)symm. =) 1) ® e @ [H4) () @ [00) (1, 11) @ oo @100) ) + -t
+100)(1y ® .. ®[00) () ® [+4) (1) ® -+ @ [++) () (5:2.12)
is a symmetrisation over all the copies. Notice that if we pick strands of the same kind we

do not include this factor, as the symmetrisation in that case is already taken into account

by the norm of the whole state. Hence, the a combinatorial factor is obtained by solving

NS N

5 plN( (++ NO(OO) Nl (00) ) _ aN( 1 NO(OO) 17N71n(100) + 1)7
(5.2.13)
which gives
1(00)
= w (5.2.14)

If we had included other ground state strands in our state v this coefficient would remain
the same, as they would be unaltered after the application of the operator and thus they

would cancel. Now, the ¢y coefficient was first computed in [131], and we rederived it in
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chapter (4| from the general formula in equation (4.3.105)). It reads

ny+ pr
i (5.2.15)

Last, the commutator of the R-symmetry current with the twist operator is

()7 2w = e (o) 5w (5.2.16)

and so

i 00] T 25 (|44, ®100),, ) =

Symm.

VS

N
= €7, (00125 (|4+),, @ 00),,) = 1, (00[00),,, €. (5.2.17)

Symm
Notice that here we are also implicitly using that, when acting on a ground state |++),,,
the operators 5~ and O(T) commute. Plugging all the expressions together we see that

the action of the twist operator yields

. N 0(00) 1(00)
_ ny ny my
25 () (100),) " (751 100),,,) ]—
(00) (++) 0(00) 1(00)
’L@ N +1 n -1 n - N'm +1
= W g | () (100),) T (4 J00),,, ]
(5.2.18)

We are now ready to calculate the one point function. Writing it out explicitly, we get

(S57) = 7S5 17 | 25 ) =

N/my 1(00) N1
Nm 7 +1 n
S Y S e T (4 e, ) e

L0 0(00
Ny09=0 Np©)=0

1(00) m)

NO(00) 4 N;@(OO)Jrl
(BO (00) ‘00> ) Pl (Bl (00) J+1 100), . ) ] _
R ( + ) —T0y 2 \?
_ ¢ TP 4 (+4) 0(00) 1(00) ( >
=—-— =< A B, "' B —_ 2.1
4 myp M MAP\N(N - 1)) (5:2.19)

where in the last equality we have used the approximation , cancelled the norm of the
out state with the norm of the in state and used equation for the normalisation
of the twist operator. Notice that our result differs from the one in [88] by a factor
proportional to N~!, the last square root factor in the equation above, which comes from
the normalisation of the twist operator. That normalisation was not considered there,
but for the results in this thesis will play a crucial role. Now that we have reviewed the
calculation and some of its key elements we will calculate more general one point functions.

We will simplify the notation used where possible, to make the equations less cumbersome.
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5.2.3 (’)(_7,)_ operator
In this section we calculate the one point function for ), (’)(_T );, which transforms a single

strand by lowering the R-symmetry charge by 1/2 on the left and on the right. Consider

the two-charge state

B(AB) = 3 (A[+4),)7 (B00),) 7, (5.2.20)
p=0
which has norm
N!
Np)=—Fi~ =% (5.2.21)
p! (% — p)!n?

We are assuming that n is an integer, multiple of V. With this simplified notation we
already took into account the constraint (2.1.4]) for the lengths and number of strands.
The sum over all the possible strand combinations is peaked in this case at, from equation

(5.2.5)),
np=|A*, N-np=|B]*. (5.2.22)

As this is the first one point function that we calculate where our operator is defined as
a sum over copies let us discuss the combinatorics carefully. The « coefficient goes as
follows. We choose one of the p strands to act with the operator. For each strand, we
are acting with n terms, corresponding to the sum over copies. However, only the action
on one copy is non-trivial and so there is no extra combinatorial factor. Another way to
think about this is that once we have picked up the copy, the operator can act on any of
the copies within the strand. Again, though, in this case this action is only non-trivial in
one copy and so there is no extra factor. This will not be the case for more complicated
operators. Therefore, the action of the operator on a ground state is straightforward, as

the resulting combination is just the definition of a |00), ground state,

NE

Ouy IH+), =

1
I
—

Il
M=

(HH) 1) @ - ® [+4) 1) @100}y @ [++) (ry1) @ o [++) () = 00),,.  (5.2.23)

1
I
—

Therefore, the « factor is obtained by solving
pN(p) = aN(p-1), (5.2.24)

which gives
N
a=—-—p+1 (5.2.25)
n
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In this case there is no ¢ coefficient, as we are not gluing strands. The action of the

operator on the strands is thus

- [(I++>m)p (yoo>m)5_”} _
- (]Z —P+1) {(\++>m)p_1 (|00>m)%‘p+1 ‘

The calculation of the one point function is now completely analogous to the one in section

(.22 The result is
<Z (9“> AB (5.2.27)

where we understand this as a building block for more general calculations (notice that

(5.2.26)

the state is not S(IV) invariant).

5.2.4 O(t)’ operator

Consider now the operator ). Oz;);, which takes a strand and raises its left R charge
by 1/2 and it lowers it by the same amount on the right, creating a three-charge strand
from a two-charge one. This one point function is analogous to the previous one but for

a 1/8-BPS state. To calculate its vacuum expectation value, consider the state

(A, BY) = an (Al++4),)7 (J2,B" |00, )]’H’, (5.2.28)
p=0
which has norm
N(p) = —0 (5.2.29)
A5 2.

The process is now
(Z o ) [++)n, (Jfl(,)) 00),,, - (5.2.30)

To find this one point function we need the commutation relation between the R-symmetry

current and the O®® operator, which is given by

[(Jf;)aﬁ,(’)ﬁé‘(v,u)] = %em\/lgv (ai>aﬁ 0P (v, ). (5.2.31)

Then,

n (00| (Z J;ur)) (Z Oa‘i) O (1 (Z 0(5) ), =
r=1

r=1
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The combinatorial factor « is analogous to the previous case, as we now have

pN(p) =aN(p—1) (5.2.33)
which gives
o=t (N —p+ 1) . (5.2.34)
n\n

Recalling that the sum in the definition of the state is peaked at

_ N
np=14%,  —-p=|B' (5.2.35)

we find the answer of the one point function to be

n
. 1 -_ v
<Z O(t)> — “ABLR, (5.2.36)
r=1 n

Now that we have computed the one point functions for these untwisted chiral primaries

let us go to the one point functions for twist operators.

5.2.5 E;; operator

For this first twisted sector one point function consider the operator > ;, which joins n
strands into a single one. We consider the case where we join strands of the same length,
as then the formula for the result is much simpler. The generalisation to different strand

lengths does not involve any extra subtleties. So, consider the state

nN

Y = f: (A \++>M)p (A2 [++) )™, (5.2.37)

p=0 "

gl=
sk

where M (and thus also n) are small integers. The norm of this state is

nN
M
N
[ = D7 |AIPP| Az | =W N (p), (5.2.38)
p=0
where
N(p) = M (5.2.39)
DG (e §
The sum over strands of the norm peaks at
AP n 9
p= = — (N — |Aq|%), (5.2.40)

M M
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=

Figure 5.2.1: Initial and final states of the twist operator action. We start with n strands
of length M /n and we join them all together in one step, i.e. we act on them with a twist
n operator to join them in a single strand of length M.

like in the previous cases. Now, the action of the operator ¥, ~ on the strands of the state
P is

—n

S [(|++>%)p(|++>M)p2} =cna[(|++>%)p (++) )7 (5.2.41)

where the ¢, coefficient is the generalisation of the c2 used in section [5.2.2] So, we start
with n strands of length M /n, and at the end we have a single strand of length M. The
coefficient ¢, is the one obtained in chapter [ and in the case of joining strands of the

same length its expression is

n Lin—1(1-M
en =M T FE (= 1) (na) ") AT 2(n-(1-50) (5.2.42)
where
_ _1\(n—=1) _ _n-—1
A= (1 +n(n—1) n ) (5.2.43)
and
1 n—1
a"t=n (1 - ) —1. (5.2.44)
n

Let us now compute the « coefficient. As in the previous cases, it is a combinatorial factor
obtained by matching the number of terms (the normalisation of the state) before and
after the application of the gluing operator. Since we join all the strands in a single step,
the only freedom we have is where within each strand we insert the operator. Thus, clearly

n
the gluing operator can act in (%) ways. In figure |5.2.1) we present a picture depicting

<p> (M>”N(p) — aN(p—n). (5.2.45)

this process. Therefore,

n n

Solving for o we obtain

o= . (5.2.46)

Assuming, as we said before, that the sum is peaked at p we obtain

(S77) = [ 728,17 (W] B y) =
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. S M (% _
=0 2s, [Tt Y AP AR e,
p=0

SIS

+1)

() " (! =

=

3

n!

o N — oM _ - C
= |Zn | 1CnTnAnA2 1 = AnAanﬂ; (

N(N—1)~...-(N—n+1)) ’
(5.2.47)

where ¢, is given by equation (5.2.42)). Let us now go to the analogous 1/8-BPS one point

function.

5.2.6 X1~ operator

In this section we present some combinatorics needed for the calculation of the Y one
point function. We do not give the final result of this one point function as it involves the
calculation of a new commutator between operators, which is left as future work. Consider
the state

0

v=3 (AHJF)%)N+ (B |00>%)N (C (le)"fl 100>M)N1 (5.2.48)

NV}

which has norm

Nl
N(N*T, N = ok M ) . (5.2.49)

N+INOINI (M)N++NO M <” -1
n

Let us recall that if we add other strands to consider a more general state the result is
exactly the same using the short strand approximation, and so we only include the ones
involved in the correlation at hand to ease the notation. Thus, in this section we are
interested in the one point function of the twist operator X - Namely, we consider the

following process
: 1 -1
e <(|++>M)” ® |00>M) = (7)) 100),, - (5.2.50)

As in the previous section we need the ¢, coefficient, which is given in equation .
Let us now compute the combinatorial a factor. The twist operator acts on n — 1 |[++) u
states, and on one |00) » state. Within each strand, it can act on any of the M/n copieg.
However, there is a furtﬁer subtlety in this case, as we explained in section[5.2.2] Recalling
that the twist operator acts up to cyclic permutations, we need to take the symmetrisation
of the states over which it acts, as we did in that case. Notice that in the previous section
we did not need to take this into account as all the strands were the same, but now we

have two different kinds of strands and need to take that into account. So, the gluing
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process is

n

> ((’*”ﬁf)H ® |00>M>Symm = (Jfl)n_l 100) - (5.2.51)

Now, when we take the strands on the left hand side we have already picked the copies on
which the gluing operator acts, but they have all possible orderings within all the strands.
Therefore, we need to divide by the right amount to have only the distinct cycles. The

number of ways in which we can order the M copies in the strands is
M!

()i 0¥)

which corresponds just to how many ways we can order the two distinct ground states.

(5.2.52)

Now, we will need to divide by this number, and multiply by the distinct ways in which they
can be arranged up to cyclic permutations, since we have the twist X,, acting. This second
counting is less direct than the one above, and to obtain the result we need Burnside’s
lemma or, more generally, the Pélya enumeration theorem. Using the theorem, we find

that there are
1

M M
A n—1)2%
d d
7 2 %@ <” v " (5.2.53)
dlged (2L, (n—1)2L) nd
different combinations up to cyclic permutations. There are special cases (when the num-
ber of strands we join are prime numbers for example) where this formula reduces to a
compact expression, however these special cases are not relevant for the calculation at
hand. Therefore, we leave the coeflicient as is, defining
%Jr(nfl)%)

A Ldlged (M (n—1) 1) A(d) ("

S = e nd (5.2.54)

as a parameter. Thus, the counting of terms before and after the action of the twist is

Nt MN\"
s( 7)o (n) N(@) = aN (@GN + 1), (5.2.55)
where N (1)) is the combinatorial factor we wrote above, and the one on the right hand side
is the one after the action of the twist. Plugging in the expressions for N and simplifying

yields
(M —n+1)!
M!

With all this, the only remaining thing is to put everything together to obtain the one

a=S(N"+1) M. (5.2.56)

point function. However, to do so we need the commutator between ~ and Qrd(r),
which in general will have a more complex expression than (5.2.16]). This commutator can
be obtained by bosonising the fermions for example, but this is beyond the scope of this

chapter and is left as future work.
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5.2.7 (J%)™ operator

In this section we consider the m-point function

(1)) (5.2.57)

To do so we should a priori consider a state with all possible combinations of powers of

the J operator, which is

b= (B00),)" @ (B (14)" 00),)"" . (5.2.58)

V3

This is a complicated state, and the equations involved cannot be written easily. We will
consider such a state in section for the long strand case. However, as we have
seen in the previous sections with the short strand approximation the norm of the state
cancels, and thus the result is the same as in an easier case where we only take the strands

involved in the process. Therefore, for this section we consider instead the state

v = i@(B 00),07 (B ()" 00),) " (5.2.59)
=
which has norm N
2 = i |BI%| By 2% ~P)N (p) (5.2.60)
=0
with ! N
N(p) = :L\%';M (;) "p. (5.2.61)

This is the basic piece needed to calculate this one point function for more complex states,

where we have products of modes. The « coeflicient for this process is
n N
p<m>N(p) =aN(p—1) = a=— -p+1, (5.2.62)
and the condition for the average number of strands reads

(;) B[ =n (JX - p) . (5.2.63)

Thus, the result for this m-point function in the short strand case is

((75)") = BBm% (Z) (5.2.64)

Let us now comment on some other twisted operators.
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5.2.8 Twist sector 0%* operators

Similar to section we do not give results for the operators considered in this section.
Rather, we explain how the calculation is analogous to the previous ones except for a few

details, which we do not work out in this thesis.

Consider the following twisted sector operator,

n
) (Zl 0(+)+> : (5.2.65)
The conformal dimensions of this operator are, as we saw in equation ([2.1.37)), (n/2, n/2).
Therefore, we are raising the left and right R-symmetry charges by the same amount in
both sides using this operator. The calculation of this one point function is completely
analogous to the previous sections, taking into account that we now have a product of two

operators and so in general we need to combine different results from previous sections.

However, the state resulting from the action of this operator is an excited one, which
has not been studied in the supergravity side so far. Thus, the mapping of the supergravity
coefficients of the corresponding geometry has not been given, and it is beyond the scope
of this thesis. More precisely, in order to do this calculation we would need an analogous
equation to the equation we just used above, but for the states created with
the twisted O operator. With that knowledge, since the combinatorics are analogous to
previous sections the result would be easily obtainable. Let us move on to other cases

now.

5.2.9 Other chiral primaries

Even if the matching with the supergravity side is not clear, in this section we want to point
out that the CFT calculations for other operators are completely analogous. Consider for

instance the chiral primary
n
R Ogs- (5.2.66)
r=1

Notice that this operator is not symmetric under S(NV); in order to get a symmetric state
we should consider all possible combinations, by adding them. The calculations in this

section can be understood as an essential building block towards that goal.

The operator (5.2.66) acting on a |[+4),, strand creates again an excited strand, just as

in the previous case. However, we can also consider it acting on n copies of a unit length
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strand. That is, we can now easily calculate the process

®O<r) [++)1) = (]00),)". (5.2.67)
Thus, consider the state
= N
¥ =3 (Al++),)" (B00))N P (5.2.68)
p=0
which has norm
2 _ o~ a2 p2N—p) V!
YIF =) |APIBI* T . 5.2.69
P = 3 AP IBP o (5.2.69)

The « coefficient in this case is

P (N —p+n)!
= — = = 5.2.70
<n>N(p) aN(p—n) =N =)l ( )
Using the approximation for the short strands we obtain
L A" (N —|AP)!
= — . 2.71
<§830<r>> B nl(N — [AP — n)! (5.2.71)

Notice that for n = 1 we recover the result found in [8§].

We can also obtain the exact result using the same method as we will use in section
(.3l We refer to that section for the procedure, and we give the result directly in this
case. Setting |A|?> = aN, |B]?> = (1 — a)N, 0 < a < 1, where this « is unrelated to the

coefficient matching the number of terms calculated above, we find that

i : Z 0 o(l—a p%_n _ NI (1—a)"
<®om> Anpn = =0 ( ),, ppen) :A"B”N'E]lv _0‘))'. (5.2.72)
r=1 " Zp=0 (%) et mA

We present the behaviour of the result in figure As we can see, the values it takes
are very big for small n. As we increase n, this answer becomes bigger close to a = 0, and

very close to zero as « approaches one. We present this second case in figure

So far, apart from this last example, we have illustrated with some examples how to
obtain the CFT one point functions of chiral primary operators in the short strand case.
The tools that we have shown can be used to calculate more general one point functions as
well, for example for the O%* operators defined in equation . We can also obtain
one point functions for heavy and/or twisted J operators. Similarly, we can calculate one
point functions for products of twist operators. The method is exactly the same, but the

combinatorics will be more involved. In chapter [6] we are interested in n-point functions
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(a) n of order one (b) n comparable to N

Figure 5.2.2: Behaviour of the n-point function in equation . We see that it takes
very big values. In figure we give the case where n is of order one, by setting n = 5
and N = 100. In figure we give the case where n is of order NV, by setting n = 50
and N = 100. As we can see, in this second case the n-point function is bigger for small
values of «a, but very close to zero for « close to one.

for products of twist operators. There we explain the combinatorics involved, reviewing
some integer partition theory, and use the results to give an upper bound and a lower

bound for the (X5 7)") n-point function.

In the next section we focus on the same one point functions as the ones we have
explicitly calculated in this section, but in the opposite limit; in the long strand case.
Notice that some of the one point functions that we have calculated in this section, like
the one above, are explicitly only possible in the short strand case. Generalisations of
these can be considered also in the long strand case. We will not calculate all of them, as

the examples provided should be enough to obtain these other cases.

5.3 One point functions: long strand case

In section [5.2] we have calculated one point functions for chiral primaries in the short
strand length case. That is, in the case where we have a large amount of copies of each
strand, with the lengths being of order one. In this section we focus on the opposite limit,
that is, in the limit where the strand length is large and the number of strands is small.
As in the short strand section first we will explain the approximation that we use, and
then we will go case by case calculating the results. As we will see, in this limit the one

point functions give much smaller results than in the opposite one in general.

We consider now the case where the strand lengths are of order IV, and the number of
strands is of order one. In this section we separate the results for the two and three-charge

cases, as the method used differs slightly in both. In the two-charge case we will be able
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to obtain exact results, whereas in the three-charge case we will strongly use the large IV
limit. We start with the 1/4-BPS states.

5.3.1 Two-charge states

As we just said, in this case we will be able to obtain exact results for the one point

functions. As we introduced in section and used in section we work with the

state given in equation (12.1.50)),

N'(igS)
bragy = 2 (HAS/S)> Yoy = 2. [JAP1S), G (5.3.1)

{N’ggs)} RN {N}gg‘*)}gs K

which has norm

(95s)
W= N(QS>H|A 2N (5.3.2)

gs
{N(QS)} Hgs K N gs;k

Recall also that the sum is constrained by

S kNY = N, (5.3.3)
gs,k

and the coefficients A,ggs) satisfy

(5.3.4)

Z’AQS)

798

In what follows, we first give an idea of how we do the calculation in this limit, and then

we work case by case the answers for the one point functions.

5.3.1.1 Method

(gs)

The final answer of each one point function is determined by the A;
it is natural to set, given the condition that we have written in equation ([5.3.4)),

coefficients, and so

A = Nl with ol € (0,1), of" € (0,1-al™), .. (5.3.5)

(gs)

where the last ;" coefficient is given in terms of the previous ones. Since we are in the
long strand case we consider the lengths k of all the strands to be N/m,, where m, is
small compared to N. Likewise, the number of strands N,.ggs) will also be a number of
order one. Now, the important thing to notice is that the only N-dependence of the norm

of (5.3.1)) is an N! factor which comes out of the sum. To see this, we substitute in the
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norm the parametrisation ([5.3.5)), which gives

(93)

=Nt ST el e (5.3.6)

{N(gs }gsn Nngs .

As we have seen from the previous section, this will be the denominator of all the one
point functions. If the numerator has at most an (/N — 1)! dependence in N then this
will mean that, up to numbers of order one, the long strand one point functions will be
suppressed by a factor of N with respect to the short strand length ones. The expression
of this numerator depends on the chiral primary we use, and so we will go one by one
in the following sections. As we will see the N dependence will also factor out in all the
numerators, and so we will be able to obtain the exact result up to a polynomial which

(

ig s We will give the polynomials for some cases as well, to see what

(

igs). Let us start by calculating the numerator for
the ¥~ operator with the most general 1/4-BPS state.

depends only on the «

is their behaviour for all values of the «

5.3.1.2 Z;; operator

We can do the first part of this calculation in the most general case. Also, we drop the
(gs) superscript, as it is redundant in this case and will only complicate the notation. We
start with the strands

é}(A ++) Z>pl (A|++>%) DD e

=1

(5.3.7)

After the action of the X, Operator we have

- , - pi—l P+l
147 ) A& (y++)N> ® (\++>ﬁ) . (5.3.8)
i=1 i=1 " "
As we said, we are in the limit where m;, p;, m,p are small numbers. These strands
contribute with the corresponding term in the in state (¢| which has the same strands.

Thus, the contraction gives

n _/n n pi—1 41 2
<H Ai) A (H \Ailz(’”‘l)> | A% ® (y++ ) @ (l++)x)" (5.3.9)
i=1 i=1 i=1 "
The norm is given by
N! NI
~ = . (5.3.10)
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The product of the moduli of the A; yields
a1 - ... an_l(l — ] — Qg — ... — Oén_l)Np—'—E?:lpi_n, (5.3.11)

and thus the N-dependence of the product of the two is (N — 1)!. Now, this is not the
only part of the one point function that can give N dependence. We also have the ¢, and
« coeflicients, so we need to see what their product is. Let us start by calculating «, as
it is straightforward to obtain. Analogous to the previous section, we need to match the
number of terms before and after, taking into account in how many ways can the gluing

operator act. Therefore,

o~ N
Hpiij\[initial - aNﬁnal' (5312)
=1 i

7

Certainly if we consider a process where we take more than one strand of the same kind the
product of p; factor will be different, and we will have instead some combinatorial number.
However, as we said these are small numbers which do not affect the N behaviour, and so
we give the result only for this case. The combinatorials needed for the exact result are

explained in the previous section. Solving for a we obtain
N
a=(p+1)— ~ N, (5.3.13)
m

i.e. it scales like N. Let us now consider the ¢, coefficient. We have written its expression
in equation (5.2.42)) for strands of the same length, but let us recall its expression here in

the most general case. It is

B

e [T R ] <N>_%(%H) [T, - ?(75),

i=1 j=1 j#k
(5.3.14)
where 1
_ 1+ ae'®i _ mi m [
= = —= 1—— ) =1 5.3.15
wtte A (RI0-7) o519)
and the phases are
,— 1 ,— 1
(n—1)e2z: ¢ = GZbr o GZDT oy i (5.3.16)
n—1 n—1
,— 1 ,— 1
ne2zZ: ¢ = 0, @z(ln_i”, @H——(Z_i”, (i-1)e22, i>3
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Notice that the coefficients a, a; are independent of N. Keeping only the factors with N

we see that

o 1(1_A)
H ‘aj _ak|2 mg )

1, (1) a2

C ~ len (

(5.3.17)
We need to see that the product of all the factors that have an exponent dependent of
N go to zero in the large N limit. Let us check some simple cases first. As noted in [1]
for n = 2,3 we have simple expressions for the coefficient ¢,, and we also have a compact

formula when all the m; are equal. For n = 2 the coeflicient reads

1 mq +mso

3.1
N3 (5.3.18)

Cy) —

For n = 3 we have
1 mimo + moms + mims

- N2 3

The case of equal m; requires some more work. Let m; = m for all ¢ < n, so that we join

C3 (5.3.19)

n strands of length N/m into a single one of length Nn/m. Then the general expression
(5.3.14]) reduces in this case to equation (|5.2.42)), which with the current notation is

N 1-n "o lin—1)(1-&
Cp = (Tl:rn> n%+§_% ((n — 1)2(71&)(”_2)/\_1) 2( )( m) (5320)

where
A=(1+n(n -1 —nnt) (5.3.21)

oo (w1 ) 532)

As we can see the N factor can be read straight away and agrees with (5.3.17)). We need
to see what happens with the other factors. Let

and

Q = (n—1)*(na)""2AL. (5.3.23)

Using the large N approximation we can drop some terms in the exponents and rewrite

o NIT ((g) B (;) gv) . (5.3.24)

Now, the function n/@ is a monotonically decreasing function, which satisfies

the coefficient as

5
{"] =2 <1, lim — = 0. (5.3.25)
e
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0.4+

0.2

0.0

n

Figure 5.3.1: Behaviour of n/Q, where @ is defined in equation (5.3.23]). As we can see,
this function decreases exponentially in n. The ¢, coefficient will thus vanish exponentially
fast for n > 4, as this function appears to the power of N.

More precisely, it is a exponentially decreasing function in n. We show its behaviour in
figure Therefore,
lim ¢, =0, n > 4. (5.3.26)

N—oo
If we add the « coefficient we obtain

1

TENT e

and so the answer for the one point function is, adding the normalisation of the twist,

N
2—n 2
CQlbetween n strands of equal length ™~ N ( ()

Q

<E'r:_>long =

~(fta) (@)

where f(ai, ..., ;) is an N-independent polynomial which numerator is given by equations

(5.3.9), (5.3.10) and (5.3.11)) and with the denominator given by (|5.3.6). Notice that the

one point function decreases exponentially with N for n > 4, as for n = 3 we have
n/Q = 1. If we compare this result to the short strand case, equation ([5.2.47)), we see

that the only N dependence in the short strand case comes from the normalisation of the

(N(N - 1)...TEN—n+ 1)) flaas s am),

i

=z
A
S|~
~

wlz
~

3
D=

(5.3.28)

twist. Therefore, we have the following relations for the one point functions,

- I -

<22 >long ~ N <22 >sh0rt
- 1 -

<Z3 >long ~ m <E3 >sh0rt

(Z5 Dong ™ Nizng=Nlogn (E;ﬂshort (same strand length). (5.3.29)
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We will now do this calculation for the single copy (’)(_r)_ operator, and afterwards we will

show examples of the f(aj1, ..., ;) polynomials in both cases.

5.3.1.3 O(:,; operator

In this case we start with the strands
(A1 l++)x )™ (A2 j00)x )™ (5.3.30)

After the action of the (’)(_r)_ operator we have

APt AR (\++>%)p171 (yoo>%)”“. (5.3.31)

The contraction gives

N!

ApAa| Ay PP Ay P27 . (5.3.32)
(p1— Dipo+ 1)1 ()" (X)
The « coefficient in this case is
a=py+1, (5.3.33)
and so the one point function is
- -1
<O >long = AlA?Nf(a)v (5334)

where, again, f(«) is a polynomial which is independent of N. Comparing to the result

of the short strand case we see that

- 1 -
<O >long ~ N <O >short . (5335)

Let us now write and plot some polynomials for both operators, to see how they behave.

5.3.1.4 Exact answers for the one point functions (examples)

We start with a couple of easy examples, and build up to more general ones. Let us start

with the 35~ operator in the easiest case possible.

Simplest non-trivial case Consider the state

o= (4 |++>%)4 + (4 |++>%)2A2 [+ + (45 |++>ﬂ)2 . (5.3.36)

2
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We have a non-zero one point function, which corresponds to
(Z37) =172 S 717 (Wl 257 [9) - (5.3.37)

Since we have just a few terms, we write them all out explicitly to see exactly how the
calculation works. Using the formulas of the previous sections, we see that the norm of

this state is

32(N — 1)!
Y]* = WMHS +

16(N —1)!
(N2 ) ‘A1‘4‘A2’2+

20N =),y
—— |As]". 5.3.38
L |4 (55.38)

It is useful to write the generic expression for each term, AV(p), to make some combinato-

rials easier afterwards. They read

- : p=0,1,2. (5.3.39)

It is also more convenient to write the state (5.3.36) as a sum. We have

2

4-2p j2
Y= I;) (41 |++>%) (45 |++>g) : (5.3.40)
Now, the action of the gluing operator is
- 4-2p P 2—2p p+1
g {(++>JZ) (I++)x) ] =cy va {(!++>JZ) (I++)x) ] . (5.3.41)
The ¢y coeflicient is 4
C%y% = N (5.3.42)

Now, for the combinatorial factor «, we need to choose two strands of length N/4, and

they each have N/4 positions on which we can insert the gluing operator. Thus,

_ 2
<4 22p> (JD N(p) = aN(p+1). (5.3.43)
Solving for @ we obtain
a=(p+ 1)% (5.3.44)

The one point function then gives

(537) = 7287 7wl S5 [v) =

= [ 2 [Ad (A2 sy (4] (s () (140) 1)

a1z

vz
+
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1 1 1 1 1 1
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a

Figure 5.3.2: Behaviour of the coefficient f(a)) which controls the relation between the one
point functions for short and long strings.

+ A A (A2 (s (++)" () x)"] =

A4, (1411185 + 2] A5 P2 ) 2 \}
(=)

RN+ R A AP+ A

(5.3.45)

We want to relate this result to its analogous in the short strand length, large number
of copies calculated in [88]. Let us recall that the expression we use for the one point
function differs from the one in the paper, as we are including the normalisation for the
twist operator. In this section this normalisation does not play any crucial role, and so for
the rest of the section we will leave it as Ny . The result for the analogous short strand

one point function is

<227;>sh0rt = N227 (5346)

which we obtained in equation (5.2.47) for general n. Using the substitutions |A;|? =
N — |A;|? in (5.3.45)), and letting |As|? = aN, where a € R, 0 < o < 1, as in equation
(5.3.5)), then (5.3.45)) simplifies to

: — 6 402 —Ta + 4
Y5 one = N3, A2 40— . 5.3.47
(22 Diong = Ny, 41 2N 16a% — 4003 + 5102 — 40a + 16 ( )

If we define f(«) to be the division of the two polynomials in a, we see that f is bounded
by 2.15 for 0 < a < 1, as we can see in figure Therefore, since f(0) = 3/2, we find

that
~ 215
< A%AZT (5.3.48)

<22__>1ong

_ 3
A2 Ay ——
298 < TNy

2

for all possible values of |A1|? and |A3|?. Hence,

<22__>short

<25;>10ng ~ N

(5.3.49)
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Joining strands of different length Let us now do a similar calculation, but joining
two strands of different lengths. The new feature in this example is that in this case we

have two variables in the polynomial f. Consider the state

2 2 4
V= (A )y ) F A (A lH0n ) + (A2l x ) + Ao )y Ag [+
(5.3.50)
We do this calculation explicitly term by term as well, to see exactly all terms and how it

works. The norm of this state is

NI |416

16
0P = 3 (A + LAPIA T + 2P + |4a 4P ) (5.3.51)

3N2
Notice that we have two different terms now that are created with the X5 - operator,
: 2
3% = At [+ x [+ ax + Af [+ ([4H)x) (5.3.52)

The first term is the one we are actually interested in, but as we will see the result is

almost the same for both. For the first term we have

3 3N
ey N = N a] = R (5.3.53)
and for the second one we have
1 N
C%’% = N, a9 = Z (5354)

Thus, the one point function is given by, analogous to the previous case,

_= B P, 9 2
(557 = 12251 ) (4085 )y oy + Adg [+ (44y)) =
A1A22312|A2|2+A1A |A2|4

5 . 5.3.55
ST+ B PIAS] + sl + S AP AP (535
Now, we set the modulus of the coefficients A; to be
[ AP =Na, [P =NB, |43 =N(1-a-p), (5.3.56)
with
0<axl and 0<p<l—a. (5.3.57)
Plugging these expressions in the one point function yields
1 A1A22312,3 + ZlA%ZLIBQ
— 3 6 . (5.3.58)
N2a? +160p% + 564+ 3 (1 —a— )

Let f(a, ) be the coefficient without the A;’s and the N for both terms, just as in the

previous case. As we can see, the polynomials that we obtain agree with the general
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(a) First term (b) Second term

Figure 5.3.3: f coefficient comparing the long and short strand length one point functions
for the ¥, operator, in the case where it joins two strands of lengths N/4 and N/2,
as shown in equation . The state that needs to be considered for such one point
function to not vanish also enables the action of the twist on two strands of length N/4.
Subfigure corresponds to the first term that contributes, the joining of two strands
of different length, which is the process we are interested in. Subfigure [5.3.3D] is the
second term, where two strands of the same length are joined. As we can see, the second
contribution does not change the behaviour of the result.

equations ((5.3.9) and (5.3.6). Then, as we show in figure both terms are small in the

range of interest. The point («, 5) = (0, 0) is singular, but let us recall that point is not a
physical state and thus is not under consideration. Let us now study the polynomial that
results from the action of the X5~ operator in the case where it joins any two strands of

equal length.

Joining two strands of the same length Consider the state

p

NgEE

m—2
=3 (Al+H)x)" T (Ao [+ an ) (5.3.59)
p:O m m
The polynomial is, in this case,
m _ P
121 (ap(l —a)™ (ﬁ) m)
fla) = o EWERY ; . (5.3.60)
p=0 (ap(l —o) (%) p!(mf2p)!)
If we plug this expression in Mathematica we get
2—% _(a—1)2m)m/2
1 _ [e3
U 7m’l’7(cx722m
fla) = ( - ; - ) , (5.3.61)

where U is a hypergeometric function. This function is of order one for most values of a.
We present in figure the plot of f(a) for m = 17. We see that we have an asymptote
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010 O.‘2 0‘.4 016 O.‘S 1‘.0
Figure 5.3.4: Behaviour of N times the coefficient (5.3.61)) relating the one point function

for X9 in the long and short strand case. At zero the function is ill-defined. In the plot m
=17.

at a = 0, as it happens in the other cases. Also, setting m = 4 in (5.3.61]) we recover

(15.3.47)), as expected. Let us recall, from equation ([5.3.28)), that this one point functions
also has a 1/N suppression with respect to the analogous short strand one.

Joining any two strands Consider the state

b= 3 m<§_j> <A1 ‘**%{;)pl (A2 ) )m (A3 |++>N>p3, (5.3.62)

N
g s
p1=0  p2=0

where N N
N —op1— oop
p3 = = 1\; 22 = g (1 - pz) (5.3.63)
s miy Mo
and N N N
—_— =4 —. (5.3.64)
m3  mp M2
The norm of the state is
my mz(l_%)
WP =" D AP A2 A3 PPN (pr, o), (5.3.65)
p1=0  p2=0
where N
N(p1,p2) = YA A ' N\P N \P5 (5.3.66)
p1-p2:p3- (7771) (7772) (,,Tg)
The ¢y coeflicient in this case is
cn n = TLtm2 (5.3.67)
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The action of the gluing operator is

e [(H”fnﬁ)m (|++>n172>p2 <\++>%)p3} _

(++>N>p1_1 (I++>N)p2_1 (\++>N>p3+1] . (5.3.68)

=CN N«
mi1’'m

1 2 m1 m2 m3

In this case the « coefficient is N
o=

p3ms3

(5.3.69)

Mathematica is not able to perform the exact sums with all the coefficients for f(aq,as2)
in this case, and so we need to take approximations. We are in the case where the lengths

of the strands are big, that is, in the limit where p;, m; are small integers. Thus, since

ps = ms (1 o ) , (5.3.70)

and recalling as well that 0 < p; < m;, we see that the factor inside the parenthesis will

be of order 1, and so
mi1ms9
<mg=—"—". 5.3.71
ps S = ( )

Then, the total coefficient is approximated by

mi + mo > (m1 + m2)3

2psms "~ 2(mimg)?

(5.3.72)

The polynomials are too long to write out explicitly in this case, and the formulas do not
give any deeper insights. Also, we need to get rid of the factorials in the denominator so
that Mathematica can perform the sums. Notice that in this case it is not straightforward
to recover the results from the previous sections, as now the combinatorial factors are not
easily reduced to the case of two strands of the same length. We present in figure
a plot of the function for m; = 6 and mo = 12. We observe again the asymptotes at the
boundary values of a7 and ais. Let us recall once again that a; and ao are defined only in
the open interval (0,1), as otherwise we would not have the strands necessary to have the
process studied. Therefore, the polynomial is of order one in the range of interest, and
so we confirm the behaviour described in the first line of equation . To finish this

section let us study the case of the (’)(_T )_ operator.

(9(;; operator For the >/ ; O(;; operator consider the state

m

b= (Al++Hx)" (Bloo)s )" " (5.3.73)

p=0
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Figure 5.3.5: Behaviour of the coefficient f(ai,a2) function for the (E§;> in the long
strand case. We can see that, as in the previous cases, we get asymptotes in the boundary
values. In the plot, m; = 6 and mg = 12.

f(a)

0‘.0 0.‘2 0.‘4 0‘.6 018 1.‘0
Figure 5.3.6: Behaviour of the function f(«a) for the untwisted <(9_r;> one point function
in the long strand case. As we can see we have a maximum of order one. Also, the function

diverges for « = 1 very rapidly, and so the divergence is not seen in this figure. In the
plot m = 12.

Using the result (5.3.6]) and section [5.3.1.3| we find that in this case the f(«) function is

a (—(m +1) (i)m (1—a)™+am+ 1) — (= 1)ma™

-«

fla) = (5.3.74)

a—1

This function has an asymptote at a = 1, but as always this is outside our range of
interest. Otherwise it is finite, being zero for « = 0 and with a finite maximum (of order
m) close to one. We can see it in figure [5.3.6| for m = 12.
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5.3.2 Three-charge states

Consider now a three-charge state,

(00)
KyMg

Vv HH BRI (W;!(Jﬂ)m” \0%) . (5.3.75)

s=1 K Ry,Mg

Its norm is

WHAD, Bum 2= 3 NUNEL D (H |Agg>|2Né”) (H B, mﬁ|2Né°r°r3n>

{Né,s%n} s
(5.3.76)

where

. A0
| 1 K KoMy

NN _ . (5.3.77
(D= o )\ o ) ) @370

Notice that due to the insertions of the Jfl mode the N dependence of the norm is now

more complicated. As in the two-charge case, we will first explain the approximation, and

then we will go case by case giving the answers to the one point functions in this limit.

5.3.2.1 Method

The condition for the coefficients now reads [96]

S IAIP 4 S ( ) |Bim,|* = N, (5.3.78)

gs,k KyMy

and so, in addition to
AP = Na{™,  with i e (0,1), of” € (0,1-0{"), .. (5379)

we need to set a parametrisation for the | By ,,, | coefficients. This parametrisation is more

subtle, as we need to consider things like

2 N
= — fﬁ s 5.3.80
| ( I{N) 1 ( )

with the B, ., parameter running from zero to possibly a number bigger than one. Notice

| R,Mg

that, since we are in the long strand case, k will be of order NV, and m, can take any value

between one and x. We work this out explicitly for each case in the following sections.

So, if we absorb these extra factors in the f ,,,., plug all formulas in the norm of the
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state and write the strands length as N/n, instead of k we obtain

(S) 00) (00)
() 7 ($)\ V= N N
=N Y [T..s " (O"(‘ )) [l 7™ B <N> R

(5) (00)
{N,gs,,)l } HK,S Nnm ! Hn,mﬁ Nnmmm! K,Mg

As we said above, we have N-dependence inside of the sum in this case. In some cases
we will still be able to obtain an exact result, as we will be able to perform the sums.
However, in other cases we will not be able to do so. Then, since the resulting polynomial
will have now powers of IV in the factors, what we will do is keep only the dominant term
in the polynomial and compare the numerator and the denominator one. As shown in the
previous cases, the denominator will always have a higher power of NV than the numerator,
and so the f function will be small. We start with a simple example to see explicitly how

it works, and then we will give more general results for the rest of the operators.

5.3.2.2 Elementary example

We start with a simple example, just as in the previous section, and then we build up to

more general ones. For this initial example we consider the untwisted Oz;; operator.

O(t)* operator Consider the state

2

=3 (4 y++)%)p (B2, \00@)“ (5.3.82)
p=0
which has norm
2 N!
W =D [APIBPEPIN(),  with  N(p) = —5 : (5.3.83)
p=0 p! (5) (2-p)!

We want to find the one point function of ), O(t; This operator transforms a strand

|4++) x into a strand J T, |00) v, and so we have
2 2

N N

2 - 2 - Y20
(0015, >~ OF [+4) ~%<00|;(’)(r) [++)y = "7 y (00]00) x . (5.3.84)

r=1

|z

The combinatorial factor « in this case is

- g’ :g:; (5.3.85)
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and thus we find

- _ — 2 Y20 4 fv
(OF hong = 917248 [|AP - e F 012 + B F 02, (5.3.56)
where
2
<Z Iy 100) g> [++) = ((Z le(r)> yoo>g> (5.3.87)
and so A N1
12 e m2 _ “'°
W=, WP=F (5.3.88)
Plugging these expressions in yields
4 (l1A2 , |BP
(O ring = (O o T NQ( L >2 7 (53.:89)
ong bortT+N|A’2|B|2+W|A|4

where the short one point function is the one we computed before and is given by equation

(5.2.36) for n =1,

f1)

<O(+) >Short = ABe" R . (5.3.90)

Now, as mentioned above we use the relation

N
A+ 5 [BI* = N (5.3.91)
and we set

Bf=a, «ac(0,2). (5.3.92)

Then we obtain 5
<O+_>long = N <O+_>Short . (5393)

Therefore, we see that in this initial case we obtain exactly the expected relation between

both one point functions. Next we start calculating one point functions for generic cases.

5.3.2.3 Untwisted O(;; operator

The aim of this section is to check that we recover the result from the two-charge case,
by considering the same process as in the 1/4-BPS section but with a 1/8-BPS state now.
Consider the state

n n—N(H+H) (

b= Y Y (4 pny)"

N(++)=0 N0(00) =0

(BO(OO) |00> )NO(OO) (BI(OO)Ji_l ‘00> )Nl(oo)

E
N

(5.3.94)
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1.0

Figure 5.3.7: Graphical representation of the numerical coefficient for the O~ one point
function in the long strand case. In the plot, n = 4.

We want to calculate the one point function in the long strand case for the O~~ operator
The only on-trivial action of this operator on the state is when it performs the following

transformation of strands,

N/n
(ZO ) [++) = [00)x . (5.3.95)
The « coefficient in this case is
o= N0 4 1, (5.3.96)
and after setting, as usual,
A2 =N, (AY00)2 =N, (AN = (1 —a — B) (5.3.97)
with
0<a<l, 0<f<l—a (5.3.98)
we obtain
. A(++) 40(00)
<O >long = T

N1(00) an(OO) _ Nn(++) _ n0(00)

n—NGT) 470(00) . N(++) o N0(00) 1
NO©) g B (1—a-p) NEFH1N000) [ y1(00)]

N(++) OZNO(%) 1

(++) N1(00) _ N (++) _ n0(00)
2N =0 Z?VO{;]O) =0 @ N (T N (1-a- le(OO) NP TN IO}
(5.3.99)
Mathematica can perform the sum ratio, giving
. A++) A0(00) n
O™ ong = 5.3.100
< >10ng N oz—l—ﬁ—nQ(oz—i—ﬂ—l) ( )

We present in figure[5.3.7] this result for the second factor plotted. We recover the expected

1/N behaviour except in the boundary values, as in the previous cases.



5.3. One point functions: long strand case 107

5.3.2.4 E;; operator

This is the only twist operator one point function left to calculate in the long strand case,
as we obtained results for the ¥ ~ in the section Also, let us recall from section
that for the twist n, 1/8-BPS one point function we need an extra commutator to
obtain it, which we are not giving in this thesis. Thus, we calculate the twist two case, as
we did in section [5.2.2] for the short strand case. Consider the state

1
m2(1_%)

m N+ NO Nl
v=> > <A |++>N> <B |00>N) (Ble1 |00>ﬂ) : (5.3.101)
N'=0 NO=0 " "2 "
where, as in the short strand case,
1 1 1
I S _ e (5.3.102)
mp M2 m mi + ms
and A
N = ' . (5.3.103)
N+ NO
N N
NHINOINT (AT ()
Analogous to section [5.2.2] we have
Nt +1
o= 2+ (5.3.104)
and
mi + ma
= = 5.3.105
Cc2 IN ) ( )
which lead to the result
V20 —
- e r ABB!
<E; >long = NEZT N
mo 1—%1 -1 Nt nNO
SN1—1 ZN0£0 ) (m1 +ma)m™ aNT N (1 — o — g)N T2

NTINTINCE (5.3.106)
ma 177) L N+, NO

+ 0 1 m m
2%1:0 ZNOZO mN aN /BN (]— S B)N N#!NO!?\H!

N1

These sums cannot be obtained with Mathematica, and so we would need to approximate
them. However, we do not need the exact result; the leading behaviour with IV is enough.
Since the sums only have factors of order one within them, that is, since they do not have
any N'’s, their ratio will be a number much smaller than N, away from the boundaries of

a and B. Therefore, we can approximate this one point function by

. \/2v —
- e &k ABB!
(53 tong ® Ny —— 37— (5.3.107)



108 Chapter 5. One point functions

i.e. once again we learn that

(257) Lt <hort - (5.3.108)

long N

5.3.2.5 Untwisted Oz;; operator in full generality

In this section we calculate the one point function of >°7"_; (92;; with the most general

1/8-BPS state. That is, we consider the state
NO

=) (A|++ ﬂ) (HBmR( +) K|00>1:) . (5.3.109)

Ii

As we will see in a moment, the equations in this case cannot be written out in a closed
form. However, we will still be able to give a result. We will work out the example k = 4,
and the general result follows easily from induction using the same process. So, let us

consider x = 4. The state 1 in this case reads

v =(Al++)x) +23:(A|++>zz)p®
p=0
® 24: zi: B“B"*f( ) 00)x ® ...®<Jj1)i47p|00>% . (5.3.110)

We have not found any easy way to write the norm of this state in a compact form that
is understandable, so we write it all out explicitly. Once that is done, how terms are
constructed in general will be clear from this example. That is why we leave all the

factorials explicit in what follows. We have

N(1 1 T /N 1 1% N\2 T T /N\ /N
_ - 4 I 4 4 4
(N 4{4'+3'Z<z>+2' 2!Z<z> +Z <z>< ) +
Z) i=1 =1 =1 j=1+1
12( s (Y3
3! i=1 \ ! 2! i=1 j—it1 \ J
N N N
T 1 1 [N\ [N\ /N
4 4 4
T2 ()(a)(l) !
i=1 j=i4+11=j+1
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N\ /N N
DO e
=1 j=itli=j+1t=i+1 \ * / \J t

From this equation we can deduce how the terms look like for general x. Looking at
the state it is clear that, in the three-charge strands terms, for each term with
in, sums we will have p(n) terms, that is, the number of integer partitions of n terms.
Each term will have as many sums as elements has every partition of n, and the binomial
coefficient’s powers correspond to the numbers in each partition (to its parts). Take the
last parenthesis in for instance. We have four sums in the state, and so we have
p(4) = 5 terms in the norm. And the exponents of the binomials coefficients are given by
the five possible partitions of four (see equation or figure for the partitions).

Let us also recall that the coefficients in the state satisfy

N
T/ N

AP +>° (nf; >|Bm,J2 = N. (5.3.112)
=1 K

In this case we have all the possibilities for the different number of insertions of the J*,
mode, and so we need to be more careful with the parametrisation of the equation above.

Expanding the sum and dividing all the equation by N yields

| A2 +|Bx?
— 4

I +|Bil? + By 4P+ N (1822 + |B%72l2) +O(N?).  (5.3.113)

Recalling that we are in the large N limit, all coefficients except the first ones must be

very small. Therefore, we can work with the parametrisation
AR =aN,  |BP=BxN, |BiP=5, By ,P=Bx,,  (53114)
4 4 4

and analogous for the rest coefficients. To simplify the expressions later, we will absorb
all the powers of N of these parameters in the §;. The running parameters labelled by the

Greek letters taking values between zero and one, as usual. As in previous cases we use

the commutator (5.2.31]) to see that

N

4
+ Z 4+ . V2v

R (5.3.115)

NP4

We are just missing the « coefficient to be able to get the answer for the one point function.
Again, the expressions cannot be written easily in a compact way, so we go term by term

to see the general result. Let «; be the coefficient for the p = ¢ term, where p refers to the
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sum index in equation (|5.3.110)). Clearly

4
s = o (5.3.116)

For the rest of the terms we will need to use the large N limit. We need to keep in mind

that the operator (9?;)_ only generates states with one insertion of the J* mode. For p = 3

we have
T /N T /N 2
N 1 & (5 1 N! N (5 1 /N
3— Z<4>:a3 — <4>+<> : (5.3.117)
1 1
(4) 3'121 i 2(%) 4 =\ 2\ 4
Solving for a3 we obtain
4 & 4
—|1+—F2— | ==, 5.3.118
N( d <JZ>—N) N oo
=114 8

where in the last step we used the large N limit to approximate the second term in the

parenthesis by zero. Similarly, for p = 2 we find

2 N
4 2(H) +34 zm) 4
OCQZN 1+ ~ —

(5.3.119)

w1z

N 2
4
7

N N, AN N’
1
g2in (7) + XL 1Zj L (5)(F)
and an analogous expression for p = 1. Therefore the value of « is the same for all terms,

4
N — 3.12
an (5.3.120)

Since in the long strand limit x (in equation (5.3.109)) is a small number, we thus learn
that in general
K

~ —. 3.121
an o (5.3.121)

We are now ready to calculate the one point function. Again, the expressions are compli-

cated, so we will be very explicit. As usual, we have

a1z

= -2
(O = 0172 Wl Y. O 1) (5.3.122)
T‘:
As we mentioned above, we need to keep in mind that the operator only generates strands
with one insertion of the R-symmetry current, and so we need to be careful with the
contractions. This also means that we do not have to worry about the factorials dividing
when taking the modulus of the out state, as all factors that are not repeated in the bra

and the ket and survive will be a one. Keeping all this in mind and using the substitutions
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(5.3.114)) we find

: _ v 45N! | o? i (¥
() =yl 2ABy e S a+a225i<3>+

=1 % )

A A S N\2 /N
sise(T) ey oy () ()s
3! &~ i 2~ = ) j

=1 i=1j=14+1

. . V(T (T 2 AR 2 A 2
~I—Z' ' Z Biﬁjﬁk<i><j><k> =: || “ABe" R NM'
(5.3.123)

If we now let |14|? be the polynomial resulting from the norm of v after substituting with
(5.3.114)) without the common factors in front, we obtain

. . 2
(O Y~ —ABje" & . (5.3.124)

And so, with the general observations done throughout this section we learn that, for

general s,
N

- - K — va 2
<Z ol > ~ 5 ABie 7 ::Z:Q. (5.3.125)

r=1

Comparing this result to its short strand case counterpart, equation (5.2.36) we see that,

up to numbers of order one,

Ot 1
1O Dong — ons ~f(N,a, B;), (5.3.126)
<O >short

where f is the polynomial described above. Notice that, maybe except for boundary values
of the «, §; variables, the polynomial f is a very small number, as the denominator has
terms with higher powers of IV than the numerator. Therefore, we see once again that the
long strand one point function is parametrically smaller in N than the short strand one,

i.e. at most .
+= ~ +-=
<O(T) >long TN <O(”') >

Let us finish this section with the calculation of the one point function for the modes of

o (5.3.127)

the R-symmetry current.
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. +\™m
5.3.2.6 Untwisted (J';) operator

We will now calculate the same one point function as in section Just as in the
short strand case we also calculate all m—point functions for m < n, as the calculation is

analogous in all cases. Thus, consider the state

p=0

Y= Xn: (B \00>%)p (Bmwi} |00)§) : (5.3.128)

As before, we have

NP
Np) =7 (”) (5.3.129)

and
a=n—p+1. (5.3.130)

Setting |B|? = aN as usual (where let us remind that this « is unrelated to the one above),

and recalling that in this case we have

N
B + <">|Bm]2 = N, (5.3.131)

m
we see that we can sum exactly the expressions for the numerator and denominator. Notice
that we can obtain the result for any m, even with the combinatorial factor of the equation
above, as this factor will just increase the power of the corresponding factor in the norm

of the state. The exact result for this one point function is thus

N_.3
+\"™"\ = BB () =: BB,,f(a). .3.
<(J_1) > BBmaN—(a—l)(N)2 BB f(q) (5.3.132)

n
m

As we can see in figure [5.3.8| f(0) = n(%), and then it rapidly increases until we get to

N 3
o =1, where f(1) = () . Let us compare this result with the short strand case one,

equation ([5.2.64)). Since the result for that case was independent of N, we see that in this
case the long strand result is much bigger than the short strand one, for any value of the

parameters.

5.4 Brief discussion of the results

Now that we have calculated some exemplary one point functions for short and long strands
we can compare the results we obtained. We give a summary of the results and of the

relations between them in chapter [7, but let us outline the main highlights here.
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Figure 5.3.8: Behaviour of the function f(«) for the (Jfl)m one point function in the
long strand case. There is no IV suppression in this case. In the plot, N = 100, n = 9,
m = 4. The function has the same behaviour for all the values of the parameters.

Let O be a chiral primary of the theory. The main result that we have obtained in this
chapter is that

O shor
<O>long ~ <J>\;~lt7 (541)

where r > 1. This means that <O)10ng is comparable to the supergravity corrections, that
is, to higher derivative modes. Indeed, one could think of altering the states with which
we calculate the one point functions to get bigger results, but then we are only rephrasing
the issue. In that case we would need to act on the states with operators which are not
in the supergravity theory. Therefore, the conclusion of this chapter is that one point
functions of chiral primary operators in the long strand limit are suppressed by powers of

N with respect to the short strand ones.
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CHAPTER 6

Different ways of joining strands

In the previous chapters we have calculated correlation and one point functions for single
trace chiral primary operators. In this chapter we take a slightly different direction, and
study all the possible ways to join strands. To do so, we compare two values: the one

point function (X, ~) and the one point function of multi-particle states ((X5 ;)”_1). The

n
first one translates in joining n strands (of any length) together at the same time, with
one step. The second one consists in joining the n strands in n — 1 steps, namely, joining

them two by two. Both cases represented in figure [6.0.1

As is obvious from the figure, in the first case, subfigure [6.0.1a] the number of ways
in which the joining can be done is much smaller, as it only depends where within each
strand the operator is inserted. However, in the other case, subfigure [6.0.1D] there are
many ways to join, as the second application of the gluing operator could have joined
the pair which was joined in the previous step to one of the two strands that was alone
for instance. Hence, when joining the strands two by two the combinatorics are more
complicated and will give a non-trivial contribution. We present work in this chapter
which aims to compare both cases. Normalisations are the key point for this calculation,
and they are related to integer partitions. The different countings are obtained in section

6.4
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Figure 6.0.1: Joining of strands using different operators. In (a) we join them using a
single operator, 3,, which joins them all in one step. In (b) we join them two by two, in
n — 1 steps.

6.1 Layout

In section [6.2] we present the state with which we calculate all results. Section [6.3] is a
reminder of the one point function result, which we presented in section In section
we calculate the n-point function corresponding to the creation of a strand by joining
strands two by two. Both results are compared in section At the end of this chapter,

in section we also comment on all other possible ways of joining n strands.

6.2 Setting up

The procedure of this chapter is the same as in the previous one. The state that we start

with in both cases is

¢=2)(A|++>Jg) (B|++)) " (6.2.1)
=
The norm of this state is
Z |A[?P|BI 35N (p), (6.2.2)
where
N(p) = ol . (6.2.3)

We will be able to give an exact answer for the relation between the one and the n-point
functions, as both describe the same process at the end. Namely, all the calculations will
be exactly the same, except for the a and ¢, coefficients. Furthermore, the two results will
only differ in factors proportional to n and M, and so all other contributions will cancel.

We give more details and the results at the end of the chapter, after we have done all the
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n —_— _— M

=

Figure 6.2.1: Initial and final states of the gluing process. The process starts with n
strands of length M /n and finishes with all of them together, i.e. with a single strand of
length M.

combinatorics. In what follow we assume n > 1 but not necessarily comparable to N.
The final result will be valid for any n > 1.

In figure [6.2.1] we present a cartoon to visualise the state and the gluing process.
Drawing only the strands involved in the gluing, we start with n strands of length M /n
and end up with a single strand of length M. In both cases we need the ) operator, so
that the final state has the correct charges. In this chapter we write out the normalisations
of the twist operators explicitly, as they play an important role. Let us now compute the

« coefficient and the ¢ coefficient for both cases, to be able to compare both results.

6.3 (X.) coefficients

We have done this calculation in section let us just rewrite the result here to have

it at hand. The « coefficient is

M /N »p
and the ¢, coefficient is
n lip—1(1-M
e = M0 ¥4 (0 - 1)2(na) DA 2 (=30 (6.3.2)
with
A= (14n(n—1)0—prt) (6.3.3)
and
1 n—1
a"t=n (1 - n) —1. (6.3.4)

Let us now calculate these factors for the (n — 1)-point function, which will have more

complicated combinatorics.
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Figure 6.4.1: Joining the strands two by two. The order in which we do it here is the
opposite from figure Here we keep gluing all the strands to one same strand, which
keeps growing while the rest remain untouched.

0 o G

6.4 Calculation of ((Egé)"”)

The initial and final states are, of course, the same ones as before, and thus we have

—n

(557)" [+ 0) ] = v [(14002) " G0 6

We need the coefficients c¢,0p0 and a. However, looking at the picture again we
notice that this case is more subtle. In the picture we joined strands two by two, however
we chose a particular ordering. That is, we joined all strands by pairs, to have n/2 strands
of length 2M /n, then we joined these in pairs again to have n/4 strands of length 4M /n,
then to have n/8 strands of length 8 M /n, and so on until the end, where we have only one
strand of length M. Clearly, this is only one way of doing the gluing process. Instead, we
could have joined all new strands to the same one, creating an increasingly long strand,

and leaving the rest untouched. We depict this process in figure [6.4.1] again for n = 4.

The final result for the coefficients may depend on the way in which we join the strings.

We calculate the two limit cases, which are the ones depicted in figures [6.0.1b] and [6.4.1]

In what follows we find which one gives the leading contribution, we check in how many
ways the gluing can be done for general n and then we approximate the result for the

(n — 1)-point function, obtaining a lower bound and an estimate for the upper bound.

6.4.1 ¢, coefficient

We start the calculation by obtaining the ¢ coefficient. First let us recall what the coeffi-
cient for two strands is. As we said in the previous chapters, it was first computed in [131],

and in our case at hand is

(6.4.2)
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The ¢ coefficient depends on the length of both strands that are being joined together,
and so it might different for each case. Let us do first the case depicted in figure [6.4.1
which we denote by copo;. In this case we simply need to apply that coefficient repeatedly,

with one of the strands increasing in length one by one at each step. The product gives

(n=1)M
n - n +

n . n . .
22 M 23 M 2(TL71)M
n n n

M M 3M

<

(6.4.3)

M M
A MM
n2b2t 9 M
n

ESON

n

Let us now compute it for the other case, the one shown in figure [6.0.1D] In this case, we
join all the strands in pairs, then we join all the pairs in pairs again, and so on until we
reach the final state. Therefore, we have the coefficient ¢y n/2 times, that same coefficient

for strands of double length n/4 times and so on. More concretely, we have

1\2 /1)t /1\° [ 1)\ 1
e\ M 24 42l 8l 5

n

logy 1 1 27
=11 it | (6.4.4)
j n

Jj=1

We can easily calculate this product taking its logarithm and summing the resulting equa-

tion. After doing so we obtain

n n—1
Cn2p2 =N (2]\4) . (6.4.5)

As we can see, this result is exactly equal to c,op9¢, 7.e. the ¢ coefficient is the same for

both joining processes. So, to simplify notation from now on let us define

Cn2b2 i= Cnab2p(= Cn2b2t)- (6.4.6)

Since the ¢ coefficients are the same all the difference in the result will come from the

comparison of the number of terms; from the « coefficient. Let us calculate it.

6.4.2 Counting the number of terms

Counting the number of terms is the most involved part of the computation of this n-point
function. We need to take into account all the possibilities for the application of each 3o

operator, and also the different ways in which we can join the strings. As before, we

calculate the contribution for the two limit cases, figures [6.4.1] and [6.0.1b] and see which

one is dominant. Then we calculate the total number of ways in which we can join the
strands two by two in order to get the final strand of length M, and then we approximate

the result. As is being hinted, all this also involves some integer partition theory.
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Figure 6.4.2: Joining strands accumulating them all in the top one. We include some of
the combinatorial factors here. The gluing operator can be inserted, for each strand, at
any position within it.

Let us first count in how many ways the Yo operators can act in the case where we
accumulate all strands in one, that is, in the case of figure [6.4.1] To make things more
visual we include a picture again with some of the factors involved, figure We start
with p strands of length M /n. In the first step we join two of these, so we need to pick
two of them, (é’) Then, each of the two strands has M /n insertion points for the operator.

Thus, the combinatorial factor for the first step is

(g) (f)Q (6.4.7)

Similarly, for the second step we need to pick one of the p — 2 strands of length M /n and
join it to the 2M /n strand, giving
M2M

(p—=2)—==, (6.4.8)

and so on. We notice that all factors after the first one will have (M/n)? and a product
of the length of the long strand times how many single strands we have left. Therefore,

the total number of ways in which we can do this kind of joining is

B CYTE w03 gty oo

1=2

Notice that this result is valid for any n. We will now calculate the opposite case, the
one shown in figure In this case we will need to assume n to be a power of 2, to
simplify the expressions. As we will comment later in section [6.4.4] nothing qualitatively

new happens when n is not a power of 2.

The counting is completely analogous to the one above, but the product will be harder

to compute this time. Again, to make things visual we include a picture of the gluing
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Figure 6.4.3: Joining strands creating pairs of equal size. We sketch the start of the

procedure only. We include some of the combinatorial factors here. The gluing operator
can be inserted, for each strand, at any position within it.

N
1%

process with some numbers, figure The first step is the same one as before. The
second step this time will be to take two of the remaining p — 2 strands of length M/n
and join them in another pair of length 2/ /n. We can do this in

(p ; 2) (1\92 (6.4.10)

ways, as we can see in figure Next, we repeat the process but now we will have two
strands of length M /n less, as we joined two in the previous step. Repeating this process,

we see that the factor that we obtain from creating n/2 strands of length 2M /n is

(M0)E)- @ ket o

Now we need to repeat the same process, but we start with n/2 strands of length 2M /n
and join them in pairs to create strands of length 4V /n. We can look for all the coefficients
again and multiply them, or just use the equation above and change it accordingly. In

any case, the result for moving our state from n/2 2M /n strands to n/4 4M /n strands is

(fg)l (P : %2_ 2i> (14)2) - (?) ' ;H- (6.4.12)

We need to keep repeating this process until we have just two strands of length M /2, and
then the final step is just to join them. We have also included this last coefficient in figure
Let us recall that we are assuming n to be a power of two, and so we end up using

all the initial strands following this process. If we write all the contributions together we

G sl |7 s 6=]

obtain
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(89 35 1) (e=22)-

loggn | (37~ i1 n _ o 1\ 2
- o9\ (2971 M
=11 Il 11 (p Zk:21 2 Z) ( ) . (6.4.13)
j=1 i=0 n

The product in ¢ is straightforward to compute, but the product in j is more involved.

After doing the i multiplication, we separate the product above in three products, which

) . (loﬁn (-5 2))!> . (6.4.14)

o (p—n)!

we will calculate separately. They are

10g2n logzn n
@-3)% | . M=
() (1 ()

J=1

The first two factors are easy to obtain. The first one is

logon
82 logg n '(Lj logy n 3n 2n_1

H 2(2.7_3)% :22]‘:1 2]7—12_23':1 2] —
7j=1

— (6.4.15)

and the second one is |
0ga n —n_ 2(n—1)
M T M
(n (212 ) Ay, (6.416)
, n n
7=1
We need some more work to obtain the result for the third product. The product as it is
cannot be calculated for generic p as far as we are aware, as there is no formula that gives
its result. We will consider the case p = n, as that one can be summed. Notice that in
this case the product reduces to the product of factorials of all the powers of 2 until n,
logy n
n
II (23_1)' : (6.4.17)

Jj=1

As far as we are aware, there is no exact expression for this product either. However it
grows very fast, and so Stirling’s formula, which we gave in equation (5.2.2), will be a

good approximationﬂ Let us rewrite, for convenience, the product above as
k-1 ‘
F(k) = [T (2*), (6.4.18)
j=0
where we are using n = 2¥, for some k € N. Then,

In F(k) = killn [(2*)]. (6.4.19)
§=0

1Using Stirling’s approximation with the exact product (not setting p = n) also results in a sum which
cannot be performed by any methods we are aware of.
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Using Stirling’s approximation, this can be rewritten for large n as
k—1 n
~ k—j k=j\ _ 9k—=j) — =z _
In F(k) ~ Jz:% (2 In (2 ) P ) 2n1n <2> +2In2+2— 2n, (6.4.20)

where in the second equality we computed the sums and substituted back to n. Then, the

third factor gives
logy n

I1 (2]"1)' ~ n2nglne2=2n, (6.4.21)

j=1
We have now calculated the three factors that we needed in equation (6.4.14)). Multiplying

them, we see that the total number of ways in which we can do this kind of joining is, for

M2 n—1
<262> . (6.4.22)

We now need to compare both results, (6.4.9) with p = n and (6.4.22). Clearly (6.4.22))

is bigger, as we are in the large n limit. To be more precise, if we take the logarithm of
both expressions and use Stirling’s approximation for (6.4.9) we obtain

large n and n being a power of 2,

2nln M —nlnn —In2 -2n+1+ (n—1)In(n — 1), (6.4.23)
whereas taking the logarithm of yields
2nIn M —2In M — (n — 1) In (2¢?) . (6.4.24)
Since we are taking the large n limit, is bigger.

This means that there are many more ways to join the strands by creating pairs of equal
size than accumulating them all together in one big strand, which was to be expected.
However, we are not finished with the counting. We just saw that the counting is bigger
when we join them in pairs, and in the previous section we saw that the ¢ coefficient is
the same for both cases. However, these are the two limit cases. There are many ways
in which we can join all the strands. For instance, we could create three pairs of length
2M/n, and then join everything together in one big strand by accumulating them, just
as we did above. That is, we can have a process which is a combination of both limit

processes that we just calculated.

It is important to notice though that we calculated the two limit cases, and any other
case will be a mixture of the two, and so will give a smaller result than and bigger
than (6.4.9). However, there are a lot of intermediate cases; there are a lot of ways in
which the n strands can be joined. The number of ways may in fact change the scaling

with n of the result, and so we need to calculate it.
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Figure 6.4.4: There are two different ways in which we can go from the partition 1,1,1,1
to the partition 4.

So, the problem at hand now is to find in how many ways we can join all the strands
in one. As it seems natural at this point, this problem is also within the integer partitions
theory. This counting is equivalent to finding in how many ways we can go from the
partition of n 1, ..., 1 to the partition n by adding numbers in pairs. For example, for four
we have only two ways, as we show in figure [6.4.4] Finding this for arbitrary n is again
a very difficult problem in number theory. And again, as far as we are aware there is no
exact formula for this counting. However, the scaling with n is known for the case of large
n. Paul Erdés and collaborators found that, if f(n) is the number we want to find and ¢;

and cp are constants, then [144]
Anz < f(n) < ns. (6.4.25)

They suggest ¢; to be 0.75 and find ¢z to be 8/2. For details on the proof we refer to
that paper. We just want to mention that in the proof Stirling’s formula is also used, and
so our previous assumption of n being large is consistent. We do include a figure inspired
by that paper to illustrate the problem better, and show that f(n) grows very fast by
studying the case n = 7; figure For our case at hand we will ignore the constants, as
we are only concerned about the scaling with n and the main contribution comes from the
other factor. Therefore, we approximate it by saying that the number of ways in which

we can join n strands two by two to get a single strand is nz.

We now have all the coefficients that we need to compute the one point function, so

let us put them all together.

6.4.3 Result

In the previous section we learned that the dominant way in which the strings are joined
two by two is the one depicted in figure [6.4.3] However, we were able to calculate the «
coefficient in that case, as we could not do the counting for generic p. Therefore, we will
use the coefficients that we obtained for the other case. Since we know that is the smallest

case, the result that we obtain is a lower bound. First let us find «, which corresponds
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Figure 6.4.5: Number of ways of going from the partition 1,...,1 to 7. The numbers next
to the partitions are the number of distinct paths from the original set. In this case we
have f(7) = 33. Figure taken from [144].

to the matching of number of terms. We calculated the number of ways in which we can
apply the n — 1 Xy operators in the case where we keep gluing the single length strands
to the same one in (6.4.9). Therefore, we have

1/ M\ p!
Solving for o we obtain
N 1 /MN\"

Before we compare both results we give the result of this (n — 1)-point function in the

short strand case, so that we can already compare its result to the one obtained in section

6.3 It is "
<(25;)"_1>t = (Ny,)"! A”Bcnmt% (f) (n—1), (6.4.28)

where Ny, is given in equation and cy,,,, is given in . Now, this is the one
point function if the only gluing process we consider is the one depicted in figure [6.4.2] As
we have seen, this process is the one that will give the smallest answer to the one point
function. Even if it is the only one that we have calculated exactly, as we have argued
we have n"/2 ways of doing this process, and the « factors for all the other processes will
be bigger. We can check this if we set p = n in and compare it to . If we
want to obtain an answer for the full one point function we need to consider all joinings.
Clearly, if we multiply the result by the number of ways we can join, we will
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obtain a lower bound for this (n — 1)-point function. Hence, the answer is
\n—1 _ v\ n =
35 A"BM(n —1)!' | ~— —_ . 4.2
<<2 ) >> (n )<2> <N(N—1)) (6.4.29)

6.4.4 n not being a power of two

We have now computed both n-point functions. As we saw in section [6.3] the result of
the one point function of ¥ ;, equation is valid for any n. However, as we have
just seen, (6.4.29)) is only valid when n is a power of two, because we join the strands in
pairs. This does not mean that we can only calculate this n — 1-point function in that
case, though. If n is not a power of two we simply need to look for the biggest power of
two smaller than n, do the process for that subset, and do the same for the smaller subset
which is not a power of two. Clearly the result will be longer to write, but the calculation
is exactly the same, and we will just end up with a product of results of the form .

For tidiness we keep assuming that n is a power of two.

6.5 Comparison of results

We now have all the results we needed, so the last thing that we have to do is to compare
the result of both calculations, to see which one is bigger. Let us recall again that
is a lower bound, and so the scaling of n of this one point function is higher than what we
use in this section. Also, notice that to compare both results we do not need to use the
answers we obtained in the short strand limit, nor we need to take the long strand limit or
worry about the f(«) polynomial. The process described by both operators is the same,
and so the calculations are exactly the same except for the o and ¢ coefficients. Since
these are independent of the sum index (except for a term in the « coefficient, which is
the same in both cases), all factors which are different for both calculations come out of
the sums, and thus the sums cancel. Therefore, to compare both answers we only need to

divide the ¢ and « factors and the normalisations of the twists. By doing so we obtain

<(22.>n_1> N nl(n — H)IM™ (m)%‘l

1—-M

<27_L_> 2"71%"’_% ((TL — 1)2(’0@)"72/&*1)%(”71)( o

) (N(N_1)..7.1(N_n+1))

where

A=(1+n(n-1)rD —prt) (6.5.2)
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and

I 1 n—1
a7 t=n(l--— -1 (6.5.3)
n

As we can see, depending on the values of M and n the fraction above will either go to
zero or infinity in the large N limit. Namely, for large values of M it will go to infinity. To
see this more clearly, let us simplify the result. Let us recall that we are assuming n > 1,
however we can have the case 1 < n <« N. Let us assume this is the case. Then, the

equation above simplifies to

(2_;)%1 M
2 nl(n — DH)IM"n™
(Zn7) 2™ ¥ +8+43 ((n — 1)2(na)n—2A-1)2 (- D(-)

N'=%. (6.5.4)

Let us now approximate for large n, just as we did at the end of chapter [4] and assume
M =~ N. Then, we find

<<E5;)n_l> I(n — 1)IM*
. ~ n);l ne (6.5.5)
<ETT> 25 pn

()
(=)

So, if M is of order N then ((X5 ;)”_1> will be bigger. If M is orders of magnitude smaller

than N then the one point function (X ~) has a bigger value. Thus, the joining of strands

which leads to

— +00 for M~ N — . (6.5.6)

with multiple twist operators should also need to be considered, as the expectation values

of both calculations can be of the same order of magnitude depending on the case.

As we have seen there are many contributions that play a role here, but the main
difference comes from combinatorics. There are many ways in which all the ¥o operators
can be inserted, and that gives a very big contribution, whereas for ¥,, the process is much
more restricted, the number of ways in which the gluing can be done is much smaller, and
so the coefficients also are. Let us recall that we have done the comparison with a lower
bound of ((22_;)”_1) By looking at equations (6.4.14) and (6.4.22) we see that its upper

bound will have higher powers of n and M. Therefore, the qualitative comparison done

above holds in the same way for the upper bound as well.

There is an obvious extension to this result to obtain a stronger one, which we consider
in the next section. Up until now we have been concerned about two ways of joining
strands: all at the same time, or by pairs. However, there are many more ways to join
strands. So far we have only used the ¥y twist and the 3,, but there are also twist

operators Y;, for 2 < i < n. Let us see how this is translated in terms of n-point functions.
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6.6 All possible ways of joining the strands

As we just said, we have computed the n-point function when we join strands two by
two, and when we join them all at the same time. However, we could have also joined
them all three by three, if n was a power of three. Or with any combination of gluing
operators, up to 3,. That is, for every n we have as many possibilities for joining them
as possible combinations of twist operators are there that will join them all together.
Rephrasing this in terms of integer partitions, there are as many ways of joining the n
strands as there are partitions of n that do not contain 1 as a part. This is another hard
problem in number theory related to integer partitions. The sequence that results from
this counting is recorded in the On-Line Encyclopedia of Integer Sequences (OEIS). It is
the sequence A002865 [145]. Again, there is no exact formula for this counting, but it
grows exponentially fast with n. There is an approximate formula for this counting, which

is

3
eV BT 3 Vi + BT 217n

9 , 13
TV ™ 24V6 | 6912 Tzt ¥ ) (6.6.1)
12/2n2 vn "

So, there are many ways to do the joining, and in the previous sections we have calculated
the two limit cases. Let us recall that the final answer for the one point functions is highly
dependant on the combinatorics of the joining of the strands, that is, in how many ways
we can apply the gluing operators. Clearly joining the strands two by two is the case
where we have the most combinations, and joining them all together in one step is the
case where we have the least. We also need to take into account the normalisations of the
twists, which will give different powers of N. Thus, just as it happened in the previous
case, equation , in all the intermediate cases the corresponding one point function

will have a value comparable to (3,) depending on how big M (and n) are.

Calculating the n-point functions in the middle by the same methods we used would
not be straightforward, as we would need to count all the possible ways of joining. For
Yo we used the result from Erdés’ paper [144], but that counting has not been studied for
any other integer as far as we are aware. To finish this chapter let us give an example to

illustrate what the counting problem is.

Assume that n is a power of m, where m is a natural number bigger than two. Thus,
let n = mF, for some positive integer k. It is straightforward to see that if we want to
join all the strands using only ¥, we will need to do (n — 1)/(m — 1) steps, that is, that
the n-point function that we would want to calculate is ((Em)%—lw However, to calculate
it we would need to know in how many ways we can join the n strands by joining m in
each step. As we said above, this has only been studied for m = 2 so far, which is the

calculation we did in the previous section. Just to get an idea, the number of possible
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ways grows very fast for m > 2 as well, but slower than for two, as would be expected. For
example, if m = 3, then we have one combination for k = 1, five combinations for k = 2
and 5,026,161 combinations for £ = 3. Also, we would need to consider all combinations
of twist operators that add up to n, which again results in problems within the theory of

integer partitions that have not been solved, as far as we are aware.

These countings need to be studied carefully in all their limits, as they might point
towards other relevant subclasses of microstates. The bounds given for the results might
also help in the holographic calculations, as some of these multi-particle one point functions

are also relevant in supergravity.
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CHAPTER [

Review of results and conclusions

In this section we collect all the main results obtained in this part of the thesis.

7.1 Correlation function for a twist n operator

The main result of chapter |4|is the correlation function (4.3.102)), which is

R(, n
<0M(0 0))|O7(LO’0)| H Oﬁ§0’0)> _

i=1
1
N3 (M+2-n) o
= QT I - a;|z(mi—Dn=1) [1m, 2(my 1) IT la; - g | 30—, (7.1.1)
i J J#k
where
1+ ae' M & m =)
74:77 a = —_— 1—71 —1 712
B <m11;[2< ) ) (7.1.2)
and the phases are
,— 1 ,— 1
(n—1)€27: ¢i:(zn_iﬂ-, ¢i+1:—(zn_i7r, 1€24, 1>2
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i —1 — 1
nez: ¢2:0a ¢’L:u7 ¢i+1:_ua (1_1)62Z7 1> 3.
n—1 n—1
(7.1.3)
For n = 2, 3 this expression greatly simplifies. Plugging n = 2 yields
<OR(0,O)) ’O(O,O) (wo) |OR(0,0) OR(O,0)> _ M (7.1.4)
M 2 mi ma 2m1m2 )
and with n = 3 the result is
R(0,0)) | ~(0,0) R(0.0) R(0.0) HRO0), _ M
<OM ‘03 (w(]) ’Oml Omz Omg > 3m1m2m3 * (715>
The other explicit result we have given is for the case of equal m;,
R(0,0 R(0,0)\"
03" 1001 (03”) " =
n Lin—1)(1-4
M= 5+ (0= 1) (na) " 2AY) 20 (1=50) (7.1.6)
where
A=(14n(n-1)m—nrt), (7.1.7)
For large n this simplifies to
(OO 000 (1) (0’;’;‘0’0)) ) ~ (A’D o ez(M-n), (7.1.8)

7.2 One point functions

This is not meant to be a list of all one point functions, but a summary of the results of
the exemplary cases solved in chapter 5 We start by listing the results in the short strand

case.

7.2.1 Short strand one point functions

In the short strand case we have obtained the following results:

. /2w 1
4o _€R (it p1) |, (44) R0(00) R1(00) 2 ?
<22 >short Ty ni pp A%l )sz( )an+pl N(N _ 1) ’

L : AB
@ =
<7"Z:1 ' >short n

ey
- +; 1 oI Z'\/§v
> o = —ABle" R,
(r) n
= short

r=1
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- S N — oM —1

short —

()" )= 580 ().

L _N!
<® (9(;)—> = A"B”Em. (7.2.1)

r=1

These results are equations (5.2.19), (5.2.27), (5.2.36), (5.2.47), (5.2.64) and (5.2.72)) re-

spectively. We have also given some combinatorics to calculate the (3, ;) one point func-

tion for 1/8-BPS states. However we have not given the final answer for that correlator,

as to do that we need the commutator [~ ®rJ(r]-

7.2.2 Long strand one point functions

In the two-charge case we have obtained general results for the > ~ and for the O(T)

operators. They are

<27_L;>long =
B (ﬁ Ai) AN <<g)g(n_l) (i)IQV) m (N(N _ 1)”2]\7 Tt 1)>é flag,...,an),
(O iy = Ay S0, 792)

which are equations (5.3.28]) and (5.3.34)). f(«1q, ..., ay) are polynomials independent of N,
with the a; parameters taking values in the (0,1) interval. The polynomials are of order

one for all values of the «;, and they diverge at the (excluded) boundary values. We have

given explicit examples of the polynomials in section [5.3.1.4]

In the three-charge case we have obtained the following results,

. o 2
<O(+q~;>long _ ABe’TE N (initial example),
O_; A(++) A0(00) n
< (,,,))long_ N a+/8—n2(01+,6_1)’
N -~
4= ¢ = ABB!
<Z2 >10ng NEQT N 7

N
S0~ AR iz Lol (see subsec. [5.3.2.5)
(r) ~ N 1€ |1/}’2 sSee Subpsec. .D.4.9)|),
long
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N.3
+\" _ RpA () 5
<(J_1> >long BBmaN B (a B 1)(%)2’ (7 2 3)

which are equations (5.3.89)), (5.3.99)), (5.3.107)), (5.3.125)) and (5.3.132)).

7.2.3 Comparison between short and long strand results

Comparing the results we have seen that

- 1
925 >10ng ~ N (2 >short’

- 1 -
<E3 >long ~ ﬁ <23 >short )

: 1\ N :
(X Dong ~ Nl (n) (E0 Vshort » n >4, (same strand length),
1

<O(:“;>long ~ N <O(7";>short ’

4o 4o
(O Nong ~ W 9
- 1 -

<E; >long ~ N <E; >

short ’

short ?

(T omg & N ATID)™) ot (7.2.4)

which are equations ([5.3.29)), (5.3.35), (5.3.127) and (5.3.108). As we can see, all the long

strand ones are suppressed by at least 1/N with respect to the short ones, except for the

R-symmetry current mode. As we said, this indicates that one point functions for long

strand states are comparable to supergravity corrections.

7.3 Different ways of joining strands

In section we have been concerned about the n-point function for the X5 ~ twist
operator. We have obtained a lower bound for it, equation (6.4.29)), which is

n—1

<(22')"_1> > A"BM(n —1)! <\éﬁ>n <N(N”_1)> i (7.3.1)

We have also estimated the upper bound, counted all other n-point functions of products

of twist operators and commented the result. In the last section we have found the exact
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result, using the lower bound for ((22_;)”*1),

<<22‘4)n1>> n!(n—l)!M”n%(m>nT_l

—— ~ M n — Lin— M n 2
<E" > 2mn2 2 ((n — 1)2(”61)”721\71)2( H-3) (N(Nq)...(N—nH)) ’

(7.3.2)

and we have also seen that the number of combinations of twist operators that study the

1

same process scales like

2n 2 13w 2
e 3M2 . 13m 91772 | 9 | 13
meve oo +24\/6+6912+7r2+8

12v/2n2 Vn n ’

(7.3.3)

and so we have a large number of n-point functions which, depending in the lengths of the

strands we join, will have values comparable (or bigger) to (X, 7).

7.4 Conclusions

The main result of chapter [d]is a general expression for the amplitude for joining n strings
using a twist operator, equation . As discussed in section this amplitude
can be used to compute one point functions for supergravity operators in 2-charge and
3-charge black hole microstates, as shown in chapter |p, While the black hole microstate
programme was the main motivation for the current work, correlation functions in the

orbifold SCFT are interesting in a number of other contexts.

In the early days of AdS/CFT, the spectrum and cubic couplings for six-dimensional
N = 4b supergravity were calculated [146,/147]; these allowed the spectrum of chiral
primary operators and three point functions of chiral primaries to be calculated. The
correlation functions discussed here could be matched with higher point functions from
the supergravity side, although this would require higher point supergravity interactions

to be computed.

The holographic duality for AdSzx S3x S2x S! was for a long time mysterious, with
conjectures for the corresponding SCFT with large N/ = 4 supersymmetry discussed in
[148,]149]. There has recently been considerable progress on this subject, see [150-153],
with the holographic duals being conjectured to be symmetric orbifolds of minimal models.
The supergravity spectrum was computed in detail in [151], to match with the dual SCFT.
Integrability was also used to study the spectrum in [154]. The techniques of chapter
would be relevant to computing correlation functions in the orbifold CFT to match the

holographic correlation functions.
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Chapters [f] and [0] further expand the precision holography calculations of the D1-D5
system, in particular by showing explicitly that one point functions in the long string are
suppressed parametrically with IV with respect to the short string ones. This relation was
already discussed in the early works of Lunin and Mathur [116,(121], where they argued
this suppression in the presence of long twists. These results and the techniques for the
combinatorial factors would be relevant for the matching with the supergravity side, as
well as for corroborating the expected behaviours of the different n-point functions. See
chapter [11] for the outlook of this work.
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CHAPTER 8

Introduction

As mentioned in the general introduction, section Strominger and Vafa were the firsts
to reproduce the entropy of a black hole by counting microstates in string theory [45].
That, combined with the advent of the holographic principle led to the study of black
hole microstates and the most widely accepted explanation to date: the fuzzball proposal
[155]. As seen in the previous parts, the most studied system is the D1-D5, where many
microstates have been explicitly constructed. In particular we have studied the so-called
superstrata solutions. We have used them in chapters [5 and [6], where we have performed

precision holography calculations.

To reproduce the entropy of the black hole the microstates do not need to be charac-
terised though, as mentioned earlier. They only need to be counted. Therefore, a natural
question that comes to mind is: what fraction of the total number of microstates are
superstrata solutions? The most direct way to work towards answering this question is to
count them in the CFT: since there is a CFT description of the microstates, if one is able

to count how many have the superstrata structure then the desired ratio would be found.

It is known that, in the D1-D5-P system, the total number of microstates is obtained
by counting in how many ways we can add the momentum P to the strings [35,/69].
There is also ongoing effort to refine this calculation, and match the counting of black
hole microstates to black hole entropy at sub-leading orders. This is achieved by using

mock modular forms and supersymmetric indices, among other advanced mathematical
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methods. See [156,(157] for reviews and [158] for recent results in black hole microstate

counting in higher dimensions.

Our aim in this part is different, in the sense that we want to count directly and exactly
a subclass of microstates. Therefore we will not be using supersymmetric indices nor any
dualities. Our only tools will be some basic definitions and theorems on integer partitions.
At the end of chapter [J] we also present a computer program written in C which performs

the counting in a very efficient way, but has some limitations that we will discuss later.



CHAPTER 9

Direct counting of states

In this chapter we tackle a similar problem as in part [Tl but from a different perspective.
Using the CFT description we present preliminary results on the counting of how many
microstates have been understood so far. To do so we translate this counting problem to

a number theory problem within the theory of integer partitions.

9.1 Layout

The plan of this chapter is to recall the CFT structure of superstrata microstates and
realise that counting them can be understood as a simple number theory problem. This
is done in section for integer modes of the R-symmetry current. In section we
present the C code which implements this counting and comment it. Last, we present

some preliminary results on the counting for fractional modes in section

9.2 Counting of CFT states: integer modes

The main goal in this section is to count what fraction of the total number of microstates

are superstrata solutions with integer modes for the R-symmetry current. In other words,
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we want to count how many terms does

(00)
s (s) Bim,. m Neme

> (@ 90% I (Zeemymo,) 7). ez

(N b A" Kame N T

have. The Fourier coefficients and numerical factors are irrelevant for our counting, so we
will be dropping them from now on. The constraints on the indices are essential for this
counting however, so let us recall them here. The total winding for a physical states is IV,

and so the strands must satisfy
NS
D 18)mme = N. (9.2.2)
S,k

Also, the power m, must be smaller or equal than k, as otherwise the state vanishes. See

chapter [5| for some explicit examples.

Counting how many states of the form (9.2.1)) satisfy the constraints above is not
straightforward. Thus we start by considering simpler states, and formulating and solving

the counting for those cases. After that we will build up to the general case we just
described.

9.2.1 Counting the simplest 1/4-BPS states

As a first approximation we will count the number of states under the assumption that
we have only one kind of strand, say, |[++),,. So, in the constraint (9.2.2)) this translates

to setting S = ++. Then, we can have terms like
N
++ N, BN s TS (9.2.3)
i=1

and all other possible combinations of products of strands that add up to N. Clearly,
finding the number of terms is equivalent to finding the number of ways the positive
integer N can be written as a sum of positive integers. This is known as finding the
partitions of IV, which is a classic problem in number theory [159]. See section for
the definition of this problem.

The answer is given in terms of unrestricted partitions, which are counted by a number
that is usually denoted p(N) and is exactly what we are looking for. It can be computed
using Euler’s recursion formula [159], but we would like to find an exact, non-recursive

answer. There is a closed expression for p(N) |112], which may not be directly relevant
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for us but is useful to keep in mind. It is

) = =1 SV (Nlh HHeE ;)D k2w

where

Ak(N) = E wh7k€72m'Nh/k, (925)
h mod k
(hk)=1

with wy, ; the following 24kth root of unity,
whj, = emisk), (9.2.6)

and where s(h, k) is the Dedekind sum

s(h, k) = ié (: - m - ;) (hk“ - {hk“] - ;) . (9.2.7)

This closed expression is not very manageable, however we are interested in the value for

N — oco. The asymptotic expression for p(N) when N is large is [159]

(N~ N (9.2.8)

Notice that this already gives us an important result. This means that the number of

states which consist only of products of |[4++), strands, namely

> <H(A,§++) \++>H)NW)> 7 (9.2.9)

Y RN A
1<k<N

is already

p(N) ~ (9.2.10)

ANV3
for N — oo. Thus this counting is already recovering the expected exponential growth for
the total number d(N) of microstates of the system, as expected. Let us recall that d(V)
at leading order is [35]

d(N) =~ 2V EN, (9.2.11)

where C' = 12 for T* and C' = 24 for K3. This counting with one colour is counting

the ground states corresponding to only one cohomology. When taking all of them into

account, equation (9.2.11f is recovered.

As we have just seen for this warm-up example there is an exact formula which gives

the counting, equation (9.2.4). However this will not be the case for more complicated
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countings. In the more complicated cases it will be very useful to write a generating
function for the problem. Namely, a function which after we expand as a polynomial gives

us p(n) as the numerical factor for the n-th power term.

9.2.1.1 Generating function

The generating function for this problem is well known. However, let us give some intu-
ition to see where this function comes from, as it will make the following sections more
transparent. We want to find all possible ways to write a given integer N as a sum of
positive integers. N itself is a way of writing it, and then we have to start considering all

combinations of smaller numbers, until we have N 1’s. As a start, consider the sum
CHo+ PP+ (9.2.12)

Each term can be thought of as having as many 1’s as the power of ¢. That is, ¢ would

represent 1, ¢> would represent 1 + 1 and so on. Consider the same for the 2’s,
CHE+t 8+, (9.2.13)

where in this case ¢> would be 2, ¢* would be 2 + 2 and in general the n'" term would
correspond to having n 2’s (which is the term ¢?*). Now consider the multiplication of
these two sums,

Q+q+@P+ ¢+ )0+E+¢+¢5+..). (9.2.14)

After we multiply them we obtain the following sum,

(I+g+F+E+. )0+ +d+E+ ) =1+g+2¢3+284 + ... =
=14+ a1q+asqs + ... (9.2.15)

If we think of each term before multiplying as the number of 1’s or 2’s, it is clear that the
number a,, in the final sum is the number of ways of writing n as a sum of 1’s and/or 2’s.
For instance, ag = 2 because we have 1 + 1 + 1 and 2 + 1 (2 + 1 and 1 + 2 are the same
partition of 3). These two come from multiplying ¢* in the first parenthesis with 1 in the

second parenthesis and ¢ in the first parenthesis with ¢? in the second parenthesis.

Hence, we have just found the generating function for all partitions of N where the
biggest number possible in any partition is 2. We will denote this restricted partition by
p2(N). Notice also that the sum for each number, each parenthesis in equation (9.2.15)),

is a geometric series, which we know how to sum for ¢ < 1. To be more precise, let ¢ € R,
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lg| < 1. Then
> 1
n— ) 2.1
ngoq T (9.2.16)
Clearly, if we consider j € N\ {0} we then have
00 i 1
L+ > pim)e" =[] 1= m (9.2.17)
n=1 n=1

which is the generating function for the integer partitions that we were looking for. Notice
that
lim p;(n) = p(n). (9.2.18)

j—00

and, in particular, the equality above holds for all j > n without the limit.

In the following sections we will be interested in other restrictions for the integer
partitions. In particular, we will be interested in finding partitions of N in which the
largest part has size j, and j is present in the partition. In other words, partitions where
j is the biggest number that appears. We will denote them by p(XV,j). This turns out
to be equal to the number partitions of NV into j parts, as can be seen representing the

partitions graphically. Notice also that
n
p(n) = p(n,j), (9.2.19)
j=1
and that all partitions counted by p(IV, j) are also counted by p; (V).
We will also be interested in the generating function for this restricted partition. From

our discussion above, it is clear that a generating function for p(N, j) is

-1

<.

| 1
nl;[ll*q" _nl;[ll*q"' (9.2.20)
Another generating function for this restricted partition is
J
¢ nl;[l e (9.2.21)

Coming back to unrestricted partitions, we would like to obtain the asymptotic ex-
pression ((9.2.8) from the generating function (9.2.17)). This is achieved using Meinardus’
theorem. We leave the discussion of this theorem for the next section, as its result is more

general.
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9.2.2 Counting 1/4-BPS states: adding colours

In the last section we did the counting using only [4++), ground states. The objective
is now to repeat this counting but in a more general way; we want to solve the same
counting problem but using all five ground states. Hence we are now counting general
1/4-BPS states, which with out notation read

(S)
> (H(A@ 59,0 ) 92.22)
S g RN =N
1<k<N

where now S = +4,+—, —+, ——, 00. As before, we keep the Fourier coefficients A,(.is) for
completeness, but they do not play any role in the counting. Just as in the previous case,
we would like to formulate this problem in a more manageable way, that is, in terms of
integer partitions. We are now counting the same as we were doing before, but we have
more possibilities for each strand. Namely, for a single strand of length N we will have
five possibilities, and many in the other cases as each strand can now have five different
appearances. This is the same as having coloured strands of the same kind or, equivalently,
as counting partitions of N but now using five colours to write each part in the partition.
Then, we have to count again the number of ways of writing N as a sum of positive
integers, and now we have to consider all possible colour combinations for each partition.
For example, for N = 3 with three colours, blue, red and yellow, three different terms can
be

1blue + 1blue + 1bluea 1blue + 1blue + 1reda 1yellow + 1yellow + 1yellow- (9223)

In this case in total we have ten possibilities, which comes from the combinatorial number

(9.2.24)

number of colours + number of parts - 1
number of parts ’

where number of parts corresponds to the number of parts (numbers) in the partition under
consideration. We explain these combinatorics in section In our case S represents 5
different strands, so that is equivalent to having 5 colours in this formulation. With our
description of the generating function for one colour (for one ground state) in the previous

section, it is now straightforward to obtain it for this case.

9.2.2.1 Generating function

Recalling our previous discussion on how to obtain the generating function for p(IN) it

is clear that we only need to consider the same product many times. Therefore, the
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generating function for p®(INV), the number of integer partitions of N with five colours is

ﬁ (9.2.25)

1—q

or, in general, to the power of ¢ € N when considering ¢ colours.

As we mentioned earlier, the asymptotic expression for p°(N) is given by Meinardus’
theorem ( [112] chapter 6). As we will sketch the start of its proof as a guidance for future
work in subsection(9.2.3.2] let us state the theorem with the corresponding definitions [112].

Consider the function
oo oo
H 1—g") ™ =1+ r(n)g", (9.2.26)
n=1

where ¢ =€~ ", Re 7 > 0 and a,, € Rt U {0}. Consider also the Dirichlet series

[e.9]

D(s) = Z %, (s =0 +it) (9.2.27)
n=1

which is assumed to converge for ¢ > o € RT. So, D(s) possesses an analytic continuation
in the region o > —Cj, with 0 < Cp < 1, and in this region D(s) is analytic except for a

pole of order 1 at s = o with residue A. Further assumptions are
D(s) = O(Jt|") (9.2.28)

uniformly in 0 > —Cj as [t| — oo, where C] is a fixed positive real number, and also, if

we set

V= anq", q=e ", (9.2.29)
with 7 = y + 2miz, z,y € R, then we also assume that for |arg 7|> 7/4, |z| < 1/2,
Re(g(7)) —g(y) < —Cay™* (9.2.30)

for sufficiently small y, where € is an arbitrary fixed positive number and C5 is a suitably
chosen positive real number depending on €. We are now ready to state Meinardus’
theorem.

Theorem 9.2.1. As n— oo,

r(n) _ Cnnen%“(1+é)[AF(o¢+1)C(o¢+1)} (1 + O( —51))’



148 Chapter 9. Direct counting of states

where ((s) is the Riemann zeta function, and

C = ”O2r(1 + )] F[AT(a + 1)(a + 1)) =0,
B D(0)-1-%
N 1+a ’
o « . Cg 5 1
K1 = o+ 1 min < o 1, 5 5) y (9231)

with § an arbitrary real number.

Let us now get the asymptotic expansion for ((9.2.25). We have a,, = 5 for all n. Then,

the Dirichlet series is just five times the Riemann zeta function,
D(s) = 5¢(s). (9.2.32)

Therefore, we have . 5
D(0)=—5,  D'(0)=—;log(2m), (9.2.33)

2
and noticing that (9.2.28) and (9.2.30)) are satisfied because
(r)=—> (9.2.35)
g - 1 _ 677.5 L.

then we find that the asymptotic formula for the partition function with 5 colours p°(n)
is
55 1 /1o
. 5 o 994 m/n
Jim p (n) = soenzeY * (9.2.36)
Again we find an exponential of \/n. Let us recall that the total number of microstates in
the D1D5 system is, at leading order in T4, e2V2mV/n_ For five colours the numerical factor

in front of the exponential is

1
30 — 1.82574, (9.2.37)

which is consistent with the total counting and with the fraction of ground states taken [35].
For ¢ € Z* colours the asymptotic expression is, analogously,
C%(l—&-c)

c ~ —atet? on /S /n
pe(n) ~ . 2i(1+3c)3%(1+c)n T2 e2mV/5Vn, (9.2.38)

We have now seen how the exact counting is obtained for two-charge microstates. Let
us recall that the aim of this section is to count a subclass of three-charge microstates
though, the superstrata, given in the CFT by equation (9.2.1). The next subsection
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presents progress towards obtaining this counting.

9.2.3 Counting the simplest 1/8-BPS state: adding a special colour

Let us recall equation ({9.2.1]), which are the states that we now want to count,

N (00

() Bim,, m Ry
% [TAS 1)) 11 (W(Jfl) . 100>H) : (9.2.39)
(N} \PF o

Again, the Fourier parameters A,(f), By, m,. are irrelevant for our counting at hand. Notice

that the three-charge strands have a more complicated structure, and when translated
to the integer partition language they do not correspond to just adding another colour.
These 1/8-BPS strands look like

(/%)™ loo), (9.2.40)

where m, < k. That is, for a given k, m, is an integer that goes from 1 to k. Certainly
if we want to consider fixed momentum P, a fixed third charge then m, will not have
this freedom] However it is also useful to consider the case where m,; can take any of its

values, as it gives insightful information as we show below.

So, let us consider the case where 1 < m, < k. In this case the three-charge strands
add many more terms to the counting than a colour does in the two-charge case. Namely,
every time we have a strand of length « that is 1/8-BPS, we need to consider x times that
state, because we will have the x possible powers for the J', operator. In terms of the
colours terminology, we can think about this as a special colour. Imagine a colour, say,
purple, which every time that paints a number n it makes that partition count n times.
Let us give an example to clarify what we just said. Let NV = 3, and consider the partition

2purple + Lred. It needs to be considered twice, as 2p,yrple can correspond to
2
JH100),  or (JF) 7 [00),. (9.2.41)

Let us recall once more that, as we said above, counting in this way we are not fixing P,
the momentum added to the black hole. This means that, in particular, this counting will
give an upper bound for the total number of this kind of states. However there are other
interesting results that can be obtained by studying this case. Keeping this in mind, let us

find the generating function for the partitions with 5 colours plus the special one, p*6(V).

'In this case m,. is fixed, but we need to consider products of the R-symmetry current which in total
add up to the desired charge. We do not consider this case in this thesis.
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9.2.3.1 Generating function

After our discussions on generating functions in previous subsections, obtaining the gen-
erating function for this case is easyﬂ If we want the generating function for the counting
with five colours plus the special one, then the product has two different factors: one
corresponding to the five normal colours, and another factor corresponding to the special.
To obtain the factor for the special colour, we can write once again the power series in q.
Then, we need to multiply each term by the number we are considering, as many times as
it appears. For instance, for the 1s we do not have to add any extra factors. For the 2s
we would have

1+2¢° +22¢" + 2%¢5 + ..., (9.2.42)

and analogous for all other numbers. Thus, the generating function is

1

1 1
(1—¢N)5 (1 —NgM)

g g

(9.2.43)

2
Il

1

There is an important caveat here. The generating function that we have just written
does not include the S(N) symmetry, as can be first seen at N = 4|ﬂ In order to take into

account the S(N) symmetry we should consider instead

1 (1 _1qN)N. (9.2.44)

N=1

While the results obtained with (9.2.43) are still an interesting initial case, it would be
very interesting to study the generating function we have just written in detail, to see how

the S(N) symmetry affects the result. We leave that as future work.

The objective now is to obtain the asymptotic expression for p*®(n). In the previous
cases we have used Meinardus’ theorem, which gives us the large n behaviour. This
theorem cannot be directly used though, as the generating function has a different form;
the theorem does not apply with the new factor we have. We then have three ways to
continue this problem. One option is to expand Meinardus’ theorem and find the proof
for the case we need. In the next section we present the start of the proof for Meinadurs’
theorem and show where it stops working, leading the path to future work. Another option
would be to obtain the asymptotic expression using modular forms, in the spirit of [156].
We do not pursue this approach in this thesis. Last, we can do numerics to obtain the

result using brute force and computers. This is the approach we follow in section [9.3]

2We thank Professor George E. Andrews for this generation function and his explanations on the topic,
via private communication.
3We thank Rodolfo Russo for pointing this out.
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9.2.3.2 Asymptotics for the special colour

The aim of this section is to show the difficulties involved in extending Meinardus’ theorem
to the case with the special colour. This subsection follows from theorem [9.2.1] and the
definitions above, and we will be using the same notation, definitions and statements

without writing them again.

The proof of Meinardus’ theorem uses the saddle point method, and to apply it we
need to know how f(7) behaves in the half-plane Re(7) > 0, specially near 7 = 0. In order
to figure this out, the first step in the proof is the following lemma.

Lemma 9.2.2. Under the assumptions on f(7),D(s) and g(7) given above with
T=1y+ 2mizx,

f(7) = exp (AT (@)¢(a +1)7™ = D(0) log 7 + D'(0) + O(y™)) (9.2.45)

uniformly in x as y — 0, provided |argT| < 7/4, |x| < 1/2. Also, there exists a positive
€1 such that
[y +2miz) = O (exp [AT(a)((a + 1)y~ — Csy~]) (9.2.46)

uniformly in x with y® < |z| < 1/2, as y — 0, where
o} ) 2
=14+—=(1—= ith 0< = .24
8 +2< 2), with 0<5 <7, (9.2.47)

and C3 a fixed real number.

The proof starts as follows. First we write

[e.9] [e.9] 1 o0
log f(7) = — Z_: aylog(l—e ™) =" - z_: aye kT (9.2.48)
v=1 k=1 " v=1
Now, recall that e~" is the Mellin transform of I'(s), i.e.,
1 oo-+i00
e T— / ~T(s)ds  (for Re(r) >0, 0p > 0). (9.2.49)
278 Jop—ico

If we apply it to the exponential we get

1 1+a+ico

log f(7) = 5~ (1; ;k_s> (Z::l Clyl/_5> 7 °T(s)ds =

1+a—ico
1 1+a+ico
=5 ¢(s +1)D(s)7 "I (s)ds, (9.2.50)
271 J1+a—ico
where the interchange of summation and integration is permissible due to the absolute

convergence of the resulting integrated series. Then the proof follows by changing the line
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of integration, taking into account the poles of the integral, and using known properties

about the Riemann zeta function.
For our case at hand we have

(1—g™)y™™¥(1 - Ng™)™, (9.2.51)
1

f(r) =

==k

from where
oo o
log f(7) = > (ay + vF)e T, (9.2.52)
k=1v=1
that is, we have one term that is the same as before and another term which is new. This
new term is more complicated, as it has the indices of the two sums. After plugging the

Mellin transform this leads to

1 l+a+ico X 1
log f(r) = — / S S(ay + v kT (s)ds, (9.2.53)
21 Jita—ico (i1 K
assuming we can still move the sums inside the integral. After we perform one sum we

end up in one of the two following cases. If we sum first over v we end up with
[e.e]
> k(s — k). (9.2.54)
k=1

If we sum first over k£ we end up with

o0

> v~ *Ploylog(1 + s,v). (9.2.55)

v=1
To have a similar proof as the one presented in [112] we need to either write the sum above
in a known form, or to know its properties. There is no obvious easy form for these sums,
and we have not studied their properties any further. Let us turn our attention now to a

numerical study of the problem.

9.3 Numerical implementation

In this section we tackle the problem with a completely different method: we try to count
the partitions numerically. We do this following two different strategies. First, since we
have the generating functions for all the cases we can just expand them out up to very

high order and study the coefficients. This is easily done with Mathematica [161].

A second way to do this counting numerically is by brute force. So, counting all

partitions directly. In this section we present a program written in C which implements this
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counting in a very efficient way. The downside of this software we created is computation
time. For all these counting problems the computation time grows exponentially, and so
we can only obtain relatively low numbers with them. However, it is a very useful tool to
gain some insight on the problem and how the partitions are distributed in a first instance,
and since it constructs all partitions it also gives us more information than the one that
can be obtained from the partition function. Another advantage of this code is that it can
be easily adapted to other countings. If we want to count another subclass of microstates
for which we do not know the generating function, we can still just add the combinatorics
to this code and gain some insight for the initial hundred numbers or so. Let us now

describe how the program counts.

As we mentioned, computationally this is a very hard problem. So we need a good
strategy in order to solve it in the most efficient way. Constructing and writing out all
partitions is a possibility, but not the best one. A lot of memory is used to save them,
as it also grows exponentially. Writing them in a disk is also not an option, for the same

reason.

The best plan would be to find a closed formula for the counting, but that is a very
hard problem in number theory. However, what we can do is obtain a formula which,
even if it looks complicated, can be easily calculated by a computer. And this is what we
present here, for all three cases of the previous section. We have obtained a constructive,
non-recursive formula for p(NV), p”(N) and p*™(N), which is crucial for implementing this
problem numerically. For the first case, where we want to count the partitions of N with

only one colour, the formula is

2

A-3 .
N \‘sz_o 'LA—j(AJ)J
—zA,O(A—o)J

o1 [
p(N)=1+> > > > 1, (9.3.1)

A=2i4_o=1 ia—1=0 i2=0

where iy, 2 < k < A, k € N is the number of k’s in the sequence (parts of the sequence
which are equal to k) and the number of 1’s is what remains until N, i.e. i3 = N —
Zf:2 igk. To give an idea of what the formula does, each sum in 7; corresponds to a
number which forms that partition. We start considering the partition where (if allowed
for that partition) there is a number two, then two number twos, and so on. After that
we add one number three and consider all possibilities with the one’s and the two’s, then
we do the same with two number three’s and so on for all numbers, until we arrive to the

partition N.

Notice that each sum over A is independent, and so this computation can be easily
parallelised. In other words, we can run each sum in A (9.3.1) independently, which

in particular means that we can obtain any p,(/N) without having to compute all other
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partitions. Note also that this formula does not only give p(N), but it also tells us
explicitly all sequences of numbers that sum N. This is essential when we want to paint
the partitions with colours. Last, when running this program all different numbers and
their multiplicity are saved in just two vectors, of length N, as we only need to keep track
and update the summation indices. Therefore, the memory usage is very small, and allows

us to compute fairly big numbers (much bigger than computation time allows).

Since computation time is a problem and doing some parallelisation is straightforward,
we made use of the University’s supercomputing facilities, IRIDIS 4. Thanks to it more
results were obtained, but the problem is so computationally complex that obtaining the
partitions for 250 gets close to the default computation time limit. In figure [9.3.1] we
present some of the results for this case obtained with IRIDIS, which we explain later
in subsection Since results for bigger numbers cannot be obtained in this way, it
is hard to reproduce the known asymptotic expression for p(N), in anticipation for the

special colour case, where we do not know it.

Using the data gathered from the supercomputer there are other approaches that we
can take to try to recover the asymptotic expression. However, we expect them all to fail,
as if we can find an easy way to estimate the value of p(N + 1) from the previous ones
graphically, we would be solving in polynomial time a problem which takes exponential
time to solve. Consider for instance a plot where in the x axis we have the partitions
where the biggest part is x, and in the y axis the number of partitions that satisfy this.
This is figure [0.3.1] for the case with one colour. Then, we can try to obtain a curve which
reproduces the behaviour of some known p(IN), and try to obtain the curve for the next
values of N. However, as far as we are aware this curve for p(N) is not easily approximated
by any simple function, and thus this option is a dead end. Instead, we can think of taking
the logarithm on the values of the x axis. Then the resulting function looks very much
like e‘x2, but not exactly. Again, though, we hit a dead end, as the approximation is only
good close to the numbers used as data, and quickly diverges for greater ones. And the

errors cannot be controlled, so the graphic method is not an option.

Let us now consider the coloured cases. Equation can easily be changed so that
it counts with colours. As we said, the equation that the program calculates goes through
all partitions, constructing them. In the case with one colour, there is only one partition
with the same parts, and that is why the sum indices account for all partitions. In the
coloured case though we may have many partitions with the same parts, as the parts can
be painted with different colours. So we need to find a combinatorial factor which accounts

for these extra partitions.

In order to find it, we group the sequences in subsets of equal numbers. Consider the
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sequence

apag...aga1...a1...ay...An, (9.3.2)

which, if we consider the sum of all a;’s, gives N (so, (9.3.2)) is a partition of N), and

where the part a; appears n; times. Let
I:={a;€Z" :n; > 1} (9.3.3)
be the set of all different numbers which appear more than once in the sequence, and
L:={a; €Z":0<i<n} (9.3.4)

be the set of all different numbers in the sequence. Then, if we have ¢ colours, the total
number of terms that we have when we add colours to the partition of N (9.3.2)) is

11 <C+n?_1> IT |- (9.3.5)

n
a; €1 4 aiEIt\I

The first factor corresponds to the numbers which appear more than once in the partition.
The number of possibilities is the number of combinations with repetition: we have ¢
colours of the same number, and we count all possible ways of choosing n; of them. Order
does not matter and we can repeat colours. The second factor corresponds to parts which
appear only once in the partition, and so we just have to multiply by the number of colours
to count them all. Equation can be rewritten as

c+n;—1
11 ( T ) (9.3.6)
a; €14 i

This is the number of different possible partitions with the same numbers but different
colours. Therefore, if we want p(IN) we just need to plug this in equation (9.3.1)) to obtain

the formula we want,

N {NﬂA_o(Aw)J 3
| %] A-l A

14 g: 5 S 3 ff (C Ak~ 1). (9.3.7)

A=2i4 o=l  ia_1=0 i9=0 k=0 LAk

Computation time is of course worse with the coloured case with respect to the non-
coloured one, as at each step we now need to calculate a combinatorial number in addition

to updating the limits. We present some results obtained with this code in the next

subsection, [9.3.1]

Last, we need to deal with the special colour case. So, we have to find an expression
analogous to equation (9.3.5)), but for the special colour. To count the combinations with
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the special colour, we first count all possible combinations of that partition without the
numbers painted by the special colour, and then we add them back. Recalling that the
appearance of the special colour means that we count that partition as many times as
the product of numbers painted by that colour, we just need to consider one more colour
and multiply by the corresponding numbers. So, we need to count all combinations that
involve the special colour and know what that colour is painting in order to multiply for

the correct amount.

Consider again the generic partition given in equation (9.3.2), to see how this works.
We now have c+ 1 colours, where the extra one is the special one, purple. As an example,
let us assume ng > 1, ny > 2, and consider the counting for the partition where the only

parts painted in purple are the three numbers

ao (9.3.8)

purple CLopurple alpurple :

When counting these partitions, we have a factor coming from all parts of the partition
which are not ag nor aq. In other words, we have a first factor which is the same as in the
previous section and corresponds to the partition as...as...a,...a,. We also have a factor
analogous to this one for all ag’s and a;’s which are not painted for the special colour.
And then we need to to multiply by agaiai, as this is what the special colour accounts

for. Therefore, the counting for this example sequence is

apa1al H (c—i— nz a 1) H c <c+ (Zz : 1) a 1) <c+ (Zi : Z) a 1). (9.3.9)

n
a; €1 v aieft\f
1#£0,1

We need to do an analogous counting for all possible sequences where there is purple.
Adding for all of them gives the contribution of the special colour. Notice that, as expected,
in this case the number of partitions grows in a much faster way. To see this with a couple

of numbers, consider for instance the following sequence for 32,
54 4 4 3 3 3 3 2 1. (9.3.10)

With one colour, 32 has 8349 partitions. With 5 colours, this combination only already
has 306250 terms. With 6 colours, one of them being purple, some of the first paintings

give
dpurple 306250 terms
4purple 525000 terms

4purple4purple 700000 terms

4purple4pu1fple4purple 560000 terms
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5purple4purpleSpurple 787500 terms, (9.3.11)

and so on.

We can make the above counting for the special colour more systematically. Given
a subset of equal numbers, for instance ng, ag, we can count the colours and the special
colour by summing over all possibilities of painting with the special colour and multiplying

by the corresponding number. That means, computing
TA—k /.
k= -2
N T [R5 (9.3.12)
m=0 tA-k — M

If we do this for every subset of equal numbers in a given partition, and multiply all the
results we obtain the total counting that we want. Therefore, the formula to count all

colours (including the special) for the partitions is

N—-ig_o(A=0) \‘NZ?—OBZ'AJ'(A”J
N Lk L%J ] T fiak—mtc-2
1+Z Z Z HZ( B )(A_k)m

A=2 iA—O:]- ia_1=0 i2=0 k=0 m=0 TA—k — MM
(9.3.13)

This is the formula implemented in our program to count all partitions with ¢ colours plus

the special one. Now that we have presented the method, we turn to the analysis of the
data.

9.3.1 Distribution of the number of states according to their length

As we mentioned earlier, graphical methods are not able to solve this problem. However
there are some interesting insights that can be obtained from the data of our program and
from the expansion of the generating function with Mathematica. As we have reviewed in
parts [l and [[I} for the three-charge black hole we expect most of the microstates to be in
the long string sector. In terms of partitions, this translates in having the distribution of
partitions peak at higher and higher numbers as we increase N. To be more precise, for
each N we want to plot p(N,j) for 1 < j < N. Let us recall that p(N, j) gives partitions
of N in which the largest part has size j, and j is present in the partition. In figure[9.3.1
we present this plot for the case with one colour. Figure has the plot for the case
with five colours, and figure [9.3.3| presents it for the case of five colours plus the special
one. Each coloured curve represents one number, N, as the legend shows. Then the
curves give, for each value j in the x axis, the value of p(N,j). As we can see for the
monocromatic case, figure the distributions are peaked at a relatively low number.

Also, this peak in j moves to the right, to bigger numbers as we increase N, as we would
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Figure 9.3.1: Curves N, p(N,j) for the first 164 N’s in the monocrom case, to see the
peaks plotted in @
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Figure 9.3.2: Curves N, p(N,j) for the first 158 N’s in the colour case, to see the peaks
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Figure 9.3.3: Curves N, p(N,j) for the first 148 N’s in the special case, to see the peaks

plotted in

expect. The same happens for the case with five colours, figure [9.3.2] even though in this
case the peak is narrower and starts at lower numbers. If we add more colours this change

accentuates more, and for a large number of colours the peak stays at one.

The situation seems to be different for the case with the special colour, though, figure
[0.3:3] In this case we are considering states with maximum charge j, and as we can see
the peaks are even narrower and they seem to stop moving to the right. In order to see
if this is true, we can obtain results for much higher numbers using Mathematica and the

generating function, as we mentioned earlier.

So, consider now the plots where in the = axis we represent N, and in the y axis we
represent the maximum of the previous curves, that is, max; p(N,j). For example, if
N = 132 has a y value of 9 it means that for the number 132, most of the partitions
have 9 as the biggest number. The monocromatic case corresponds to figure As we
can see, the intuition we got from the curves seems to be right, as this plot is still clearly

growing for N = 5000, and it does not seem to stabilise.

jegl?.},(N}p(N’ J) (9.3.14)
for each N. The same happens in the coloured case, figure [9.3.5l For N = 5000 it is
growing as well, in a very similar way to the previous case. The opposite happens when
we add the special colour, though. As we can see in figure the maximum grows very
quickly to eleven, and then it stabilises there. Notice that in this case we ran the code
for many more numbers, up to N = 10,000. So, this plot seems to indicate that for the

special colour, for the superstrata microstates of momentum at most j, the distribution
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Figure 9.3.4: For each N we plot max; p(N,j), that is, if p(N,j) gives the number of
partitions of N where the largest term is j, the plot shows for each N where most of the
states are. For the case with just one colour, we see that as N — oo the peak also goes to

infinity.
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Figure 9.3.5: For each N we plot max; p(N,j), that is, if p(N,j) gives the number of
partitions of N where the largest term is j, the plot shows for each N where most of the
states are. For the case with five colours, we see that as N — oo the peak also goes to

infinity.
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Figure 9.3.6: For each N we plot max; p(N,j), that is, if p(N,j) gives the number of
partitions of N where the largest term is j, the plot shows for each N where most of the
states are. For the case with five colours plus the special one, we see that as N — oo the
peak stabilises at 11.

of states seems to be highly peaked at a very low number, 7 = 11.

As we have mentioned earlier, these are preliminary results which should be supported
by analytic statements, but they seem to indicate that the superstrata microstates of
the form are not mostly distributed in the large P charge sector, as would be
expected. Thus, the next natural step is to count and do this same analysis for more

general superstrata states, with fractional modes. We do that in the next section.

9.4 Counting of CFT states: fractional modes

As we have mentioned in the introduction |8, most of the 1/8-BPS states are expected
to be represented by fractional modes of the R-symmetry current. In this section we try
to do the counting for these states. As always, the first step is to understand how the

counting works and look for the generating function.

9.4.1 Counting special classes of microstates

Let us start by counting special classes of superstrata microstates. As an example, consider
the counting for the following states obtained from FSF ([2.2.7)) [89)

(4™ H (Uirl/k)kﬁ|00>l~c2ﬁ)nm3 ((le/k)kﬁ|++>k(kﬁ+1)>n37ﬁ

m7n7p
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® ((J:/k)km |__>k(km—1)> o (9.4.1)

In this case an exact counting is not needed. After considering the constraints in the
different parameters, the N — oo behaviour of the total counting is polynomial, not

exponential. Let us see this.

As mentioned in [89], to obtain three-charge solutions using FSF all strands need to
have windings which have a common divisor greater than one. In the case above, this
common divisor is k. Since the sum of the lengths of all strands must be NV, k has to be
a divisor of N, condition that we easily find from the previous one. The m and 7 can be
written in terms of p, and once this number is fixed the number of strands of each kind
will also be determined. To show that this counting grows polynomially, we do it for the
case where we have four different strands, for any k. If we have one, two or three the
result will also be polynomial, and since the total number of microstates is exponential we

do not need to worry about the exact number.

Therefore, assume we have four different strands, with k& being the common factor. As
we said, we have one degree of freedom, p, which will give us four different numbers (the
product of a length of a kind of strand times the number of insertions of that strand).
Hence, this counting is equivalent to finding four natural numbers ni, no, ns and ng which
add up to N/k, where the order of the factors matters. To find how many integers satisfy
this, we can think about it in the following way. Let N/k = 6. We have to find in how
many ways we can separate six dots using three bars, understanding that two bars in the
same place means that one of the four numbers is zero. Let us give a visual example; the
solution 6 = 24+ 0+ 1 + 3 would correspond to

24+0+14+3 +— ||~ (9.4.2)

Now, overcounting, we can do this in (N/k — 1)3 ways. This is overcounting as the order
in which we put the bars is counted by that, but it does not matter. Correcting this means
subtracting a term with a lower power of NV, and thus is irrelevant. Now, this counting is
for fixed k. We have to repeat it for all positive integers k& which are multiple of N. The
number of divisors of N is given by og(N), the number-of-divisors function of N. This
number is of order one for large integers, as we show in figure [9.4.1] Thus, adding for all
divisors of N will still give a polynomial in IV, and adding to that all possible combinations
of strands will also be polynomial. The key point here is that all strands in the state come
from the same FSF operation, and thus there is a common factor k which greatly restricts
the number of possibilities. To finish this chapter we present work in progress for a more

general counting of fractional modes.
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40000

N

Figure 9.4.1: Number of divisors of N, up to 50,000. This number does not go above 35
for the first 50,000 integers.

9.4.2 Towards a more general counting of fractional modes

In this subsection we start investigating a more general case for counting fractional modes
of the R-symmetry current. As we mentioned earlier, in this case it is expected that the
microstate distribution should peak at short two-charge states, long three-charge ones.

The state that we are concerned with now is

N0

> (T 190% I1 (Zemeomymo,) ) 0as)

{Nr(ﬁsgm} S,K K,Myy

Notice that we are taking both strands in the state to be of the same length. In this
case we do consider Np fixed, and count the partitions of P (of Np) into fractions where
the biggest denominator possible is N. As a first approximation we over count, to get a

flavour of how this case works.

We want to find all rational numbers between 0 and N which denominator is at most
N. We assume that all of them are acceptable fractions to get Np momentum charge, as
we assume that the exponent of this fractional mode is such that the product of the mode

times the exponent can always be Np. In other words, given a strand like
C
(J%) 100}y, abeezt (9.4.4)
b

we are setting 1 < b < N, a to take all possible values such that a/b can be all rational
numbers from 1/N to Np, and we assume that there always exists a ¢ such that the total

momentum added is Np. This is why we are over counting.

Let us give an example of what we are counting exactly. Let N =4, Np = 3. In this
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case, we have 18 rational numbers, which are

11

1 R
)y b ) 4 ’

2, 3. (9.4.5)
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Finding all different rational numbers between 1/N and Np means that we need to know
how many integers are there relatively prime to n, with 1 <n < N - Np, n € N. Euler’s
phi function ¢(n) ( [159] chapter 2) counts all positive integers up to a given integer n

that are relatively prime to n. Hence, the sum

Z o(i) (9.4.6)

gives us all our rational numbers between two consecutive integers. If we include ¢(1) in
the sum we also get the integer number. Hence, if we want this integer to be at most
Np, we need to consider those fractions Np times. Thus, the number of rational numbers
between 1/N and Np that we want is

N
Np Z ©(i). (9.4.7)

Let us go back to the example (9.4.5) to see an example of the formula. We have

p()=1, () =1, ¢(1)=2 ¢(1)=2, > ¢(i)=6. (9.4.8)

As we said, this 6 is the number of our rational numbers between 0 and 1, 1 included.

And we have this as many times as integer we need until we reach Np, thus we multiply

the sum by Np, obtaining (9.4.7)).

Now, (9.4.7) by itself is a very small number. However, we have to count this in
combination with all other strands, and with any lengths. In other words, we want to

count how many terms does

N (00

K,M g

3 (H(A,(j) 50N T1 (B“W(ﬁ s yoo>n) ) (9.4.9)

m..!
(NS o

have, where a,b € Z*, b < K, a/b < Np and m is such that am,/b = Np. Therefore,
we can think of the counting of this new state as having 5 colours plus a different special

colour, which could be, say, cyan.

Following the argument of the previous generating function sections, we see that the
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generating function in this case is

117

N

1 1

L= (1= Np (X 0()) ¢V) (410

It would be interesting to study in depth the asymptotics of this generating function. If
we check the distribution of the number of states according to their length, in this case it
seems to be peaked at an even shorter length than in subsection [0.3.1] The exact number
at which it peaks depends on Np. The higher Np, the shorter the length of the strand
where it peaks. For Np = 2 it seems to stabilise at 7. For Np = 3, at 3. For Np = 4,5,
at 2. After that, at 1.
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cHAPTER 10

Review of results and conclusions

10.1 Direct counting of states

The main results of chapter [0] are the generating functions which count the superstrata
microstates, and the results that come out of their study. They are equation (9.2.43)),

which is

= 1 1
11 10.1.1)
— gN)5 _ NY’ (
v L=aV)? (1= Ng")
and equation (9.4.10)), which is
= 1 1
11 (10.1.2)

No (= qN)® (1 — Np (Zf\;l (p(z)) qN) '

Associated with the first one we have the distribution in lengths of a subclass of superstrata

geometries, the ones which read

|
iy N !

(00)
s (s) By, m Neim
> (H(A,(.@)IsmN“ 11 (’(Jfl) ~|00>H) ) (10.1.3)
(NS, \BF

Another important result are the equations (9.3.1)), (9.3.7)) and (9.3.13]), which allowed

us to implement this counting in a very efficient C code. The last of these formulas, which
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is the most general one out of the three, is

N—ig_(A-0) \\NZ;'A:OBZ‘A—J«Aj)J
N La] {ﬁJ ] A-2iA—k Ay —mA4c—2
I+ > >, > HZ( - )(A—k)m.

A=21i5_0=1 i4—1=0 i2=0 k=0 m=0

10.2 Conclusions

There is ongoing work in the literature, in order to obtain sub-leading corrections to the
exact counting of microstates [156,/157]. However, we have followed a different approach
here, and started to count exactly certain classes of microstates which have been explicitly
constructed. We have given preliminary work, which seems to indicate that the subclasses
of microstates constructed so far are highly non-generic. As we mentioned in the introduc-
tion of this part, chapter 8] most of the states are expected to be in the long string sector,
since one can distribute the momentum in more ways there. However, the superstrata

geometries that we have considered seem to be peaked at a very short string length.

The superstrata states for which we have presented most of the work are one of the
few ones so far which have been explicitly constructed in the CFT, and which one point
functions have been showed to agree with the supergravity ones [88]. The fact that these
states peak at short strings is consistent with the two-charge case, as for that case it has
been shown that supergravity cannot account for the majority of the microstates of the

corresponding black hole [35].
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cHAPTER 11

Conclusions and future work

As we have seen, in this thesis we have presented work extending the precision holography
calculations for the D1-D5 system, in the field theory side. As we have already discussed,
in part [[l we have calculated correlation functions for twist n operators joining n twist
operators of arbitrary twist, which was a necessary building block to develop the precision
holography calculations further. We have used that result to calculate one point functions
both in the long and short string sectors, and we have checked the expected suppression
of the long one point functions with respect to the short ones. We have also presented
bounds on one point functions of multi-particle twist operators, in order to compare the
result with the associated one point function with higher twist. We have obtained a bound
for their relation, which could be further used to study different ways of joining n strands
of any twist. The expected behaviour [35] for them all is recovered, even though certain

limits need to be taken carefully.

In part [[T]| we have shown results on the distribution of a subclass of superstrata states
in the long and short string spectrum. Interestingly, most of the states seem to be peaked
at the short string, whereas in general we would expect them to be peaked in the long
string, as they are three-charge states. This result may be consistent with our expectation
arising from the two-charge case. Due to large supersymmetry, many microstates have
extrapolations to supergravity, ¢.e. one can write supergravity solutions. However, their
curvature is comparable to corrections in the interior. Therefore, effectively supergravity

solutions do not account for most of the microstates of that system.
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11.1 Future work

There are many interesting directions in which the work presented in this thesis can
be extended. In chapter [5| we have given some examples of calculations of one point
functions, and the methods used can be easily extended to more cases. However, we have
also mentioned cases where there is further work required in order to obtain results. For
instance, in section [5.2.6| we were able to do some combinatorics, but we were not able to
give the final result. That was because the commutator between ¥, ~ and ®@pJ(ry is not
known. So, a natural extension to that section is to obtain that commutator, probably
using the bosonisation formulas presented in section [A-4] and then calculate more general

classes of one point functions.

Other natural extensions of that chapter involve the holographic matching. More con-
cretely, it would be interesting to calculate the same one point functions from the gravity
side, in order to match the results. It would also be interesting to find the gravity duals

of the multi-trace operators that we have considered.

It would also be interesting to refine the counting done in chapter [6]for the multi-particle
one point function, in order to obtain exact results rather than bounds. Finding a formula
to obtain the exact result for the multi-particle one point functions of any combination of
twists would also be possible future work, especially if the same calculation is also done in
the gravity side and the results matched. Also, since we saw that cpap2 = Cnopep it would
be interesting to see if the c,9p2 coefficient is always the same when joining strands in
pairs, for all possible combinations. Last, the limit of equation should be studied

more carefully, in order to see what is that ratio in different limits.

Part [[T]] can be extended in many ways. First of all, in section [9.2.3.2] we have showed
where the proof for Meinardus’ theorem stops working for our case, but we have not
gone beyond that. It would be very interesting to expand the proof in order to find the
asymptotics for the special colour. In that way we would be able to compare the total
number of states in the system with the growth of this class of superstrata, which would
be very interesting. It would also be very interesting to expand the proof so that it also
includes the case with the other special colour mentioned in section [0.4.2] In that case we
are fixing the momentum, so the direct comparison of that growth with the total number

of states would be very relevant.

In order to do all this there may be the need to work with modular forms. That would
also connect better with the current literature and ongoing work on finding the subleading
corrections to the total counting. With the results obtained with our computer program it

would also be interesting to obtain bounds for the number of states of the cases counted.



11.1. Future work 173

This could be obtained graphically or from the generating function, taking appropriate

combinations.

In the wider black hole microstates programme, one would like to know how typical
microstates look like. Generic fuzzballs are expected to have a very stringy interior, and
string theory in curved backgrounds is a topic which is still very poorly understood. The
results of this thesis extend the understanding of some of the microstate solutions that

have been obtained so far.

This thesis has focused on the D1-D5 system, but there is ongoing work to understand
black hole microstates in other systems. In particular, there are current efforts in trying
to understand features of typical non-extremal black hole microstates in the Sachdev-Ye-
Kitaev (SYK) model [162,[(163]. This may be thought of as a toy model, which insights
could be extrapolated to other models. Since the microstate study in SYK is very different

from the D1-D5 picture it would be good to explore the connections between them.

It is also crucial to investigate the possible detections of the microstates. As mentioned
in the introduction, physics is no more than finding the best model which fits observa-
tion. Therefore, that connection should be made as soon as possible, and the black hole

microstate story is at a point where this needs to be considered.

Since gravitational waves can now be detected and a field has started around them
with a very promising future, it seems natural to ask whether the quantum structure of
black holes would affect the emission of such waves. It has been recently argued that
fuzzballs may cause late-time echoes in the gravitational waves emitted from black hole
mergers [101},/164]. While the statistical significance of such studies is not clear |102,/165],
this is an argument which deserves to be pushed further, especially with the increased

sensitivity detectors that are planned for the future.

There are other approaches on the possible detection of signals on gravitational waves
caused by fuzzballs. Recent work [67] suggests that, if one is able to calculate the multipole
moments of the fuzzballs, then near future detectors should be able to detect the quantum

structure.
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APPENDIX A

N = 4 algebra

In this appendix we give further notation and background on the CF'T this thesis is based,
and we also review the basic definitions to have all conventions together. Our notation for

this appendix follows closely that of |104].

The symmetries of the system are the SO(4) of the R-symmetry, corresponding to
the isometry of the S3, and another SO(4), which corresponds to the rotations of the
torus. We write these two SO(4) symmetries as SU(2) x SU(2). Namely, we write the
R-symmetry SO(4) as SU(2)r x SU(2) g, where the subindices L and R correspond to left
and right. We use Greek letters a for the left SU(2)r, indices and dotted Greek letters
& for the right SU(2)g ones. Similarly, we use capital Latin letters A and dotted capital
Latin letters A to represent the two SU(2) coming from the SO(4); of the torus. We use
a, b, ¢ for any SU(2) triplet, and ¢ for SO(4) vector indices.

For each copy of the CFT we have four bosons X*(z,z), which we usually denote by

[X]44, where
1

V2

We also have four doublets of fermions for each copy,

i o\ AA

[X]44 xi(a') (A.0.1)
P4(2), 94 (2). (A.0.2)

There are two complex fermions (and the hermitean conjugates) in the left sector, and
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the same in the right sector. We have thus four real degrees of freedom in each sector,

because the hermitean conjugation of the fermions is

(4°4)" (2) = —capeast () =~ 4(2). (A.0.3)

The sign convention we use is

€1 = —€? =1. (A.0.4)

Before we give the OPEs and commutators of the currents let us remind the notation
for the sigma matrices. We use ladder operators, and so we choose the {+, —, 3} base for
the triplet of SU(2). The Pauli matrices in this base read

1 1
ot =2 0 , o- =2 00 , o’ = 0 . (A.0.5)
0 0 10 0 -1

Also, as we have said the D1-D5 system has N = (4,4) supersymmetry, so we have

thirty-two supercharges, which we denote by G‘(XT‘?. Let us briefly discuss them.

A.1 Supercharges

As we just said, the system we study has thirty-two supercharges. From the left SU(1, 1|2)
supergroup generators we have eight supercharges, as each mode has four components (see
table for the list). We have eight more which are the analogous ones in the right
sector. All these add up to sixteen. The other sixteen come from applying the currents
to a product of a left and right ground states (one for the state, four for applying one
supersymmetry charge to the state, four from applying two, four from applying three, one

acting with them all and the two remaining are obtained acting with the J).

Throughout this thesis we work with two and three-charge states, which are % and

%—BPS respectively. However this requires some clarification. Since we are working in the
field theory dual to the AdS3 factor in the near horizon of the black hole, we have the
conformal enhancement [105]. And this means that our states will be, from this point of
view, %—BPS and %—BPS, instead of % and %. Therefore, the states that we have been
calling z-BPS (following the notation of [89] and [88]) will be annihilated by half of the
supercharges (by half of the G’s). The %—BPS states will be annihilated by a quarter.

To not mix any notations and not cause confusions we will keep calling the states %—BPS
and %—BPS, but the counting of supercharges will agree with the statements above. Also,
since the %—BPS states are added by adding momentum on the left sector, the supercharges
that will change how they act from the i to the %—BPS states will be all in the left sector.
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NS sector | R sector
G1! G
GZQ Gg?
et | e
G“i G13

3
G; Gl
ng G2
G:1% G1
G:Q% Gy?

Table A.1.1: Correspondence between the modes of the supercharges in the NS sector and

in the R sector

To finish this section let us give the relation of the supercharges in the NS and R

sectors. The correspondence of the modes of the supercharges in both sectors is obtained

from the following expansion |166]

GH(z

Z Gm+ +2 _2

me”Z

Gt2(2) = Z G:ﬁg%z_m%_z

meZ

,m+ﬂ,2
Z G ﬂ+12 g

meZ

S

meZ

(A.1.1)

The NS sector corresponds to n = 0 and the R sector corresponds to n = 1. With this

we can give now the correspondence in both sectors of the eight relevant modes of the
supercharges. We present this relation in table

A.2 Currents and OPEs

We give the expressions for a single copy of the N =

4 CFT (so, we only have left

sector). Therefore, we have the R-symmetry current J%(z), the supercharges G®4(z) and

the stress-energy tensor T'(z). Their expressions in terms of free fields are

1

J(z) = qeaptAean(o™) P,
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GaA(Z) — waA [8X]BA €
1

T(Z) = §€AB€AB [8X]AA [8X]BB + §€a56ABTZJ&A81/J'BB. (A.Q.l)

Before we proceed, let us give the relations between this notation and the one used in [103].

First, the relation between the fermions is
¢+i _ \1,17 1/71 _ _\1,2’ ¢+2 _ \IIQT, @VQ — plt (A.2.2)
Similarly, for the bosons we have
XM =xt xX)2=-x?, xP=x2 [x)2 =X (A.2.3)
With these we can find the relation between the supercharges in both notations,
=G, P =-c G- (GQ)T, G2 — (Glf. (A.2.4)

Now, we choose the normalisations of the fields such that

. . GaBGAB
(WA @p P (w) = ——— -,
(X (2) [X]PB (w)) = 264BeAB log |2 — w). (A.2.5)
The OPEs between the currents are
c ab c(w
JU2)J(w) ~ m(sz)z - iﬁabcj_(uz
BA (1
Ja(z)GaA(w) ~ %(G*a)aﬂi _(w)
c eABeab
GQA(Z)GﬁB(’U)) ~ —gm‘f‘
+ 6ABeﬂ'y(O_*a)cu7 9 (ja_(zuu))2 + aZJi(Z) o 6ABEozﬁ ZT(_’LUJ)
T(2)J%(w) (ja(ﬁ)y aja(z‘j)
aA w aA w
T(2)T(w) ~ g e _1w)4 +2 (ZT_(?)Q + (zT_(l:’U). (A.2.6)

The OPEs of the currents with the free fields are

. BA (4
Ja(Z)IZJaA(w) ~ %(U*a)aﬁ ¢Z _(w)

GaA(z)[aX(w)]BB ~ 6AB <¢QB(w) + 8¢QB(w)>

(z — w)? z—w
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G (2P () ~ s X
. w)]AA 2 X (w)]AA
T(2)[0X (w) M ~ [8(5(_ 3}])2 P f(_ 2)]
. oAy oAy
T(2) 4 w) ~ (i - Sﬂ)l + a‘ﬁ - fu ). (A.2.7)

Notice that the supercharges G** mix the Poincaré supercharges and the superconfor-
mal ones, as we can see from the OPEs above and which will be made explicit in the

commutators below.

A.3 Commutators

Here we give the commutators between the modes of the currents, so first we recall the

mode definition. Let A be an operator of dimension A. The modes of A are defined by

271

A= §Z AR Az) = 3D A B, (A.3.1)

Notice that the R-symmetry current J has weight 1 (this weight can be read from the OPE
between the current and the stress-energy tensor — it is the coefficient of the (z — w)~2
term), and so the modes match with the power of z. With the supercharges G4 this will
not be the case, as their weight is 3/2. Also, in the NS sector the supercharges will have
half-integer modes, whereas in the R sector they will have integer modes, as we have just

discussed in the previous section. The fractional modes are given by [116]

A = ZA(T 2 (r=1) J A+ -1, (A.3.2)

2m

The mode algebra is

[T Ih] = 5 2m5 MY L
[78,G] = S 0°)" G,
{anAa GEB} = _%(mQ - E)GABEM Om+n,0+
+ (m—n)e P (™) Ty, — P L
(L Ji] = =0T
L Ga] = (5 —m)G3id,
Ly, L] = ™= B Stno + (m = 1)Ly, (A.3.3)
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Now, let a;, be the modes of the X modes. Then the commutation between the current

modes and the fields modes are

{a;iA’ aEB] _ mEABEAB(;ner’O
{ %A7 53} _ _eaBEAB(Sm+n70
[, 084] = (0™ uid,
(o alP] = —neBygh,
{Got it} = ePaid,
[Lm,af}A: = —naé‘in
(L, 0] = —(% + el (A.3.4)

Also, let us recall here that the global part of the A/ = 4 superconformal algebra forms
the supergroup SU(1,1|2). This group is generated by {J§, G‘fi,Lo, Ly}
2

A.3.1 Commutators with fractional modes

The commutator with fractional modes is obtained in the exact same way as the one
above, with the exception that we only have non-trivial commutation in the copies where

our operator is different from the identity. Namely, consider the commutator

l(in)aﬁ , oﬁd] . (A.3.5)

As we see in ((A.3.2)), now we only sum over some of the copies of the four-torus. Let us
show all steps explicitly;

af . dz k aff 2mi(r—1) 1 .
a Ba| _ a — = —= Ba|
()"0 = | fam 2 () e Lo

=

r=1
_ dz o \eB _2mi=1) 1 sl
;[ o (o) e R0 ]
af
i mi(r— T OBOC
g 1)2_11;(0(;)_@0 (A3.6)
r=1

We do not need to worry about the negative power of z (just as before we had z € Z),
because we are computing the commutator with the OPE, and thus we have a limit when
the two operators approach (i.e., we have z — w and so the only poles come from the

negative powers of (z — w)). Therefore, the result is completely analogous to the integer
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case,
af .
Zk ?{ _emiren) ] (UEIT)) o
2 ko =
— omi* 2 z-w
r=1
k
1 2m(r 1) L vyv2 op 3
1 B
527 T (afy) O A

Thus, we see that the commutators are analogous, just changing the integer value n by a

fraction and, more importantly, summing only over some of the copies of the four-torus.

A.4 Bosonisation

As we have mentioned in section [2.1.2] in order to write the expression of the twist op-
erator in terms of free fields we need to bosonise the fermions. Bosonisation is an exact
equivalence between a theory of fermionic fields and a theory of bosonic fields, which is
particular of two-dimensional theories. This equivalence can easily be seen by comparing

the OPE expansions of fermions and exponentials of bosons.

Bosonisation in the D1-D5 system has been widely used [88,/103,/129]. However, the
bosonisation formulas for the fermions have to be written carefully, so that the bosonised
fields still commute between them, as fermions do. In order to accomplish this cocycles
need to be introduced; namely, extra exponential factors which ensure that all commu-
tation and anticommutation properties are conserved. However, in the literature these
factors are not always included, as they are not always essential for all calculations. Fol-
lowing [129] we give the bosonisation formulas for our system with cocycles. We bosonise
the fermions in the basis which diagonalises the action of the twists, that is, the fermions
we defined in equation . Let

1 . s 1 ' . . 2
p+1 — ¢ sz’ p+2 — e'wrcpe'LHp7
7' . 1 s 7' i 2 s
¢p2:—elH‘7€ 17rcp’ wpl —¢ lHPe mcp, (A41)
where )
_ 1 2 ~1 ~2
=15 (pp + .+ Dy — pp) : (A.4.2)

with pfo being the momentum of the scalar field Hé, 1 = 1,2. For the antiholomorphic side

we consider analogous relations,

~ 13 -~ _.~1 ~ A . ~ ."'2
;—1 — ¢! sz’ ;—2 — 6z7rcpesz,
~;' .~1 s ~ ~;' 7."'2 -
prZ_QZHPe Zﬂ'Cp’ wpl —¢ lHPe zwcp’ (A43)
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with )
2 ~2 ~1
r=5 (pp — p/l) - D, —pp> . (A.4.4)

The commutation relations between them are

c

\H3, D) = 03050, [Hj 5] = 01305 (A.4.5)

All the others commute. Using the bosonised fermions we can now write an expression for
the twist operator in terms of free fields. We have, for instance,
kol 1 2 g 72
: -, b L s p p p
EI;_ — H (O_l))(a_l))(emrgcpe—zEHp e_ZEHPe_”TECPemECPe_ZE Pe_ZEHPe_”rECP> . (A46)

p=1
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