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ABSTRACT

We present topics of (semi-)phenomenological relevance in string theory ranging from particle
physics amplitudes and Big Bang-like singularities to the study of state-of-the-art deep learning
techniques for string compactifications based on recent advancements in artificial intelligence.

We show the computation of the leading contribution to amplitudes in the presence of non
Abelian twist fields in intersecting D-branes scenarios in non factorised tori. This is a generalisa-
tion to the current literature which mainly covers factorised internal spaces. We also study a new
method to compute amplitudes in the presence of an arbitrary number of spin fields introducing
point-like defects on the string worldsheet. The procedure can then be treated as an alternative
computation with respect to bosonization and approaches based on the Reggeon vertex. We then
present an analysis of Big Bang-like cosmological divergences in string theory on time-dependent
orbifolds. We show that divergences are not due to gravitational feedback but to the lack of an
underlying effective field theory. We also introduce a new orbifold structure capable of fixing the
issue and reinstate a distributional interpretation to field theory amplitudes.

We finally present a new artificial intelligence approach to algebraic geometry and string
compactifications. We compute the Hodge numbers of Complete Intersection Calabi—Yau 3-folds
using deep learning techniques based on computer vision and object recognition techniques. We
also include a methodological study of machine learning applied to data in string theory: as in
most applications machine learning almost never relies on the blind application of algorithms
to the data but it requires a careful exploratory analysis and feature engineering. We thus
show how such an approach can help in improving results by processing the data before utilising
them. We then show that deep learning the configuration matrix of the manifolds reaches the
highest accuracy in the task with smaller networks, less parameters and less data. This is a novel
approach to the task: differently from previous attempts we focus on using convolutional neural
networks capable of reaching higher accuracy on the predictions and ensuring phenomenological
relevance to results. In fact parameter sharing and concurrent scans of the configuration matrix
retain better generalisation properties and adapt better to the task than fully connected networks.
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Outline

This thesis follows my research work as a Ph.D. student and candidate at the Universita degli
Studi di Torino in Italy. During my programme I mainly dealt with the topic of string theory and
its relation with a viable formulation of phenomenology in this framework. I covered mathemat-
ical aspects related to amplitudes in intersecting D-branes scenarios and in the presence of defects
on the worldsheet, but I also worked on computational issues such as the application of recent
deep learning and machine learning techniques to the compactification of the extra-dimensions
of superstrings. In this manuscript I present the original results obtained over the course of
my Ph.D. programme. They are mainly based on published work [1], [2] and preprints [3]-[5].
However I also include some hints to future directions to cover which might expand the work
shown here. The thesis is organised in three main parts plus a fourth with appendices and notes.

Part I of the manuscript is dedicated to set the stage for the entire discussion and to present
mathematical tools used to compute amplitudes with (semi-)phenomenological relevance in string
theory. Namely it starts with an introduction on conformal symmetry (clearly focusing only on
aspects relevant to the discussion as many reviews on the subject have already been written) and
the role of compactification and D-branes in replicating results obtained in particle physics. Then
the analysis of a specific setup involving angled D6-branes intersecting in non factorised internal
space is presented.! Here a general framework to deal with SO(4) rotated D-branes is introduced
alongside the computation of the leading term of amplitudes involving an arbitrary number of
non Abelian twist fields located at their intersection, that is the exponential contribution of the
classical bosonic string in this geometry. Finally point-like defects in the time direction of the
(super)string worldsheet are introduced and the propagation of fermions on such surface studied
in detail. In this setup the stress-energy tensor has a time dependence but it still respects the
usual operator product expansion. Thus the theory is still conformal though time dependence is
due to the defects where spin fields are located. Through the study of the operator algebra the
computation of amplitudes in the presence of spin fields and matter fields is eventually displayed
by means of a method alternative to the usual bosonization, but which might be expanded also
to twist fields and to more general configurations (e.g. non Abelian spin fields).

Part II deals with cosmological singularities in string and field theory. The main focus is on
time-dependent orbifolds as simple models of Big Bang-like singularities in string theory: after
a brief introduction on the concept of orbifold from the mathematical and the physical points
of view, the Null Boost Orbifold is introduced as a first example. Differently from what usually
referred in the literature, the divergences appearing in the amplitudes are not a consequence of
gravitational feedback, but they are present also at the tree level of open string amplitudes. The
source of the divergences are shown in string and field theory amplitudes due to the presence
of the compact dimension and its conjugated momentum which prevents the interpretation of
the amplitudes even as a distribution. In fact the introduction of a non compact direction of
motion on the orbifold restores the physical significance of the amplitude, hence the origin of
the divergences comes from geometrical aspects of the orbifold models. Namely it is hidden in
contact terms and interaction with massive string states which are no longer spectators, thus
invalidating the usual approach with the inheritance principle.

Part III is dedicated to state-of-the-art application of deep learning techniques to the field

1For instance this is a generalisation of the typical setup involving D6-branes filling entirely the 4-dimensional
spacetime and embedded as lines in T2 x T2 x T2, where the possible rotations performed by the D-branes are
parametrised by Abelian SO(2) ~ U(1) rotations.
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of string theory compactifications. The Hodge numbers of Complete Intersection Calabi—Yau
3-folds are computed through a rigorous data science and machine learning analysis. In fact
the blind application of neural networks to the configuration matrix of the manifolds can be
improved by exploratory data analysis and feature engineering, from which it is possible to infer
behaviour and relations of topological quantities invisibly hidden in the raw data.? Deep learning
techniques are then applied to the configuration matrix of the manifolds to obtain the Hodge
numbers as a regression task.®> A new neural network architecture based on recent computer
vision advancements in the field of computer science is eventually introduced: it utilises parallel
convolutional kernels to extract the Hodge numbers from the configuration matrix and it reaches
near perfect accuracy on the prediction of h''. Such model also leads to good preliminary results
for h?>! which has been mostly ignored by previous attempts.

2Through accurate data analysis it is possible to reach the same performance of neural networks using simpler
algorithms (in some cases even trivial linear models can reach the same accuracy in the predictions).

3Many previous approaches have proposed classification tasks to get the best performance out of machine
learning models. This however implies specific knowledge of the definition interval of the Hodge numbers and
does not generalise well to unknown samples.
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1 Introduction

In this first part we focus on aspects of string theory directly connected with its worldsheet
description and symmetries. The underlying idea is to build technical tools to address the study
of viable phenomenological models in this framework. The construction of realistic string models
of particle physics is key to better understanding the nature of a theory of everything such as
string theory.

As a first test of validity, the string theory should properly extend the known Standard Model
(sM) of particle physics which is arguably one of the most experimentally backed theoretical
frameworks in modern physics. In particular its description in terms of fundamental strings
should be able to include a gauge algebra isomorphic to the algebra of the group

SU®3)c ® SU2)L ® U(1)y (1.1)

in order to reproduce known results. For instance a good string theory could provide a unified
framework by predicting the existence of a larger gauge group containing the SM as a subset. In
what follows we deal with the definition of mathematical tools to compute amplitudes to be used
in phenomenological calculations related to the study of particles.

In this introduction we present instruments used throughout the manuscript as many aspects
are strongly connected and their definitions are interdependent. In particular we recall some res-
ults on the symmetries of string theory and how to recover a realistic description of 4-dimensional
physics.

1.1 Properties of String Theory and Conformal Symmetry

Strings are extended one-dimensional objects. They are curves in spacetime parametrized by a
coordinate o € [0,¢]. When propagating they span a two-dimensional surface, the worldsheet,
described by the position of the string at given values of ¢ at a time T, i.e. X*(t1,0) where
nw=20,1, ..., D—1 indexes the coordinates. Such surface can have different topologies according
to the nature of the object propagating in spacetime: strings can be closed if X*(t,0) = X*(t,¢)
or open if the endpoints in 0 = 0 and o = ¢ do not coincide.

1.1.1 Action Principle

As the action of a point particle is proportional to the length of its trajectory (its worldline), the
same object for a string is proportional to the area of the worldsheet in the original formulation
by Nambu and Goto. The solutions of the classical equations of motion (E.0.M.) are therefore
strings spanning a worldsheet of extremal area. While Nambu and Goto’s formulation is fairly
direct in its definition, it is usually best to work with Polyakov’s action [6]:

“+o00 ¢
Sply, X] = _fa’ / dT/d(Y —dety(1,0) Y*P(1,0) 9. X*(1,0) 9 XV (T, 0) Ny (1.2)
0

— 00
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1.1 Properties of String Theory and Conformal Symmetry

The E.0.M. for the string X*(t, 0) is therefore:

1

L, ( “detyy©*P X“):o, —0,1,....D-1, «p=0,1. 1.3
In this formulation y«p are the components of the worldsheet metric. As there are no derivatives
of Yap, the E.0.M. of the metric is a constraint ensuring the equivalence of Polyakov’s and Nambu
and Goto’s formulations. In fact

8Sply, X] 1 1 ro B
&YOLB - _47'(0(/ \/m 0o X - a[SX - 51/043 Y X - 8pX =0 (14)
implies
1 +oo o
Sely, X] = oo /dT/dG X X - X' X' = SyglX], (1.5)
2ply X _g 27 )
Sy oo

where Syg[X] is the Nambu-Goto action of the classical string, and X =8.X and X' = §,X.

The symmetries of Sply, X] are key to the success of the string theory framework [7]. Spe-
cifically (1.2) displays symmetries under:

¢ D-dimensional Poincaré transformations
XM (1,0) = A¥, XV(1,0) + M,
Yap (T, 0) = Yop(T, 0)
where A € SO(1, D — 1) and ¢ € R?,
¢ 2-dimensional diffeomorphisms

XM, 0") = X*(1,0)

9o 9o’° (1.7)
’ AN
Yo(B(Tvo_) - o 80_5 ’YAP(T7 G)

where 0¥ = T and o! = o,
o Weyl transformations

XM, 0") = X*(t,0)

2w(T,0)

(1.8)

Yap(T,0) =e Yup (T, 0)

for an arbitrary function w(t, o).

Notice that the last is not a symmetry of the Nambu—Goto action and it only appears in
Polyakov’s formulation.
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1.1 Properties of String Theory and Conformal Symmetry

1.1.2 Conformal Invariance

The definition of the 2-dimensional stress-energy tensor is a direct consequence of (1.4) [8]. In
fact the classical constraint on the tensor is simply

4t 8Sply, X]
Vdoty oy

While its conservation V*Tg = 0 is somewhat trivial, Weyl invariance also ensures the vanishing
trace of the tensor

1 1

tr7 =T7% =0. (1.10)

In other words, the (1 + 1)-dimensional theory of massless scalars X" in (1.2) is conformally
invariant (for review and details see [9]-[11]).

Using the invariances of the actions we set yqp(T,0) = e‘b(T*")n“B, known as conformal
gauge where nyp = diag(—1,1). This gauge choice is however preserved by the residual pseudo-
conformal transformations

Tto=01 ~— fi(og), (1.11)

where fy is an arbitrary function of its argument (the subscript + distinguishes the combination
of the variables T and o in it).

It is natural to introduce a Wick rotation Ty = 4T and the complex coordinates & = T + i0
and & = &*. The transformation maps the Lorentzian worldsheet to a new surface: an infinite
FEuclidean strip for open strings or a cylinder for closed strings. In these terms, the vanishing
trace of the stress-energy tensor translates to

Teg =0, (1.12)
while its conservation 9*T4p = 0 becomes:*
OTee (£, &) = 0: T (£, &) = 0. (1.13)
The last equation finally implies
Tee (& &) = Tee(&) = T(&),  Te(& &) =Tg(8) =T(8), (1.14)

which are respectively the holomorphic and the anti-holomorphic components of the stress energy
tensor.

The previous properties define what is known as a two-dimensional conformal field theory
(cFT). Ordinary tensor fields

bow(88) =, 7 ¢(6E))°(dE)” (1.15)

w times @ times

are classified according to their weight (w, @) referring to the holomorphic and anti-holomorphic
parts respectively. In fact a transformation & — x(&) and & — X(&) maps the conformal fields

’ beom(0X) = @)w (j’g)w%,w(a,a). (1.16)
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1.1 Properties of String Theory and Conformal Symmetry
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(a) Radial ordering. (b) Difference of time ordered contours.

Figure 1.1: Map to the complex plane.

An additional conformal transformation
z=eb=e"T ¢ {z € C|Imz > 0}, T=eb =i ¢ {z € C|Imz < 0} (1.17)

maps the worldsheet of the string to the complex plane. On this Riemann surface the usual time
ordering becomes a radial ordering as constant time surfaces are circles around the origin (see
the contours %y and %(;) in Figure 1.1). In these coordinates the conserved charge associated
to the transformation z — z + €(z) in radial quantization is:

Qee= ?{ %e(z) T(z)+ % %?(5)7(2), (1.18)
%o ©o

where % is an anti-clockwise constant radial time path around the origin. The transformation
on a field ¢,  of weight (w, W) is thus given by the commutator with Q. :

56,E¢w,w = [Qe,?a ¢w,w<w’w)]
— § 5 e@ITE) basle.o)] + § SZEETE): bumlw. o)

2m
“ @ (1.19)
= § SR boa(e.m) + § S G RTE bole.m)
Cw o

where in the last passage we used the fact that the difference of ordered integrals becomes the
contour integral of the radially ordered product computed as a infinitesimally small anti-clockwise
loop around w and w. Equating the result with the expected variation

6e,E¢w,E =w 8w€(w) d)w,U(wam) + €(’LU) aw¢w,$(w7w)

D OE(D) beors (0, D) + () oo o (w, D) (1.20)

4Since we fix Yap (T,0) x Ngp we do not need to account for the components of the connection and we can
replace the covariant derivative V% with a standard derivative 9%.
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1.1 Properties of String Theory and Conformal Symmetry

we find the short distance singularities of the components of the stress-energy tensor with the
field ¢ @ (w,w):

w 1

T(Z) d)w,w(wa@) = ¢w7W(wvw) + m 6wd)w,w(wa@) + O(l)v

B (2 _ww)2 . (1.21)
TEZ) bow(w,@) = Gow)2 ¢ w(w, W) + e Oxdww(w,w) +O(1),

where we drop the radial ordering symbol R for simplicity. Since the contour %, is infinitely
small around w, the conformal properties of ¢, w(w,w) are entirely defined by these relations.
In fact &y w(w, W) is a primary field if its short distance behaviour with the stress-energy tensor
is as in (1.21). This is an example of an operator product expansion (0.P.E.)

7 Wi — W —  —\WOr—T0; —0 k -
L) 55,2 0 o (w, chk (2= w) s @ (7 =) PR o) o (w, W) (1.22)

which is an asymptotic expansion containing full information on the singularities.®> The constant
coeflicients C;;;, are subject to restrictive constraints given by the properties of the conformal
theories to the point that a CFT is completely specified by the spectrum of the weights (w;, @;)
and the coefficients C;;i [9].

The 0.P.E. can also be computed on the stress-energy tensor itself:

L9, T(w),
v (1.23)

TETW) = —2— + G _2@2 T@)+ - _1 — 0w T ().

The components of the stress-energy tensor are therefore not primary fields and show an anomaly
in the behaviour encoded by the constant ¢ € R. This is a reflection of the anomalous algebra
of the operator modes L,, and L,, computed from the Laurent expansion

f Loz " 2=1L —]{ dz 2T (2),
" " om

n=—oo
o

(1.24)
Z T,z 2T, = 7( ;Z T ().
n=-—oo %o
This ultimately leads to the quantum algebra
[Ln, L) = (n—m) Lyym + 1—62 n(n?—=1)8, _m,
rn, m] (n—m) Lyym + S (n* — 1) 8p—m, (1.25)

12
[Ln, L] =0,

5Expression (1.22) is valid assuming the normalisation of the 2-points function
(2 — w)WitWi (7 — @)Dt

(60 5,0 & w ) =
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1.1 Properties of String Theory and Conformal Symmetry

known as Virasoro algebra, unique central extension of the classical de Witt algebra, with central
charge c. Coefficients L,, and L,, are called Virasoro operators.® Notice that Ly + L is the
generator of the dilations on the complex plane. In terms of radial quantization this maps to
time translations and Ly + L can be considered to be the Hamiltonian of the theory.

In the same fashion as (1.24), fields can be expanded in modes:
wa7w(w7w) — Z d) n m) —TL wf—m LU (126)

From the previous relations we can finally define the “asymptotic” in-states as one-to-one cor-
respondence with conformal operators:

‘¢w,w> = Z}izfgo¢w7w |O>SL2(R) . (1.27)
Regularity of (1.26) requires
o0 0,y =0, n>w,  m>w. (1.28)
As a consequence also
L, |O>SL2(R) =1L, \0>SL2(R) =0, n>—2. (1.29)

Finally the definitions of the primary operators (1.21) define the physical states as

Ly |¢w,w> =w |¢w,w> ’
Lo |pwm) =0 |dww), (1.30)
L, |q)w,5> = Zn ’¢w,w> =0, n>1

From this definition we can build an entire representation of descendant states applying any
operator L_,, (or L_,) with n > 1 to ‘(bw@>. Let ¢ (w) be a holomorphic field in the CFT for
simplicity, and let |d ) be its corresponding state. The generic state at level m built from such
state is

’¢&nl,n27...,nm}> =Ly Loy, ... Lo, |bw), D ni=m>0. (1.31)

From the commutation relations (1.25) we finally compute its conformal weight as eigenvalue of
the (holomorphic) Hamiltonian Lg:

Lo }d)ivnl,nm...,nm}> — (w +m) ’¢£un1,n2,...,nm}> ) (132)

States corresponding to primary operators have therefore the lowest energy (intended as eigen-
value of the Hamiltonian) in the entire representation. They are however called highest weight
states from the mathematical literature which uses the opposite sign for the Hamiltonian oper-
ator.

SNotice that the subset of Virasoro operators {L_1, Lo, L1} forms a closed sub-algebra generating the group
SLa2(R).
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1.1 Properties of String Theory and Conformal Symmetry

The particular case of the CFT in (1.2) can be cast in this language. In particular the solutions
to the E.0.M. factorise into a holomorphic and an anti-holomorphic contributions:

0,0:X(2,2) =0 = X(2,2) = X(2) + X(2), (1.33)
and the components of the stress-energy tensor (1.9) are

Z(i) 0:.X (f) 8. X (i), (1.34)

T(z) = 0:X(2) - 0=X(2)-
Using the normalisation of the 2-points function (X*(z,z) X" (w,w)) = —in*VIn|z — w| and
the Wick theorem, we can prove that ¢ = D in (1.23), where D is the dimensions of spacetime
(or equivalently the number of scalar fields X" in the action). It can be shown that in order to
cancel the central charge in bosonic string theory we need to introduce a pair of conformal ghosts
b(z) and ¢(z) with conformal weights (2,0) and (—1,0) respectively, together with their anti-
holomorphic counterparts b(z) and ¢(z), as a first order Lagrangian theory. The non vanishing
components of their stress-energy tensor can be computed as:”

Tanost (2) = ¢(2) 9:b(2) — 2b(2) Dzc(2),

_ _ _ 1.35
T ghost (%) = €(2) 9b(z) — 2b(z) 9z¢(2). (1:35)
From their 2-points functions
1 — 1
Be)e(w)) = ——,  (E)em) = . (1.36)
we get the 0.P.E. of the components of their stress-energy tensor:
—13 2 1
,Tghost(z) ,Tghost(w) = (Z _ ’LU)4 + (Z — U))2 /Tghost(z) + m aztrghost('z%
o o _13 9 - 1 - (1.37)
TghOSt (E) TghOSt (w) = (Z _ w)4 + (E _ E)Q 7-E;hOSt (z) + ﬁ a?7—ghost (E)v

“In general a system of ghosts b(z) and ¢(z) with weight (A, 0) and (1—A, 0) can be introduced as a standalone

CFT with action [9]
1
S = o // dz dz b(z) 0zc(z).

The E.O.M. are d5¢(z) = 0zb(z) = 0. The O.P.E. is
b(z)e(z) = —— + O(1),

zZ—w

where ¢ = 41 for anti-commuting fields and ¢ = —1 for Bose statistic. Their stress-energy tensor is
Tehost(2) = =Ab(2) Ozc(z) — € (1 = A) c(2) 0zb(2).

Their central charge is therefore cghost = € (1 — 3Q%), where Q = ¢ (1 — 2]).
The ghost CFT has an additional ghost number U(1) symmetry generated by the current

3(z) = =b(z) e(2).
The current is a primary field (i.e. it is not anomalous) when Q = 0 since

Tanost (2) () = —2— + O((z — w)~2).

(z—w)3

This is the case of the worldsheet fermions in (1.39) for which A = % For instance the reparametrisation ghosts
with A = 2 have Q = —3, while the superghosts with A = % present Q = 2.
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1.2 Superstrings

which show that cghost = —26. The central charge is therefore cancelled in the full theory
(bosonic string and reparametrisation ghosts) when the spacetime dimensions are D = 26. In
fact let Tran = T + Tghost and Teat = T + T ghost, then:

_ D
Tran(2) = Trun(2) = C+ Cghost = 5 13=0 < D=26. (1.38)
O((z—w)~*) O(E-w)~*)

Tran and T g are then primary fields with conformal weight —2.

1.2 Superstrings

As bosonic string theory deals with commuting fields X", it is impossible to build spacetime
fermions and consequently a consistent phenomenology. It is in fact necessary to introduce
worldsheet fermions (i.e. anti-commuting variables on the string worldsheet) as an extension to
the bosonic coordinates. We schematically and briefly recall some results due to the extension of
bosonic string theory to the superstring as they will be used in what follows and mainly descend
from the previous discussion.

The superstring action is built as an addition to the bosonic equivalent (1.2). In complex
coordinates on the plane it is [12]:

spevl = - [[azaz (j DX 9, X 1Y D + 5" azwv)nw. (1.39)

In the last expression " are D two-dimensional holomorphic fermion fields with conformal
weight (%,0) and 1])LL are their anti-holomorphic counterparts with weight (O, %) Their short-
distance behaviour is

T]HV — v nHV

PP w) = 1—, PR @) = —. (1.40)

Z—Ww Z—w

In this case the components of the stress-energy tensor of the theory are:

T(2) =~ :X(2) - 0.X(2) — 3 () - 0.b(2),

B T i B (1.41)
T(2) = - 0:X(2) - 0:X(2) — 5 b(2) - 929 (2).

The action (1.39) is also invariant under the supersymmetric transformations
2 My % H AV (z
2 5e2X (%) = e(2) W () + €(3) T (2),
2
,/w SehM(2) = —e(2) 0.X"(2), (1.42)
2 = o\ A M
,/g S (2) = —€(2) =X " (2)

generated by J(z) = €(2) Tr(z) and J(z) = €(z) T r(Z), where €(z) and €(z) = (e(2))" are



1.3 Extra Dimensions and Compactification

anti-commuting fermions and

Te(z) =iy 5 b(z) - 0.X(2), .
1.43

Te) =iy 260X

are the supercurrents. The central charge associated to the Virasoro algebra is in this case given
by both bosonic and fermionic contributions:

3D 2 1
T()T(w) = T P w)2T(w) + m&ﬂ‘(w) +0O(1),

3D 9 1 (1.44)
TET(w) = G _4@)4 e WT(@) + o= 05T (W) + O(1).

The central charge is therefore ¢ = 2D for the CFT defined in (1.39).

As in the case of the bosonic string, in order to cancel the central charge of superstring
theory we introduce the reparametrisation anti-commuting ghosts b(z) and c¢(z) and their anti-
holomorphic components as well as the commuting superghosts (z) and y(z) and their anti-
holomorphic counterparts. These are conformal fields with conformal weights (%, 0) and (—%, O).
Their central charge becomes cghost = Cpe + gy = —26+11 = —15 (see footnote 7 for the general
computation). When considering the full theory Trun = T + Tghost and Ten =T + Tghost the
central charge vanishes only in 10-dimensional spacetime:

_ 3
7}1,11(2’) = Tfull(Z) = C+ Cghost = 3 D—-155=0 < D=10. (1.45)
O((z—w)™*) O((z—w)~*)

1.3 Extra Dimensions and Compactification

We are ultimately interested in building a consistent phenomenology in the framework of string
theory. Any theoretical infrastructure has to be able to support matter states made of fermions.
In what follows we thus consider the superstring formulation in D = 10 dimensions even when
we focus only on its bosonic components.

It is however clear that low energy phenomena need to be explained by a 4-dimensional
theory in order to be comparable with other theoretical frameworks and experimental evidence.
In this section we briefly review for completeness the necessary tools to be able to reproduce
consistent models capable of describing particle physics and beyond. These results represent
the background knowledge necessary to better understand more complicated scenarios involving
strings. As we will never deal directly with 4-dimensional physics this is not a complete review
and we refer to [13]-[16] for more in-depth explanations.

In general we consider Minkowski space in 10 dimensions .#1°. To recover 4-dimensional
spacetime we let it be defined as a product

M = M@ X, (1.46)
where 25 is a generic 6-dimensional manifold at this stage. This internal manifold 2§ is however

subject to very stringent restrictions due to mathematical consistency conditions and physical
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1.3 Extra Dimensions and Compactification

requests. In particular Zg should be a compact manifold to “hide” the 6 extra-dimensions
computed in (1.45).%8 Moreover the geometry of .Z13 should be a maximally symmetric space
and there should be a N = 1 unbroken supersymmetry in 4 dimensions. Finally the arising
gauge group and the spectrum of fermions should be realistic (e.g. it should be possible to define
chiral fermion states) [17]. These manifolds were first conjectured to exist by Eugenio Calabi [18]
and their existence was later proved by Shing-Tung Yau [19], hence the name Calabi-Yau (CY)
manifolds. They are defined as complex Ricci-flat Kéhler manifolds M of dimensions 2m and
with holonomy SU(m) (see for instance [20]-[22]). More on this topic is also presented in Part IIT
of this thesis where we compute topological properties of a subset of CY manifolds.

1.3.1 Complex and Kahler Manifolds

In general an almost complex structure J is a tensor such that J% J° = —§%. For any vector
field v, € T,M defined in p € M we then define (Jv)* = abvb, thus the tangent space T, M
has the structure of a complex vector space. The tensor J is called complex structure if

[vp, wp] + J([J vp, wp] + [Vp, Jwp]) — [Jvp, Jwp] =0 (1.47)

for any v,, w, € T,M, where [-, -] : T,M x T,M — T, M is the usual Lie braket of vector fields.
A manifold M is a complex manifold if it is possible to define a complex structure J on it.?

Let then (M, J, g) be a complex manifold with a Riemannian metric g. The metric is Her-
mitian if
9(vp, wp) = g(J vy, Jwp)  Vup, wy € T,M (1.48)

In this case we can define a (1,1)-form w as
w(vp, wp) = g(J vp,wp) Vup, w, € TpM. (1.49)
(M, J, g) is a Kdhler manifold if:
dw = (8 +9)w(z,z) =0, (1.50)

or equivalently VJ = 0 or Vw = 0, where V is the connection of g. Notice that the operators
0 and 0 are such that 9% = 52 = 0: they replace the de Rham cohomology operator d> = 0 in
complex space with the holomorphic and anti-holomorphic Dolbeault cohomology operators. The

covariant conservation of J and w implies that the holonomy group must preserve these objects
in R?™. Thus we have Hol(g) C U(m) C O(2m).

8A compact manifold 2 is defined as a Hausdorff topological space whose open covers all have a finite

subcover. In other words 2 is compact if for each covering atlas & = {Ux},¢ 4 such that 2" = U U, then
x€A
B — i —

3% = {Vﬁ}ﬁeB C &/ finite such that 2" = BLEJB Vs

9Notice that a smooth function f: M — C whose pushforward of v, € TpM is fup: TpM — TrpC~Cis
called holomorphic if (J f«p(vp))* = i(f« p(vp))?® as such expression encodes the Cauchy-Riemann equations. Let
in fact f(z,y) = f1(z,y) + i f2(x,y), then the expression implies

{Bzfl(x, y) = 0yfa(x,y)

Oufalw,y) = —By fr(, ) = Ouf(zy) = -0y f(z,y) = 0zf(22)=0 = [f(2,%)=f(2).
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1.3 Extra Dimensions and Compactification

1.3.2 Calabi-Yau Manifolds

With the general definitions of the Kéhler geometry we can now explicitly compute the conditions
needed for a CY manifold. In local complex coordinates a Hermitian metric is such that

g=9;d2"® dz + gap 42 @ d2, (1.51)
thus the Kéhler form becomes w = ig y dz® A dz". Relation (1.50) translates into:

azcgag = azagcg

(1.52)
Ozcgapy = Oza9a

dw:i(a—kg)gagdz“/\dEE:O & {

The (1,1)-form w can locally be written as w = i 99 d(z,Z) up to a constant. This ultimately

leads to 52 B
9.5 = M = 005 O(2, %), (1.53)
02907°
Since w is the Kéahler form then the Levi-Civita connection has only fully holomorphic and
anti-holomorphic components:

re. =g*o. G5 FEEE = 9" 01 gz (1.54)
As a consequence the Ricci tensor becomes
ore

Rab:_ 8zb .

(1.55)

Since for CY manifolds Hol(g) C SU(m), the trace part of the coefficients of the connection
vanishes. CY manifolds thus have R_, = 0, that is they are complex Ricci-flat Kéhler manifolds
with SU(m) holonomy.

1.3.3 Cohomology and Hodge Numbers

CY manifolds M of complex dimension m present geometric characteristics of general interest
both in pure mathematics and string theory. They can be characterised in different ways. For
instance the study of the cohomology groups of the manifold has a direct connection with the
analysis of topological invariants.

For real manifolds M of dimension 2m, closed p-forms @ are always defined up to an ezact
term. In fact:
d@(,) = d(@ () + dfip-1)) =0 (1.56)

implies an equivalence relation (T)Ep) ~ W(p) +dn(p—1). This translates to the fact that elements
of the de Rham cohomology group H C(ip ) (M , IR) are equivalence classes [W] computed through
the operator d. The term b = dim H ((1p )(M ,R) counts the total number of possible p-forms we

can build on M , up to gauge transformations. These are known as Betti numbers.
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1.4 D-branes and Open Strings

The extension to the Dolbeault cohomology in complex space is possible through the operators
0 and 0 over (r, s)-forms on manifolds M of complex dimension m. The equivalence relation (1.56)
has a similar expression in complex space as

W) ~ Wirs) + Mrs—1); (1.57)

or an equivalent formulation using 0. The cohomology group in this case is H (r S)(M C) and
the relation with the real counterpart is

HP(MR) = P HY C). (1.58)

p=r+s

As in the case of Betti numbers, we can define the complex equivalents, the Hodge numbers,
h"™* = dime Hg’s) (M, C) which count the number of harmonic (r, s)-forms on M. Notice that
in this case h™* is the complex dimension dim¢ of the cohomology group.

For CY manifolds it is possible to show that the SU(m) holonomy of g implies that the vector
space of (r,0)-forms is C if 7 = 0 or 7 = m. Therefore h%° = A9 =1, while k™" = 0 if r # 0, m.
Exploiting symmetries of the cohomology groups, Hodge numbers are usually collected in Hodge
diamonds. In string theory we are ultimately interested in CY manifolds of real dimensions 6,
thus we focus mainly on CY 3-folds (i.e. having m = 3). The diamond in this case is

h0-0 1
K10 ho:! 0 0
h2’0 hl’l h0’2 0 hl,l 0
h30 h2! 12 Ro3 = 1 g2t R 1, (1.59)
h3’1 h2’2 h1,3 0 hl,l 0
h3? h%3 0 0
h33 1

where we used h™® = h™ """ to stress the fact that the only independent Hodge numbers are
ht! and k%! for m = 3. These results will also be the starting point of Part III in which the
ability to predict the values of the Hodge numbers using artificial intelligence is tested.

1.4 D-branes and Open Strings

Dirichlet branes, or D-branes, are another key mathematical object in string theory. They
are naturally included as extended hypersurfaces supporting strings with open topology and
as physical objects with charge and tension [23]-[27]. They are relevant in the definition of
phenomenological models in string theory as they can be arranged to support chiral fermions
and bosons in sM-like scenarios as well as beyond [28], [29]. We are ultimately interested in their
study to construct Yukawa couplings in string theory.

1.4.1 Compactification of Closed Strings

As a first approach to the definition of D-branes, consider the action (1.2). The variation of such
action with respect to 8X leads to the equation of motion

0x0%* X" (1,0) =0 w=0,1,...,D—1, (1.60)
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1.4 D-branes and Open Strings

and naturally to the Neumann boundary conditions:'°
o=/{
0 XH(1,0) =0, p=0,1,...,D—1. (1.61)
o=0

Closed strings are such that X* (1,0 + ¢) = X*(7,0). The usual mode expansion in conformal
coordinates X" (z,%Z) = X(z) + X (2) leads to

o ol
X”(z):xﬁ—!—i\/? —af Inz+ Z 7",27” ;

neZ\{0

e (1.62)
o / FH
XH(E):EBL—FM/% N R RN S

neZ\{0} n

where off = &f) and ¢ = 27t. When the string is free to move in the entire D-dimensional space,
then the momentum of the center of mass is p* = \/217(&6L + &)

Now let
MPT = P2 @ SY(R), (1.63)

where S1(R) is a compact 1-dimensional circle of radius R such that the boundary conditions
for the compact coordinate are

XP=Hze?™ ze7 2™ = XP71(2,2) 4 2nm R, m € Z. (1.64)

/2 oc’
ot = n € 7z,
ot \/ mR m € 7,

respectively encoding the quantisation of the momentum for a compact coordinate and the
winding in the compact direction (1.64). We finally have

1 of
D—1 _
oy = o (nR —i—mR),

1 o/
—D—-1 __
(XO = ol (n E —m R) s

An interesting phenomenon involving these quantities appears when computing the mass
spectrum of the theory. From (1.24) and (1.34) we find

This is cast into

(1.65)

(1.66)

o L D-2 y
LOZE (<OCOD 1) + 4 0(6 -‘rz Q(X nnuv+a>>7
=0 (1.67)
- o« [ _p_1y2 = ﬂ'
Lo= 2 (CXO ) + g 0(0 + Z 2 a0y + a)

10As [24] shows, Dirichlet conditions can descend from T-duality which is introduced later.
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1.4 D-branes and Open Strings

where a is constant given by normal ordering, representing the zero point energy of the theory.
Imposing physical conditions (1.30) and the level matching (Lo — Lo) |¢) = 0 for closed strings,
we find

!

1 o S
M2:<n+mR> +— (N+a)
o

72 R
(“1) N _ (1.68)
:(“l)Q(nR—mR) +E(N+a),

+o00 — too
where N = > a« - o, and N = > &, - &,. We then notice that as R — oo all states

with m # 0 %eéome infinitely massivré évhile the states for m = 0 and all values of n become a
continuum. Conversely, as R — 0 all states with n # 0 become infinitely heavy. In field theory
this would translate into a reduction of the number of dimensions since the remaining fields
would be independent of the compact coordinate. However in closed string theory as R — 0 the
compactified dimension is again present.

As seen in (1.68) the mass spectra of the theories compactified at radius R or o R™! are the
same under the exchange of n and m. At the level of the modes this T-duality acts by swapping
the sign of the right zero-modes in the compact direction

D-1 T D-1 —D-1 T —D-1
Xy oy, ®y =&y, (1.69)

defining the dual coordinate

YP1(z2) = YP () + Y7 (@) = XP(2) - X7\ (2). (1.70)

1.4.2 D-branes from T-duality

Consider the case of open strings satisfying the E.0.M. (1.60) and the boundary conditions (1.61).
The usual mode expansion (1.62) here leads to:

/ n
XH(z,z) =af —ia p* In(2Z) + 14/ ad Z ﬁ(z_" +z7") (1.71)

and ¢ = 7.

Under the compactification (1.63) open strings do not wind around the compact cycle. Thus
they do not present a quantum number m as closed strings do. When R — 0 modes with non
vanishing momentum (i.e. with n # 0) become infinitely massive:

n
pP == B (1.72)

R
The behaviour is similar to the traditional field theory: the compactified dimension disappears
and open string endpoints live in a (D — 1)-dimensional hypersurface. This is a consequence of
the T-duality transformation applied on the compact direction. In fact the original Neumann
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1.4 D-branes and Open Strings

boundary condition (1.61) becomes a Dirichlet condition for YP~! defined as in (1.70):

o=Tt ] D1 ) o=Tt
0o XP7H(1,0)| = e XPTH(eTFHO) 4 9, X (€5 F)
o=0 o=0
Db = Imé=m
= ;9 XP1(et) —10gX “(eY)
Im £=0
) _D_ N 1.73
_ iaTEYD_l(eTE-HG) +i8TEYD 1(6171-;—20) ( )
o=0
o=Tt
= 0.YP7!(7,0)
o=0

=0.

The coordinate of the endpoint in the compact direction is therefore fixed and constrained on a
hypersurface called Dp-brane, where p+1 is the dimension of the surface (in this case p = D —2):

YP= Y, m) - YP1(1,0) = /do(%YD’l(T, o)
0

7T
=i /dcr@TXD_l(T, o)
/ (1.74)

= 2mo/pP !
/
= 21mn —

R
=2mn R'.

The only difference in the position of the endpoints can only be a multiple of the radius of the
compactified dimension. Otherwise they lie on the same hypersurface. The procedure can be
generalised to p coordinates, constraining the string to live on a (D — p — 1)-brane.

This geometric interpretation of the Dirichlet branes and boundary conditions is the basis for
the definition of more complex scenarios in which multiple D-branes are inserted in spacetime. D-
branes are however much more than mathematical entities. They also present physical properties
such as tension and charge [23], [27], [30]. However these aspects will not be discussed here as
the following analysis will mainly focus on geometrical aspects of D-branes in spacetime.

1.4.3 Gauge Groups from D-branes

As previously stated, in order to recover 4-dimensional physics we need to compactify the 6
extra-dimensions of the superstring. There are in general multiple ways to do such operation
consistently [31]-[33]. Reproducing the sM or beyond SM spectra are however strong constraints
on the possible compactification procedures [29], [34]. Many of the physical requests usually
involve the introduction of D-branes and the study of open strings in order to be able to define
chiral fermions and realist gauge groups.

As seen in the previous section, D-branes introduce preferred directions of motion by restrict-
ing the hypersurface on which the open string endpoints live. Specifically a Dp-brane breaks the
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(a) Chan-Paton factors labelling strings. (b) Naive model of left handed massive quarks.

Figure 1.2: Strings attached to different D-branes.

original ISO(1, D — 1) symmetry to ISO(1, p) ® SO(D — 1 — p).''  The massless spectrum of
the theory on the D-brane is easily computed in lightcone gauge [35], [36]. Using the residual
symmetries (1.11) of the two-dimensional diffeomorphism (i.e. harmonic functions of T and o)
we can set

XT(1,0) =z + 2 p" 7, (1.75)

where X+ = %(X0 + XP~1). The vanishing of the stress-energy tensor fixes the oscillators in

X~ in terms of the physical transverse modes. The mass shell condition for open strings then
becomes:!?

1
M? = g(N —1). (1.76)

Consider for a moment bosonic string theory and define the usual vacuum as
G 0)sr,m =0, n>0,  i=12,...,D-2, (1.77)

we find that at the massless level we have a single U(1) gauge field in the representation of the
Little Group SO(D — 2): . ‘
A’ — [ |O>SL2(R) . (1.78)

The introduction of a Dp-brane however breaks the Lorentz invariance. Thus the gauge field in
the original theory is split into

A4 - o1 10)sL, () » A=0,1,...,p,

(1.79)
A — “(11|0>SL2(R)’ a=1,2,...,D—1—p.

In the last expression A“ forms a representation of the Little Group SO(p — 2) and as such it

is a vector gauge field in p dimensions. The field A% forms a vector representation of the group

SO(D — 1 —p) and from the point of view of the Lorentz group they are D — 1 — p scalars in the

light spectrum.

HNotice that usually D = 10 in the superstring formulation (D = 26 for purely bosonic strings), but we keep
a generic indication of the spacetime dimensions when possible.

12The constant a in (1.68) takes here the value —1 from the imposition of the canonical commutation relations
and a (-regularisation.
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1.4 D-branes and Open Strings

It is also possible to add non dynamical degrees of freedom (D.O.F.) to the open string
endpoints. They are known as Chan-Paton factors [37]. They have no dynamics and do not
spoil Poincaré or conformal invariance in the action of the string. Each state can then be
labelled by ¢ and j running from 1 to N. Matrices A”;; thus form a basis for expanding wave
functions and states:

N
n; a) = Y In; i, 5) A% (1.80)
i, =1
In general Chan-Paton factors label the D-brane on which the endpoint of the string lives as in the
left of Figure 1.2. Notice that strings stretching across different D-branes present an additional
term in the mass shell condition proportional to the distance between the hypersurfaces: fields
built using strings with Chan-Paton factors A% for which ¢ # j will therefore be massive.
However when N D-branes coincide in space and form a stack their mass vanishes again: it is
then possible to organise the N? resulting massless fields in a representation of the gauge group

N
U(N), thus promoting the symmetry &) U, (1) of N separate D-branes to a larger gauge group.

a=1
It is also possible to show that in the field theory limit the resulting gauge theory is a Super
Yang-Mills gauge theory.

Eventually the massless spectrum of N coincident Dp-branes is formed by U(V) gauge bosons
in the adjoint representation, N2 x (D — 1 — p) scalars and N? sets of (p + 1)-dimensional
fermions [16]. These are the basic building blocks for a consistent string phenomenology involving
both gauge bosons and matter.

1.4.4 Standard Model Scenarios

Being able to describe gauge bosons and fermions is not enough. Physics as we test it in experi-
ments poses stringent constraints on what kind of string models we can use. For instance there
is no way to describe chirality by simply using parallel D-branes and strings stretching among
them, while requiring the existence of fermions transforming in different representations of the
gauge group is necessary to reproduce SM results [38], [39].

For instance, in the low energy limit it is possible to build a gauge theory of the strong force
using a stack of 3 coincident D-branes and an electroweak sector using 2 D-branes. These stacks
would separately lead to a U(3) x U(2) gauge theory. It would however be a theory of pure force,
without matter content. Moreover we should also worry about the extra U(1) groups appearing:
these need careful consideration but go beyond the necessary analysis presented in what follows.

Matter fields are fermions transforming in the bi-fundamental representation (N, M) of the
sM gauge group (1.1). For example left handed quarks in the sM transform under the (3,2)
representation of the group SU(3)¢ ® SU(2)r. This is realised in string theory by a string
stretched across two stacks of 3 and 2 D-branes as in the right of Figure 1.2. The fermion
would then be characterised by the charge under the gauge bosons living on the D-branes.
The corresponding anti-particle would then be modelled as a string oriented in the opposite
direction. Things get complicated when introducing also left handed leptons transforming in the
(1, 2) representation: they cannot have endpoints on the same stack of D-branes as quarks since
they do not have colour charge. We therefore need to introduce more D-branes to account for
all the possible combinations.
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1.4 D-branes and Open Strings
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Figure 1.3: Example of sMm-like construction using intersecting D-branes with the indications of
the hypercharge Y. Perpendicular angles are only a matter of convenience: they are in principal
arbitrary.

An additional issue comes from the requirement of chirality. Strings stretched across D-branes
are naturally massive but, in the field theory limit, a mass term would mix different chiralities.
We thus need to include a symmetry preserving mechanism for generating the mass of fermions.
In string theory there are ways to deal with the requirement. These range from D-branes located
at singular points of orbifolds to D-branes intersecting at angles [39]—[41]. In this manuscript
we focus on intersecting D6-branes filling the 4-dimensional spacetime and whose additional 3
dimensions are embedded in a CY 3-fold (e.g. as lines in a factorised torus 7% = T? x T? x T?).
This D-brane geometry supports chiral fermion states at their intersection: while some of the
modes of the stretched string become indeed massive, the spectrum of the fields is proportional
to combinations of the angles and some of the modes can remain massless. The light spectrum
is thus composed of the desired matter content alongside with other particles arising from the
string compactification.

It is therefore possible to recover a SM-like construction using multiple D-branes at angles
as in Figure 1.3, where the angles have been drawn perpendicular but can in principle be ar-
bitrary [42]-[44]. For instance quarks are localised at the intersection of the baryonic stack of
D-branes, yielding the colour symmetry generators, with the left and right stacks, leading to the
(3,2) and (3, 1) representations. The same applies to leptons created by strings attached to the
leptonic stack. Combinations of the additional U(1) factors in the resulting gauge group finally
lead to the definition of the hypercharge Y.

Physics in four dimensions is eventually recovered by compactifying the extra-dimensions of
the superstring.!® Fermions localised at the intersection of the D-branes are however naturally
4-dimensional as they only propagate in the non compact Minkowski space .#'3. The presence of
compactified dimensions however leads to phenomena such as family replications of the fermions.
With accurate calibration it is in fact possible to recover the quark and lepton families in the
sM. Consider for example the simple CY factorised manifold 7% = T2 x T2 x T? and introduce
stacks of D6-branes as lines in each of the bi-torus. Even though the lines might never intersect

13We specifically reviewed particle physics interactions. Gravitational interactions in general remain untouched
by D-branes constructions and still propagate in 10-dimensional spacetime unless the internal space is compact.
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on a plane, they can have points in common on a torus due to the identifications [41]. Since
each intersections supports a different set of fermions with different spectrum, the angles of the
intersecting branes can be calibrated to reproduce the mass separation of the families of quarks
and leptons in the sM.

2 D-branes Intersecting at Angles

2.1 Motivation

As seen in the previous sections, the study of viable phenomenological models in string theory
involves the analysis of the properties of systems of D-branes. The inclusion of the physical
requirements deeply constrains the possible scenarios. In particular the chiral spectrum of the
SM acts as a strong restriction on the possible setup. In this section we study intersecting D-
branes, which represent a relevant class of models with interacting chiral matter. We focus on
the development of technical tools for the computation of Yukawa interactions for D-branes at
angles [45]-[51]. The fermion—boson couplings and the study of flavour changing neutral cur-
rents [52] are keys to the validity of the models. Furthermore these and many other computations
require the ability to calculate correlation functions of (excited) twist and (excited) spin fields.
The goal of the section is therefore to address such challenges in specific scenarios.

The computation of the correlation functions of Abelian twist fields can be found in literature
and plays a role in many scenarios such as magnetic branes with commuting magnetic fluxes [53]-
[56], strings in gravitational wave background [57], [58], bound states of D-branes [59], [60] and
tachyon condensation in Superstring Field Theory [61]-[63]. A similar analysis can be extended to
excited twist fields even though they are more subtle to treat and hide more delicate aspects [64]—
[67]. Results were however found starting from dual models [68] up to modern interpretations
of string theory. Correlation functions involving arbitrary numbers of plain and excited twist
fields were more recently studied [69]—[71] blending the CFT techniques with the path integral
approach and the canonical quantization [72]-[76].

We consider D6-branes intersecting at angles in the case of non Abelian relative rotations
presenting non Abelian twist fields at the intersections. We try to understand subtleties and
technical issues arising from a scenario which has been studied only in the formulation of non
Abelian orbifolds [77]-[79] and for relative SU(2) rotations of the D-branes [80]. In this configur-
ation we study three D6-branes in 10-dimensional Minkowski space .# 1 with an internal space
of the form R* x R? before the compactification. The D-branes are embedded as lines in R? and
as two-dimensional surfaces inside R*. We focus on the relative rotations which characterise each
D-brane in R* with respect to the others. In total generality, they are non commuting SO(4)
matrices. We study the classical solution of the bosonic string which dominates the behaviour
of the correlator of twist fields. Using the path integral approach we can in fact separate the
classical contribution from the quantum fluctuations and write the correlators of Np twist fields

O'M(t) (:C(t)) as:14

L =S (), My
<H0Mm (x<t>)> :N<{x<t)’ M(t)hggm) ¢ E({ " ()}1“”3), (2.1)
t=1

14Ultimately Ng = 3 in our case.
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2.2 D-brane Configuration and Boundary Conditions

where M(t) (for 1 < t < Np) are the monodromies induced by the twist fields, Np is the
number of D-branes and x(;) are the intersection points on the worldsheet. Even though quantum
corrections are crucial to the complete determination of the normalisation of the correlator, the
classical contribution of the Euclidean action represents the leading term of the Yukawa couplings.
We focus on its contribution to better address the differences from the usual factorised case and
generalise the results to non Abelian rotations of the D-branes. We do not consider the quantum
corrections as they cannot be computed with the actual techniques. Their calculations requires
the correlator of four twist fields which in turn requires knowledge of the connection formula for
Heun functions which is not known.

We therefore study the boundary conditions for the open string describing the D-branes
embedded in R*. In particular we first address the issue connected to the global description of
the embedding of the D-branes. In conformal coordinates we rephrase such problem into the
study of the monodromies acquired by the string coordinates. These additional phase factors
can then be specialised to SO(4) and be studied in spinor representation as a tensor product of
SU(2) elements. We thus recast the issue of finding the solution as 4-dimensional real vector to
a tensor product of two solutions in the fundamental representation of SU(2). We then see that
these solutions are well represented by hypergeometric functions, up to integer factors. Physical
requirements finally restrict the number of possible solutions.

2.2 D-brane Configuration and Boundary Conditions

We focus on the bosonic string embedded in .#19t4. The relevant configuration of the D-
branes is seen as two-dimensional Euclidean planes in R*. We specifically concentrate on the
Euclidean solution for the classical bosonic string in this scenario. The mathematical analysis
is however more general and can be applied to any Dp-brane embedded in a generic Euclidean
space R?. The classical solution can in principle be defined in this case provided the ability
to write the explicit form of the basis of functions with the proper boundary and monodromy
conditions. This is possible in the case of three intersecting D-branes but in general it is an
open mathematical issue. In the case of three D-branes with generic embedding we can in fact
connect a local basis around one intersection point to another, the third depending on the first
two intersections, by means of Mellin-Barnes integrals. This way the solution can be explicitly
and globally constructed. With more than three D-branes the situation is by far more difficult
since the explicit form of the connection formulas is not known.

2.2.1 Intersecting D-branes at Angles

Let Np be the total number of D-branes and ¢t =1, 2, ..., Ng be an index defined modulo Np
to label them. We describe one of the D-branes in a well adapted system of coordinates X (It),
where I =1, 2, 3, 4, as:

X4y =Xy =0. (2.2)

We thus choose X (1t) and X (Qt) to be the coordinates parallel to the D-brane D ;) while X ?t) and

Xé) are the coordinates orthogonal to it.

The well adapted reference coordinates system is connected to the global R* coordinates X!
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2.2 D-brane Configuration and Boundary Conditions
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(a) D-branes as lines on R?. (b) Well adapted system of coordinates.

Figure 2.1: Geometry of D-branes at angles.

by a transformation:
(X(t))I = (R(t))IJ‘XJ - (g(t))I> 17 J = 17 27 33 47 (23)

where R(;) represents the rotation of the D-brane D) and g(;) € R* its translation with respect
to the origin of the global set of coordinates (see Figure 2.1 for a two-dimensional example).

While we could naively consider Ry € SO(4), rotating separately the subset of coordinates
parallel and orthogonal to the D-brane does not affect the embedding. In fact it just amounts to
a trivial redefinition of the initial well adapted coordinates. The rotation R(;) is actually defined
in the Grassmannian:

SO(4)
S(0(2) x 0(2))’
that is we just need to consider the left coset where R is a representative of an equivalence
class

Ry € Gr(2,4) = (2.4)

[Rw] ={Rw ~ OwRw}, (2.5)
where O(;) = S(O(2) x O(2)) is defined as

ol
O :< ® O(ﬂ) (2.6)
t

with Oll € 0(2), Of € O(2) and det Oy = 1. The superscript || represents any of the coordinates
parallel to the D-brane, while L any of the orthogonal. Notice that the additional Z, factor in
S(0(2) x O(2)) with respect to SO(2) x SO(2) can be used to set g(J;) > 0.

2.2.2 Boundary Conditions for Branes at Angles

The peculiar embedding of the D-branes has natural consequences on the boundary conditions
of the open strings. Let T = it be the Wick rotated time direction. We define the usual upper
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2.2 D-brane Configuration and Boundary Conditions

plane coordinates:

x4y = e BT ¢ HU{z€C|Imz =0}, (2.7)
x—iy=eF0 ¢ FU{reC|Imz=0} (2.8)

u

u

where # = {z € C|Imz > 0} is the upper complex plane and J# = {z € C | Im z < 0} is the
lower complex plane. In conformal coordinates v and w, D-branes at 0 = 0 and ¢ = 7 are
mapped onto the real axis Im 2z = 0. We use the symbol D to label both the brane and the
interval representing it on the real axis of the upper half plane:

D(t) = [x(t),x(t,l)}, t=2,3,..., Np, Ty < T(t—1)- (2.9)

The points z(;) and x(;_1) represent the worldsheet intersection points of the brane D(;) with the
branes D(;41) and D(;_1) respectively. The choice of the intervals must be carefully considered:
since the D-branes are defined modulo Ng, the shorthand for the interval D) = [55(1)733(NB)}
should actually be:

D(l) = [l‘(l), +OO) U (—OO,Z‘(NB)] . (2.10)

In the global coordinates system associated to the subspace R* C .#%t* where D-branes
intersect, the relevant part of the action in conformal gauge is:

1
Spa = // dudu 9, X 05X 01y
27od
L (2.11)
= // dzdy (9, X" 0, X7 + 9, X" 0, X"\ ny,
RxR+t
where 20, = 0, — 10, and 203 = 0, +90,. The E.0.M. in these coordinates are:
1 . .
0u 0z X" (u, W) = 1(8§+8§)X1(x+zy,a:fzy) = 0. (2.12)

Their solution factorises as usual in holomorphic and anti-holomorphic components X (u,w) =
—I
XT(uw)+ X (w).

In the well adapted frame (2.2) we describe an open string with one of the endpoints on D/
through the relations:

0o X(py(T,0)| = 0y X(y(u, ) =0, =12 (2.13)
o=0 y=0
X(T)(T, 0) = X(mt)(x,x) = 0, m =3, 4, (2.14)
where x € D) = [2¢,7;1] and the index i labels the Neumann boundary conditions while m

labels the Dirichlet coordinates associated to the direction orthogonal to the D-branes.

As the presence of g in (2.3) and (2.14) may complicate the analysis, we consider the deriv-
ative along the boundary direction of (2.14) to remove the dependence on the translation vector.
This procedure produces simpler boundary conditions which are nevertheless not equivalent to
the original (2.13) and (2.14): they will be recovered later by adding further constraints. The
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2.2 D-brane Configuration and Boundary Conditions

simpler boundary conditions we consider in the global coordinates are:

(Rw)', 0:X7(0)| = i(Re),(0uX7 (@ +10%) = 0:X (@ —i0%)) =0, (2.15)

o=0

(Rw)™, 0:X7(v,0)

= i (Rw)", (X" (@ +i0%) + 05X (z — i0%)) =0, (2.16)

o=0
where i =1, 2, m =3, 4 and x € Dy,.
With the introduction of the target space embedding of the worldsheet interaction point

between D-branes D(;y and D41y, f1), we recover the full boundary conditions in terms of
discontinuities on the real axis:

{8uXI(x+iO+) = (Uw)',0sX (@ —i0%), @€ Dy (217
Xl(zwy,zw) = fo
In the last expression we introduced the matrix
Uy = (Rw) ™ SRy € 8(0(82;)5%(2)), (2.18)
where
1
s=| ! (2.19)

embeds the difference between Neumann and Dirichlet conditions. Given its definition Uy is
-1 T
such that U(t) = (U(t)) = (U(t)) .

The target space vector f(;) recovers the apparent loss of information suffered when losing
gt)- Consider for instance the embedding equations (2.14) for any two intersecting D-branes
Dy and D(y1). Introducing the auxiliary quantities

R, e+1) = (Rn(t) ) € GLy(R), m,n=34, (2.20)
(t+1)

G, 101) = ( o ) € RY mn=34, (2.21)
9(t+1)

we can compute the intersection point as:

—1
fy = R, ev1)) G, e41)- (2.22)

Information on g is thus recovered through the global boundary conditions in the second
equation in (2.17).

2.2.3 Doubling Trick and Branch Cut Structure

In conformal coordinates we thus introduced the discontinuities (2.17) across each D-brane which
define a non trivial cut structure on the plane. One way to deal with them is to introduce the
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Figure 2.2: Branch cut structure of the complex plane with Ng = 4. Cuts are pictured as solid
coloured blocks running from one intersection point to another at finite.

doubling trick by gluing the relations along an arbitrary but fixed D-brane Dz

0uX (u) if 2=u and Imz>0 or z€Dg

= . _ (2.23)
Ug Iz X (u) if 2=u and Imz<0 or z€Dg

8, X (z) = {

Let then Uy, 141y = Ug41) Uy and &WH) = U(g) Uiy U1y U(;). The boundary conditions in
terms of the doubling field are:

O.X(x + MM +i0%)) = Uy 141 0:X (z +1+1407), (2.24)
X (xp +e¥™ M —i0h)) = Uy 131)0:X (2 +1 —i07), (2.25)

for 0 < 1 < min (‘Ji(tq) —Z(e)|s |T) — x(tﬂ)‘) in order to consider only the two adjacent D-

branes D and D). Matrices Uy, 411y and U, ¢11) are the non trivial monodromies arising
from the rotation of the D-branes.

Since the relative rotations between consecutive D-branes are non Abelian, for each interaction
point there are two monodromies U and U depending on the location of the base point of the
closed loop: one for paths starting in the upper plane . and one for paths starting in 7. As
a consequence of the geometry of the rotations of the D-branes, a path on the complex plane
enclosing all of them does not present a monodromy:

NB NB .
H u(%—t,¥+1—t) = H u(¥+t,2+1+t) =14 (2.26)
t=1 t=1

The complex plane has therefore branch cuts running between the D-branes at finite as shown
in Figure 2.2. We thus translated the rotations of the D-branes encoded in the matrices R
in terms of U 411y and U, 441y which are matrix representations of the homotopy group of the
complex plane with the described branch cut structure.

As a consistency check, the action (2.11) can be computed in terms of the doubling field X.
The map .
Ty +nEi0t = oz + MM Ei0h) (2.27)
must leave the action untouched since it does not depend on the branch cut structure. In fact
we can show that

1 _ _
Sga = m// dzdz 0,X7(z2) Uz 0:X(2). (2.28)
§
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As a matter of fact the action does not depend on the branch structure of the complex plane.

2.3 D-branes at Angles in Spinor Representation

In the previous section we showed that it is possible to map the information on the rotations
of the D-branes to non trivial monodromies of the doubling field. We thus recast the issue of
solving the E.0.M. of the string in the presence of rotated boundary conditions to the search for
an explicit solution 9,X(z) reproducing the non trivial monodromies in (2.24) and (2.25).

The field 9,X (z) is technically a 4-dimensional real vector which has Np non trivial mono-
dromy factors represented by 4 x 4 real matrices, one for each interaction point x;). A solution of
the E.0.M. is encoded in four linearly independent functions with Ng branch points. In principle
we could try to write it as a solution to fourth order differential equations with Ng finite Fuchsian
points. This is however an open mathematical debate. In fact the basis of such functions around
each branch point are usually complicated and defined up to several free parameters. Moreover
the explicit connection formulae between any two of them is an unsolved mathematical problem.
Using contour integrals and writing the functions as Mellin—Barnes integrals it might be possible
to solve the issue in the case Ng = 3 but it is certainly not the best course of action.

On the other hand Np = 3 is exactly the case we are investigating. In what follows we use

the isomorphism
SU(2) x SU(2
SO(4) = SU@) xSU@) (2.29)
Zs

to map the problem of finding a 4-dimensional real solution to the E.0.M. to a quest for a
2 x 2 complex matrix. Such matrix is a linear superposition of tensor products of vectors in the
fundamental representation of two different SU(2) groups. These vectors are solutions to second
order differential equations with three Fuchsian points, possibly the hypergeometric equation.
The task is then to find the parameters of the hypergeometric functions producing the spinor
representation of the monodromies in (2.24) and (2.25).

2.3.1 Doubling Trick and Rotations in Spinor Representation

We recall some of the properties of the isomorphism (2.29) in Appendix A. We define the spinor
representation of X as:
Xy (u, @) = X' (u, 1) 17, (2.30)

where T = (i 1g, &) and G is the vector of the Pauli matrices. Consider then:

OuX (s (u) if z€# or zé€Dg

0: X5 (2) = - _ . , —_ 2.31
((2) {UL(n(t))agX(s)(u) U;;(m(z)) if zeH# or ze€e D(g) ( )

As in the real representation the discontinuities on the D-branes can be cast into mono-
dromy factors with respect to the D-brane D(;). Branch cut structure and considerations on
the homotopy group are left unchanged as long as we consider both left and right sectors of
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2.3 D-branes at Angles in Spinor Representation

SU(2) x SU(2)g at the same time. Let 0 <7 < min (|z ) — z¢—1)

LL‘(t+1) — .Z‘(t)|). We find:

)

QX (xe + M +1i0")) = L, 41)0: X (ze +n+i07) RZMH), (2.32)
0. X0 (@ 4+ 2™ —i0%)) = Ly y1) 0.Xo) (e +1—i0) ,ﬁ’J(rt,tJrl)’ (2.33)
where:

Liriny = Un(fpsn) UL(i), (2.34)

Loy = Unliig) UL (w) UL(ie) UL (i g), (2.35)

R(t,t+1) = UR(m(Hl)) U}J[z(m(t))y (2-36)

Rit,1+1) = Ur(ig) UL (%ie)) Ur (1)) U;rz(ﬁ’b(f))- (2.37)

In spinor representation the action (2.11) becomes
Spi = — duda tr (9, X 5)(u, @) - 9 X[, (u, @
RI= wdu tr( » (5)(u,u)~ - (S)(u,u))
7z (2.38)

1 z n 2 2 —
Ry // dzdz tr(UL(n(z))ﬁzX(s)(z,z) U}g(m(g))&z‘)((Ts)(Lz)).
¢

It is possible to show that the closed loop z; +1 £i0% = 2y + 2™ (n £i07%) does not generate
additional contributions in the action.

2.3.2 Special Form of Matrices for D-Branes at Angles

The SU(2) matrices involved in this scenario with D-branes intersecting at angles have a partic-
ular form. In the left sector (i.e. SU(2)r matrices) we have:

—

Lt i1y = UL (i) UL (i) = ~Tt1y - Ty + 1 Gy X Tpy) - 6, (2.39)

with HU(t) H2 = 1. This is a consequence of the peculiar properties of the SO(4) matrices Uy
defined in (2.18). Hence the corresponding SU(2)z, xSU(2) g element (U (7i()), Ur(1i())) reflects
such characteristics. In particular for the left part we have

S L, o2
UL(TL(t)) =17y - O, H’U(t)H =1, (2.40)
since U (Zt) = 1,4 implies that U? = +1,. The right sector clearly follows the same discussion.

In fact S in (2.19) can be represented as U, = Ur = i01. Then any matrix Up (7)) is of
the form UL (7)) = i U(Fy)) - 01 - UT (7)), for some ;) as follows from (2.18). Such matrix has
vanishing trace and squares to —15 hence the term proportional to two-dimensional unit matrix
in the expression of the generic SU(2) element given in Appendix A vanishes. As a consequence
ng = 1 such that (2.40) follows.
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Im wa

Figure 2.3: Fixing the SLy(R) invariance for Np = 3 and ¢ = 1 leads to a cut structure with all
the cuts defined on the real axis towards w; = oo.

2.4 The Classical Solution

In the previous sections we defined the principal tools to study the non Abelian embedding of the
D-branes. In what follows we start the investigation of the relation between the hypergeometric
solutions and the monodromies due to the geometry of the D-branes.

2.4.1 The Choice of Hypergeometric Functions

We build the spinorial representation with SU(2) matrices and solutions of Fuchsian equations
with Np regular singular points. We are specifically interested in a solution with Ng = 3. We
fix the usual SLs(R) invariance by mapping the three intersection points TG 1)> T(Ep1) and 0

to w;_; = wy =0, wgyy =Wy, =1and wy = Wg ) = 00 respectively through:

(t—1) (t+1)

U — Tz X7 — T3
w, = -1 Ta+y ~ TiE-1) (2.41)

U= T T+ — %)

The cut structure for this choice is presented in Figure 2.3. The map also defines arg(w; —w,) €
[0, 2m) for t =t — 1, 4+ 1. We choose t = 1 in what follows.

The map (2.41) moves the generic Fuchsian singularities to known points on the complex
plane. The functions reproducing the necessary monodromies are basis of hypergeometric func-
tions. We define:

(a, b; ¢; 2) f (@) 0 Z— _ F, (a, b; ¢; 2) (2.42)
P (C—|—]€ k! F(C)Q 1 s Uy & )

where , F} (a, b; ¢; z) is the Gauss hypergeometric function and T (s) is the Euler Gamma func-
tion. The function F (a, b; ¢; 2) is well defined for any value of its parameters.!> We define a
vector of independent hypergeometric functions:

_ F(a, b; ¢; 2)
Bo(z) = ((—z)l_C Fla+l—c, b+1—c2—c z)) (2.43)

151t is not necessary to require ¢ € Z as in the definition of the Gauss hypergeometric function.
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as basis of functions around z = 0 with a branch cut on the interval [0, +00). The choice of the
branch cuts follows from the cut on [1,+00) coming from F (a, b; ¢; z) which has a singularity
at z = 1 and the cut on [0, +00) from (—z)'~¢.

As argued in (2.26), the homotopy group of the complex plane with the branch cut structure
of Figure 2.3 is such that a closed loop around all the singularities is homotopically trivial. The
corresponding product of the monodromy matrices (2.26) is the unit matrix. Let for instance
vaz be the monodromy matrix which represents a closed loop around w, (the + sign represents
a path starting in %, while — is a path with base point in 7). The triviality property is realised
through:

MG MFME = M M7 My =1, (2.44)
The monodromy matrix w;,; = 1 can thus be recovered as a product of monodromies around 0
and oo given the properties

MG = My = Mo,
ML = M = M,
which encode the peculiar branch cut structure due to the doubling trick gluing the intervals on

one arbitrary D-brane. These matrices are an abstract representation of the monodromy group
since they are in an arbitrary basis.

(2.45)

Using the basis in z = 0 (2.43) it is straightforward to find the explicit representation My of
the abstract monodromy My:

Mo(c) = (1 6_27”.0). (2.46)

The computation of the monodromy matrix M, representing the monodromy in w, = oo in
the basis (2.43) requires to first compute the monodromy representation My, of the abstract
monodromy M, in the basis of hypergeometric functions around z = co:

s = (TR o ) oam
This basis is connected to (2.43) through the transition matrix
__n s T@es
Cla, b, ) = sin(7t(a — b)) (r(1—a)r1(b+1—c) _I"(l—b)rl(a+1—c)>7 (2.48)
as Bo(z) = C(a, b, ¢) Boo(2). Through the loop z + ze ™2™ we find:
Moo (a, ) = ("’ma emb)' (2.49)
Finally we can build the desired monodromy:
Moo = C(a, b, ¢) Moo (a, b)C(a, b, c). (2.50)

2.4.2 The Monodromy Factors

With the previous definitions we reproduce the monodromies of the doubling field in its spinor
representation (2.32).'® These monodromies are tensor products of two basis of hypergeometric

16Tn general we do not need to consider (2.33) since they are the same monodromies.
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functions: the first basis reproduces the monodromies defined as £ and the second one those
defined as R in (2.32). Since in principle there can be several combinations of parameters of
the hypergeometric function yielding the same monodromy, we consider the full solution to be a
linear superposition of all possible contributions:

chra X, r(wz) (251)

sz

azX( )_

where we drop the index representing the spinorial representation to lighten the notation. We
write any possible solution in a factorised form as

T
021 (w2) = (=) (1= w.) P B (w.) (B (w2)) (2.52)

where [ and r label the parameters associates with the left and right sectors of the hypergeometric
function. We introduce the left basis element

B (w.) = DY B (w.)

_ (1 0 F(ar, bi; c; wy) (2.53)
—\o Kl(L) (72)(1761)}?(&14’1*0[, by +1—c¢p;2—cy wz)

where DZ(L) € GL2(C) is a relative normalisation matrix weighting differently the components of

the basis.!” The right sector follows in a similar way. Notice that the matrices DI(L) do not fix
the absolute normalisation contained in ¢,

2.4.3 Parameters of the Trivial Monodromy

Using the previous relations we can determine the possible 9,4 ,(w,) with the desired mono-
dromies. In this section we study the case of the most general SU(2) matrices despite the fact
that in Section 2.3.2 we argued that they have a specific form.

First of all consider the matrices in (2.46) and (2.50). We impose:

D) M(()L) (D(L))_l e—2miss p L (7o)
— (R -~
DR M(()R) (D(R)) 1 —_ 72%25( )R*(’Iﬁ ) 727116((] )R(mo) , (254)
p2mi(An—8i" =8y _
D(L)ng) (D(L))*l — —2mislh) L(7is0)
DR M (D(R))_l — —2mis(® R* (1hs) = o—2mid (R R(ﬁioo) ; (2.55)

o27i(Ai+ B —85 —s(8) _

where we defined

L) = 5(%—1,2) = ULW(E)) Ui(ﬁ@_l)), (2.56)
L) = Lgz4n = UL(q(’ ))UT (7)) (2.57)
R(mo) = RaG_1,1 = Urli )UR(n(t ) (2.58)

R(ite) = Risn) = Urligsn)Uh(i): (2.59)

17In general they can be different for each solution.
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The range of 58L) is
1
a<sP <at 5 (2.60)

that is the width of the range is only % and not 1 as one would naively expect. This is a

consequence of the fact that e=47i85" s the determinant of the right hand side of the first
equation in (2.54). We then choose & = 0 for simplicity. The same considerations hold true for
all the other additional parameters 5(()1%) and 6(% ’ R).

Since we are interested in relative rotations of the D-branes, we choose the rotation in w;_; =
0 in the maximal torus of SU(2) 1, x SU(2) g without loss of generality: as we have two independent
groups, we can in fact fix the orientation of both vectors 7ip and 7. In particular we set:

1
o = (0, 0, nj) € R, 0<nj< 3 (2.61)

= 1
mo = (0, 0, —my) € R?, 0<mj< 3 (2.62)

where n = 0 is excluded to avoid considering a trivial rotation. We then define the parameters
of the rotation in w; = oo to be the most general

Moo = (_mioa mgo? _mio)v

We could actually set n2, m =0 smce the choice of the “gauge” (2.61) and (2.62) is preserved
by U(1) rotations mixing nl, and n% . We nevertheless keep the general expression in order to
check the computations.

Solving (2.54) and (2.55) connects the parameters of the hypergeometric function to the
parameter of the rotations (see Appendix B) thus reproducing the boundary conditions of the
intersecting D-branes through the non trivial monodromies of the basis of hypergeometric func-
tions. We find:

al™ =ng+ (=1)"" ny + nee + a7, oY) ez, (2.64)

b = o+ (1) 1 — o + 6", b(L) €7, (265)

A = 2ng + P, " ez, (2.66)

86" = no, (2.67)

5&? = —No — (*Ufm ni, (2.68)

{1 = b G, o0, f) Flafl), o, o) " T (2.69)

where (&) € {0,1}. For the sake of brevity we defined two auxiliary functions, namely
Gla,byc)=T(1—a)T(1=-0)T(a+1-¢)T(b+1-r¢c) and F(a, b, ¢) = sin(7e) sin(n(a — b)).
We also introduced the norm n; = [|7i1|| of the rotation vector around wy,,; = 1. Its depend-
ence on the other parameters is encoded in (2.44), where M{ = My * M7!, and the composition

rule (A.5):
3

cos(2mny) = cos(2mng) cos(2mny, ) — sin(27tng) sin(27mn.eo) Do (2.70)

Relations for the right sector follow under the interchange of (L) with (R) and 7 <> 7.
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Parameters A;,. and By, follow the previous results and equations (2.54) and (2.55):

A =ng+mo + D/ P Ay € 7, (2.71)
f(L) f(R)
B (=1)"" " n1+ (=1)7 " my + By, B, € 7. (2.72)

2.4.4 Equivalent Solutions and Necessary Parameters

There are ambiguities in the equations presented in the previous section. In fact the choice of
fE) and fU) looks arbitrary and leading to an undefined solution. We can use properties of the
hypergeometric functions to show that any choice does not affect the final result. Specifically we
can start with certain values but we can recover the others through:

0 1 00 0 1 00
P{ 0 0 a zp=(1-2)°2"P{ 0 0 c—b zy, (2.73)
l1—-c ¢c—a—b b l1—-¢c a+b—c c—a

where P is the Papperitz-Riemann symbol for the hypergeometric functions. We can then assign
any admissible value to f(&) and f) and then recover the other through the identification:

For = (1 +f<L>) mod 2, (2.74)
Cl; = ¢ — by, (2.75)
b; = ¢ —a (2.76)
g = . (2.77)

A similar procedure applies also for the right sector. Finally we also identified the “free” para-
meters:

o= A, (2.78)

lr

o= By —al —a® —p) _p(B) (B ((R) (2.79)
The choice of f(&R) is thus simply a convenient relabeling of parameters. We choose f(&) =
fU) = 0 for simplicity. Moreover in order to get a well defined solution we must impose con-
straints on the hypergeometric parameters. We require:

AP og oz, (2.80)
1
af) 40" ¢z (2.81)

The relations between the parameters of the hypergeometric functions and the monodromies
associated to the rotation of the intersecting D-brane are more general than needed. The number
of parameters necessary to fix the configuration is 6, that is the amount of parameters to uniquely

: 3 .1 .3 3 01 3 : : 2 2
determine ng, ng,, ng, and mg, my,, ms,. As noticed before we can in fact fix nZ, = mZ, = 0.

(o oh) oo
This is a consequence of the fact that all parameters depend on the norm of the rotation vectors
exception made for K(*) and K. They depend on nl_ + in2, and ml +im? . Performing a
SU(2)1 and SU(2) g rotation around the third axis and a shift of the parameters 8., the phases

of the normalisation factors K can vanish.
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2.4.5 The Importance of the Normalization Factors

Using the P symbol the solutions can be symbolically written as

(—w)™ (1 - w)®x

0 1 00
x P ng ny ne +all)  w
Cnp 41— B ny—a@ b 4 D) 4 pD) (2.82)
0 1 00
x P mo my Mme +a®  w

—mo+1—c¢B®  —my —alB® —p) 4 By 4 (B
The normalisation parameters K cannot however be guessed from the P symbol.

As we are interested in finding the truly independent solutions to the original problem, we can
use properties of the hypergeometric functions to reduce the number of possible choices of the
integer factors in the definition of the parameters. It is possible to show that any hypergeometric
function F (a + a, b+ b; ¢+ ¢; ) can be written as a combination of F (a, b; ¢; z) and any of its
contiguous functions [81]. For instance we can choose:

Fla+a, b+b;c+c2)=hi(a, b, c; 2)Fla+1,b; ¢ 2)+ ha(a, b, ¢; 2)F(a, b; ¢; 2), (2.83)

where hq and hg are finite sums of integer (both positive and negative) powers of z and negative
powers of 1 — z. For simplicity let:
F=F(a, bc 2),
Fla4+k)=F(a+k, b;c; 2),
( ) ( ) (2.84)
Fb+k)=F(a,b+k;c 2),

Similarly we use a shorthand notation for the basis of the hypergeometric functions:'®

F(a, b; ¢; 2)
. )>. (2.85)

Bo(a, b, ¢; 2) = (Ka’b,c (=) Fla+1—c,b+1—c¢2—¢ 2

We can then algorithmically apply the following relations

(c—a)Fla—1)+2a—c+(b—a)z) F—a(l—2)F(a+1)=0
(b—a)F+aF(a+1)—-bF(b+1)=0,
(c—a—-bF+a(l-—2)F(la+1)—(c—b)F(b-1)=0, (2.86)
(a+(b—c)z)F—a(l—2z)Fa+ 1)+ (c—a)(c=b)zF(c+1) =0,
(c—a—1)F+aF(a+1)—F(c—1)=0

to eliminate unwanted integer factors and keep only F (a, b; ¢; z) and any of its contiguous
functions.

Notice that By is a basis element of the possible solutions of the classical and quantum string
E.0.M. Using any relation in (2.86) we can change a, b or ¢ by one unit coherently in both

18In this expression we introduce a slight abuse of notation since Kg,b,c depends on a phase which is not a
function of a, b or ¢. See for instance (2.69) and (B.32).
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hypergeometric functions contained in By. For example from the first equation in (2.86) we
expect:
(c—a)Bola—1)+ (2a—c+ (b—a)z) By —a(l —2) By(a+1) =0, (2.87)

which can be used to lower and rise the integer factors in a. The relation holds only because the
normalisation factor K is present. In fact coefficients in this equation equal those in the relation
for the first component of By. It is not trivial for the second component where the factor K is
key to the consistency. Similarly the relation needed to lower ¢ reads:

(a—c)b=c)Bolc+ 1)+ (a+ (b—c)z) By —a(l — z)Bo(a+ 1) = 0. (2.88)

2.4.6 Constraints from the Finite Euclidean Action

In previous sections we present a general procedure to write all possible independent solutions to
the classical string E.0.M. However not all of them are physically acceptable. In fact we require
the finiteness of the Euclidean action (2.38).

In principle it could appear obvious to use (2.86) to restrict the possible arbitrary integers

to:
aP) e {~1, 0}, alf e {1, 0}, (2.89)
b =0, b =0, (2.90)
B =0, (B =0, (2.91)

We could then use (2.83) to write the possible solution as

_ Ow,

0.X(z) = = (-

(L)R)
x Y hfws, almP)x (2.92)
all: B e{-1,0}

X B[()L)(G(L) + a(L)7 b7 & wz)(B(()R) (a(R) + a(R)7 b7 G wZ))

Z)noero (1 _ wz)n1+m1

T

The issue is therefore to find an explicit form for h(w,, a®®) yielding a finite action.

We could however use the symbolic solution (2.82) to find basis of solutions with finite
action. As a matter of fact, finding the possible solutions with finite action can be recast to
finding conditions such that the field 9. X (z) is finite by itself. Linearity of this condition ensures
a simpler approach with respect to the quadratic action of the string. From (2.38) it is clear
that the action can be expressed as the sum of the product of any possible couple of elements of
the expansion (2.51). We thus need to take into examination all possible pairs of contributions
0, X1, r, (2) OzX0,r,(Z). Near its singular points, the behavior of any element of solution (2.51)
can be easily read from its symbolic representation (2.82):

k{,l
0.X(2) XY wi (i’@) (wf“ w?"2). (2.93)
t

It can be verified that the convergence of the action both at finite and infinite intersection points
is ensured by the same constraints found when imposing the convergence at any point of the
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classical solution

X(e) (ua ﬂ) = f(s) (t—1) + / du/ au")c'(s) (ul) + U}L(ﬁ{) / dﬂ/ (%/X(s)(ﬂ/) UR(mf)v (294)

TE-1) ZG-1)

which follows in spinor representation from (2.31) and where f ) 1) = f, é_ y T We specifically
find:

Cot+ke, +heyy >—1,  4,5€{1,2}, w;€{0,1},

o7 (2.95)
Ct+kt,;+htj < *1, 1, ] € {1,2}, W = OQ.

For simplicity first consider the case of a trivial right rotation.’® In this case (2.82) becomes

0 1 %)
(—w)* (1 -w)®P no n noo +a) w b (2.96)
Lot 1— @ —py—a®) b0 4 (B )

The only possible solution compatible with (2.95) is

0 1 o0
Ping—1 n1—1 ne+1 wy, (2.97)
—ng —nq —Neoo + 2

that is aX) = —1, 6(&) =0, ¢(L) =0, A = —1 and B = —1.
In the general the solution is more complicated and it depends on the relation between the

rotation vectors i, 1, 00, 70,1, 00- For each possible case the solution is however unique and it is
given by

1. ng > mg and ny; > mg:

0 1 00 0 1 00
Ping—1 ni—1 ne+1 wpP mo my Moo w p, (2.98)
—ngp —nyp N +2 —-mop+1 —mp —me+1

2. ng > mg, n1 < mq and Ne > Meo:

0 1 00 0 1 00
P{ng—1 nyg Moo w P mg mi—1 me+1 wyp, (2.99)
—ng  —N1 N + 2 —-my —M1  —Me +1

3. ng > mg, n1 < mq and Ny < Meo:

0 1 00 0 1 00
P{ng—1 ng Neo +1  w pP< mg my —1 Moo w p, (2.100)
—ng —N1 —Neo+1 —myg —M1  —Meo + 2

9That is require that Ug is proportional to the identity.
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A B | aD p) (D) | oB)  p(R)  ((R)

ng>mg M1 >M] Noo S Mo | -1 -1 -1 0 0 0 +1 +1
ng>mg N1 <M1 Noo > Moo | -1 -1 -1 +1 0 0 0 +1
ng>mg Mg <My Noe <Moo | -1 -1 0 0 0 -1 +1 +1
ng<mg MNpL>Mp Mo > Me | -1 -1 -1 +1 41 0 0 0
ng<mg N1 >Mp Noe <M | -1 -1 0 0 +1 -1 +1 0
ng<mp N1 <Ml NooSMe | -1 -1 0 +1 41 -1 0 0

Table 2.1: Integer shifts in the parameters of the hypergeometric function.

4. ng < mg, n1 > mq and Nee > Moo

0 1 %) 0 1 00
P ng ng—1 Moo wP{mg—1 my Moo +1 W, (2.101)
—ng  —n Moo + 2 —_mg —M1 —Me +1
5. ng < mg, n1 > mq and Nee < Meo:
0 1 00 0 1 00
P{ng ni—1 ne+1 wpP{meg—1 my Moo w p, (2.102)
—ng —N1  —MNeo +1 —my —M1 —Me +2
6. ng < mg, n1 < mq:
0 1 00 0 1 00
P<{ ng n Noo wpP{myg—1 m—1 me+1 w;y. (2.103)
—ng —MN1 —Neo+1 —my —my;  —Meo +2

The parameters associated to this list of solutions are summarised in Table 2.1, where the sym-
metry under the exchange of n and m becomes evident.

2.4.7 The Basis of Solutions

In the previous section we produced one solution for each ordering of the n,  with respect to
my,,. There are however other solutions connected to the Zs equivalence class in the isomorphism
between SO(4) its double cover. Given a solution (7, i1, fieo) B (M0, M1, M), We can in fact
replace any couple oAf n Aand m by 7 andj:i aild get an apparently new solution.?? For instance
we could consider (7ig, i1, Moo ) ® (1Mo, M1, Meo). On the other hand the previous substitution
would change the SO(4) in both w = 0 and w = oo: it does not represent a new solution. We
are left therefore with three possibilities besides the original one:

(ﬁOa ﬁla ﬁoo) 2 (Tﬁo, ’rﬁla ﬁioo)a
(’1_7:0, ﬁl, T_ioo) b (7’7L'07 ’Iﬁl, Tﬁoo), (2.104)
(’ﬁ:07 ﬁlv ﬁoo) 5>} (”f?lo, mla T?Loo)

20We need to change two rotation vectors because the monodromies are constrained by (2.44).
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We can gauge fix the Zs choice by letting 73, m3 > 0 as required by (2.61) and (2.62). We are
thus left with two possible solutions

(o, 71, Tloo) ® (10, 171, Moo), (2.105)
(7io, i, ;\_ioo) ® (1o, i, T%oo) (2.106)

These are the original and a modified solution obtained by acting with a parity operator P, on
the rotation parameters at w = 1, co on both left and right sector at the same time. We then
need to ensure its independence in order to accept it as a possible solution.

As shown in Table 2.1, there are only two different cases up to left-right symmetry. The first
is
{(no > mo, N1 > M, Neo > moo), (7’L() > my, ny < ml, Moo < moo)}, (2107)

which is mapped to

{(’ﬂo <mg, np < M1, Noo < Mo ), (N < Mo, A1 > 11, oo > ﬁloo)} (2.108)
by the left-right symmetry. The second is

{(no > mg, Ny > M, Neo < Meg), (o > Mo, N1 < My, Aeo > moo)}, (2.109)
which is mapped to

{(no < Mo, N1 < M1, Noo > Meo), (Mo < Mo, Ny > 1y, Neo < moo)} (2.110)

by the same symmetry.

We can then study the two solutions in the two cases. We first perform the computations com-
mon to both cases and then we explicitly specialise the calculations. Computing the parameters
of the hypergeometric functions of the first solution leads to:

all) =mng+ng +ne +ald) a® =mg +my +me +al®
b)) =ng+ng —ne + 60 bR =my +my — mee + b0 . (2.111)
B =2ng + D) B =2mp+ 1+ B

The values of the constants are in Table 2.1. We then derive the factors K& and K us-
ing (2.69). The first solution reads:

anl _ <7w)no+m071 (1 o w)n1+m171

F (aD, b0); ¢B); w)
X
K@) (—w)l—c(” F (a(L) 41— D) pE) 41— (D), 2 D), w) (2.112)
F (a®, b8 (B )
“\ K ®) (—aw)t=e™F (P 41— B pF) 41— (B 2 (B )
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The parameters of the second solution read

Al =ng + 0y + Nee +a) = cB) — ) 4 q) — (F) 4 g(k) 4 q
) = ng+ iy — flag + B = B — p(L) 4 p(L) — (L) 4 p(L)
o) —2py 4t = (@) _ (L) 4 (L)
(2.113)
B =g+ Ay + Ao + 808 = ((B) _ g(B) 4 q(B) _ (B) 4 g(R) 4 1
DB = g + iy — A + BB = (B _ p(B) 4 p(R) _ (B) | {(R)
e — 9y 4 B = o(B) _ (R) 4 p(R)

The two cases differ only for constant factors and not in structure.

Case 1 Consider ng > mg, n1 > my and N > Ms. The associated second solution is
ng > Mo, N1 < My and Mo < M. 1ts parameters are:

D) — D) _ D) aB) = (B _ (B
b = (L) _pE) bR =B _p(R) 41 (2.114)
oL — D) o) o(B) 4

The normalisation factors are

KO _ gD gm K (2.115)
’ aB) (c(B) — p(R))’ ’
Using Euler relation

F(a,b;c;w)=(1—-w) P F(c—a,c—bc w), (2.116)

we can write the second solution as

OwXo = (7w)no+m071 (1 _ w)n1+m1
F (a(L), b(@L); (L), w)
X

(K(L) (—w)l_c(m F (a(L) +1 =B b 41— )2 — (1), w)) (2.117)

F (o™ +1, b(9; ¢ 4 1; w)
F R (—w)= ™ F (@ 41— ), 0 — (R 1 - () @)

In this solution the left basis is exactly the same as in the first solution (2.112) while the right
basis differs for a(® — o) + 1 and ¢ — ) 41,

Case 2 Consider now the second option ng > mg, n1 > m; and ne < Mme,. For the second
solution we have ng > myg, N1 < M1 and i, > Moo and the parameters are explicitly:

) — L) _ ) 1 B — o(R) _ (R
bE) = (L) _pL) 1 | bR) = c(R) _ p(R) (2.118)
o) = L) oB) = (R

The normalisation factors K are:

L) _ gL (0" = 1)) —alP) —1)
= oD (D) — (D)

. KW = g, (2.119)
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2.5 Recovering the SU(2) and the Abelian Solution

Using Euler relation we write the second solution for the second case as

O Xy = (7w)no+mofl (1 _ w)n1+m1

o F (a(L) +1, b8 —1; D), w)

(k(L) (—w)l_cm F (a(L) +2—cB) ) — (L) 2 (L), w)) (2.120)
F (P, b; o(0; o)

% (K(R) (—w)= ™ F (a® 41— B pF) 41— (B 2 — (B w))

The right basis is the same as in the first solution while the left basis differs for a(®) — aF) 41
and b s b)) — 1

2.4.8 The Solution

We showed that there are two independent solutions. The general solution for 0, X is therefore:

OwX =C10,X1 + Co 0y, Xoa. (2.121)

The final solution depends only on two complex constants, C; and C5, which we can fix imposing
the global conditions in (2.17), that is the second equation in the solution (2.94). As the three
intersection points in target space always define a triangle on a 2-dimensional plane, we impose
the boundary conditions knowing two angles formed by the sides of the triangle (i.e. the branes
between two intersections) and the length of one of them. Since we already fixed the parameters
associated to the rotations, we need to compute the length of one of the sides. Consider for in-
stance the length of X (z,,, vz, ,) — X (v7_,, x7_,). Explicitly we impose the four real equations
in spinorial formalism

1
/01“’(9 X(w) +Uj (7 / X (@) | Ur(1ig) = fry1 () = fi-1(9) (2.122)
0

where we used the mapping (2.41) to write the integrals in the w variables. This equation has
enough D.O.F. to fix completely the two complex parameters C; and Cs. The final generic
solution is thus uniquely determined.

2.5 Recovering the SU(2) and the Abelian Solution

In this section we show how this general procedure includes both the solution with pure SU(2)
rotation matrices and the solution with Abelian rotations of the D-branes. The Abelian solution
emerges from this construction as a limit and produces the known result for Abelian SO(2) x
SO(2) C SO(4) rotations in the case of a factorised space R* = R? x R2.

2.5.1 Abelian Limit of the SU(2) Monodromies

Here we compute the parameter 77; given two Abelian rotation in w = 0 and w = oo using the
standard expression for two SU(2) element multiplication given in (A.5) in Appendix A. Results
are shown in Table 2.2.
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2.5 Recovering the SU(2) and the Abelian Solution

g Moo relations ny | g
t
no k Neo K n0+noo<% ny S Noo ng + Neo —n1 k 0
nok Neo Kk n0+nm>% Ny S Noow | 1 — (ng + Neo) n k k
nok —MNeok n0+noo§% ny > Neo 9 — Noo —n1 k 0
nok Nk n0+noo§% ng < Neo —Nno + Noo ny k 0

Table 2.2: Abelian limit of SU(2) monodromies

n3 <0
ng >0 D3 ng >0 N D3

(a) Case 1. (b) Case 2.

Figure 2.4: The Abelian limit when the triangle has all acute angles. This corresponds to the
cases Ny + Nee < % and ng < ne which are exchanged under the parity Ps.

(a) Case 1. (b) Case 2.

Figure 2.5: The Abelian limit when the triangle has one obtuse angle. This corresponds to the
cases ng + Neo > % and ng > ne which are exchanged under the parity Ps.
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2.5 Recovering the SU(2) and the Abelian Solution

D)

D)

() X(t+1) X(t+1)  X(t)

(a) Case 1. (b) Case 2.

Figure 2.6: The geometrical angles used in the usual geometrical approach to the Abelian con-
figuration do not distinguish among the possible branes orientations. In fact we have 0 < o« < 1
and 0 < e < 1.

Under the parity transformation P, the previous four cases are grouped into two sets {n; =
N0+ Moo, B = —No+ 7Aoot and {n; = 1—(No+nwo), N1 = Np—7Teo . Geometrically the first group
corresponds to the same geometry which is depicted in Figure 2.4 while the second in Figure 2.5.
We can in fact arbitrarily fix the orientation of D) to obtain these geometrical interpretations.
Since n3 > 0 we can then fix the orientation of D;. Dy is then fixed relatively to Dy by the sign
of n3_. The sign of n$ then follows.

Differently from the usual geometric Abelian case, this group analytical approach distin-
guishes between the possible orientations of the D-branes. In fact we can compare all possible
D-brane orientation and the group parameter n® with the angles in the Abelian configuration
in Figure 2.6. The relation between the usual Abelian paramter ey and n% is

e =nd+0(-nd), (2.123)

when all m = 0.

2.5.2 The Abelian Limit of the Left Solutions

We can then compute the basis element for the entries of Table 2.1 for any value of n; given
in Table 2.2. For simplicity we consider the left sector of the solution and drop the notation
identifying it to avoid cluttering the equations. The right sector follows in a similar way.

In the Abelian limit either K = 0 or K = oo. We can absorb the infinite divergence in a
constant term globally multiplying the solution and use:

D‘ _ (1 O), (2.124)
D’ _ (0 1). (2.125)

K=00
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2.5 Recovering the SU(2) and the Abelian Solution

(a(L), b(L), C(L)) n1 (B(L)(z))T
no + Noo (1= z)72me—2n0tl ()
_ 1 — (no + 1) (1 0)
(=1,0,0) o — N (1 (—z)L72m0)
—Ng + Noo (1 0)
ng + Noo (F(2nm+2n0—1,2n0+1;2n0; 2) O)
. 1-— (no + Neo) (1 0)
( 1; 17 0) N — N (0 (_2)1—2"0)
—ng + Moo (O (1 _ Z)2n0—2nOO (_z)l—QnO)
ng + Neo ((1 _ Z)—Qnm—Qno 0
1 — (no + noo) (0 (1 —z)2neet2no=2(_z)1=2mn0)
(07 0; 0) Ny — Moo ((1 _ 2)2 Noo —2 N0 0)
—Nng + Noo (1 0)
no + Moo (1= 2)72me=2m0 4+ 1 ()
(-1,1,1) 1 (no+ne) (1 0)
T no — Moo (0 (—z)*zno)F(—l, 1—2n00; 1 —2ng; 2))
—ng + Noo (O (1 — z)72nect2notl (—z)*Q”O)
no + Moo 0 (—z)72m0
1 — (no + neo) (0 (1= z)2mest2ro=1 (_z)=2n0)
(0,0,1) g — Mg (0 (_Z)—2no))
—Ng + Noo (1 0)
ngp + Noo (1 —z)72mee=2m0
1—(no+ noo) (0 (1- Z)Z"MJFZ”O*Q (—2)72”0)
(03 13 1) nO _ noo (0 (_Z)—2n0))
—ng + Neo (O (1 — z)2m0=2n (—z)_2”0)

Table 2.3: Abelian limit of the solutions

Results are summarised in Table 2.3 where we left some hypergeometric functions in their sym-
bolic form for compactness even though they are in fact elementary functions since either a or
c—bequal —1.

2.5.3 The SU(2), Limit

We recover the non Abelian SU(2) solution by considering my ~ 0. This is the first specific case
shown in Section 2.4.7. In this scenario the left solution B is always the same and matches the
previous computation, however the right sector seems to give different solutions when different
Abelian limits are taken. Studying all possible solutions we find that all of them give the same
answer in the limit m; — 0, i.e. both B = (1 O)T and B = (0 1)T.21 The difference
is the solution obtained from ng > mg, n; > mq and ne > My Or Ng > Mg, N1 < 1My and
flow < Meo. In any case the solution is factorised in the form B (z) ® (C C')T which is
expected since the right sector plays no role.

21'We write “possible solutions” because m; = 1 — (mo 4+ Mmoo) is not.
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2.5 Recovering the SU(2) and the Abelian Solution

2.5.4 Relating the Abelian Angles with the Group Parameters

Using the explicit form of the SO(4) and SU(2) x SU(2) matrices, we can verify that when the
left and right SU(2) parameters are 7 = n3 k and m = m? k the rotation of the D-branes in the
plane 14 is a SO(2) element

cos(0)  sin(0) W —m
( sin(0) cos(G))’ 0 =n’ %, (2.126)

while in plane 23 the angle is 8 = n® +m?. Comparing with the case m = 0 given in (2.123), we
then guess that the general relation between the group parameters and the usual Abelian angles
is:

£p = nil— m?—l—e(—(n -

Qr= n§i+m§l+ 0(—(n

m ))7
i (2.127)

SO TR 0O

2.5.5 Recovering the Abelian Result: an Example

To show that the construction of the Abelian limit is indeed working, we consider the first case
in Section 2.4.7 with ny =1 — (ng 4+ neo) and my = —mg + Meo. This leads to two independent
rational functions of w,:

_ iawzzl(wz) 8wz22(wz)
Do, X (W) = (8w222(wz) 0. 2 (W)

iawz(Xl( Z)_iX4( 2)) awz(XQ( z)+iX3( 2))
= (awz(XQ((:Uz)iX3((i)z)) i@wz(XI(ciz)+iX4(?vz))) (2.128)

_ (0 Ci(1—w,)s !t (—wz)sﬂ_l)
0 Co(l—w,) % (—w,) @)’

where C; and Cy are constants as in (2.121). This is the known result in the presence of Abelian
rotations of the D-branes: we have two different U(1) sectors undergoing two different rotations
U(1); x U(1l)2 € SU(2)1 x SU(2)g. In particular we used (2.127) to write the relation between
the usual Abelian angles and the group parameters as

&g = No — My, €1 =MN1 — My, €00 = Noo + Moo (2129)

such that ) er=1, and
?

©o = nop + Mo, ®1 =mn1+my, Poo = Noo — Mo, (2.130)

where > @7 = 2, in order to approach the usual notation in the literature. As usual we have
t
—1 *
D 21 (w2) # [0, 2 (w2)] -

We can now build the Abelian solution to show the analytical structure of the limit. We have

- _ (2.131)

—1 wﬁ Wy
- o el ; Zl 2 22
iZ (u, @) Z2(u, W) if ) +i Of d 9o, fonyt Of dw da
-2 Wz 9 o1 ) Wy 1
-1+ ({ dw 0, Z zf(z_1) +i of dw 0. 2
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2.6 The Physical Interpretation

where we chose Rz = 14 so that Ug in (2.18) is mapped to (ioq,i01) € SU(2) x SU(2).

Notice however that 7y = niilg implies that vf’t) = 0 in (2.40). Hence Uy, and Ug are always off

diagonal and their action on (2.128) is to fill the first column. From the previous relations we

can also recover the usual holomorphicity VA W = [z 1(u)]* of the sector with ) ez = 1 and
t

-2

Z (u) = [22(u)]* of the sector with >~ @7 = 2.
t

2.5.6 Abelian Limits

From the example in the previous section it is possible to consider both cases given in Section 2.4.7
and all possible combinations of the expression of ny and m; for a total of 2 x 4 x 4 = 32 possible
combinations. In almost all cases (in fact all but six) the solution in spinorial formalism is a
2 x 2 matrix which has two non vanishing entries, hence two independent Abelian solutions.
In the remaining cases the matrix has only one non vanishing entry but the constraints on n
and m are not compatible, thus they should not be considered. In the first case encountered
in Section 2.4.7 the inconsistent combinations are {n; = ng + N, M1 = 1 — (Mg + Mso)} and
{n1 =1—(nop+ne), mi =1—(mo+mu)}. In the second case in Section 2.4.7 the incompatible
constraints appear when ny = —ng + neo.

2.6 The Physical Interpretation

In this section we show some consequences of the explicit classical solution for the phenomenology
of models involving D-branes intersecting at angles. In particular we focus on the value of the
action which plays a fundamental role in the hierarchy of the Yukawa couplings.

2.6.1 Rewriting the Action

Using the classical solution previously computed, it is possible to compute the classical action
of the bosonic string and show its contribution to the correlation functions of twist fields and
Yukawa couplings. We use the equations of motion (2.12) to simplify the action (2.11). We get:

T(—1)

3
=iy, > Yom /dx(R(o)mI (X} (2) = Xp@@)'| . (2132)

on-shell t=1 me{3,4} T y=0+

4mtol’ Spa

where indices I = 1, 2, 3, 4 are summed over and m = 3, 4 are the transverse directions in the
well adapted frame with respect to the D-brane. As the number of D-branes is defined modulo
Np =3, D) is split on two separate intervals:

[z, 2(3)] = [zq1), +00) U (=00, 2(3)] , (2.133)
as it is visually shown in Figure 2.2. For z(;) <z < x;_1) we have:

X(x+iy, z—iy) =X"(zx+iy, x —iy) = Xi(x—iy)=Xgrlx—iy)+Y, (2.134)
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2.6 The Physical Interpretation

where Y € R is a constant factor which cannot depend on the particular D-brane D(;). In fact
the continuity of X (u) and Xg(@) on the worldsheet intersection point ensures that

lim+ X(z,r) = lim X(z,z), (2.135)

.'L—)(L(t) 7)—)’1}<t>

which does not allow Y to depend on the specific D-brane while the reality of X (u,@) implies
that ImY = 0. Now (2.132) becomes:

3 x:a:(f,,l)
4t Sga = _22 Z gty m Im (R(t))mIXi(x +i0")
on-shell t=1 me{3,4} TEE® (2136)
T=T(4_1)
—22 gty T X1 (2 +i0%) € R,
T=x (1)

where ggt))l Zm€{3’4} <R(t)1)ml 9(t)ym is the transverse shift of D) in the global coordinates
of the target space:
i I
9 (Fa—ny = fi) =0, (2.137)

2.6.2 Holomorphic Case

In this case there are global complex coordinates for which the string solution is holomorphic:
Ziu,u) = Zi(w), 7 (wm) = Z'@) = (Zi W), (2.138)

where ¢ = 1 in the Abelian case and ¢ = 1, 2 in the SU(2) case. We also have f(it) = Zi (z@)+i0").
Equations (2.137) and (2.136) then become

Re(géf)l (fe—ry — fw)") = 0, (2.139)

4mtol Spa

3
1 i
—23 " (g (femr) — )", (2.140)
t=1

on-shell
where the last equation shows that the action can be expressed using just the global data.

In the Abelian scenario we can further simplify the action and give a clear geometrical mean-
ing. Given to complex numbers a,b € C such that Re(a*b) = 0 then Im(a*b) = +|al||b|. This can

be seen either by direct computation or by using a U(1) rotation to set b equal to |b|. Since the
action is positive then we can write

Sra

9 fa—1) — fu (2.141)
on-shell 27T06’ pt (t | -1 — fi )

where a factor = comes from raising the complex index in gE )) . The right hand side of the
previous expressmn is the sum of the areas of the triangles having the interval between two
intersection points on a given D-brane D(;y as base and the distance between the D-brane and
the origin as height. A visual reference can be found in Figure 2.1.

For the SU(2) case we can use a rotation to map (f—1) — f#))" to the form Hf(t_l) 0 Hézl
Each term of the action can be interpreted again as an area of a triangle where the distance
between the interaction points is the base.
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D141y

Figure 2.7: Pictorial 3-dimensional representation of two D2-branes intersecting in the Euclidean
space R? along a line (in R* the intersection is a point since the co-dimension of each D-brane
is 2): since it is no longer constrained on a bi-dimensional plane, the string must be deformed
in order to stretch between two consecutive D-branes. Its action can be larger than the planar
area.

2.6.3 General Case and Intuitive Explanation

In the general case there does not seem to be any possible way of computing the action (2.136) in
term of the global data. Most probably the value of the action is larger than in the holomorphic
case since the string is no longer confined to a plane. Given the nature of the rotation its
worldsheet has to bend in order to be attached to the D-brane as pictorially shown in Figure 2.7
in the case of a 3-dimensional space. The general case we considered then differs from the known
factorised case by an additional contribution in the on-shell action which can be intuitively
understood as a small “bump” of the string worldsheet in proximity of the boundary.

3 Fermions With Boundary Defects

3.1 Motivation

As previously pointed out, the computation of quantities such as Yukawa couplings involves cor-
relators of excited spin and twist fields. After the analysis of the main contribution to amplitudes
involving twist fields at the intersection of D-branes, we focus on the computation of correlators
of (excited) spin fields. This has been a research subject for many years until the formulation
found in the seminal paper by Friedan, Martinec and Shenker [9] based on bosonization. In gen-
eral the available techniques allow to compute only correlators involving Abelian configurations,
that is configurations which can be factorized in sub-configurations having U(1) symmetry. Non
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3.2 Point-like Defect CFT: the Minkowskian Formulation

Abelian cases have also been considered [77]-[80], though their mathematical formulation is by
far more complicated.

Despite the existence of an efficient method based on bosonization [9] and old methods based
on the Reggeon vertex [68], [82]-[85], we take into examination the computation of spin field
correlators and propose a new method to compute them. We hope to be able to extend this
approach to correlators involving twist fields and non Abelian spin and twist fields. We would
also like to investigate the reason of the non existence of an approach equivalent to bosonization
for twist fields. At the same time we are interested to explore what happens to a CFT in
presence of defects. It turns out that despite the defects it is still possible to define a radial
time dependent stress-energy tensor which satisfies the canonical 0.P.E. Moreover the boundary
changing defects in the construction can be associated with excited spin fields enabling the
computation of correlators involving excited spin fields without resorting to bosonization.

3.2 Point-like Defect CFT: the Minkowskian Formulation

Let (1,0) € L = (—00, +00) x [0,7] define a strip with Lorentzian metric and consider Ny
massless complex fermions 1* such that i = 1, 2, ..., Ny. Their two-dimensional Minkowski
action defined on the strip X is:

7T

s=3 [oc fan (3m 0 (-t wir o), @)

0

where the gamma matrices are

Y = (1 1) =Y, Y= (1 1) =Yo, (32)

and the components of the massless fermions are

b= (0) Fowty= e ). (33)

We then define the lightcone coordinates &4 = T+ 0 such that 04 = 3 (0r + ). In components
the action reads:

+oo “+o0
T <> . hud .
s—iy [aee [ae (v dwt e dlet), (3.0

so the E.0.M. are:

8—11):—(5-"-7 E,_) = 8+1bi—(£+a E»—) =0,

3.5
0 (84, 8-) =040 (E4,E-) =0. (3:5)

Their solutions are the “holomorphic” functions P (£;) and P” (§_) and their complex conjug-
ates.?2 The boundary conditions are instead:

22Notice that {* is indeed the complex conjugate of the field 1\, while it will no longer be the case in the
Euclidean formalism.
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3.2 Point-like Defect CFT: the Minkowskian Formulation

O—J\

~

T(1+1) T(t) T(1-1)

Figure 3.1: Propagation of the string in the presence of the worldsheet defects.

O=TT

(S bl +0wr bl — Pt s — Wt s)) =0. (3.6)
o=0

We solve the constraint imposing the non trivial relations:

VL (1,0) = (Repy)', W (1, 0), T€ (T, Te-1) (3.7)
P (T, 1) = = (T, 7), TeR,
where ¢t = 1,2,...,N. This way we introduce N zero-dimensional defects on the boundary,
pictorially shown in Figure 3.1. They are located on the strip at (T(;),0) € L such that T(;) <
T(4—1) With Ty 41 = —oo and Tp = +oo. Their characterisation is given by N matrices R €

U(Ny).

In most of this paper we want the in- and out-vacua to be the usual NS vacuum. We thus
choose the boundary condition at ¢ = 7t so that when there are no defects the system describes
NS fermions. We require also the cancellation of the action of the defects at T = £oo, that is:

R(N)R(N—l) - R(l) =1. (38)
More general cases where the asymptotic vacua are twisted can be worked out in similar fashion.
In order to connect to the Euclidean formulation we introduce Ny “double fields” yi 23

They can be obtained by gluing ll)i and P? along the o = 7 boundary and labeled by an index
i=1,2,..., Ng:

7 l-')i T7 d) ) 0 S d) S Tt
wicr, ¢) = { V40 @) (39)
_d)—(T7 27-[_4))7 TES(I)SQTE
where 0 < ¢ < 2m. The boundary conditions become:
Wi(’t, 2m) = —(R(t))zjlyj (T, 0), TE (’/E\(t), ’?(t,l)). (3.10)

Using the equation of motion we get Wi(t, ¢) = ¥!(t + ¢) and the boundary conditions become
the (pseudo-)periodicity conditions

Wi(T+ 2m) = —(R(t))ij\yj(’f), TE (:E(t)a:f(t—l))- (3.11)

The main issue is now to expand ¥ in a basis of modes and proceed to its quantization. Even
in the simplest case Ny = 1 the task of finding the Minkowskian modes turns out to be fairly
complicated. It is however possible to overcome the issue in the Euclidean formalism.

23In this case they correspond to the fields 11)3_.
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3.3 Conserved Product and Charges

In order to promote the theory to its quantum formulation, we define a procedure to build a Fock
space of states in the Heisenberg formalism. Equal time anti-commutation relations must then
be invariant in time. We thus need a time independent internal product to extract the creation
and annihilation operators and expand the fields on the basis of modes.

3.3.1 Conserved Product and Current

Start from a generic conserved current
j(t, 0) = j(1, 0) dT + js(7, 0) do, (3.12)

and consider

*j =jodt+jrdo = d(xj) = (Oxjx — Oojo)dTdo, (3.13)

where * is the Hodge dual operator. Integration over the surface X’ = [1;, ] x [0, 7] yields:

/d(*j):/*j:O & O/d(fjT

Py or’

T

/deg

Ti

o=0

(3.14)

O=TT

The current j-(T, o) is thus conserved in time if

Tf

[ (e

T

U:o> =0. (3.15)

O=7T
In this case we can define

Q= [ doj(t, 0) (3.16)
/

as conserved quantity (that is 0:Q = 0). We now consider explicitly the symmetries of the
action (3.4). We focus on diffeomorphism invariance and U(Ny) flavour symmetries of the bulk
theory leading to the stress-energy tensor and a vector current.

3.3.2 Flavour Vector Current

Consider first the U(NNs) vector current of the flavour symmetry in (3.1). We write it as

j&(T7 G) = (Ta)ij $i(T7 G) Yocll)j(T7 0->7 (317)

where T® is a generator of U(Ny) such that a =1, 2, ..., NJ%.M In components we have:
ja o) = (T (Wi Wl et ) (3.18)
jalr o) = (T (Wb — vt ). (3.19)

24The results however are more general and hold for a generic matrix M taking the place of any of the generators
T*. Spinors P and P can also be generalized to two different and arbitrary solutions of the E.0.M. (3.5) while
keeping the current conserved.
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3.3 Conserved Product and Charges

In order to define a conserved charge, we require:
Tf
/ dt ( ja
T

Jo(T, 0)

— Jo

UO) =0, (3.20)

O=TT

where

=0 (3.21)

O=T7T

using the boundary conditions (3.6). Moreover we have:

jg.(’[', 0') = {ll)j_ (Ta - Rgt)TaR(t)) II)+:| o0’ TE (:E(t)a:c\(t—l))~ (322)

o=0
In general

jit,0)| =0 & T«x1 (3.23)

o=0
so that RL)T‘I = T“th). This shows that the presence of the point-like defects on the worldsheet
breaks the U(N;) symmetry down to a U(1) phase.?> The U(1) vector current then defines a

conserved charge for a restricted class of functions.
Let « and (3 be two arbitrary (bosonic) solutions to the E.0.M. (3.5), we define a product
7T

(o, B) :N/do (o BY + o BY), (3.24)

0

where N' € R is a normalisation constant and the integrand must not present non integrable
singularities. The product is such that (e, ) = (o, B)*. We can also rewrite the result to the
double fields defined in (3.9). Let in fact A and B be the “double fields” corresponding to « and
3 respectively:

(x, B) = N/dd) Af(t+ ¢) B (T + d). (3.25)
0

3.3.3 Stress-Energy Tensor

Consider the stress-energy tensor of the bulk theory. Using the usual Nother’s procedure we get
the on-shell non vanishing components:

T <~ .
ﬁ+(£+) = _Zzll):’ i(a+)8+¢i(a+)7

T (60) = —in b (6 )0 WL ()

(3.26)

As always the boundary of £ breaks the symmetry for translations in the o direction, while
the defects break the time translations: the Hamiltonian is therefore time-dependent but it is

25The symmetry is SO(Nf) x SO(Ny) if we consider Majorana-Weyl fermions.
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3.4 Basis of Solutions and Dual Modes

constant between two consecutive point-like defects. In fact, from the definition of the stress-
energy tensor, we can in principle build the hypothetical charges:

H(t) = /dO'TrT(T cr):/dG(T++(T+G)+'T__(T—G)), (3.27)
0

P(t) = do Tze(T, 0) do (T4 (T4+0) —T-—_(T—0)), (3.28)
Jaemeteo= |

which are conserved if (3.15) holds.

We order the point-like defects as T(;y—1) < Ti < Try) < T(ty) < Tf < T(¢w+1)- For the linear
momentum P the condition of conservation reads:

Tf oO=Tt
/dT (Tos(t+0) + T (1~ 0))
4 o=0 | (3.29)
T * g % " * Y ’ j
= —ZZ /AT (2 1|)+,,L-(9T\l)+ — 1‘I)+,i (th)aTR(t)> 1])1_ ) 7é 0.
=0 J o=0

The corresponding condition for the Hamiltonian H is:

TF

[aTists0) - T(x-0)

O=TT

o=0

Ti (3.30)
T « T v ~ o~
= —ZZ/AT ¢+’i<R(t)8TR(t)> P =0 & (1u,74)€ (T(t),"t(t_l)).
J o=0
In both cases we used the shorthand graphical notation
Tio tn—1 Ty T
/A’t = / > / / dt (3.31)
t=to
T N

for simplicity.

These relations therefore prove that the generator of the o-translations (3.28) is not conserved
in time because of the boundary conditions, while the time evolution operator H is only piecewise
conserved and therefore globally time dependent.

3.4 Basis of Solutions and Dual Modes

Let {11); i}nez be a complete basis of modes such that:

n4(1,0) = (R(t)) ZL ~(7,0) for e (Tw),T-1)) (3.32)
Lo(tm) ==l (T, m) for TeR

n, —

26Notice that in the second term of the second line the differentiation with respect to T is acting only on R

i
and R(t)'

68



3.4 Basis of Solutions and Dual Modes

These fields are related to a complete basis of the modes of the “double field” Wi as in (3.9). The
modes P, (and their counterparts ¥,,) are a basis of solutions of the E.0.M. and the boundary

conditions for T € R\ {T(1)} ., The fields ¥’ (and the fields W) are then a superposition of
such modes:
400 400
Vi) = D) baty (Ex) = V()= ) baV(8). (3.33)

In order to extract the “coefficients” b,, we first introduce the dual basis *i,, + (and *¥,,) in
an abstract sense such that:
o the dual fields *,, + (and *V¥,,) must be solutions to the E.0.M.,

o the dual fields ", 4+ (and *¥,) can differ from {,, + (and ¥,,) in their behavior at the
boundary,

« the functional form of *1p,, 1+ (and *¥,,) is fixed by the request of time invariance of the
usual anti-commutation relations [bm b;fn] n (that is b, and b}, can evolve in time, but their
anti-commutation relations must remain constant).

We then define the conserved product for the “double fields” (3.25) in such a way that:

<< *\Pn ) ‘ym>

27
= J\// do W} (T+ 0) ¥, (T+ 0) = 8, m- (3.34)
T=To
0

In the previous expression we changed the notation of the product. We are in fact dealing with
the space of solutions whose basis is {¥,,} and a dual space with basis {*¥,,} which is not
required to span entirely the original space but only to be a subset of it in order to be able to
compute the anti-commutation relations among the annihilation and construction operators in
a well defined way as in (3.38). Given the previous product we can extract the operators as

<<*lyn s ly> = bna (335)
(v v = bl (3.36)
As a consequence of the canonical anti-commutation relations
. . 2
[¥'(7, 0),¥j(t, 0)], = 7 §';8(0—0'), (3.37)
we have then: )
[bn, 01, ] = ZN (W, W) : (3.38)
T=To T=To

By definition the product (3.34) is time independent as long as the integrand *W;V,, is free of
singularities at T = T(y) for t = 1,2,..., N. Such request on the dual basis automatically fixes
its functional form. Clearly this does not exclude the possibility to have singularities in ¥,,, or
“Y,, separately: they are instead deeply connected to the boundary changing primary operator
hidden in the discontinuity of the boundary conditions, that is different singularities will be
shown to be in correspondence to the excited spin fields. Using the definition of the conserved
product we therefore moved the focus from finding a consistent definition of the Fock space to
the construction of the dual basis of modes. This task is however easier to address in a Euclidean
formulation.
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3.5 Point-like Defect CFT: the Euclidean Formulation

In the Euclidean reformulation the solution to the E.0.M. might be easier to study than its
Lorentzian worldsheet form. This is specifically the case when Ry € U(1)Ns C U(Ny). The
presence of a time dependent Hamiltonian is not standard and we can neither blindly apply the
usual Wick rotation nor the usual CFT techniques.

3.5.1 Fields on the Strip

Performing the Wick rotation as Tg = 4T such that e* = e~ the Minkowskian action (3.4)
becomes:

T =1 ok S T 5

Sg = 3 [ d&dé g Ve 4, 0g0E,  + Ve, i 0ebp, _ |, (3.39)
where the Euclidean fermion on the strip is connected to the Minkowskian formulation through
Vg, 4 (8, ) = Wy (—ik, —if). (3.40)
Ln the previous expressions we defined the coordinates & = T + i0, i = Tg — 40 such that
& = &*. Moreover we get 0z = a% = 2(0cp — 1 0s), O = % = 1(dr, +10s). As a consequence

the Euclidean “complex conjugation” x (defined off-shell) acts as

. _1* o~ _
0 2 (& B)] =5 wi(-E ). (3.41)
The E.0.M. are as usual

Ol (8,8) = 0z (5,8 = 0, 3.42
851])*E, —J(EH E) = a?q)*E,Jr,i(En E) = Ov (343)

whose solutions are the holomorphic functions 1 E,+(&) and n £, — (&), together with $’;3 +(&)
and IAI)*E _(&). In these coordinates the boundary conditions (3.7) translate to:

P, _(tp —i0%) = (Ry)'; W, o (tp +i07) (3.44)
T . * J T - :
Vi _ (te—i07) = <R(t)>i Vg, 4,5(te +i07)
for tg € (:L'\E, (t)vif\E, (t—l)) and
¥e -tz —im) = —¥paltatim (3.45)
Vg _(te—in) =Yg (T +in)
where ¢ = 1,2, ..., N and Tg, ;) are the Wick-rotated locations of the N zero-dimensional
defects, analytically continued to a real value.
The conserved product on the strip becomes:
7T
(&5.Be) = [ do (&5, Bh + &5, B, ). (3.46)
0
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3.5 Point-like Defect CFT: the Euclidean Formulation

where &% and E g are the Euclidean counterparts of the generic solutions in the original definition
of the product in (3.24). In the Euclidean context we have to explicitly write &}, because it is
no longer the “complex conjugate” of &g in the traditional sense. The product is conserved only
when it couples two solutions which have different boundary conditions as in (3.44).

The definition of the stress-energy tensor in (3.26) requires a change in the numerical pre-
factor to use the usual CFT normalisation. Introducing a spacetime variable central charge as
well the components of the stress-energy tensor become:2”

il ok 5 i
Tee (&) = 5 Vg 1 (&) 0y (&) +C(E),
(3.49)

— ' ~, =~ . =

Tee(®) = - b ()b, (8) +C(0),

where C and C are the leftover terms after the regularization of the singularities due to the normal
ordering. The canonical anti-commutation relations are then

2 .
— 2§, 5(Im&; — Im &s). (3.50)
Re &1=Re &2

$f9,i(517 zl)’$*E,i7j(52, Ez)}

+

Given the Euclidean modes lAbZE + ., and $E +.n,; Where n € Z, we can then define the dual

-~
*aly2

modes " ,, and *IAI)}ZJn ; such that the conserved product (3.46) between them gives:

<<*1AI’*E,n ) 1T’E,m> = <<*1T)E,n ) $E,m> =0nm- (3.51)
We can then expand the fields as

~

) +oo ~.
1E+(E») = Z bnlb}_«?+n(£)

e B (3.52)
bo®) = 5 by (@)

and

+oo —~
I\b*E+i(Ev) = E b:;lbz',+,n,i(£)

- e B (3.53)
b = X b @

in order to extract the operators through the conserved product

bo= (5 r). b= ((Bra. bh). (3.54)

27The canonical coefficient in front of the CFT stress-energy tensor is such that the Euclidean Hamiltonian Lg
is normalized such that

Tee(©) =) Lne "¢ (3.47)
n
(we are anticipating the double strip notation defined in the next subsection for simplicity). We thus get:
27
d¢ .
Hep =To= / o Jee(tE +id) (3.48)

0

therefore 7¢¢(C) = 2m TC(CC‘W)(C)-
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3.5 Point-like Defect CFT: the Euclidean Formulation

and get the anti-commutation relations at fixed Euclidean time as

b B3], = 2 (B ). (3.55)

TE=TE, (0) T

3.5.2 Double Strip Formalism and Doubling Trick

It is natural to use the doubling trick on the strip to simplify the previous expressions by gluing
the holomorphic and anti-holomorphic fields along the o0 = 7 boundary. Define the coordinate
(=1 +1i1d with 0 < ¢ < 2. We then have

S 1T>E.,+(C) for ¢ =o€ (0,7
Y(() = {—IBE’(C — 27i) for ¢ =2n— o€ [m 2] (3.56)

on-shell (and similarly for ¥*(¢) with the substitution $E L — lAb}iJ +). The “complex conjuga-
tion”  acts on the off-shell double fields as

PO L AP
(0] =T -0, (3.57)
while the boundary conditions are translated into

Vi(rp +2mim) = —(Rg)', Wi (tp +i07)

~ 3.58
Gri(tp + 2mi) = —(R;‘t)) G (1 +70%) (3.58)
for 15 € (Tg, (1), Tk, (t—1))- The conserved product can then be defined as
(4-.B) :/\//dd> A (tn+id) Bi(te+id), (3.59)
0

where A* and B are the double fields connected to &}‘5 and E g in the previous definition on the
strip. The holomorphic stress-energy tensor is then

o~ ~

7l ~
Tee(Q) = == ¥i(Q) 0¥ () +C(0) (3.60)
and the canonical anti-commutation relations are now

[\Tﬂ(cl),@;(cz)] = % 5';8(Im (1 — Im (z). (3.61)

T1Re ¢1=Re ¢2

The double field formulation shows that we need only one coefficient b,, (or b}) for both Vg, 4
and Vg, - (or for both 3 | and lb*E _). In fact, given the Euclidean modes Wi and W7, ; where

n € 7, we define the dual modes *‘1” and *W* . such that:

7Ll

<<*‘T’Z ’ IT'm> = <<‘T’n ; ‘I’?%> = S,m- (3.62)
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3.6 Fields on the Upper Half Plane

y/\

Figure 3.2: Fields are glued on the x < 0 semi-axis with non trivial discontinuities for z(;) < x <
x@_y fort=1,2,..., N and where z(;) = exp(’?E (t)).

We expand the double fields as

“+oo “+o0
V)= Y ba¥(0, Y= ) b0 (3.63)

Operators are then extracted as
by = <<*\Tf;; , III>, bt = <<\Ifn 7 \Tf*>. (3.64)

Finally we get the anti-commutation relations as

- %/ <<*\I';; : *\Tfm>. (3.65)

TE=TE, 0

(o, bra] 4

3.6 Fields on the Upper Half Plane

We consider a set of coordinates on the upper half 7 of the complex plane:
u=ete A, (3.66)

where & = Tg + 90 and o € [0, 7] define the usual strip, and 5 = {w € C | Imw > 0}. These
coordinates can then be extended to the entire complex plane by considering

z=eteC, (3.67)

where { = T + i and ¢ € [0, 27| define the double strip. Under this change of coordinates the
Euclidean action (3.39) becomes

T S P U Uy
SE:5 dUdU§ E¢E,+,iaﬂll)E,++%ﬂr)E,—,iauﬂr’E,—

(3.68)
T 1 ; o § o
= 5 //dudﬂ 5 (¢E7+7zaﬂwE7+ +ll)E,—,i8uL|)E7_)7
where we introduce the off-shell field redefinitions:
: u L5 T i _ 1 ~, _
¢E,+(u, u) = EIPE,+(E7 &), II)E,f(u, u) = ﬁwE’7(£’ g). (3.69)
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3.6 Fields on the Upper Half Plane

Fields with the hat sign on top thus represent strip and double strip definitions, while fields
without the hat sign are defined on # or C.2® Notice that this is the result one would expect
from the engineering dimension: in this case it works since the theory is essentially free. Using
the redefinitions (3.69), the off-shell “complex conjugation” * then becomes

R 11 T B 11
s = 20 (30 ) B = v (5y) G

u

We choose to insert the cut of the square root on the real negative axis. The boundary
conditions are then translated into

Yy _(z—i0%) = (R(t))ijll)%ﬁ(x +40T)

IPE,f,i(x - i0+) = ( (*t))ijll"*E,Jr,j(x +i0+) (372
for x € (a:(t),x(t,l)), where ;) = exp(’?E’ (t)) > 0, and
P, (@ —i0) =W (@1 i07),  h (e —i07) =k +i0T)  (3.73)
for x < 0.
The product (3.46) is then
(«*, B) = —iN /du oy s (u)Bh (u) — /dﬂoc*,yi(ﬂ)ﬁi(ﬂ) , (3.74)
T T

where integrations are computed over two semi-circles £ = {u € C | |u| = exp(Tg), 0 < Imu < 7}
and £ = {u € C| |u| = exp(Tg), —t < Imu < 0}. The stress-energy tensor becomes:?”

T o ~
Tuu(w) = =5 Wi () Duby, . (u) +Clu),

B AT . e - (3.77)
Tau (@) = 5 Vi @) oby, (1) + C(a).
28We could have anticipated these redefinitions from a CFT argument where
du\ 3% ~
vw=(F) e , (3.70)
&
&=In(u)

but we cannot and do not rely on CFT properties since we have not shown that the theory is a CFT yet.
29While rewriting the operator part of the stress-energy tensor from the strip formulation into the coordinates
in 27 we actually get
Tee (E(w)) = u® Tuu(u). (3.75)
The reason of the presence of u? factor can be explained in two ways. Using GR we know that Tg¢ (&) dE2 =
Tuu(u) du?. Another way is to notice that a translation in § is a dilatation of u: the infinitesimal generator of &
translation must be the infinitesimal generator of u dilatation, that is:

PgN/dO‘ 'ngf\/Du N/du uﬁw. (3.76)
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Finally the anti-commutation relations are

_ Tu1 61 d(arg(u1) — arg(UQ))
=l (3.78)
= ' 8(arg(u1) — arg(us)),

(Wi (ur, @), W (us, o))

[ll)iE, _(ur, w) g, - (ue, Uy)]

+

Tlug |=[uz|

which despite the strange look of the expression are perfectly compatible with the definition (3.64)
leading to:

b 2N 2N s
b Uiy = 2 (50 s Bom) = T (hn s WEm) (3.79)
when the product (-, -) is deﬁned according to (3.74). We expand the fields in modes as:
+oo
E+( ) > bnll)E+n(u)
e (3.80)
o ()= 5 bab ()
and
+oo
by a(w) = 20 bk 4 ()
" (3.81)
ll)E - (U)— ; b*q)E —n ’L( )

and " , and "Pp% , are the corresponding dual modes on the upper half plane.

3.7 Fields on the Complex Plane and the Doubling Trick
We use again the doubling trick to define the fields on the subset C\ [x(N), x(l)]:

\y(z){ll)E7+(u) for z=wue A\ [z, z0)] (3.82)

Ve, (@) for z=mel\ [r) 0]

where z = exp(Tg +i¢) = 2 + iy and # = {w € C | Imw < 0}. The same procedure applies
also to W* with the exchange Vg + < 11)277 4-

In this case the “complex conjugation” x acts off-shell as

Wi(z,2)]" = L (1 1). (3.83)

z ZZ

The boundary conditions then become:

Wiz —i0%) = (Ry) Wiz +i0%),

) 1 . 3.84
Wiy — i0T) (R;;)) Wi (g 40 0T), (3.84)
j
for # € ((1), T(1—1)), Where z () = exp(Tp, (1)) > 0 for t € {1, 2, ..., N}. When z < 0 we get
Y(x —40t =V 0t
(z—307) (z+407), (3.85)
Yz —i0") =W (xz+i0t)
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3.8 Algebra of Creation and Annihilation Operators

Given the relations dz = i z d¢, we can write the conserved product (3.74) as

(A* B) = 21\ 7{ 2mA;*(z)Bi(z), (3.86)

|z|=exp(T5)

where we explicitly stressed that the integral has to be performed at a fixed Euclidean time Tg:
in the new coordinate on the plane the conserved product becomes a contour integral at a fixed
radius from the origin.

In the same way we can recast the stress-energy tensor components (3.26) in the new co-

ordinates: T o
T(z) = —l W (2) W (2) + C(2), (3.87)

where 7 = T, for simplicity.

Finally the canonical anti-commutation relations between the fields are:

[Wi(zl), W;(ZQ)]+ P 6’ d(arg(z1) — arg(z2)). (3.88)

TZl

[21|=|22]

The fields expansion in modes thus reads

+oo
> b Vi(2), Z bW (3.89)

n=—oo n=—oo
The anti-commutation relations among the operators are

_2N

[bns bl = =

ny ¥Ym

(G S (3.90)

when we introduce the dual modes *¥,,(z) and *W? (z) whose normalisation is

(W5 W) = (W, W) = e (3.91)

3.8 Algebra of Creation and Annihilation Operators

In this section we find the explicit expression of the modes which satisfy the E.0.M. and the
boundary conditions. We then compute the dual fields and finally the algebra of the creators
and annihilators.

3.8.1 NS Complex Fermions

We start from NS complex fermions to show that the formalism can recover known results.
Consider the usual definition:

{xw‘_ (1,0) =i (T,0), (3.92)

Ibz— (Tv 7'() = _Ibzr(T’ 7()

76



3.8 Algebra of Creation and Annihilation Operators

for T € R, which can be recovered from (3.7) setting R;) = 1. In the Euclidean formulation we
use (3.84) and (3.85) to get:

Y(z—i0" =Y ;0
(z z' ) (x—i—z' ) (3.93)
Y*(z —i0") =W (x+i0")
for x € R.
We define:
Wi, i(2) = Nwdj 27", (3.94)
Wm,joy,3(2) = (20N Ny) ™ 85, 2" (3.95)

to recover the definition of the dual modes (3.34) using the Euclidean conserved product (3.86).
We then proceed similarly for ¥* in such a way that

<<>‘< ?m ig) 7 w(m»j0)> = <<*W(m;j0) ) 11P(kn,io)> = dp,m Big,jo- (3.96)
As a consequence we find

<<*“’?n,io> : *‘1’<m,n)> = M Sioir Sntm,1- (3.97)

Consider the NS expansion in modes of the double fields:

—+o0
Viz) = 3D binie) Yin i) (2); (3.98)

n=—oo g
—+oo

Vi) = ) D o) Yinio)i(2)s (3.99)
n=-—oo 1ig

then

O, i) = <<*‘1’2‘n,i0),‘i’>, (3.100)
i) = (Yio ¥, (3.101)

and
1

[b(mo)’ ?m,m} TN Big.jo Ontm,1- (3.102)

3.8.2 Twisted Complex Fermions: Preliminaries

We can then generalise the discussion about Ny = 1 complex fermions in the presence of N
point-like defects which we will show to be primary boundary changing operators (i.e. plain and
excited spin fields). Let

{R“) = e € U (3.103)

G = e o e U(l)
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3.8 Algebra of Creation and Annihilation Operators

such that 0 < o(;y < 2. The boundary conditions are:

Y(x—i0T) =m0y i 0T
(z z' ) e; (x+1 ) , (3.104)
Yoz —i0t) =e "m*oOY*(z +i0T)
for x € (x4, z(-1)), and
Yz —i0T =Y 0t
(z—307) (+307) (3.105)
Y@z —i0t) =W (x+i07")

for z < 0. These boundary conditions can be recast in the form of monodromy factors. With a
loop around z(;) we find

‘P(m(t) + 6ei0+) L CTORLITSN)) Yy + 5e*™), (3.106)

where 8 € R™ is small enough and the & in the phase represents the position relative to the real
axis (+ is in the upper half plane #, while — in the lower half plane #).3° We then define
the convenient combination:

€(t) = (X(t-‘rl) — (X(t) + e(Oé(t) — ‘X(t-',-l) — 1) — e(CX(t_H) — O((t) — 1) (3.107)

such that:3!
“1T<ey <1, vVt=1,2,...,N. (3.108)

The previous loop around x4y induces a monodromy

Y(ag +8e7) = e W) + 862 (3.109)
‘P*(x(t) + 661’0*) — e‘iﬁ(t)‘{’*(x(t) + 662i7{+), .
where €y = —€(;) = —1 <€) < 1, thus showing a symmetry under the exchange of:
Y y* = Et) < €(1)- (3.110)

3.8.3 Usual Twisted Fermions

As a reference for future discussion, we consider the case of one complex fermion in the presence
of one twisted boundary condition with the defects located at zero and infinity. We take N = 2
and x(;) = oo and x(p) = 0. For simplicity we denote with € the argument of the monodromy
factor arising from the presence of the cut on the interval (0, 400).

In order to fulfill the requests (3.109) we write the modes as:

W%E) = N\y Z_n+E7

R (3.111)

30More precisely 0 < § < min (’w(t_l) — T(4) ‘, |m(t) — Ti41 |)

31 Notice that the choice of the range for €(¢) is not unique. We can choose 0 < &) < 2 leading to €y =
ot(p41) — %) +20(0tyy — otp41)). Then in this case ey = 2 — € and ey, €¢) € (0,2). We will however stick
to the first definition in the following sections since it allows us to consider the NS case as special.
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3.8 Algebra of Creation and Annihilation Operators

such that
E:nE+§, ng € 7,
_ z (3.112)
EZHE+§, nEEZ.
Together with the integer factor ng and ng we also define a third integer for later convenience:>?
L=E+E=ng+ng€Z (3.113)

To extract creation and annihilation operators with the conserved product (3.86), we define the
dual basis as:

YE(2) = mzn*“ﬁ, (3.114)
() = mz”_l_E. (3.115)

This way we compute the usual anti-commutation relations as
<<*xy;;(E) *ly(E)> Z’;{*j\’;ﬁ; = [bn, b, = Mémm’l%, (3.116)

which are constant in time independently from E or E since the only possible singularities are
located at z = 0 and z = co. We can then expand the fields W(z) and W*(z) using this or a more
conventional basis:

Y(z) = Z bENWE) (4 Z b W57 (2), (3.117)

V() = Z b (B) (B Z Vi Va7 (), (3.118)

where we used the notation b = b(3) and b* = b*(2).

3.8.4 Generic Case With Defects

We consider one complex fermion in the presence of N defects such that the modes satisfy:
W, () + 567 ) = €O W, () + 57 (3.119)
fort =1,2,...,N and & > 0. We define the basis of solutions as:

N 2 \ B
Yoz {z), Ey}) = Moz [] (1 - ) , (3.120)

t=1

Wiz {2z, En}) = Nez " [] (1 - ) , (3.121)

t=1

32The choice discussed in Footnote 31 implies L = ng + ng + 1. We can swap the definitions by exchangin

BORORS 2 and ng & Ny — 1.
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3.8 Algebra of Creation and Annihilation Operators

where we generalise the definition of

€t
Ew = ng, + % ng,, € 4, (3.122)
_ €
By = ng, + % ng,, €7 (3.123)
and we define N integer factors analogous to (3.113):
L(t) = E(t) +E(t) = NEq, + nE(t) e, YVt € {1, 2, ..., N} (3124)

From the definition of the conserved product (3.86), we compute the dual basis:

1 N z B
Wo(2) = ——— 1L (1 — ) , 3.125
N E
1 z ®
WE(2) = e 2T (1 - ) , 3.126
( ) 2N Ny Pl Z(t) ( )

and the conserved products between dual modes:

1 dz ~Lo
B VN O Zvtm—2 1- = ) 3.127
<< " > 27'(./\/./\/.1%, 27IZ H ( LL‘(t)> ( )
Notice that the products are radially invariant only if

Ly <0, vte{l,2,...,N}, (3.128)

since the integrand must not present time dependent singularities on the integration path, thus

I oy ()
o B L t+n+m—2
(v, \ym>*27-y\/'/\[2%27mﬂz < )( (t)> ’

t=1 k;= (3.129)
= 27_[-/\/-./\/—\3 P1—n—m,
where we defined
|L(t)| |L ’ 1 ki
=TI ( 0 ) (_) 5 s (3.130)
=1 ko \ M L) S ke, k
t=1
such that
N 0, (3.131)
0<k<) ] |Leo |
t=1
Pk<—-1=DpP = 0. (3.132)
k>) L |+1
t=1
We can finally write
1 N
by, b* = ——— Di—n—m, 1-— Lipnl < <1 3.133
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3.9 Representation of the Algebra: Definition of the In-Vacuum

3.9 Representation of the Algebra: Definition of the In-Vacuum

In the previous section we computed the algebra of the operators for different theories. We
now define in-vacua where they are represented to be able to compute the relevant amplitudes.
We show how to recover the NS vacuum and the usual twisted vacuum. Finally we discuss the
vacuum in the presence of a generic number of defects.

3.9.1 NS Fermions

The in-vacuum can be correctly obtained either requiring W(z) and ¥*(z) to be non smgular as

z — 0 when applied on the vacuum. The same request can also be made on W(£) and W*(£). I
both cases we get the same vacuum which turns out to be SLy(R) invariant:

bin, io) |O>SL2(R) =b(n, iy) |O>SL2(R) =0, n > 1 (3.134)

The spectrum of the theory is constructed acting with operators b, ;,) and b’(*n ) with n <0.

, 10
3.9.2 Twisted Fermion

Consider the case of the usual twisted fermion in Section 3.8.3. Define the excited vacuum ‘TE E>

as: —
b(®) ‘TEE> —pr(® ’TEE> -0, n>1 (3.135)

The introduction of E and E is necessary to define the vacuum as in previous cases, that is with
a range of n independent from them and without singularities as z — 0. Explicitly we have:

Y(2) ’TEE> ~AEL), W) ‘TEE> ~ 2B (). (3.136)

Comparing with (3.120) and (3.121), the behavior suggests the existence of a hidden operator in
x(y) creating ‘TE E> with E = Ew) and E = E(t).

These relations are subject to consistency conditions since

Tog) =G [0 0 5] [T s)- (3.137)
that is we cannot have two in-annihilators (namely both b and bL_(;El) ,,) With non vanishing

anti-commutation relations. Specifically we have:

1<n<L = P ‘TEE> —0, (& TE,E> —0, (3.138)
that is
®) 3 (® _
‘TE,E> TN |b [ )i n] ‘TE§> =0, (3.139)

which is not consistent (see Figure 3.3 for a graphical reference): the theory does not exist. We
shall therefore consider only cases such that

L <0, (3.140)
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in-annihilators

bn

out-annihilators

bli1n OVERLAP
REGION

INCONSISTENT
THEORIES

~

-1 0 1 - L L+1

Figure 3.3: As a consistency condition, we have to exclude the values of L for which both bﬁf”

and biil)_n are in-annihilators with a non vanishing anti-commutation relation.

analogously to (3.128).

Moreover notice that for L < —1 both b£E<)n <o and bz(<En)<O are in- and out-creation operators.

The vacuum ‘TE E> is not however associated to the lowest energy. In fact the usual way
to build the vacuum would be to require ¥(z) and ¥*(z) to be non singular as z — 0 for the
in-vacuum so that b\ |T) =0 for n > E, and by |T) = 0 for n > E. However this procedure
almost always fails to give a good definition of the vacuum. In fact it works only for NS fermions.
For example when € > 0 we have:

0=nlNG [ 0] 1) = 7). (3.141)

which is not consistent since both bﬁ)nE and b;;g:) are annihilators as 1 4+ ng > E and ng > E.

The minimum energy vacuum is instead defined in a proper way on the strip. Requiring that
the action of Y(&) and W* (&) for & — —oco on the vacuum is well defined we get

1
VWO IT) = 0, n>E+ 3 (3.142)
= — 1
vEIT) = 0, m>E+ 3 (3.143)
This is a good definition of the vacuum as —% < % = —% < % implies that bglE) and bfn@) are

annihilation operators for n > ng +1 > E + % and m > ng+1> E+ % so that

—0. (3.144)

0= TN [b;E% b,*,fE)} T =8 i [T)

This way we get a consistent definition of the twisted vacuum. This is however not generally
SL(R) invariant as we will show later when defining stress-energy tensor.?3

The vacua ‘TE E> and |T) are related. Consider for example the case ngy > 1 and the

definition:
b | Tyg) = 0, nz1, (3.145)
VP IT) = 0, n>1+ng. (3.146)

33Notice that the second choice of € interval discussed in Footnote 31 needs to distinguish between two cases:
O<§<%(and%<§<1)and%<%<1(and0<§<%).
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3.10 Asymptotic Fields and Vacua

Then for 1 < n < ng the modes bglE) act as a annihilation operator on ‘TE E> and as a creation

operator on |T):

E E
‘TE,E> b o P Ty (3.147)
Moreover, since L = ng + ng <0=ng < —1, we have:
b (® ‘TEE> =0, m>1, (3.148)
biEIT) = 0, m>1-|ng], (3.149)
which leads to: _ _ _
* (E) 1% (E * (E
Ty oc by ® g ® g 315\ ‘TEE> (3.150)
The consistency of the definition can be checked requiring
n E E) ;% (E) ;% (E * (E
‘TE7E> = (RTNZ)"™ b b )y P e ) b1£|2§‘ ‘TEE> (3.151)

where the number of b operators has to match the number of b* operators:
ng+ng=E+E=L=0. (3.152)

The same procedure applies also in the case ng < 0, leading to the same result. As a consequence
of (3.152), we express the twisted vacuum as:

by |T) = 0,  n>1+ng, (3.153)
EITY = 0, m>1-ng. (3.154)

3.9.3 Generic Case with Defects

Since the fields in presence of defects behave as NS fields in the limit z — 0, we define the
vacuum in the usual fashion by requiring a finite limit lim W(z) ‘Q = > As in the NS
20 {2 B0, Bw }

we get the representation:

b, Q{%),Emimﬁ — b Q{%%Emimﬁ —0, n>1 (3.155)

3.10 Asymptotic Fields and Vacua

In this section we define the asymptotic in-field and out-field and discuss how their vacua are
related to the theory with defects. The relation is “radial time dependent” explicitly showing that
an interaction is hidden in the defects. In particular the vacuum for the theory with defects can
be identified with SLs(R) in-field vacuum while it is connected by a Bogoliubov transformation
to the SLy(R) out-field vacuum.

In the following we use the expansion of

Ew)
P(z {zw), Ew}) = [1 <1 - x;) : (3.156)

t=1
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around the origin and infinity with coefficients

(0, {24, En}) = Y ﬁl(E]g) (_;)kt]m | (3.157)

{k:}ENN t=1
t=1
E ke—E,
(oo, {z1), B}) = > ]I K kftt)) (—a)" ™™ )]6 N (3.158)
{k,}ENN t=1 > ek
t=1
so that we can write
“+ o0
¢k (0, {I(t)a E(t)}) Zk, for |Z| < Z(N)
: _ N 3.159
P(Za {I(t),E(t)}) - T _k+ZE(t) ( . )
kX_:O ¢ (OO, {x(t), E(t)}) z t=1 s for |Z| > (1)

We do not discuss intermediate fields, that is expansions for z;) < 2| < z_1), as it is not
possible to disentangle the effects of defects before and after this range. The vacuum in the
presence of defects is in fact related to the radial ordering of the operators associated with the
defects as we argue later on.

3.10.1 Asymptotic In-field and Its Vacuum

Consider the definitions of the basis of solutions (3.120) and expand around z = 0.3* We get
for 0 < |z| < z(ny:

+oo
Yo(2) = > € (0, {2y, By }) ¥4 (2), (3.160)
k=0

where ‘P%O)(z) = Nyz™™ as in (3.111) with E = 0 which are the modes of a untwisted fermion,
i.e. a plain NS fermion. The previous expansion connects the asymptotic behavior of the modes
of the fermion with defects with the modes of a NS fermion close to the origin. We can now
connect the operators of the system with defects with those of the asymptotic in-field. To this
purpose we substitute the expansion (3.160) with the usual expression of the modes (3.89):

+00 . 400
Y(z) = Z bn\yn(z)‘ |<:( )W(m)(z) = Z bglo) W%O)(Z) (3.161)
=—00 (G n=—o00
thus leading to
+oo
b = b €k (0, {0y B }). (3.162)
k=0

These expressions can be inverted writing w0 () =V¥,.(2) P(z; {x(t), —Eq) }) We then get:

+oo
bu =D € (0, {z, —E@}) byl (3.163)
k=0

34Similarly we could have considered (3.121) to begin with. Analogous relations can in fact be written for
b;(o) with the substitutions of E(;) with E(t).
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3.10 Asymptotic Fields and Vacua

Annihilation operators of the asymptotic theory, i.e. operators with positive index, are therefore
expressed only using annihilation operators of the theory with defects. We can thus set

Q{E<t>,E<t>’E<t>}> - |O(in)>SL2(R)' (3.164)

3.10.2 Asymptotic Vacua and Bogoliubov Transformations

Revisiting the previous section, we can also explicitly compute the expansion for [z| > ().

N
Define for simplicity M = 3 E(;)). We then get:
=1

+o00
Ya(2) = > €00, {0y, By }) W1 n(2). (3.165)
k=0

The formula connects the asymptotic behavior of the modes of the fermion with defects to modes
of a NS fermion which can be seen close to the infinity.

Out-operators can thus be connected to the theory with defect through:°

+oo foo
Y(z) = boWo(z) = WU (z) = b WO (), 3.166
@)= 3 btals) = YOO = 3 KW (3.166)
We get:
+oo
b;oo) = an+M—k & (OO, {a:(t), E(t)}). (3.167)
k=0
The inverse of the expression is:
S (c0)
bn =Y €x(o0, {21, ~En) }) byiri—i- (3.168)
k=0

As we will show later however M = 0. Annihilation operators of the asymptotic theory, i.e.
operators with positive index, are thus expressed using both annihilation and creation operators
of the theory with defects while creators, i.e. operators with non negative index, are expressed
by means of creation operators only. It follows from the vacuum definition that:

& p(00) : _ _
(Qﬁo by’ + creation op.) ’Q{I(t)vE(t)vE(t)}> 0,

(EO B + & ) + creation op.) ’Q {m<t)7E(t)7E(t)}> =0, (3.169)

where En =, (oo, {x(t), fE(t)}) for brevity. This means that the vacuum for the asymptotic
out-field is non trivially connected to the vacuum of the theory with defects. More explicitly we

35To avoid a redundant notation we do not introduce an object W%"")(z). Even though it would have been in

principle correct, we would have also found that ‘1’,(100) (2) = wﬁf) (2).
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3.11 Contractions and Stress-energy Tensor

have:

Q{z(t),Em,ﬁm}> = Nouwy ({z ) Evy» En })

0 0
Yoo > M ({ew) By By }) bl 65

X em=—o00n=—o0

(3.170)
|0(0ut) >SL2 (R)’

so that the two SLy(R) vacua are connected by a Bogoliubov transformation. More precisely we
get (see appendix C for details)

(e D@ + 2 [Y 0] ) [0 m By =0 e, @7

where

dw P(z; {2y, B }) P(wi {zw), —E@}) =1

2 ” —w Y(w). (3.172)

Lo = §

[w|>z ()

The corresponding equation for W*(°"Y)(z) can be found with the substitution E — E. Notice
that the kernel of the integral is nothing else (up to a multiplicative constant) but the regularised
propagator, that is the propagator in the presence of the defects to which the NS propagator has
been subtracted. The previous equation is solved explicitly by:

Oy b0 o)) = N {70 B B )

dz p* (out, —)(Z)g[\y(out, 7)](2)

(3.173)
e‘ﬁz\>3‘/(1) 2711

X ‘O(OUt)>SL2(R) :

In the previous equation there is no need to specify the relation between |z| and |w| since
W (ut =) (7) and WU =) (w) anti-commute. From the same expression for W* (°'=) (z) we deduce
that E(t) = 7E(t)~

3.11 Contractions and Stress-energy Tensor

Given the definition of the algebra of the operators and its representation, we can finally define
the normal ordering operation and proceed to compute the contractions and O0.P.E. of the
operators. The procedure ultimately leads to the definition of the stress-energy tensor. This is
enough to show that the theory is a time dependent CFT since the stress-energy tensor satisfies
the canonical 0.P.E.

3.11.1 NS Complex Fermion

First of all we deal with the simple case of NS fermions. Using the algebra (3.102) we compute
the 0.P.E. of fermion fields as:
18

V()W) = V() Wi () + =l <, (3.174)
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3.11 Contractions and Stress-energy Tensor

where the operation : -: is the normal ordering with respect to the SLs(R) vacuum defined
in (3.134). We then get the expression of the stress-energy tensor:

udl 4 - N
T(2) = lim |—— (W5 (2) W (w) — 8.¥; (2) Wi (w)) + ———
w—z 2 (z —w)?
(3.175)
uda oo
= —71 Wf(z)@z‘yl(z) .
We are then able to derive the necessary minimal subtraction:
Ny
—w) = . 3.176
bz~ w) = i (3.176)
3.11.2 Twisted Fermion
We now focus on Ny = 1 theories. First of all we consider the simplest case of the usual

twisted fermion with the mode expansion (3.117) and (3.118). Using the anti-commutation
relations (3.116) we can compute the O.P.E.:

W(2) W (w) = Ay 5[W(z) Y (w)] + i(i)E ! | < 2] (3.177)
- TEE ' \w/) z—w’ ’ '
and B
. N 1 rwnNE 1
V(W) ¥(z) = A g )Y+ —(Z) . el > 2] (3.178)
If we require that the previous results can be assembled in a well defined continuous radial
ordering R(W(z)¥*(w)) we need to set E = —E so we can write
ROV () = g, g¥(:) ¥ ()] + = (2) 2 (3.179)
)V (w)) = Mg 5[¥(2 wl+ (7)) = :

The same result can be reached by computing the stress-energy tensor starting from the
previous expressions. We have two ways to construct it depending on the ordering of the classical
expression:

T(z) = lim {ﬂT(W*(z)&D‘P(w) - 0¥V (2)¥(w)) + 12]
z

jwl <] (2 —w) (3.180)
nl . E?
=-7 Y*(2)0,¥(z): + 5.2
or
) udl . " 1
T(2) = Jim, | =75 (08 W () 4 V() 0 (0) 4 |
ol <lz] . (3.181)
' 5 E
which however must coincide for consistency. Since
And nd
cW(2)0, ¥ (2): =: ¥*(2)0.¥(2): (3.182)
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=2
then we must then require E? = E*. We can get a stronger constraint by computing the 0.P.E.
T (2) T(w). In fact the cancellation of the cubic divergence requires E + E = 0. From now on we

will therefore use the notation |Tg) instead of ‘TE 5

From the usual definition of the stress-energy tensor in terms of the Virasoro generators

+oo
T(z)= > Lpz=% "2 we extract the operators Lj from any of the previous definitions:

k=—o0
L =5 NG > Hog[bn® o] @n—k+2E-1)+ 80
k=—oc0
T S E 3.183
=T NG Y [en—k+2E - Dt 5 [0, 6P (3.183)
n=1

«(E E?
+(2n—k—2BE— 1)«/@,5{5&3” b;E)H + k-

We already hinted to the fact that the vacua state involved are not in general SLo(R) invariant.
In particular we can see that that the excited vacua |Tg) is a primary field

Lyw [Tr) =0, k>0,

Lg)o |Te) = E; T&) (150
with non trivial conformal dimensions A(|Tg)) = %2 This operator is an excited spin field
Sk, (7) inserted at x = 0. Its equivalent expression using bosonization is:

Sg(x) = e PP (3.185)
where ¢ is such that

@(E0(w) =~ (3.156)

The minimal conformal dimension is achieved for ng = ng = 0, i.e. A(|T)) = %2, and identifies

a plain spin field. We can further check this idea by showing that the conformal dimensions are
consistent. Using (3.150) we get:

Lasyo IT) = Lo (85207 . 535, 17k) )

£

n=1

2 (3.187)

3.11.3 Generic Case With Defects

We then consider the generic case of one complex fermion in the presence of an arbitrary number
of spin fields with respect to the vacuum we introduced in (3.155). We consider the mode
expansion (3.120) and (3.121) as well as the anti-commutation relations (3.133).
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3.11 Contractions and Stress-energy Tensor

As in the usual twisted case we first consider the contraction of the field ¥ and W* and then
move to the stress-energy tensor. Using the anti-commutation relations and

+oo N > —L
k
=TT (1-= 1
> iz ||( o ) (3.188)

k=—o00 t=1

where py, is defined in (3.130). We have:

W)U () = W) Y (w): 4+ — ﬁ (1 - Z)Em (1 - w) _E(t), (3.189)

il z—w bl () Z(p)
as well as
N E -E
1 1 5 () w ()
Y (2) ¥ =: V") ¥Y(w): — 1 - — 11— — 3.190
() W) =2 ¥ () W)+ 1_1( %) (-2) " e

both for |w| < |z|. To assemble the expressions in a well defined continuous radial ordering
R[¥(2) ¥*(w)] we need to set E(;) = —E(;) such that we can write

RIW(2) W (w)] =: U(2) W (w): + — — ﬂ (1 _ Z)E(t) (1 - “’) O e

mwl z—w =1 l'(t) x(t)

We can then expand the results around z:

RW(z)¥*(w)] =: (W¥*)(2): +: (WOY*")(2): (w—2)

+ﬁ w—Z+t§::1Z—l‘(t)
(3.192)
N N
1 B B Ew (Ep —1)
—= + (w—2)
2 ;%}t(z—a:(t))(z—x(u)) ; (Z—gj(t))Q
+ O((w — 2)2),
and around w
R¥Y(z)¥Y"(w)] =: (WY )(w): +: (OYY*)(w): (z — w)
N
+ﬁ Z*U)—i_;w*l’(t)
(3.193)
N N
1 B B Eq (B —1)
+= + (z —w)
2 ; UZ# (W =) (w — z(w) tzz:l (w —z1))?
+ O((z - w)2)7
so that the stress-energy tensor becomes:
T 1(L E ’
i 5 (t)
T(z) = ——:¥Y(2)0,¥V*(2): += —
() = =5 W00 () 2<;z—x(t)>
2
ol = m—-n N E(t) 1 N E(t)
= —MN tbp by, 2T +2 — 4= — .
2 an;_oo [ z ;z—x(t) 2 ;z—x(t)
(3.194)
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The last expression shows that the energy momentum tensor 7 (z) is radial time dependent but
it satisfies the usual O.P.E.

First of all we notice that the vacuum |[Q = > is actually ‘O_ B >7 ie. it
{2, By, Ew } {zt) B}

depends only on z(;) and E(;). We can try to interpret the previous result in the light of the
usual CFT approach. In particular we can refine the idea we discussed after (3.136) that the
singularity in the modes (3.120) and (3.121) at the point z(; is associated with a primary
conformal operator which creates |Tg) with E = E(;). By comparison with the stress energy
tensor of an excited vacuum (3.180), from the second order singularity we learn that at the
points x ;) there is an operator which creates the excited vacuum ‘Q{I(t) E(t)}>fr0m the SLa(R)
vacuum |O>SL2( g)- Given the discussion in the previous section this is an excited spin field
Sk, (x(t)) = B0 ®(@w)  The first order singularities in T(y) — T(y) are then the result of the
interaction between two of the previous excited spin fields. Using the CFT operator approach we
postulate that the following identification holds

’Q{w(t), b)) = N{za), Bw D) Seo, () See, (22) - St (23) D0

N (3.195)
= N({zw, En}) R|]] Sk (%))1 10)s1,0(R) »
t=1
then we get
N
T() Qe 50} ) = N0 B }) R|T() t=Hl Sk, (x(t))] )51, (7 - (3.196)

The fact that 7 (z) enters the radial ordering may seem strange but the left hand side is well
defined for all z and the only well defined expression for the right hand side is with the radial
ordering. In fact an operator expression like T(Z)R[ax(1>d)($(1)) (’91(2)43(:5(2))] 0)sp,(r) 1S only
defined for |z| > x(1), (2). It then follows that

N EZ, /2 Oy — Oy, log N
_ ) (1) z () 108
T(2) ‘Q{x(t),Em}> = ; <(z EE + P ]Q{mm,%ﬁ +0(1), (3.197)

which allows us to write

N{zwEw }) R|0ag S, (20) [T w0 () | 10510
uFt

(3.198)
+oo
bn b} )
n.,mZ:o ) uzyﬁt L) = T(u) {””’E“)}>

This result shows the way non primary operators are represented in this formalism.

3.12 Hermitian Conjugation

Before we can define the amplitudes involving spin and matter fields, we still need to introduce
some of the necessary tools. In this section we focus on the operation of “Hermitian conjugation”
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3.12 Hermitian Conjugation

in a broad sense: the usual Hermitian conjugation requires the existence of an inner product
which is not yet available since we have not defined the out-vacuum. The operation we define
is similar to the x operator of C* algebras even though the * operator sends an element of an
algebra to another element of the same algebra. This is not what happens in the generic case
since the * is essentially associated with the inversion z — Z7!, i.e. in evolving from T = +o00 to
T = —o0 so that the order of boundary singularities is reversed.

3.12.1 Usual Twisted Fermions

In general for a chiral primary conformal operator of dimension A in z coordinates the Euclidean
Hermitian conjugation is

0] = (w*20(w)) (3.199)

w=z"1!

As a matter of fact we cannot use the words “Euclidean Hermitian conjugation” since we do
not have an inner product. We define the operation * which mimics its behavior. Therefore we
define

[W(zE)" = {wq/* (w; —E)] ‘ L [V*(z;E)]" = (wq’(w,l:]))‘ . (3.200)

w=z"1

In the last expression we did not assume that the action of x is an automorphism and we wrote
Y(z; E) to explicitly show the dependence on the parameter E which enters in the modes. The
previous action agrees with (3.83). In terms of the basis (3.111) we write:3%

o] = pnCPw)| L [EPe] = Q]| ea

which shows that in this case the image of the x operator is the same as the support. Using the
mode expansion of (3.200) it follows that
] =

—n >

[b;;@r = . (3.202)

n

The % action is compatible with the anti-commutation relations as we can show by explicitly
computing them:

* —
([bﬁ?, b:;@L) = [biﬁ?, b@mL — ﬂle\/@f’”*m’l' (3.203)
Furthermore « is involutive since:
W] =w®e) = BE]T =yE. (3.204)
36The second possibility [W;E)(z)} T [w‘PiSL_E_l)(w)] ‘w_z_l is inconsistent with the anti-commutation

relations.
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3.12.2 Generic Case With Defects

Consider the modes (3.120). We define the action of the x operator on them as:

X N N
s oo B ) =207 T (1- )
N 1 \Fo _ =
= (w H <_$(t)> Mt1-n (U’; {m(t)’E(t)D)
t=1

N _ N
where we used M = Y E(;) and ¥;(w; {y, F}) = My w™' ] (1 - %) . In this case the image
=1 =1

(3.205)

w=z"1

of the x operator is a different space where the defects are located in Z(;) and the critical exponents

are E(t) and E(t) with

~ 1 ~ — _
0= o Ey=-En=Ew, Eu=Eyn=-Eu, (3.206)
t
where we used E ) +E(t) = 0. We can then compute the action of the x operator on the creation
and annihilation operators:

N 1\ Ew _ . N 1 \Eo _
i=I(-5n) B 00 =II(-5) B G200

1\ T =1\ T

As in the previous situation the anti-commutation relations are preserved by the % operator.
Explicitly we have:

e [r - o
(Ibas B3),)" = [b_M+1_m, bMH_nL = g St (3.208)

Finally the * operator is involutive.

3.13 Definition of the Out-Vacuum

With the definition of the x operator we can now proceed to define the out-vacuum to as the
Hermitian conjugation in the usual cases. It is a conceptually separated step from the definitions
of the algebra of operators and their representation on the in-vacuum. We first consider the
usual twisted theory from which we learn how to define the out-vacuum and then move to the
generic case in the presence of multiple defects.

3.13.1 Usual Twisted Fermions

Consider the definition of the in-vacuum (3.135) for the fields image of the x operator, i.e.
‘I’(w; E) and W (w; E) It is defined as

b

iw>—ﬁ®
E.E n

i~> =0, n>1 (3.209)
E,E
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3.13 Definition of the Out-Vacuum

The usual Hermitian conjugation gives

7| (1©) = {7

EE|\ " E.E

Given the action of the * operator (3.202), the identification with the Hermitian conjugate is
possible if

=\t
(b:;““”) =0, n>1 (3.210)

(T|b® = (Tx|0:® =0, n<o. (3.211)

3.13.2 Generic Case With Defects

We can now analyse the case of an arbitrary number of defects. Following the steps of the
previous section we define the in-vacuum for the tilded theory as

bn

Q{%)v E<t>}> = bn

and interpret it as the out-vacuum of the initial theory. The definition of the out-vacuum is
therefore:

Q{m<t>,E<t>}> =0, n=l (3.212)

by = 0, n<M, (3.213)

<Q{x<t> Ew}
<Q{I<t> B}

Since the action of the x operator is compatible with the anti-commutation relations, the defini-
tion of the out-states is consistent. If we assume that

<Q{m<t>’E<t>} ‘Q{I<t>’E<t>}> 70 (3.215)
using the anti-commutation relations we get

1 *
TTNG <Q{I<t>vE<t>}‘Q{f<t>vE<t>}> - <Q{m<t>vE<t>}‘ [bn, b*M+1]+ ‘Q{x<t>,E(t>}>

- <Q{w<t)vEm}‘ bont4r bu ‘Q{%,Em}> 70,

b = 0, n<-M. (3.214)

(3.216)

which requires by ‘O_ {20 E(t)}> # 0. A similar condition exists for b*,;, thus we must require
M<0and —M <0:

N
M=) Eg =0. (3.217)
t=1

The situation is therefore analogous to the case depicted in Figure 3.3 where M and M have the
same role of L for the twisted fermion.

3.13.3 Asymptotic vacua

The discussion is essentially the same as in Section 3.10 with the role of asymptotic in- and
out-fields swapped. In particular we get

<Q{z(t>,E<t)}‘ = SLz(R)<O(OUt)| g (3.218)
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and

+oo
> Mun({zw:Ewm }) 0,76
(O b0} | = Nom ({201 E)}) sy Omy | 7 - (329)

3.14 Correlators in the Presence of Spin Fields

The definitions of the in- and out-vacua and the stress-energy tensor are critical to compute any
correlation function of operators in the presence of the point-like defects. In fact we need to know
both the algebra of the operators and their representation, usually defined on the in-vacuum (the
ket vector), as well as their Hermitian conjugation in order to build the action of the operators
on the out-vacuum (the bra vector).

Starting from (3.195) we can compute the spin field correlators

N
[JE (%))1 > : (3.220)

<Q{‘T(t)7E<t)}’Q{%)’E(t)}> =N{zw, Bw}) <R

N
At first sight both ‘Q{wm,Em}>and <Q{I(t)7E(t)}‘might seem to contain R[Hl Sk, (m(t))].
t—=

However this it is not the case and it can be seen in different ways. The simplest is to realise that
such a square would be divergent while the product seems to be perfectly finite. A more rigorous
way is to consider what the previous product is from the point of view of asymptotic out field: we

N
have ’Q{w(t)’ E(f,)}> = -A/(out) R |:tl:[1 SE(t) (z(t)):| IO(Out)>SL2(R) and <Q{$(t)7 E(t)}‘ - SLQ(R)<O(OUt)}
so that NMuy = N. Moreover T (z) | |: T(our)(2) when the two energy momentum tensors
z|>x (1)
are normal ordered with respect to their different sets of operators which are related in (3.167).
Hence all the expressions are surely valid for |z| > x(;) and can be analytically extended to the
whole plane. The same result can be obtained from the point of view of asymptotic in-fields.

Unfortunately the normalisation factor cannot be uniquely fixed. The result depends on the
normalisation chosen for the single spin field and effectively shows only when we relate the N
points to N — 1 points correlators, recursively down to two points correlators. Therefore we need
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to consider quantities where the normalisation is not present. In particular we consider

5 N
Do In <R Sk, (z1)) H SE ) () >

u=1

uFt

/ 2 (R[TG) T se, ()] )

:\Z\:%) o < [ﬁ Sk, (w<t>)]>

t=1

, (3.221)

_ y{ %7 % ﬁ <Q{-’ﬂ<t>vE<t>}‘T(2)‘Q{m<t>vE<t>}>
2m 27

2>z (s |z <z (4 <Q{l’(t>7E(t>} ’Q{a;(,,),E(,,)}>

@l (45 -5 o0 001
B {2z, Ew} -1 -1 {2 Ew }
<Q{$<t> Ew} 'Q{%) i) }>

since [L_1, On(z)] = 0.01(%) for a quasi-primary operator Op,. From the definition of 7 (z) it
follows that:

“+ o0

zt x dz — t)
L“>—L<”:}1{— =T Ng E b by " (3.222
o | )= A B n mz::_oo i Z x(t) - x(u)’ )
Ca:(“ ’ u;ﬁt
where C;, is a small loop around z(;). Therefore we have

9 EwEq
Doy In <R Se,,, (= H SE., (T(w)) > =y ——, (3.223)

sl 2T T T
which can be solved by
N N -
! <R Sk, (20) ]I Secy (#0) > =Mo({Ew}) 11 (w —20)" " (3:224)
u=1 t=1t>u
uFt

The constant No({E(t) }) which depends on the E(;) only can be fixed by using the 0.p.E. The
last equation reproduces the usual bosonization procedure.

In similar way we can compute all correlators

<Q{%>7E<t>} ’ R ‘Q{m<t>vE<t)}>

<Q{l‘<t>v E(} ‘Q{l‘(tw E<t>}>
<R

l:[‘i’(wi) 1;[‘1’*(%‘)

(3.225)

1) [1¥(r,) 1 Se, (wm)] >

W)
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using Wick’s theorem since the algebra and the action of creation and annihilation operators
is the usual. In particular taking one ¥(z) and one W*(w) we get the Green function which is
nothing else but the contraction in equation (3.191).

4 Summary and Conclusion

We thus showed that the specific geometry of the intersecting D-branes leads to different results
when computing the value of the classical action, that is the leading contribution to the Yukawa
couplings in string theory. In particular in the Abelian case the value of the action is exactly
the area formed by the intersecting D-branes in the R? plane, that is the string worldsheet is
completely contained in the polygon on the plane. The difference between the SO(4) case and
SU(2) is more subtle as in the latter there are complex coordinates in R* for which the classical
string solution is holomorphic in the upper half plane. In the generic case presented so far this
is in general no longer true. The reason can probably be traced back to supersymmetry, even
though we only dealt with the bosonic string. In fact when considering SU(2) rotated D-branes
part of the spacetime supersymmetry is preserved, while this is not the case for SO(4) rotations.

In the general case there does not seem to be any possible way of computing the action (2.136)
in term of the global data. Most probably the value of the action is larger than in the holomorphic
case since the string is no longer confined to a plane. Given the nature of the rotation its
worldsheet has to bend in order to be attached to the D-brane as pictorially shown in Figure 2.7
in the case of a 3-dimensional space. The general case we considered then differs from the known
factorised case by an additional contribution in the on-shell action which can be intuitively
understood as a small “bump” of the string worldsheet in proximity of the boundary.

In a technical and direct way we also showed the computation of amplitudes involving an
arbitrary number of Abelian spin and matter fields. The approach we introduced does not
generally rely on CFT techniques and can be seen as an alternative to bosonization and old
methods based on the Reggeon vertex. Starting from this work the future direction may involve
the generalisation to non Abelian spin fields and the application to twist fields. In this sense
this approach might be the only way to compute the amplitudes involving these complicated
scenarios. This analytical approach may also shed some light on the non existence of a technique
similar to bosonisation for twist fields.
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PART 11

COSMOLOGICAL BACKGROUNDS AND
DIVERGENCES
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5 Introduction

In the previous part we mainly focused on the mathematical tools needed to compute amp-
litudes in a (semi-)phenomenologically viable string theory framework of particle physics. This
ultimately led to the introduction of intersecting D-branes and point-like defects to perform the
calculation of correlation functions involving twist and spin fields, inevitably necessary when con-
sidering chiral matter fields. While this is indeed a good starting point to build an entire string
phenomenology, the theory cannot be limited to the study of particle physics models. String
theory is in fact considered to be one of the candidate theories for the description of quantum
gravity alongside the nuclear interactions. As a theory of everything it is therefore fascinating to
analyse cosmological implications as seen from its description. In this part of the thesis we focus
on the implications of the string theory when considering for instance the Big Bang singularity,
or, broadly speaking, singularities which exist in one point in time (i.e. space-like).?” Among
the different possible descriptions of such space-like singularities [86] we concentrate on string
theory solutions on time-dependent orbifolds as they represent the simplest models describing
such phenomena. Before delving into the subject we briefly present their definition and the
reason behind their relevance in what follows [87]-[89].

5.1 Quotient Spaces and Orbifolds

First of all we recall the formal definition of orbifold to better introduce the idea of a manifold
locally isomorphic to a quotient space. Let therefore M be a topological space and G a group
with an action 4 : G x M — M defined by 4(g, p) = gp for g € G and p € M. Then the isotropy
subgroup (or stabiliser) of p € M is G, = {g € G | gp = p} such that Gy, = g7' G, g. Given an
element p € M its orbit is Gp = {gp € M | g € G}. The action of the group is said transitive if
Gp = M and effective if its kernel is trivial, i.e. ker¥ = {1} ,. The orbit space M /G is the set
of equivalence classes given by the orbital partitions and inherits the quotient topology from M.

Let now M be a manifold and G a Lie group acting continuously and transitively on M. For
every point p € M we can define a continuous bijection A,: G/G, — Gp = M.?® Such map is a
diffeomorphism if M and G are locally compact spaces and M/G is in turn a manifold itself. If

G is a discrete or finite group the action is called properly discontinuous, that is for every U C M
then {g € G | UNgU # 0} is finite.

The definition of orbifold intuitively includes quotient manifolds such as M/G: analogously
to manifold which are locally Euclidean, in the broad sense orbifolds are locally modelled by

quotients with actions given by finite groups. An orbifold chart (17, G, cl)) of dimension n € IN
for an open subset U € M is made of:

e a connected open subset Uc R,

e a finite group G acting acting on (7,

37They are intended as distinct from time-like singularities such as black holes which are present for extended
periods of time in one spatial point. The space-like singularities we consider are the opposite: they exist in a
given instant in time but could in principle cover an extended hypersurface in space.

38For any U C M and a given p € M then A, ' (U) = 7, ({g € G | gp € U}) where tp: G — G/G, is a projection
map. Thus )\gl(U) is an open subset if U is open: the bijection is continuous.
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e amap ¢: U — M defined by the composition ¢ = mo & where &: U— (7/G defines the
orbits and 7t: U/G — M.

An embedding n: ((72, G, d)1) — ((72, G, d)g) between two charts is such that ¢s on = ;.
Suppose now U; = cbi((?i) for i = 1, 2 and take p € U; N Uy. The charts are compatible if

there exist an open subset V such that p € V' C U; N U, and a chart (‘7, G, c[)) admitting

two embeddings in the previous charts. A n-dimensional orbifold atlas is then a collection
{(Us, Gi, ¢i)};ep of compatible n-dimensional orbifold charts covering M. The n-dimensional
orbifold O is finally defined as a paracompact Hausdorff topological space together with a n-
dimensional orbifold atlas.?®

5.1.1 Orbifolds and Strings

In string theory the notion of orbifold has a more stringent characterisation with respect to pure
mathematics. Differently from the general definition, orbifolds in physics usually appear as a
global orbit space M /G where M is a manifold and G the group of its isometries, often leading
to the presence of fized points (i.e. points in the manifold which are left invariant by the action
of G) where singularities emerge due to the presence of additional degrees of freedom given by
twisted states of the string [90], [91]. They are commonly introduced as singular limits of CY
manifolds [17], which in turn can be recovered using algebraic geometry to smoothen the singular
points. However they can also be used to model peculiar time-dependent backgrounds [88], [89],
[92]-[96]. They are in fact good toy models to study Big Bang scenarios in string theory. We
focus specifically on the study of such cosmological singularities in the framework of string theory
defined on time-dependent orbifolds.

6 Time Dependent Orbifolds

6.1 Motivation

The first attempts to consider space-like [97] or light-like singularities [98], [99] by means of
orbifold techniques yielded divergent four points closed string amplitudes (see [95], [96] for re-
views). These singularities are commonly assumed to be connected to a large backreaction of the
incoming matter into the singularity due to the exchange of a single graviton [100], [101]. This
claim was already questioned in the literature where the O-plane orbifold was constructed. This
orbifold should in fact be stable against the gravitational collapse but it exhibits divergences
in the amplitudes (see the discussion in [95]). In what follows we show a direct computation
showing that the presence of the divergence is not related to a gravitational response.

Unnoticed in the Null Boost Orbifold (NBO) [98], even the four open string tachyons amplitude

39Tn this context paracompact refers to a topological space M which admits open covers with a locally finite
refinement. In other words let U = {U;},.; be a cover and V = {Vj}jeJ be its refinement (i.e. Vj € J, 3i € I |
Vj C U;). Then U is locally finite if Vp € M there is a neighbourhood B(p) of p such that {i € I | U; N B(p) # 0}
is finite.
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6.1 Motivation

is divergent. Since we are working at tree level gravity is not an issue. In fact in [98] the four
tachyons amplitude in the divergent region reads

Ay ~ / @%(q) (6.1)
lql
qrr oo

where Fosed(q) ~ ¢* 171" and Hosea(q) ~ ¢ =% 1P tr ([Ty, To), [Ts, Tu],) (T for i =
1, 2, 3, 4 are Chan-Paton matrices). Moreover divergences in string amplitudes are not limited
to four points: interestingly we show that the open string three point amplitude with two tachyons
and the first massive state may be divergent when some physical polarisations are chosen. The
true problem is therefore not related to a gravitational issue but to the non existence of the
effective field theory. In fact when we express the theory using the eigenmodes of the kinetic
terms some coefficients do not exist, not even as a distribution. This holds true for both open
and closed string sectors since it manifests also in the four scalar contact term. The issue can be
roughly traced back to the vanishing volume of a subspace and the existence of a discrete zero
mode of the Laplacian on this subspace.

As an introduction to the problem we first deal with singularities of the open string sector.
We try to build a consistent scalar QED and show that the vertex with four scalar fields is ill
defined. Divergences in scalar QED are due to the behaviour of the eigenfunctions of the scalar
d’Alembertian near the singularity but in a somehow unexpected way. Near the singularity v = 0

in lightcone coordinates almost all eigenfunctions behave as —L_¢% with A # 0. The product
Vul
u

of N eigenfunctions gives a singularity |u|7N/ % which is technically not integrable. However

the exponential term ¢i% allows for an interpretation as distribution when A4 = 0 is not an
isolated point. When A = 0 is isolated the singularity is definitely not integrable and there is no
obvious interpretation as a distribution. Specifically in the NBO we find A ~ ,ii where [ is the
momentum along the compact direction. As a consequence we find the eigenfunction associated
to the discrete momentum [ = 0 along the orbifold compact direction with an isolated A = 0. It
is the eigenfunction which is constant along that direction and it is the root of all divergences.

We then check whether the most obvious ways of regularizing the theory by making A not
vanishing may work. The first regularisation we try is to use a Wilson line along the compact
direction even though the diverging three point string amplitude involves an anti-commutator
of the Chan-Paton factor therefore it is divergent also for a neutral string, i.e. for a string
with both ends attached to the same D-brane. This kind of string does not feel Wilson lines.
Moreover anti-commutators are present in amplitudes with massive states in unoriented and
supersymmetric strings and therefore neither worldsheet parity nor supersymmetry can help.
The second obvious regularisation is the introduction of higher derivatives couplings to the Ricci
tensor which is the only non vanishing tensor associated to the (regularised) metric. In any
case it seems that a sensible regularisation must couple to all open string in the same way and
this suggests a gravitational coupling. We then give a cursory look to whether closed string
winding modes could help [102], as already suggested in [97], [99] in analogy to the resolution of
static singularities. Twisted closed strings become massless near the singularity and they should
in some way be included. They generate a background potential B, which is equivalent to a
electromagnetic background from the open string perspective. Under a plausible modification of
the scalar action which is suggested by the two-tachyons—two-photons amplitude the problems
seem to be solvable.

In any case the origin of the string divergence seems to originate from the lack of contact

101



6.2 Scalar QED on NBO and Divergences

terms in the effective field theory. Since these terms arise from string theory also through the
exchange of massive string states we examine three point amplitudes with one massive state. A
deeper understanding of the subject requires the study of the polarisations of the massive state
on the orbifold as seen from the covering Minkowski space before the computation of the overlap
of the wave functions. We then go back to string theory and we verify that in the NBO the open
string three points amplitude with two tachyons and one first level massive string state does
indeed diverge when some physical polarisation are chosen.

We then introduce the generalised Null Boost Orbifold (GNBO) as a generalisation of the NBO
which still has a light-like singularity and is generated by one Killing vector. However in this
model there are two directions associated with A, one compact and one non compact. We can
then construct the scalar QED and the effective field theory which extends it with the inclusion
of higher order terms since all terms have a distributional interpretation. However if a second
Killing vector is used to compactify the formerly non compact direction, the theory has again
the same problems as in the NBO. In the literature there are however also other attempts at
regularizing the NBO such as the Null Brane. This kind of orbifold was originally defined in
[93], [95] and studied in perturbation theory in [99]. The Null Brane shares with the GNBO the
existence of a non compact direction on the orbifold. In this case it is indeed possible to build
single particle wave functions which leads to the convergence of the smeared amplitudes.

We finally present also a brief examination of the Boost Orbifold (BO) where the divergences

are generally milder [92]. The scalar eigenfunctions behave in time ¢ as It * % near the singularity
but there is one eigenfunction which behaves as log(]¢|) and again it is the constant eigenfunction
along the compact direction which is the origin of all divergences. In particular the scalar QED
on the BO can be defined and the first term which gives a divergent contribution is of the form
‘d) d)}2, i.e. divergences are hidden into the derivative expansion of the effective field theory.
Again three points open string amplitudes with one massive state diverge.

6.2 Scalar QED on NBO and Divergences

As discussed the four open string tachyons amplitude diverges in the NBO. The literature on
the subject (see for instance [95] and references therein) suggests that this can be cured by the
eikonal resummation. We therefore consider the scalar QED on the NBO as a first approach. In
this case all eigenmodes can be written using elementary functions thus making the issues even
more evident. Its action is given by

SSQED = le' \/detg((D”d?)* Dud)*Mz(d)*)d)* ifuv fuv!if|¢|4>v (6'2)
Q

with
DHq) = (8H - ieau)d)a fp.v = 6p.av - avaw (63)
We reserve small letters for quantities defined on the orbifold and capital letters for those defined

in flat space. Moreover Q) denotes the orbifold. We will construct directly both the scalar and
the spin-1 eigenfunctions which we can use as a starting point for the perturbative computations.
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6.2 Scalar QED on NBO and Divergences

6.2.1 Geometric Preliminaries

In Minkowski spacetime .#'P~! with coordinates (z*) = (33+, x”, 22, J‘;’) and metric

ds? = —2datda™ + (d:102)2 + 1y da’ da? | (6.4)

we consider the following change of coordinates to (%) = (u, v, z, )

T =u u =z
2?2 = Auz = z = AI;, (6.5)
et =v+4 A% v =zt — %(wi)z
Then the metric becomes:
ds®> = —2 du dv + (Au)*(dz)? + 14y dat da? | (6.6)
along with the non vanishing geometrical quantities
—det g = (Au)®, (6.7)
and
r.*. =A%, r,? =u ' (6.8)

Riemann and Ricci tensor components however vanish since at this stage we only performed a
change of coordinates from the original Minkowski spacetime. Locally it is the same as the NBO
and they must have the same local differential geometry.

The NBO is introduced by identifying points along the orbits of the Killing vector:

K = 72(27’[A)J+2

= (2mA) (2204 + 2~ 02) (6.9)
= 2710,
in such a way that
= K"z, n €7, (6.10)

where K™ = e”*, leads to the identifications

x
2% + n(2nA)x~
ot +n(2nA)z? + tn?(2mA) e
z

-
2

_ | — KM —

r= =K"x (6.11)
z

or to
(u, v, z, ) = (u, v, z + 27N, T) (6.12)

in coordinates (z%) where k = 2m0, is a global Killing vector.
As a reference for the future, we notice that we could regularise the metric as

ds? = —2 du dv + A? (u? + €?)(dz)? +1;; da’ da’ . (6.13)
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The non vanishing geometrical quantities are then:
—det g = A*(u® + €?), (6.14)

and
u
u z _u2+€27

which lead to the following Riemann and Ricci tensor components:

2 A2¢2 2
R .= —672, R, .= —767 Ric,,, = —672. (6.16)
(u? + €?) u? + €2 (u? + €?)
Since dyeg(u) = %ﬁ then R?, ., = —nz[éreg(u)]z.

6.2.2 Free Scalar Action

We study the eigenmodes of the Laplacian operator to diagonalize the scalar kinetic term given
by:40

S 6] = [ aPa /ety (~9™ 0.0 00 - M7 0)

Q
“+o0 “+oo 27t
= / dP—3z / du / dv /dz|Au| (6.17)
RD-3 —00 —00 0
X <8ud>* Oyd + 0yd™ 0ud — <A1)28zd>* Db — 0id* 0ip — M*P* d>>-
U

The solution to the equation of motion is enough when we want to perform the canonical quantiz-
ation. Since we use Feynman diagrams we consider the path integral approach: we take off-shell
modes and solve the eigenvalue problem O¢, = r$,.. Comparing with the flat case we see that

12
ris2k_ky — HkH when £ is the impulse in flat coordinates. We therefore have

1 1
9 20, + 02, = rdp,. 1
00y b, uavq>r+( u)2az¢r 2, =rd, (6.18)

Using Fourier transforms it follows that the eigenmodes are

Ofoyor, i (0 0, 2 ) = PR G (), (6.19)

with .
. 2 RS+
]. ——t %+27” zll‘mr ! Uu

e ATy , (6.20)

brr (W)=
et for) 2m)" |24k, u)

40The factor —g*P is due to the choice of the East coast convention for the metric, namely:

~gP0ud” Opb — M24" b ~ | 9| — M b ~ B2 — M2,
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and
¢>Ek+7l7];;7 7"} (ua v, z, f) = ¢{_k+,_l7_ﬁ,r}(u7 v, z, f) (621)

We chose the numeric factor in order to get a canonical normalisation:
(d){k(lwvl(l) E(l) 7“(1)}’ d){k(zwvl(z) k), T(2>})

= D=3z 6.22
/ d /du /dv /dzmu'd){k(lwvl(l) k., T(l)}¢{k(2)+ Ly K2y rea } (6.22)

RD-3
=523 (k1) + k() 8(r1) — 1)) 8(k) + + k(@) +) 81y 1oy, 0-

We can then perform the off-shell expansion

o(u, v, z, ¥) / dP- Sk/dk+ / dr Z A{MJ kr}¢{k+7l ,M}(u v, 2, £), (6.23)

such that the scalar kinetic term becomes

(klnetlc *
Ssaen / dP3 /dk+/dr MQ)A{k%l’,;m}A{k%l,m}. (6.24)

RD-3

6.2.3 Free Photon Action

The action of the free photon can be written as
Sigﬁetm) dPz \/—detyg <g BgY®Dyay(Dgas — Dgaﬁ)). (6.25)

We choose to enforce the Lorenz gauge:*!

1
D%ay = ——ay — Ouly — Opay +

- AT L 9.0, + 10,0, = 0. (6.26)

As covariant derivatives commute since we are locally flat, the B.0.M. read (Oa), = 0. Explicitly
we have:

(D(L),U: |: 28 8 18 AQ 282+n”88:|a717

2 (6.27)
(Da)z = 7682(11) + |:2auav + *av + A2y 282 Jrﬂ”ﬁ 0; :|(Izy
(Oa), = [_28u8v ! —0y + A2 3 85 + T]ijﬁiajil a;

41Tndeed it is exactly the usual Lorenz gauge since locally the space is Minkowski.
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As in the previous scalar case we are actually interested in solving the eigenmodes problem
(Oay), =7 ar «. We proceed hierarchically: first we solve for a, and a; whose equations are the
same as in the scalar field, then we insert the solutions as a source in the equation for a, and
eventually we solve for a,.*> We get the solutions:

[

_ a
"a{k+,z,1€,r}a(“)“: a: = Z E{k+,l,E,r}5
I oe{uw,z,}
K3

ay ()
{ky, Lk}

1

0 ~
:5{k+,l,l;,r}y 0 ¢{k+,l,5,r}(u)

e LR} i by k(@ (6.28)
K+
0
l
R (IRA:R3 T EUNSIN KON )
0
0
0 ~
+5{k+,z,12,r}l‘ 0 ‘b{kJr,z,;z,r}(U)a

Bij

then we can expand the off-shell fields as

+oo
ax(u, v, z, T) = /@k Z Z g{kerlexT}ﬁa?kJr,l,E,r}oc(u7 v, 2, T), (6.29)

ae{u,v,z,i} lI=—00
where

= = ~o i (kpv+lz+k-z
a?k+vl7’;7 7‘}“(u7 v’ Z’ :L.) - a?k+7l7];;7 T} “(u) € ( et ) (630)

_,+<>o “+o0
and [Zk= [ dP=3K [ dk, [ dr.

RD-3 — 0o

We can also compute the normalisation as
+oo +

o] 27
(aq); ag)) = / dD*3f/du/dv/dz|Au|
0o —o0 0

RD-3 _
x g Uy 10y, Ry ray p o Yk 1010y k@) re) } B (6.31)
- 5{k(l>+’l(1>»’z(l)ﬂ“<1>} ° £{k<2>+1l<2)”g<2>7r(2>}

x 80731y + K2)) 8(r(1) = r(2) 81y + + k2) 1) Sty 41y, 0,

42Notice that inside the square brackets of the differential equation for a, there is a different sign for the term
%81, with respect to the equation for the scalar field.
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6.2 Scalar QED on NBO and Divergences

where: 43

Eny ol = —Enuéey —Enw@u+En): €2z +1LE1) i) ;- (6.32)

Finally the Lorenz gauge reads

T
g kl| +r
ki€ gy R S R Wf{kw, Forlw =0 (6.33)

which does not impose any constraint on the transverse polarisation £ (ki 1B}z The photon

kinetic term becomes

“+o0 “+o0 +o0

(kinetic) —37 r *

SthDe c [5] / dD 3k / dk_;’_ / dr Z §S{k+,l,E,r} Og{k+,l,l§,r}' (634)
— 0 oo l=—00

RD-3

6.2.4 Cubic Interaction

With the definition of the d’Alembertian eigenmodes we can now examine the cubic vertex which
reads

SEMiNp, a] = [ APz /= detg (—ie g Pan(d* dpd — Dpdb™ b)) (6.35)
Q

Its computation involves integrals such as

12

3
H i sl
287k 4y
/du Au< ) ¢{k(>+7l(>»k(>xT<>} / <u|§>e ’ (6.36)

and

3 _ 1
]. ~ 1 7’2 2A2k( Y+ u
/du o (u) ,rlld){k(i)Jr’l(i)%E(i)’r(i)} ~ / du <u|u|§>e ’ (6.37)
= u~0

which can be interpreted as hints that the theory is troublesome. The first integral diverges
if the exponential functions are all equal to unity. Fortunately it happens when all factors /(;
(where i = 1, 2, 3) vanish. In this case however the integral vanishes if we set [;y = 0 before
its evaluation. This however suggests that when all [;y = 0, i.e. when the eigenfunctions are
constant along the compact direction z, something suspicious is happening. On the other side
when at least one [ is different from zero we have an integral such as:

/du u| ™ el ~ / dt t¥=2 e A, (6.38)

u~0 t~oo

All I(;y are discrete but k(;) 4 are not thus A has an isolated zero. Otherwise it has continuous
value and may be given a distributional meaning, similar to a derivative of the Dirac delta

43We use a shortened version of the polarisations £ for the sake of readability. We write Emya =

& = thus hiding the understood dependence of the components of £ on the momenta.
{Eny 45Uy By rmy b & P P )
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6.2 Scalar QED on NBO and Divergences

function. The second integral has the same issues when all /(,y = 0 but, since it is not proportional

to any [ as it stands, it is divergent unless we consider a principal part regularization.

We can give in any case meaning to the cubic terms and we get:*4

3
sleubial 4 ,5}:1’[ /dD k) /dr /dk()+z (2m)?

i=1 _3 o)

SRR D I

*
X .A 7 ) .A . o
( {=k@) +=le), =k} {ke) +: sy, Bayoren }

”M“ g

- (0]
% {g{k’m oty Foyoran bu ¥ + Ty

ko) +lay —leykay+ -1
+ g{’“(l) +lay Fayray} 2 Ak 4+ Tisy

0 tay Fay r o (k<1>+a Lays k@ 4 L@y 7)) k(z))
ij . [ _
- 5{k<1>+al<1>7’€<1>7r<1>}1’k@)j 1{3} ((2) = (3))}’

where

[0]

;F@+ -

9(’f(1>+a lys k@) +5 Ly 72)5 ’f(z)) = Dy 5 0

1k l l
41 <2>2+( W _ e ) 7=
2 A% \kuy+ ko4

In the previous expressions we also defined for future use:

+oo

N
[v] _ 7V _ v Y .
I(l)m(N) B I{N} - / du |Au|u H¢{k(i)+1l(i)7k(i)7r(1ﬂ)}
e i=1
+oo N
[v] _ 1+v e
j{;/v} / du |A| |u| H ¢{k(i)+7l(i)xg(i)a"'(i)}.
e i=1

For the sake of brevity from now on we use
bo = Cb{k(iw’ Ly Koysre 12
bo = d){kuwv Liys Ky 7

when not causing confusion.

(6.39)

(6.40)

(6.41)

(6.42)

(6.43)
(6.44)

44The notation (2) — (3) meaning is that all previous terms inside the curly brackets appear again in exactly

the same structure but with momenta of particle (3) in place of those of particle (2).
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6.2 Scalar QED on NBO and Divergences

6.2.5 Quartic Interactions and Divergences
The issue with the divergent vertex is even more visible when considering the quartic terms:

S5, a) = [ 4P /ety (¢ 9" auay [0 - Z101%). (6.45)
Q

which can be expressed using the modes as:

4
uartl —37 D—
S, o) = [[ / dP =2k dky o driy > | (2m) P

i=1 Ly

RORDUD I

*
. A .
{ {—k<3) +>—l(3), —’Ws)vT(s)}) {k@ + Ly Ry ren

Lo (6.46)

{k<1)+xl<1)’k<1)7r(1>} {’f(2>+7l<2>”€(2>’r<2)}) {4}

1 1 [~1]
T 9 {k(1)+,l(1),k(1) 70)}” {k(2>+7l(2)vk(2>”“<2)} (k(2)+ + k(1)+> 1{4}

1 {k(1)+,l(1),12(1),r<1)}3 {k(2>+vl(2>»’g(2>ﬁr<2>}”< L) . l2) >2I[2]
2 A? koy+  ke+

~ %4 ,Qf({m, s r}) I?jj}},

where

%({ku” b E’ T}) - (A{—’fuwv—l<1>7—’3(1>’r<1)})* (A{—’f<2>+x—l<2>7—’3<2>7T(2)})* (6.47)

x A - A - .
{k@) +:1@): By ro) } 7 k@ 4 Ly, Bay ra |

When setting I,y = 0 all the surviving terms are divergent. The explicit behaviour is IET} ~

[ du |u|'~ X3 and I£4}1] ~ [duu? |u\1_4X% since ¢ ~ |u|_%. Higher order terms in the
effective field theory have even worse behaviour. This makes the theory ill defined and the string

theory which should give this effective theory ill defined too.

6.2.6 Failure of Obvious Divergence Regularizations

From the discussion in the previous section the origin of the divergences is the sector I = 0.
When [ = 0 the highest order singularity of the Fourier transformed d’Alembertian equation
vanishes. Explicitly we have:

~ ~ [ B(’u)du u B(u)d
Adubp, iy + B b, gy =Ae ] eI pa] =00 649)
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6.2 Scalar QED on NBO and Divergences

with
, =||2 1 2

This implies the absence of the oscillating factor ¢i% when [ vanishes. It follows that any
deformation which prevents the coefficient of the highest order singularity from vanishing will
do the trick.

The first and easiest possibility is to add a Wilson line along z, i.e. a = 0dz. This shifts
[ — | — e 0 and regularises the scalar QED. Unfortunately this does not work in the string theory
where Wilson lines on D25-branes are not felt by the neutral strings starting and ending on the
same D-brane. In fact not all interactions involve commutators of the Chan-Paton factors which
vanish for neutral strings. For instance the interaction of two tachyons with the first massive
state involves an anti-commutator as we discuss later. The anti-commutators are present also in
amplitudes of supersymmetric strings with massive states and therefore the issue is not solved
by supersymmetry.

A second possibility is to include higher derivative couplings to curvature as natural in the
string theory. If we regularise the metric in a minimal way as shown at the end of Section 6.2.1,
only Ric,, does not vanish. We can introduce:

S(hlgher R) [d) g]

“+o00 k
APz \/—detyg o)t g7 g*% Ric,,, Chs 8% o 05 ¢
/ kz=:1( : El Z * g (6.50)

= / dPz \/—det g (« g* g°° Ric,, (c120" 955 + c110vd* od + c1005,0* b)),
o

where of has been introduced after dimensional analysis and in order to have all adimensional ¢
factors. Since only Ric,,, is non vanishing and it depends only on u, the regularised d’Alembertian
eigenmode problem now reads:

1

- — -
200u0r ~ g Oube + gy 20
(6.51)
—|—Z Qk 1Ck RZCuuk 83’“(1)4—8?@ _Td)r =0,
2k
with C, = Y (—1)®cxs. We can perform the usual Fourier transform and the function B(u)
s=0
becomes
NP . U 2 1
BW:‘( k ”) T ere NMete
po 2 " (6.52)
/ —C —ik 2k
+k§(“) * ((u2+e2)2> (k)
When u = 0 we have:
21 X onl1 ., (—iky)?*
B0)~ -3 5+ > ()G ef; (6.53)

k=1
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6.2 Scalar QED on NBO and Divergences

Though the correction seems to lead to a cure for the divergence, ff we consider «’ and e?
uncorrelated we lose predictability. However if o ~ €2 as natural in string theory we do not
solve the problem since

wner 21 X . _
B(0) < _E§+ch(—zk+)2ke2k 2 (6.54)
k=1

and the curvature terms are no longer singular.

6.2.7 A Hope from Twisted State Background

The issue with the divergences is associated with the dipole string and its charge neutral states
since the charged ones can be cured rather trivially by a Wilson line.

On the other hand we know that the usual time-like orbifolds are well defined because of
a presence of a B, background and this field is sourced by strings. We may switch on such
a background in the open string. For open strings F' is equivalent to such B field so we can
consider what happens to an open string in an electromagnetic background.

The choice of such a background is limited first of all by the request that it must be an exact
string solution, i.e. it needs to obey the E.0.M. derived from the Dirac-Born—Infeld action. If
a closed string winds the compact direction z then it is coupled to B, B., and B,; but if we
choose

1
Y= B(u) = f(u)duAdz. (6.55)
then
det(g + 27ed’ f(u)) = det(g). (6.56)

It is therefore a solution of the open string E.0.M. for any f(u, v, 2, xi). As the two-tachyons—
two-photons amplitude suggests, suppose that the action for a real neutral scalar ¢ is given by:

inetic 1 [ a K v
St = [P0 /=detg 3 (~g*F0u Opd — M0 + c1()’ 0.0 DS S )
Q
+oo +

= / dD*Bf/du
3 — 00 _

RP—

[e%s) 27T
dv / dz|Au|% <2auq> Do (6.57)
o) 0

1
(Au)®

o 1

(0.0)° =100 ;0 — M2 + ¢1 (o) 5
(Au)

(av¢)2f2(u)>7

Performing the same steps as before we get

st =~ +r)-on, 1 LITIPEE)

A2 2 ’

so even for a constant f(u) = fo we get a solution which solves the issues. Notice however
that the “trivial” solution f = fydu A dz is not trivial in Minkowski coordinates where it reads
f= mf—ﬂ dz~ A dz?. Though appealing, the study of the string in the presence of this non trivial
background needs a deeper analysis and it surely is a direction to cover in the future.
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6.3 NBO Eigenfunction from the Covering Space

6.3 NBO Eigenfunction from the Covering Space

We recover the eigenfunctions from the covering Minkowski space in order to elucidate the
connection between the polarisations in NBO and in Minkowski. Moreover we generalise the
result to a symmetric two index tensor which is the polarisation of the first massive state to
compute the two-tachyons—one-massive-state amplitude in the next section and to show that it
diverges.

6.3.1 Spin-0 Wave Function from Minkowski space

We start with the usual plane wave in flat space and we express it in the new coordinates (we
do not write the dependence on Z since it is trivial):

Wky k ko (era T, 552) = ¢ (k+o™ ko™ +hoa?)
_ e st )] 659)

= Vr, b ko (u, v, 2).

The corresponding wave function on the NBO is obtained by the periodicity of z. This can be
done in two ways either in (z*) coordinates or in (z%) = (uv z). From the first we study how
the map to the orbifold gives the function a dependence on the equivalence class of momenta.
Implementing the projection on periodic z functions we get:

+oo
Z Wky ko ke (Kn(x+’ T, ‘TZ))

n=—oo

+oo
Z lb)C*"(k+ k_ kg)(‘r+7 x, .'L'2>,

n=—oo

Wiy k- k2]([m+’ T, xQD

(6.60)

where we write [k4 k_ ko] since the function depends on the equivalence class of (k4 k_ k2) only.
The equivalence relation is given by

k= k- | =K "k = [ ko +n2mA)ks + Ln2(21A) Ky |- (6.61)
]{52 k‘g + n(27tA)k+
It allows us to choose a representative with
k
0< A]lk2+| < 2m, k+ 7é 0 . (662)
0§m<2n, ky =0, ko#0
If we perform the computation in (u, v, z) coordinates we get:
—+o0
Wik, ko ko) (u, v, 2) = Z Wiy k_ &y (U, v, 2 + 27t0)
S (6.63)

2
f i [k+v+ﬁu+%(27TA)2k'+u [n+ﬁ(z+;72+)} }
= e

n=—oo
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6.3 NBO Eigenfunction from the Covering Space

with r = 2k, k_ — k3 and Im(k,u) > 0, i.e. kyu = |k ule’® and T > € > 0. There is no separate

dependence on z and on £2-: we could fix the range 0 < z + Ak,’a < 2m. However this symmetry

Ak+ :
is broken when considering the photon eigenfunction.

We can now use the Poisson resummation

+o00 . ) 7i(5+larg(a)) 400 22
3 etalnth)® o / ds 8p(s)el @ (HD" = (2mPl L N emimemrizm (664

M 2y/mal e

to finally get:*°

fus

2e 1

W[k+ ke ko E] (u, v, z, f) =V 27

too i 21 rHE? ’
kpvtlz— = —utk i1k
Z [ 1 Z { T T e AT W TRy TR e” A’ﬂ2+

—F—¢€
l——ooz . (6.65)
+oo o
= d){lu,l,fz,r}(u, v, z, B)e' B
l:—oo
when k4 # 0 and where
(27T)D e %
Vo -

The fact that ¥ depends only on the equivalence class [k k_ ko k| allows us to restrict 0 <

ﬁ < 27 so that we can invert the previous expression and get:

27TA|k‘+|

1 1 —il 2 -
dkge  2F Wi g gy i (u, v, 2, 7). (6.67)

b, k(w02 0) = N 2mtAlk, |

6.3.2 Spin-1 Wave Function from Minkowski space

We go through the steps in the previous case for an electromagnetic wave. We concentrate on
xzt, 2~ and 22 coordinates and reinstate Z at the end. We start with the usual plane wave in

flat space wgi]r b kaies e es and we express it in both Minkowski and orbifold coordinates. We

: (1]
use the' notation 11),€+ fo kas ey e
is obtained as

¢, to stress that it is the eigenfunction and not the field which

no_ 3 (1]
Au(m) dz" = /d k Z ¢k+ k_ko;eqre_ €2’ (668)
R3 {e4,e—,e2}
o —112
45In the expression we insert the variables k and Z for completeness. We also set r = 2 kyk_ — k% — Hk“ .
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6.3 NBO Eigenfunction from the Covering Space

where the sum is performed over €;, €_, €5 independent and compatible with k. The explicit

expression for the eigenfunction with constant €, e_ and ey is:40
Nﬂ)ﬂ b mes e O 2?) = (ep dat + e da + ey da?) ¢’ (krat+k_z™ +kaa?)
= (ey du+ €, dz + €, dv)
2k h_ k2 : 6.69
I ey o
_ (1]
- Nll)k‘+ k_ ko; €4 €_ €2 (u7 U, Z)?
with
€y = €4,
1
eu(z) =e_ + (A2) ea + (§A2z2) €, (6.70)

€.(u, z) = (Au) (€2 + Az ey).

Notice that we are not imposing any gauge condition. Moreover if (€4, e_, €2) are constant
then (e, €,, €,) are generic functions. It is worth stressing that they are not the polarisations
in the orbifold which are in any case constant: the fact that they depend on the coordinates is
simply the statement that not all eigenfunctions of the vector d’Alembertian are equal.

Building the corresponding function on the orbifold amounts to summing the images created
by the orbifold group:

+o0 foo
NWE () = D & (K" da) wi(Km2) = > K" & dw Pg-ni(a). (6.71)

Under the action of the Killing vector € transforms exactly as the k since it is induced by
€-K"dr = K "¢ - dx, that is:

€4+ €4
e=|e | =KTe= €2 +n (2mA) ey . (6.72)
e e_ +n(2mA) s + In*(2nA) e

However the pair (E, é') transforms with the same n since both are “dual” to x, i.e. their
transformation rules are dictated by x. There is therefore only one equivalence class {Ig, é'] and

not two separate classes {E}, [€]. In other words, a representative of the combined equivalence
class is the one with 0 < ko < 2mA|ky| when ki # 0.

In order to write the eigenfunctions on the orbifold in orbifold coordinates we notice that

46We introduce the normalisation factor A in order to have a less cluttered relation between € and .
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6.3 NBO Eigenfunction from the Covering Space

du,dv and dz are invariant. We write

+oo

N (] = D2 e (K" da)by(K")
B +o00
=dv le; Y Yi(K z)
n= oo—"_oo .
+dz (Au) | e Z Ve (K"z)+ e A Z (z + 2mn)hg (K" 2) (6.73)
+Oon_7oo +Oon_7oo
tdu fem > Pp(K"z)+ead Y (24 2m)bi(K )
LN 5 27tn) P (K™
+ e ng;w(z+ mn)* Py (K") |

From a direct computation we get:*7

+oo
Z (z + 2mn) Y (K"2) = (ziua?@ — Ak]ir)ll’[k]([x])

e (6.74)

+oo 2
Z (z+27m)211)k(lC"x) = (zAluaakg — ;Z) Wi ([]).

Then it follows that
N (1)) = dv [eq Wig ([2])]
€2k+ — €+k2 i 0
— Y Y[%
I

2 ; 6.75
<e e+ gen () ) Yl + o )

+dz (Au) [

+ du

_Gokymevhkai 0 R
ky uakg\y[k]([x]) 2 €+ 2 akg\ym([w]).

Many coefficients of ¥ or its derivatives contain k2. They cannot be expressed using the quantum
numbers {k+, l, E, r} of the orbifold but are invariant on it. They are new orbifold quantities

4TThese expressions may be written using Hermite polynomials.
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6.3 NBO Eigenfunction from the Covering Space

we interpret as orbifold polarisations. Using (6.65) we can finally write

—
il 2

+oo
‘Pm e]([x]) = Z ¢{k+,l,E,r}(u’ v, z, X)e

aky
l=—00
X {dv €4
€2k’+ — €+I€2 1 l
Ay)| ————— —_— 6.76
s (o) [P e L (6.76)

+ du

k? 1 k2 2 7 €+
<€_ €2 k+ + 2€+ <k+) + 2u k+
ek —eihol 1 IR
p AR L e :
k+ u Ak’+ 2u2 Ak+

If we compare the last expression with (6.28) we find:

g{lmr,l,l;,r}g =&t
o €k — € ko
ki kry2 = Sten(u) =——— (6.77)

ke 1 (k2 \?
& - =€e_.—€—+—-€4|—
{kJr’l’k)’T}E 2]€+ +2 +(k+ ’
which implies that the true polarisations (e, e_, €2) and 5{k+ 1,k r} s BT€ constant as it turns

out from direct computation. A different way of reading the previous result is that the polarisa-
tions on the orbifold are the coefficients of the highest power of u.

We can also invert the previous relations to get:

€+ = 5{k+, Lk}

. ko
€2 =& k) S T EG BT (6.78)

, ko 1/ ko \?
R (TN 5 PV A S T L IR % P (k+) )

and use them in Lorenz gauge k-& =0 in order to get the gauge conditions expressed with
the orbifold polarisations. If the definition of orbifold polarisations is right the result cannot
depend on k9 since it is not a quantum number of orbifold eigenfunctions. Taking into account

R +k2 - . )
k_ = ”H%# in k- € = 0 we get exactly the expression for the Lorenz gauge for orbifold

polarisations (6.26).

6.3.3 Tensor Wave Function (Spin-2) from Minkowski space

We can use the analysis of the previous section in the case of a second order symmetric tensor
wave function. Again we suppress the dependence on ¥ and k with a caveat: the Minkowskian
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6.3 NBO Eigenfunction from the Covering Space

polarisations S, ;, S_; and Ss; transform non trivially, therefore we give the full expressions in
Appendix D even if these components behave effectively as a vector of the orbifold.

We start with the usual wave in flat space and we express either in the Minkowskian coordin-
ates

Nlbf]s (z, 27, xg) = Suv Vi (z) da* dzY
- (s++ dzt dzt +28,, det da? +28, _ dat da
(6.79)
+2855 dz? dz? + 2S5 dz? dz™

+ 2577 dx_ dx—)ei (k+z++k,1_+k2m2)’

or in orbifold coordinates

NYPL(2) = Sup Wr(z) dz® dzP
= {d’U2 S++

+dv dz Auf[2 Sy 4 + Sy +AZ]

+dv du [2 Sy_+285:A24 54 +A222]

+d2? A%? [Soo + 284 0Az + Sy 4 A%2?] (6.80)
+dz dv Au[28_5+2(So2+ Sy ) Az + 381 2A%% + 5, | A%

1
+ du? [S_ 4+ 28 9Az+ (Sao+ S ) A% 4+ Sy oA + ZSJF +A4z4} }

. 2k k_ —k2 1 a2 ® 2
i kvt —G—2ut+ 5 A% u(z+ 12
ol : (+42)
Now we define the tensor on the orbifold as a sum over all images as

—+00
N () = 3 (K7 de) - S+ (0" de) i (K)

. (6.81)

= > do-(KT"8)-dz br-np().

n—=—oo

In the last line we have defined the induced action of the Killing vector on (E, S ) which can be

explicitely written as:

Syt S+
S+2 S+2 + TLAS++
| Sy S, _ +nASya+ in2A%S
n| P+ _ + +271 3 ++
K s, | = Sao + 2nAS, o + n2A2S, . (6.82)
Sy So— +nA(Sa2+ Sy )+ 3n?A%5, 5 + Ln3A3S, |
S__ S__+42nAS_ 5+ n?A%(Sys + S 2) + nPA3S, o + IntAYS, |

Computing the tensor on the orbifold in its own coordinates is equivalent to summing over all
the shifts z — (z + 27tn) and the use of a generalisation of (6.74), i.e. to substitute (A z)’{y —
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6.3 NBO Eigenfunction from the Covering Space

p J
( i 3%2 . Akl§+) ‘P[k]([x]). When expressing all in the ¢ basis, the last step is equivalent to

< J
(Az)" Py — (Aulilmr) 4+ .... We identify the basic polarisations on the orbifold by considering
the highest power in u:

1
Suu= 1K4S+++K25+_ —K38,04+8_ _ —2KS_5+5:,K?

1
Suv = §K25+++S+, ~KS,,
1 3
Suz:7§KSS++7KS+_+§K2S+2+S_27KSQQ (683)
Svo =84+

Sp.=812-KS,
S..=K*S,. —2KS,5+ Ss5.

where K = ,’;i The previous equations can be inverted to get:

1
S_._=K? (Szz +Suv) +K38vz + 1K4va +2KSy.+ Suu
1
S+7 :Ksz+§K28vv+Suv
1
5,2:K(SZZ+SM)+2K25m+§f<3sm+suz (6.84)

St4+=38vu
S+2 :sz+Kva
Soo :SZZ+2KSUZ+KZSUU.

Since we plan to use the previous quantities in the case of the first massive string state we
compute the relevant quantities. In particular we have the trace:

tr(S) =S8, —28uw (6.85)
and the transversality conditions
12
(r+ 1)
trans S, = (k . S)+ = —TSM — ki Sy,
(4 I4T)
r+
(7 - B (6.86)
trans S, = (k 5)2 K (k: s)+ = S Ses ke S
L2
1 <r+ k >
— _’. i _’. — 2 _’. _—— 7 —
trans S, = (k s)f K (k S)2+2K (k S)+ s Sue ke Sun

+|[R||* 42
where we used k_ = % These conditions do not depend on K since ks is not an
orbifold quantum number.
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6.4 Overlaps of Wave Functions and Their Derivatives

The final expression for the orbifold symmetric tensor is

2 2 2LS’L}Z iSUU i
LS., 318, LS 1 Sy 2 3iLSUU 1
) 4 il
+2Au dz du [Suz—i—( A + 2k, + )u ( 2 A2 2Aky >u2
n L2y i}
2A3 )3

+ du? [Suu + (

W[[%],S]([x]) = f d){l@r,l,/_c‘,r}(u’ v, 2, j‘)eilAkTi
l=—00
X {dv2 Svo
+2Au dv dz [sz+ (L‘va)l}
A U
42 dv du {Sw + (L‘Z” + ;‘L)iJr (L;;)ul?]

- - ”

ky A Ky
L (LPSe:  3iLS,. 38, LS.\ 1
A? Aky  4k2 AT )

N L35w+3iL25w i+ LS, , L]
A3 2A%2k, ) ud ANt Jutl |7

where L = ki
+

(6.87)

6.4 Overlaps of Wave Functions and Their Derivatives

In this section we compute overlaps of wave functions. We give their expressions using both
integrals over the eigenfunctions and sums of products of delta functions. The latter is the
expression which is naturally obtained by computing tree level string amplitudes on the orbifold
when one starts with Minkowski amplitudes and adds the images. This is equivalent to computing
emission vertices on the orbifold and then their correlation functions since this amounts to
transfer the sum over the spacetime images to the sum of the polarisations images.

6.4.1 Overlaps Without Derivatives

We start from the simplest case of the overlap of N scalar wave functions. We compute the overlap
of orbifold wave functions and then we express it as sum of images of the corresponding Minkowski
overlap thus establishing a dictionary between Minkowski and orbifold spaces. Explicitly we
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6.4 Overlaps of Wave Functions and Their Derivatives

consider the following overlap where all the polarisations A(;) have been set to one
N
10 = /d% Vo detg HW[’%H k) - ko] ([z*, 27, 27]))
& i=1
B / &z /= det g Vi, ko, s (275, 27, 2%)

/A

N “+o00
X H Z wk(i)-%-k(i)— k?(f,)z(’cm(i) ($+7 T, 552))

1=2 m(;)=—00

- / &’z /= detg 11”“<1>+’€(1>—’€<1>2(x+’ z, x2))

M2

N “+00
+ - 2
XH Z IJ‘)’Cm“)(’C(iHk(i)—kmz)(x a7, @)

1=2 m;)=—00

+oo
= (27’[)35 ( Z ]{i(i) +>

1=—00

N +oo +oo +00
<IT > 5( > K k(z‘)fz) 5( > kme k‘(i)) ;

i=2m(;)=—00 i=—00 1=—00

(6.88)

m(1)=0

where Q = .#12/T is the fundamental region identifying the orbifold. We used the unfolding
trick to rewrite the integral as an integral over .#"? thus dropping the sum over the images of
particle (1). We then moved the action of the Killing vector from z to k and finally we used the
usual & definition. The previous integral can be expressed as:

i) + k
TN — AN E : e im1 /ddg: —detg HdJk_rNi([l’])
2 i=1

toyesr (6.89)

N
P30 Lo a2 N
‘ ¢ 2 0
=NV N e @)% > ka4 |5 Tihy
{1 pez~ =t 2l
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6.4 Overlaps of Wave Functions and Their Derivatives

From the last expression we recover the overlap of the wave functions as:

N
/ &z I dr_rvi(la))
a i=1
N 2Alke +]
_ L H / ki) 2 —il) Ak(li (V)
=T L O
(6.90)
too 2rtAlk iy + | )
TS STTARS, gy Qe
= L) ke

N +oo N N
[T > 3 Z:Q’Cm"”k(j)z 5 Z;’Cm(”’f(j)—
J= 7=

Jj=2mj)=—00

It follows from the explicit expression of Z, 1 that all overlaps IN) for N > 4 diverge.

{n}

Intuitively we are in fact summing over infinite distributions with accumulation points of
their support. Nevertheless the existence of the accumulation point is not sufficient since the
three scalars overlap, i.e. the three tachyons amplitude, converges.

6.4.2 An Overlap With One Derivative

Since we will also compute the amplitude involving two tachyons and one photon, as a preliminary
step we consider the overlap in Minkowski space:

+oo +oo +oo
Tazink = (2m)° (eq1) - kz)2) 5( > k‘(z’>+> 6( 2 ’%>2> 6< 2 ’%))' (6.91)

i=—00 i=—00 i=—00

Summing over momenta and polarisations we then get to an expression which depends on equi-
valence classes as:

+o0o
I([kay. €] [k [ke)]) =i(2ﬂ)35< > k‘(z‘)+>

1=—00
XD By (K™ Weq) - KM kg) ) (6.92)
{ma }ez?
+oo I
« 6( Z ’Cm(i)k(i)2> 6( Z Km(i)k(i)_>.

The expression depends only on equivalence classes.*®

The previous expression can be written as

J= / iyl (fa]) ¥, () Wy () (6.93)
Q

[kay.e) 1

48In order to prove it, under (k(l), 6(1)) — K (k(l), e(l)) we can use K°a-b = a-K~°b and the invariance of
deltas 83 (K%a) = 83(a).

121



6.4 Overlaps of Wave Functions and Their Derivatives

where we performed the unfolding using ks, ey FL([30])-49 Notice that the previous expression
is invariant despite the fact that the derivatives J,, are not well defined on the orbifold. The fact

that ‘P[u] is not invariant in turns helps in recovering the required invariance.

We can then evaluate the previous expression with Minkowskian polarisations using (6.76)
which is nothing else but a rearrangement of terms of (6.92). We have:

5 i Z (i )Ak((>)2+ 9 3
J=iN? Y e = @2m)28( > ka4 |8
{1y ez i=1 >l

i=1

3 ; 12
1 (i
x [ d3x _rNil([Z]))q € o * T
/ | K ])){ )+ [QU k)4 20202 2k 4 (6.94)

O i=1

1 1 L)
T A |fW2 AW Tl

12
+ L o . ! k
€1 - t€1y2——— .
1) (1)2Auk(1)+ ()+2(A )2 k%) 2+
Divergences occur when | = 0 because of the absence of the factor es. However all explicit
factors come always with [: when | = 0 they do not give any contribution. The divergence in
this case comes actually only from the contribution of the first line 0, d)| 10 = 2u d)| 1o Since
we still have to subtract the contribution of the exchange (2) <+ (3) the contribution is cancelled
in scalar QED or with Abelian tachyons. It does not cancel when considering the non Abelian
case and the related colour factors unless one uses a kind of principal part regularisation since
(] =8|
replacing [ du signl) with lim [ [ du+ f du] sign(u) oives a finite result.

2 5—0 2
oM “lal el e

6.4.3 An Overlap With Two Derivatives

We can generalise the previous expressions to more general cases. Since we use the results
from Section 6.3 we miss some non trivial contributions from polarisations like S,;. These
contributions do not alter the final result. However for completeness we give the lengthy full
expression in Appendix E.

We consider:?°

K= / d /= detg o nPT VR (D) 0y 06 W 1 (1) Y (2D, (6.95)

in Minkowskian coordinates or

K= [ @ y=derg g8 90w (el Dposty () ¥ () (690)

49Clearly we can perform the unfolding using whichever other field and this amount to keep the corresponding
my;) fixed in place of ma)-
50The underlying idea is to compute the amplitudes involving two tachyons and one massive state.
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6.5 Three Points Amplitudes with One Massive State in String Theory

in orbifold coordinates where we need to use covariant derivatives. Using the unfolding trick over
(3) we get

+oo N —+o0
K= (271)36< > k(iH) IT Y S (K™ ko) (K™ ke)2)°

1=—00 1=2m;)=—00

(6.97)
—+oo +oo
« 5( Z ICm(i)k(i)2> 5( Z e k(i) )
Explicitly in orbifold coordinates we can write
Y T 2] 2 _ 2 e
K = /d x4/ —detg ‘P[k(g)vs(?’)}uu av\y[k(z)] (Au)Qw[k@yS(s)]uz 8vaz‘l’[k(2)]
Q

(2] 1y 2 A2

* 21{][’“(&’5(3)]“” avauw[k(zﬂ " (Au)4‘y[k(3>’5(3>]zz <82‘P[k(2)} A u@v\l’[k(z)]) (6.98)

_ 2y _1 2] >
(Au)zw[’%)vsm]zv (828u1y[k(2)] u azw[’%]) +\y[’€<3>75<s>]vv Ot (ko] | ¥ [kcn)

Keeping the terms which do not vanish when all [ = 0 and considering only the leading order in

% we get

2 3
3 (k2 ++I€3 + 1
KN/du |U|1( @ 2 ©+) S3yvw 5 Hd)(i) ; (6.99)
(3)+ L Lisy=0

_3
which is divergent as |u|” 2.

6.5 Three Points Amplitudes with One Massive State in String Theory

We consider string amplitudes including massive states. They are obtained using the inheritance
principle and therefore they are connected to the integrals and relations derived in Section 6.4.3.
In particular we want to use the inheritance principle on the momenta and polarisations, i.e.
we start form amplitudes in Minkowski expressed with momenta and polarisations and then we
implement on them the projection on the orbifold. In particular it is worth stressing that, as
there is one Killing vector acting on the spacetime coordinates, there is only one common Killing
vector action on all the momenta and polarisations of each field as discussed for spin-1 and
spin-2 cases. Moreover this approach gives the complete answer only for tree level amplitudes
since inside the loops twisted states may be created in pairs. The final result is that the open
string amplitude with two tachyons and the first massive (level 2) state diverges and there is no
obvious way of curing it since the divergence is also present in the Abelian sector. The open
string expansion we use is

/
X(u,u) =20 —i2« pIn(fu)) +iy/ 5 S T, (6.100)
neZ\{0}
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6.5 Three Points Amplitudes with One Massive State in String Theory

6.5.1 First Massive State in String Theory

Before computing the amplitude we would like to review the possible polarisations of the first
massive state in open string. The first massive vertex is:

. 2
i i
Vum(z; k, S, &) =: £-0°X(x, x +<>SV81XN$,(£ 0: XY (x,
ul ) (m (@ o) Vo) " (@ 2) (@ 2) (6.101)
~ eik-X(r,z): )
The corresponding state is:
il_r)% VA{((E; k, S, E,) ‘0> = |k, S, E,> = (E, Ko+ o_1-S5- 0671) |k> . (6102)

For the state to be physical we require:

(Lo—1)|k, S, &) =0 = ok =—1
Lilk, S, &=0 = S-k+&=0 (6.103)
Lolk, S, &) =0 =  k-&+trS=0.

String gauge invariance allows us to add:
Loa(x oo [k)) = (X oo+ o k- 0) ), (6.104)

subject to the physical constraints o’k? +1 = 0 and X - k = 0. In critical string theory there is
another gauge invariance generated by L_5 + %L%l. We can add a multiple of

3 5 3 1
(Lg + 2L21) |k> = <2k cX_9 + 5(/@ . 0671)2 + 20(21) |k> N (6105)

to set a = 0. Therefore the only non trivial D.0.F. refer to ST7, that is:

tr ST = k. STT =g = 0. (6.106)

. L2
We check that, given k = <k+, k_, ko, k) such that —2kyk_ +k3+ Hk” = —1, we can find a

non trivial S77 with non vanishing components in the directions #+, 2 only. In fact we find a two
parameters family of solutions. The parameters may be taken to be Sy and S, 5. Explicitly
we have

1 0
Sty _k- 11%2
ko +
5| = | k) | Sy + ok ke ths) | Sis (6.107)
S-2 gk hoky =20
So s k1 kT
ok 9 ks
ki Ky
There is even a non trivial solution for the special case k = (k+, A i7 ko =0, k= 0‘)
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6.5 Three Points Amplitudes with One Massive State in String Theory

Using the expressions for S77

in orbifold coordinates, we check that there are two possible

indepdendent polarisations S,, and S, ., which correspond to the those used above. The non

trivial solution is:

1
-2
s el 0
Sus 2K e[
SM 0 TokE
sz - r+]|&])* 21 Su0+ 1 Sy
uu 2k2 0
Suz N
S 0 0
zZZz =112
R 0
2k3

6.5.2 Two Tachyons and the First Massive State

This Minkowskian amplitude is given by the sum of two colour ordered sub-parts as:

Arryv = AT(1>T(2)M(3) tr(T(l)T(Q)T(3)) + AT(z)T(1)M(3) tr(T(Q)T(l)T(3))'

We find:

Aoty = (ke | Ve (1 k) (oSG ot [k

— <<k(1) ‘ eik(z)‘wo e—\/2o¢/k(2)‘cx1 (0(71 . S,(J;{ S X1 |k(3)>)
) 3
= (2m” (Vaw') 8" <Z k(i)> k) - SET - ko)
i=1

The transversality of ST 3) finally leads to:

2 3
Arrag =2(2m)” (Vaa') 8P (Z k(i)) ke - SE ke o ([Tay, T, Tis)-
i=1

Then we can compute the orbifold amplitude as:

3 3
Arpy = (2m)7 7260~ (Z >5<Zk(i)+>
i=1

x2(\/@)2 Z

{may, ma), me ez

(23: Km0k 2 >5<23: (’Cm“”ﬂn)) tf([Tuw Tio)), T(zs))-

i=1 i=1

Sy 1 (K@ kz)) - SG5) - (K@ k()
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6.6 Scalar QED on the Generalised NBO and Divergences

Such amplitude can then be expressed using an overlap:

Arrar =2 (fi 2oc’)2 /d%g” g""‘i’[[i](a),s(g)] o (21 Ox 0¥, 1 (D) W 1 (2])
Q
< tr ([T, T, Tia). (6.113)
=2 <_im>2 /d% 9" 9" W[[i](s»S(s)] oy (D) D 0¥ ([2D) Wi, ([2])
Q

<t ([T, T, Tisy)-

As discussed in Section 6.4.3 the integral is divergent when S; y = S, , # 0 and the divergence
cannot be avoided even introducing a Wilson line around z since the amplitude involves an
anticommutator which does not vanish in the Abelian sector.

6.6 Scalar QED on the Generalised NBO and Divergences

The issues related to the vanishing volume of the compact directions lead to incurable divergences.
We introduce the GNBO by inserting one additional non compact direction with respect to the
NBO and show that divergences no longer occur. As for the NBO, we first present the geometry
of the GNBO and study scalar and spin-1 eigenfunctions to build the scalar QED on the orbifold.
We then show how the presence of a non compact direction can cure the theory when considering
amplitudes and overlaps.

6.6.1 Geometric Preliminaries

Consider Minkowski spacetime .#1P~! and the change of coordinates from the lightcone set
(x¥) = (T, 27, 2%, 23, %) to (%) = (u,v,w, 2, T):

rT =u
xt =ov+ Aéu(z—l—w)2 + Aéu(z—w)2
2?2 = Asu(z +w)
2 = Azu(z — w)
6.114
- (6.114)
v =2t — 3 ((2%)% + (2%)?)
@ o 1 2 3
vo=n- A &
_ 1 22 23
z = o= Tz + Tg

where we do not perform any change on the transverse coordinates #. The metric in these
coordinates is non diagonal:

ds® = —2dudv 4 (A2 + A2)u?(dw?® + d2?) + 2(A2 — ADu? dwdz + 1y daz'da?,  (6.115)
and its determinant is:

—det g = 4A3A% u?. (6.116)
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6.6 Scalar QED on the Generalised NBO and Divergences

From the previous expressions we can also derive the non vanishing Christoffel symbols:

Notw =T."% = (A3 + A,

w w
r,% = (A2 — A2, (6.117)
I-"LLu}'lU = I-"LI.ZZ = Uil,

which however produce a vanishing Ricci tensor and curvature scalar since we are considering
Minkowski spacetime anyway and (6.114) is just a map from .#ZP~! to the GNBO.

We introduce the GNBO by identifying points in space along the orbits of the Killing vector:

K = —27m (A2J+2 + A3J+3)

=27 (AQZ‘Q + A3l‘3)6+ + 27TA2.1‘_(92 + 27'CA3$_83 (6118)
=210,
in such a way that
at ~ et neZ (6.119)
leads to the identifications
T~ T
22 x2 4+ 2mnAg
r=|2*|=K"z= a® 4 2mnAga™ L , (6.120)
xt T + 27nA} + 2mnAsa® + (2nn)2%x7
z z
or to the simpler
(u, v, w, z) ~ (u, v, w, z+ 27mn) (6.121)

using the map to the orbifold coordinates (6.114) where the Killing vector k = 279, does not
depend on the local spacetime configuration. As in the previous case, the difference between
Minkowski spacetime and the GNBO is therefore global.

The geodesic distance between the n-th copy and the base point on the orbifold can be
computed in any set of coordinates and is:

As?,) = (83 + A2) (2mna)? > 0. (6.122)

Closed time-like curves are therefore avoided on the GNBO, but there are closed null curves on
the surface = = u = 0 where the Killing vector k vanishes.

6.6.2 Free Scalar Field

In order to build a quantum theory on the GNBO using Feynman’s approach to quantization, we
first solve the eigenvalue equations for the fields and then build their off-shell expansion. We
start from a complex scalar field and then consider the free photon before moving to the scalar
QED interactions on the GNBO.
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6.6 Scalar QED on the Generalised NBO and Divergences

Consider the action for a complex scalar field:

Silégll)etlc) ] _ dDI’ \/Tetg(*g”v(%d)*avd? — Mzd)*d))

o]

OO OO 27t
= / dP- 4*/du/dv/dw/ dz 2|AgAs| u?

RO~ (6.123)

lfhb Doh + Doh* Dup — ((AlﬁAlQ)(m Db+ 0.0 0.4)

(a2 32 @u0r 0.0+ 000 au,q>>> 1 0" 0y M2d>*d>] .
2 3

As in the case of the NBO, the solutions to the E.0.M. are necessary to provide the modes

of the quantum fields. We study the eigenvalue equation O¢, = rd,, where r is 2k k_ — k

by comparison with the flat case (k is the momentum associated to the flat coordinates). We

therefore need solve:

2 1 1 1
—20,0y — —0p+ —5 || =5 + — | (0% + 9?2
{ U +42 (A%+A§)(W+ z)
i (6.124)
+2<A2—A2>a 0- +nijaiaj_r}¢rzo_
To this purpose, we introduce a Fourier transformation over v, w, z, &:
b (u, v, w, 2, )
S D—4 k' vpw+lz+k- ac) (6125)
-y [ k/dk+/dpe .+ B gty (0
l:—oo]RD_4 s
where we defined k4, p, [, k as associated momenta to v, w, z, T respectively. We find:
Cb{k.JrJ), H;,T}(u, v, w, z, T) = €' (k+v+pw+lz+k-f)d){k+,p7l7 i) (u). (6.126)
where
- 1 1 ﬂ-( 1u[<z+p> Lu=p? } E2+Tu>
blhyp k(W)= —e \THrLoan boan e (6.127)

e
21/ (2m)P | Aprghey | M

These solutions present the right normalisation, as we can verify through the product:

(¢{k<1)+,11<1) l(lw’g(l) T(l)}’ ¢{’C(2>+7P(2> 1(2),E<2),r(2)})

= / dP- 4"/du/dv/dw/dz 2|AgAs|u?
(6.128)

]RD—4
X — —
cb{k(l)+:P<1>vl<1>7k<1>=r<1)} q){k(z)+7P<2>7l<2>7’f(2>»7'<2>}

= 6P (K + ) ) (ka1 + K2y +) 8(pa) + )8 () + 706)) Bty 1
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6.6 Scalar QED on the Generalised NBO and Divergences

Then we have the off-shell expansion:

1 +oo .
¢7‘(u7 v, w, z, f) = E dD74k / dk+ / dp / dT
D
2\/ (27'[) |A2A3k+ l:—oo]RD,4 o 5o N (6129)
" ALy p. 1 v} J (k+v+pw+lz+19-f— o {%+%} +%u)

Jul

6.6.3 Free Photon Action

We then study the action of the free photon field a using the Lorenz gauge which in the orbifold
coordinates it reads:

2
D%ay = 7;“0 — Opy — Oyt
A1 1 1 (6.130)
#r (g @) oo 000+ (3 - ) v+ 0.00)
-‘rnij &-aj =0.
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6.6 Scalar QED on the Generalised NBO and Divergences

We then solve the eigenvalue equations (Oa, ), = ra,, which in components read:

2
(DGT)U = ﬁ

1 1 1 1 1

+ {—28u8v — 281,
U

1 1 1\, 11 )
e (s ) 090+ (g )00 9o

(Da,), = {—2&@, _ 2,
u

L1 1\, e, e 11
+4u2KA2+A§>(a“’+8Z)+<A§ A2>28 8] }am,

2
(Dar) = ——0Owlry
u

. {_28 5 (6.131)

1 1 1 1 1
(Bt (4 ] e
2
(Oa), = —Eazam

+ {—28u8v

1 1 1 1 1
+4u2|:<A%+ A2>(82 +82) (A% A2)2a 8:| T}arz,

(Da)z = {2auav - gau
u

IO Y gy (L |
i (a2 8-+ (g~ g o0

where VQT =n¥ 0;0; is the Laplace operator in the transverse coordinates #. These equations
can be solved using standard techniques through a Fourier transform:

ar o (U, v, W, 2, T) = Z/dD4k/dk+/dp

l_—oo]RD 4

Qpy

(6.132)

% 6 (k+'u+pw+lz+k: w)

Ukip Lk r} o (w).

We first solve the equations for Zi{,€+ Pl For}o and Zi{,€+ P For )i since they are identical to

the scalar equation (6.124). We then insert their solutions as sources for the equations for
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6.6 Scalar QED on the Generalised NBO and Divergences

ot Fordw Wy p, 1, For b and Ol p i, For) o The solutions can be written as the expansion:

au

Ay

Ha{k+7pyl,ﬁ,r} oc(u)H = Eiw

z

a;

= 2 fasiiile

s o)

1
0 o~
RGN0 bl RS (SRS
0
i 1 (@+p)? | (1=p)?
2k u + 8k3u2( Ag + Ag )
1
+5{k+7p,l713,7'}y % ¢{k+7p,l71377'}
kv 6.133
0 (6.133)
#(lip _ l;)
Ty Ju] \ AZ AZ
0 -
et} Ju| G Lhesipt o}
0
0
1 I+ 1—
T Tal (Tf + Tgp)
0 ~
Tt Fr) 2 0 by pt frd
|ul
0
0
0 ~
+5{k+,p,z,i€,r}g 8 ‘b{m,p,z,ﬁ,r}
Bij

Consider the Fourier transformed functions:

(u, v, w, z, &) = ¢t (hrvtpwtieth @) g (u), (6.134)

@
ks p 1By} {kop lFyr}

then we can expand the off shell fields as

Lo 400 +o0o +o0
ag(z) = Y / aP—4k /dk+/dp dr
[ e e (6.135)

3
x D Elhep b For} o Wy, p, 1,0} o (@)-
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We can compute the normalisation as:

+o0 +o0 +

(a(l),a(g)): / dD74f/du/dv

RD—4

[e%s} 27t
dw/dz 2|AsAs|u?
00 0

ap
X a - a - 6.136
(g {kay +:p) Ly Fays ran b o k@) 4 p02y0 Loy, B2y o) B) ( )

= 8P4 () + ) ) 8(pa) + 1)) 8((r) 4+ 2y +) Sy sy 08(r1 = 72)
x 5{k<1>+,p<1>,l<1),E(l),rm} ° 5{k<2>+7p<2>vl<2)7E<2>ﬂ“<2>}’
where

Enola =—Enulev—E€nvée)u

111
+3 (Ag + A%) Enwéew+En:Ee:)

(6.137)
11
Vi Enwé@:+E0) €2 w)

is independent of the coordinates. The Lorenz gauge now reads:

g B4+
2] L. - _ o _ o —
Nk G k) TRk R 2k, Elheprfryy =0 (6.138)

As in the previous case, the constraint equation does not pose any condition on the transverse
polarisations g{k+,p,l,lz,r}y and E{k%p’l’,&r}é.

6.6.4 Cubic Interaction

As previously studied on the NBO, we show the scalar QED 3-points vertex computation using the
previously computed eigenmodes. The presence of a continuous momentum in the non compact
direction plays a major role in saving the convergence of the integrals. In the case of the GNBO
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we find:

S [, a] = / APz \/—det g (—ieg" au(d* 0y — Ovd™ D))
Q

3 oo +oo —+oo +oo
e
=1I > / APk / dk i)+ / dp(i) / dr ;)
i=11 i

() TTOORD-4

e (G

*

xeA - A -
{=k@ + =Py, —lz), —k@),72) } {ke)y 4, P@): Ly By, T(3>}

= (0]
x {g{ku)+»P<1>vl<1>v’f(1>a"“<1>}u k) + L)
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Ltz
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_ L (ke = pey) ke« (o) =Pm) ||
A3 kay+ )
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where we defined:

{N}_ /dU2|A2A3|u w H¢{k()+vf’() Ly Ry 2

(6.140)
+oo N
v _ 2 T
j{N} - / du2 |A2A3|u ‘U|V Hd){k(i)+7p(i)7l(i)7E(i)vr(i)}'
oo i=1

While in the NBO case we need to regularise the integrals at least taking their principal part

when all /(,) = 0 in (6.37), the GNBO does not need any specific manipulation. In fact the form
of d){ku)%p(i)-, oy ey} B (6.127) prevents the formation of isolated zeros in the phase factor
proportional to u~!: the presence of the continuous momentum p, contrary to the NBO where all
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6.6 Scalar QED on the Generalised NBO and Divergences

momenta are discrete, gives the integrals a distributional interpretation, similar to a derivative
of a Dirac § function.

6.6.5 Quartic Interactions

As for the NBO, we consider the quartic interaction for the scalar QED action:

S, a) = [ 4P /=detg (¢ 9" auav |6l - % 10]")

o)
3

1
=11
i=1 7'[\/ 2m) |A2A3k()+|

+oo
x> /dD o /dk(H/dpl)/dr()

l(z)—*OO]RD 4

Do _ o
x (2m) P 8P <Z k(w) 5(2?@)) (Z k(z)+> 5 s
i=1 i=1 Zlm 0
2 q%* .
x {e ‘A{*k(a)%*:ﬂ(g)’*l(s),*E(a),T(g)}A{kM)+=P(4)vl(4>»k(4>’r<4)}

e i} 710] (6.141)
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6.6 Scalar QED on the Generalised NBO and Divergences

where we defined:
la) £P@) o) TP
k(a) + k) +

Ex(ap) = g{’“(awvl’(awl<a>”z<a>vr<a>}£
x (& - +& . ) (6.142)
< {k@) +: Py Loy By ey fw {k@) +: Py Loy By, vy } 2

_& .
{k@) +:pw)s Ly By sy F o

x (& P +& - )
( {k<a)+ap(a>7l<a),k(a)ﬂ'(m}y {k(a)+7p(a)al(a)7k(a)~,7‘(a)}§

for simplicity.

As the four points function in the NBO case shows with clear evidence the presence of diver-
gences when all [,y = 0, the GNBO allows a distributional interpretation of the integrals IB/\],}

and J. {[X,]} in the previous expression. In fact the regularization occurs in the same way as in the
three points function in the GNBO: the phase factor proportional to v ! has a continuous value
due to the continous momentum p and it does not present isolated zeros which would prevent

the interpretation as distribution.

6.6.6 Resurgence of Divergences and Null Brane Regularisation

Looking back at the metric (6.115) and at the identifications (6.121) it seems reasonable to
wonder what would happen if we acted in the same way over w, since 270, is a Killing vector as
well and it commutes with 27t9,. However from the analysis of NBO and GNBO, in the absence of
at least one continuous transverse direction it is not possible to avoid the divergences associated
with discrete zero energy modes and this is exactly what happens.

As mentioned in the introductory section, there have been attempts to regularise the NBO
using the Null Brane. Differently from the NBO, in this case the orbifold generator (6.9) includes
an additional translation along an extra spatial dimension, namely:

K = —2mmA J+2 — 27TZRP3

6.143
227T(A8Z+R, 63) ( )

with metric ) o
ds® = —2dudv 4+ A%u?(dz)? + (dz®)” +mny; da’ da’ . (6.144)

Even though similar in appearance to the GNBO Killing vector, this Killing vector is substantially
different from (6.118).

The scalar field satisfies the same equation of motion as in the NBO:

1 1 g
—20,0, — =0y + ——02 + 925 + 1" 9;0; | b, =1y, (6.145)
W a o
where ¢, j =4, 5, ... D — 1. The solution is:
1 _iii ik§+52+ru
e F+w L (6.146)

&){m k. ks Er}(“) X STl
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but with different periodicity conditions:

pi2mn(Ak.+Rks) _ 1 (6.147)

This obscures the issue of the presence of a non compact direction. To show the non compact

direction hidden in this system we define the coordinates z = (ﬁ + i) and 7% = 1 (ﬁ — %)

2\ R 2\ R
such that k = 27'[8; and

z Z+ 2mn
<§3> = ( -3 ) (6.148)

upon the orbifold identification. Then the momenta are Eg =1¢€7Z and 74;\3 € R and they are
related to the momenta of the other coordinates as:

1+ ks T— s
ks = k, = , 6.149
87 TaR 2A (6.149)
so that the solution can be written as
1 i @k)? 1 @R 2=+
e 8ATRy v 2kt , (6.150)

Cb{kﬁigér}(u) x N

which shows in a clear way that there is a non compact direction which allows a distributional
interpretation as discussed in [99]. However this direction cannot be easily decoupled from the
compact one.

6.7 Comments on the BO

In this section we would like to quickly show the analysis performed in the previous sections for
the NBO but in the case of the BO. The results are not very different apart from the fact that
divergences are milder. It is in fact possible to construct the full scalar QED but nevertheless it
is impossible to consider higher derivative terms in the effective theory. Moreover some three
point amplitudes with a massive state diverge.

6.7.1 Geometric Preliminaries

In .#"' we consider the change of coordinates:

t =sign(z™) |zt~

xt =teth® 1 ot
{x AR & ¢ = sk log || (6.151)
o_ =sign(ztz)
where o_ = £1 and ¢, @ € R. The metric reads:
ds? = =2 dzT dz™
6.152
= —20_ (dt2 — (At)? d<p2). ( )
Its determinant is:

—det g = 4A%t%. (6.153)
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In orbifold coordinates the non vanishing Christoffel symbols are:

To'o =A%,  T,%, =t" (6.154)

Using the orbifold coordinates (¢, @), the BO is obtained by requiring the identification ¢ =
@+ 2m along the orbit of the global Killing vector k, = 2m0,. We will therefore use the recurrent
parameter A = ¢>™ as shorthand notation.

6.7.2 Free Scalar Action

The action for a complex scalar ¢ is given by

Siglhx:)etlc) ] _ dPz \/Tetg(iguv ap.d)* 8v¢) — M2¢*d))

Q
/ dP- 2*/dt/d(p Alt| (6.155)

o e{il}RD 2

1 * 1 — * 7 * *
X (20' 0" 0 d +§(ZT8@¢ dpd —m" 0;d 6j¢_M2d’ ‘b)

As before we solve the associated eigenfunction problem for the d’Alembertian operator

1, 1 1 1 1
(20_ 5‘t — 50-_ Eat + 50-_ wﬁw + @)d)r = Td)r' (6156)
with . .
r=2kik_ —k*=20_m*—k* (6.157)

where for later convenience (see the transformation of k£ under the induced action of the Killing
vector (6.167)) we parameterise the momenta as:

= sign(k kik_
ky = meta m Slgn( +) ks k|
k= me-0 & B = 2A (6.158)
- = s1gn(k:+k_
where (_ = +1 and m, 3 € R. To solve the problem we use standard techniques and perform

the Fourier transform with respect to Z and ¢ as :

400 .
ot @, 7 = 3 /dD‘QJE’eik'””e”‘pH{U;,T,L}(t), (6.159)

l=—o00 RD-2

so that the new function H (LEro} satisfies

2

8H{lkr(7}+ atH{lkrU}+ (A1)

A2 + 20_ (7" + EQ) H{l,];,’l“,()',} = O7 (6160)
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which, upon the introduction of the natural quantities (see also (6.169) for an explanation of the
naturalness of A)

t=mt, A=e2etR) G =0¢_(_, (6.161)
shows that the actual dependence on parameters is
Hy ot () =5 (1), (6.162)
so that
24,5 + 181513_ + LQ +46_|b,2 =0. (6.163)
T (AT)

The asymptotic behaviour of the solutions is:

_ i% ~ik
B N{A+|T| + A1 for 1#0 (6.164)

Ay log|T|+ A for 1=0

6.7.3 Eigenmodes on BO from Covering Space

We now repeat the essential part of the analysis performed in the NBO case. As on the NBO we
say “wave function” and not eigenfunction since eigenfunctions for non scalar states require some
constraints on polarisations which we do not impose.

Scalar Wave Function We start as usual from the Minkowskian wave function and we write
only the dependence on x* and x~ since all the other coordinates are spectators

Wik (2, 27) = et (oo hoeT)

eimt[eA(w+ﬁ)+aiteA(w—f3)] (6.165)

=V, x (L, @, 0-).
We can compute the wave function on the orbifold by summing over all images:

S e (7" )

n=—oo

+oo
+ 2MAn — —2mAn
— b)
E W, & (x e T e )

n=-—oo
+oo
$3 il afe e}

n=—oo

+oo
Z Vc—ne, k) (ah, 27),

n=-—oo

Wik, ko ([27, 27])

(6.166)

where we write [k k_] because the function depends on the equivalence class of kk_ only. The
equivalence relation is given by

2TA N
k= (Zf) =K "k = (kkf:—zmn) (6.167)
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The previous equation explains the rationale for the parametrization (6.158) so that we can
always choose a representative
0<p < 2m, m # 0, (6.168)

or differently said = p+27 and therefore we can use the dual quantum number [ using a Fourier
transform. Using the well adapted set of coordinates we can write the spin-0 wave function in a
way to show the natural variables as

+oo R . N
Yy (o, a7]) = 30 T e AT e g ) G, (6.169)

n=—oo

Again the scalar eigenfunction has a unique equivalence class which mixes coordinates and mo-
menta.

Now we use the basic trick used in Poisson resummation

+oo
Yy ko ([, 27]) = /ds5P(s)ei{’“+““+’“*f/‘ﬂ}

— 00
;1 Foo
—igk
/dsei27tls
— 00

« eisign(lmr )| kik_ztaz— |{/\5+0‘7C7/\_S} (6170)

1 = k+l‘+

k_x—
o0

2m
l=—

1 = —ik e _ , . .
_ (eA((erﬁ)) ds ei2mlsgimt{A"+o_C AT}
21
l=— —00
1 ¥ I
_ cilB | gile ds 67i27'tlseimt{/\s+0'_&_/\*s} ’
21
== —oo

where the last line represents the change of quantum number from m 3 to m[ and allows us to
identify

+oo
~ 1 . . s1T A—s
NBO d)l?;L (T) — % / dse—zQﬁlserc{/\ +o_A }’ (6.171)
—o0

where Mo is a constant which depends on the normalization chosen for Ziv)lgi. This expression
gives an integral representation of the 0.D.E. solutions.

Tensor Wave Function (Spin-2) We consider the tensor wave function in Minkowski space.
We focus on 7+, ~ and 22 since all other directions behave as 2. Differently from scalar function
we need to keep the dependence on z? since it is needed for non trivial physical polarisations
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and it enters in the transversality conditions. Explicitly we find

NBOH)E]S (af", T, xQ) = Syy dz" dzY P (2)
= [S++ (dx+)2 +28,_ dazTdr™ 4+28,, dzt da?
+S_ _(dz7)*+28_ 5 da*da?
+ Spo (de)Q] ot (k+x++k,x*+k2x2),

which we rewrite in orbifold coordinates
NBo IIJLQ]S(t, @, 2%, 0_) = Sap dz* dzP Py (2)

x [dt? (284 0- + 84422+ S _e2A9)

+2Atdt do (Sp4e?2® —S__e229)

+ AP (-281 0+ 5,229+ 5__e?09)
+2 dt dz? (S,ge_A‘p(L—f—SJrgeA(p)

+2At da? de (S42e%¢ —S_se2%0)

imt [eA(“’+ﬁ)+g,eA(“’_ﬁ)]+i koz?

+ (d$2)2 522 (&

Now we define the tensor wave on the orbifold as a sum over all images as
+oo
Neo¥ilg (l2]) = D (K" dw)- S+ (K" da)y(K"z)
+oo
= > dz- (K7"S) - dz Pic—n p(2).

n=—oo

(6.172)

(6.173)

(6.174)

In the last line we have defined the induced action of the Killing vector on (k, S) which can be

explicitly written as:

S+ AP S,
S+2 (& @ S+2
S_o e~ A0 g 9
Sao Sao

(6.175)

and it amounts to a trivial scaling. In orbifold coordinates computing the tensor wave simply
amounts to sum over all the shifts @ — @ 4 27n. Then we have to give a close expression for

the sum involving powers e?™". Explicitly we find:

+o0 R
Z (eQNAn)NeiT[)\e+2"A"+O-7%6—27IA n]

(0 NY(r, A, ) for N >0
a [ (AaT—éaA)}N (t,A\,6.) for N<O

(6.176)
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where T derivatives of a)lg_ of order higher than 2 can be reduced with the help of the differential
equation (6.163).

We now have to identify the basic polaritazions on the orbifold. However the quantum
number 3 is no longer a good quantum number on the orbifold and it is replaced by [. The
relations among orbifold polarisations and Minkowski polarisations may depend on {3 as long as
the traceless and transversality conditions on the orbifold are independent of it.°*  Finally it
seems reasonable to use the natural variable A = e2(®*+B) Therefore we have:

St = 6_2ABS++7
St‘P = S+—7

6.177
Spp=e22P3 | (6.177)
8(92 = €A B S_Q,
S22 = S22,
which can be trivially inverted as
S++ = CQABStt7
St =50,
Sio=e2P S,
I (6.178)
S =e28BS,,,
5_2 = 6_ABS¢,2,
Sa2 = Saa.
We can then compute the trace:
tI‘(S) = -2 St(p + Sa9, (6179)

while the transversality conditions become

(k . S)Jr L (m8, 0_ St —i—mSt(p - kQStQ)
(k-S)_ =—e 2P (mo_0_8p+mSpe —kaSp2) (6.180)
(k . 5)2 = —(mﬁ\, 0_S;o +m8(92 — /€2822),

which are independent from 3 when it is set to zero.

The final expression of the wave function for the symmetric tensor on the orbifold is:

+oo
Wilg(la) = > 1P

l=—0c0

Smi tt dt? +28mi,te dtde 4+ 25, 12 dt dz?

+ Sty pp A9+ 2501, 2 do da? (6.181)

+ Smi, 22 dﬂUQZ] )

51These conditions may be a linear combinations of the ones in Minkowski.
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where the explicit expressions for the components are

b2 (VINE (1S +iAS +1See —i1ASpe) | 1

Smitt = |— 2 A2 ]
1 d~ il . 1
+ ﬁg¢l37(T)AA (ZlStt*ZZS(p@*AStt*AS(P@) ;
+ b OAN G820 Sip+5-So0)],
< ngi(T)lA“A(lStt'FiAStt_lSq)(p +i1ASpe) |1
ml,te — [T 2Am ;
Lo (DN (S — A8 +ilSe o +ASe )
+ 2m
N AG_ @gf’f))\im(stt*&p@)
m )

1 ~
Smi, @ = {—Wd)lg(’t)l?\

ilA

(l (Stt +S(p (p) + iA(Stt - StP (P)):|

+

1 d ~ ila .
|:2777,2A (d’t (bl;y\_(T)) A (ZlStt —le(p(p —AS”—AS(‘, (p>:|T

ilA

1o ~ ~
+[WA2¢ZE(T)A (oStt+chW—2csw)]T2,

together with the effectively vector components in the orbifold directions:

1~ 1
S’I’ﬂl,t2: |:2Ad)l/0'\_(/r)l)\ (St2_8(p20-_):|rc

ilA

1 d -~ 1 IA
+ |:2d’f (bl/f;,(’t))\ (St2+8(920'):|,
and

T~ ilA

%¢137 (T)ZA

Sml,(p2: l: ($t2+8c926—):|

2m

+ |:1A (dd’t (T)lg_ (T)) }\“A (Stg — 8(92 O'>:| T,

and the effectively scalar component:

i

Smi,22 = S22 51313 (T)A=.

6.8 Overlaps and Divergent Three Points String Amplitudes

(6.182)

(6.183)

(6.184)

(6.185)

(6.186)

(6.187)

We consider some overlaps as done for the NBO. The connection between the overlaps on the
orbifold and the sums of images remains unchanged when we change the Killing vector K, hence

we can limit ourselves to discuss the integrals on the orbifold space.
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6.8.1 Overlaps Without Derivatives

Let us start with the simplest case of the overlap of N scalar wave functions:

N
"= /d3x \/Te'ﬁgI_IW[’%Hkm—]([x+7 7, 2%))
s i=1

N (6.188)
NN DIBTIO) . N
= i=1 —_ ~
BO Z e /d T +\/ detng)lm o
{l(i)}GZN O i=1
This is always a distribution since the problematic I,y = 0 sector gives a divergence (log itH™
when ¢t ~ 0. All other sectors have no issues because of the asymptotic behaviours (6.164).

6.8.2 An Overlap With Two Derivatives

We consider in orbifold coordinates the overlap needed for the amplitude involving two tachyons
and one massive state, i.e.:

K :/ d*z /= detg g*P g¥® W ([2]) Dp 0¥y, 1 () ¥ 1 ([2])- (6.189)
Q

[k3),S(s)] v

Since we use the traceless condition we need to keep all momenta and polarisations. We write:

_ 3., /_ (2] 2
K= /d ! detg lw[k(3)xs(3)] tt 81&11/[]“(2)}
Q

1 2 2] 1
-2 (At) W[’C(s)’S(s)]t‘P (8ta(pw[k<2>] B ta(ply[k@)])

1 : [2] 2 2
+ (At) W[k(;;),s(g)] Qe (a“’w[’%)] —A tatw[k@ﬂ) (6.190)

2]
(k). Se] 12 6&2‘&’[,6(2)}

2
1 [2]
2 (At) W[’“(S)&s)] 2 8¢82‘P[k(2)]

(2] 2
[k(3),5()] 22 82\1}[’6(2)}] W[km} :

Now consider the behaviour for [(,) = 0 for small ¢. All the 0, can be dropped since they lower
a l(2). The leading contributions from spin-2 components are Sy, ~ t%, Smiee:Smiza ~ 1
and Sy, 140 ~ % The leading t% reads:

1d ~ 1
K~ / dt [t] | =5 3 Pra_ (St +Se (p);at?\y[k(z)]
t~0 (6.191)

1\*-A2d ~ )
() Tora s (Sie+ o)t (—A%0¥p,,) [¥]

Kz
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In the limit of our interest W |l_0 ~ Ejv)lg ‘ ~ log|t|. The two terms add together because
= -li=0

1=
of sign of the covariant derivative to give:

1 1 Stt+8(p<p 10g|t| (10g|t‘>
K /dt o [(2 + 2) Tl B 4o eI (6.192)
t~0

which is divergent for the physical polarisation Sy = Sp e = —0_0_8;p = —30_0_San.

7 Summary and Conclusion

From the previous analysis it seems that string theory cannot do better than field theory when
the latter does not exist, at least at the perturbative level where one deals with particles.
Moreover when spacetime becomes singular, the string massive modes are not spectators any-
more. FEverything seems to suggest that issues with spacetime singularities are hidden into
contact terms and interactions with massive states. This would explain in an intuitive way why
the eikonal approach to gravitational scattering works well: it is indeed concerned with three
point massless interactions. In fact it appears that the classical and quantum scattering on an
electromagnetic wave [103] or gravitational wave [104] in BO and NBO are well behaved. From
this point of view the ACV approach [105], [106] may be more sensible, especially when consid-
ering massive external states [107]. Finally it seems that all issues are related with the Laplacian
associated with the space-like subspace with vanishing volume at the singularity. As a matter of
fact if there is a discrete zero eigenvalue the theory automatically develops divergences.
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DEEP LEARNING THE GEOMETRY OF
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8 Introduction

In the previous parts we presented mathematical tools for the theoretical interpretation of
amplitudes in field theory and string theory. The ultimate goal of the analysis is to provide
some insights on the predictive capabilities of the string theory framework applied to (semi-
)phenomenological data. As already argued in Section 1.3 the procedure is however quite chal-
lenging as there are different ways to match string theory with the experimental reality. There
are in fact several different vacuum configurations arising from the compactification of the extra-
dimensions. The investigation of feasible phenomenological models in a string framework has
therefore to deal also with computational aspects related to the exploration of the landscape [108]
of possible vacua. Unfortunately the number of possibilities is huge (numbers as high as 10272000
have been suggested for some models) [108]-[112], the mathematical objects entering the com-
pactifications are complex and typical problems are often NP-complete, NP-hard, or even un-
decidable [113], [114], making an exhaustive classification impossible. Additionally there is no
single framework to describe all the possible (flux) compactifications. As a consequence each
class of models must be studied with different methods. This has in general discouraged, or at
least rendered challenging or unfeasible, precise connections to the existing and tested theories
(for instance the sM of particle physics).

Until recently the string landscape has been studied using different methods such as analytic
computations for simple examples, general statistics, random scans or algorithmic enumerations
of possibilities. This has been a large endeavor of the string community (see for instance [14],
[115] and references therein). The main objective of such studies is to understand what are the
generic predictions of string theory. The immediate conclusions are that compactifications giving
an effective theory close to the Standard Model are scarce [116]-[119]. The approach however
has limitations mainly given by lack of a general understanding or high computational power
required to run the algorithms.

In reaction to these difficulties, and starting with the seminal paper by Abel and Rizos in
2014 [120], new investigations based on Machine Learning (ML) appeared in the recent years.
The have been focusing on different aspects of the string landscape and of the geometries used
in compactifications [121]-[139] (see [140] for a comprehensive summary of the state of the art).
In fact ML is definitely adequate when it comes to pattern search or statistical inference starting
from large amount of data. This motivates two main applications to string theory: the systematic
exploration of the space of possibilities (if they are not random then ML should be able to find a
pattern) and the deduction of mathematical formulas from the ML approximation. The last few
years have seen a major uprising of ML, and more particularly of neural networks (NN) [141]-
[143]. This technology is efficient at discovering and predicting patterns and now pervades most
fields of applied sciences and of the industry. One of the most critical places where progress can
be expected is in understanding the geometries used to describe string compactifications and this
will be the object of study in the following analysis. We mainly refer to [141]-[143] for reviews
in ML and deep learning techniques, and to [140], [144], [145] for applications of data science
techniques.

We address the question of computing the Hodge numbers h'! € IN and h*!' € IN for com-
plete intersection Calabi-Yau (CICY) 3-folds [146] using different ML algorithms. A CICY is
completely specified by its configuration matriz (whose entries are positive integers) which is the
basic input of the algorithms. The CICY 3-folds are the simplest manifolds of their kind and
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they have been well studied. In particular they have been completely classified and their topo-
logical properties computed [147]-[149]. For these reasons, they provide an excellent sandbox to
test ML algorithms in a controlled environment.

The goal is therefore to predict two positive integers from a matrix of positive integers. This
task is complicated by various redundancies in the description (such as an independence in the
permutations of lines and columns). While usual physics application of ML reduces to feeding
a (big) sequential neural network with raw data, real-world applications are built following a
more general pipeline [143], [144]. In fact the first task after understanding of the problem
would be to perform and exploratory data analysis (EDA) to highlight possible data which may
help in getting a result. After the definition of a validation strategy, feature engineering can
be used to improve the baseline computations and improve the design of ML models. While
the first step is straightforward it is still interesting to notice that computations involved in
string geometries (using algebraic topology) are far from standard applications of ML algorithms,
which makes the problem even more interesting. EDA aims at better understanding the dataset
showing how the variables are distributed, correlated, determining if outliers are present, etc.
This analysis naturally leads to designing new variables during feature engineering which can be
used in addition (or even substitution) of the original data. Adding derived features by hand
may make the data more easily understandable by the ML algorithms for instance by emphasizing
important properties.”> This phase is followed by feature selection, where different set of features
are chosen according to the need of each algorithm. A good validation strategy is also needed to
ensure that the predictions appropriately reflect the real values, together with a baseline model,
which gives a lower bound on the accuracy together with a working pipeline.’®  For instance,
we find that a simple linear regression using the configuration matrix as input gives 43.6 % to
48.8 % for h''' and 9.6 % to 10.4 % for h*' using from 20% to 80% of data for training. Hence
any algorithm must do better than this to be worth considering.

The datasets we use for task contains 7890 CICY 3-folds. Due to the freedom in repres-
enting the configuration matrix, we need to consider two datasets which have been constructed:
the original dataset [147], [148] and the favourable dataset [149]. Our analysis continues and
generalises [123], [126] at different levels. For example we compute h?! which has been ignored
in [123], [126], where the authors argue that it can be computed from h''! and from the Euler
characteristics (a simple formula exists for the latter). In our case, we want to push the idea
of using ML to learn about the physics (or the mathematics) of CY to its very end: we assume
that we do not know anything about the mathematics of the CICY, except that the configura-
tion matrix is sufficient to derive all quantities. Moreover we have already mentioned that ML
algorithms have rarely been used to derive data in algebraic topology, which can be a difficult
task. Thus getting also h?' from ML techniques is an important first step towards using ML for
more general problems in string geometries. Finally regression is also more useful for extrapol-
ating results: a classification approach assumes that we already know all the possible values of
the Hodge numbers and has difficulties to predict labels which do not appear in the training set.
This is necessary when we move to a dataset for which not all topological quantities have been
computed, for instance CY constructed from the Kreuzer—Skarke list of polytopes [150].

The data analysis and ML are programmed in Python using known open-source packages such

52While one could expect ML algorithms to generate these features by themselves, this may complicate the
learning process. So in cases where it is straightforward to compute meaningful derived features it is often worth
considering them.

53For example the original work on this topic [123] did not set up a validation strategy and reported the
accuracy over both the training and test data. Correcting this problem leads to an accuracy of 37% [126].
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as pandas [151], matplotlib [152], seaborn [153], scikit-learn [154], scikit-optimize [155],
tensorflow [156] (and its high level API Keras). Code is available on Github.

8.1 Complete Intersection Calabi—Yau Manifolds

As presented in Section 1.3, a CY n-fold is a n-dimensional complex manifold X with SU(n)
holonomy (dimension in R is 2n). An equivalent definition is the vanishing of its first Chern
class. A standard reference for the physicist is [157] (see also [13] for useful references). The
compactification on a CY leads to the breaking of large part of the supersymmetry which is phe-
nomenologically more realistic than the very high energy description with intact supersymmetry.

CY manifolds are characterised by a certain number of topological properties (see Sec-
tion 1.3.3), the most salient being the Hodge numbers h''! and h?1!, counting respectively the
Kéhler and complex structure deformations, and the Euler characteristics:?*

x =2(h"! = r>1h). (8.1)

Interestingly topological properties of the manifold directly translate into features of the 4-
dimensional effective action (in particular the number of fields, the representations and the gauge
symmetry) [157].5%  In particular the Hodge numbers count the number of chiral multiplets
(in heterotic compactifications) and the number of hyper- and vector multiplets (in type II
compactifications): these are related to the number of fermion generations (three in the Standard
Model) and is thus an important measure of the distance to the Standard Model.

The simplest CY manifolds are constructed by considering the complete intersection of hy-
persurfaces in a product A of projective spaces P™ (called the ambient space) [146]-[149], [158]:

A=P™" x ... x P"m, (8.2)

Such hypersurfaces are defined by homogeneous polynomial equations: a CICY manifold X is
described by the solution to the system of equations, i.e. by the intersection of all these surfaces.
The intersection is “complete” in the sense that the hypersurface is non-degenerate.

To gain some intuition, consider the case of a single projective space P™ with (homogeneous)
coordinates Z!, where I = 0, 1, ..., n. A codimension 1 subspace is obtained by imposing a
single homogeneous polynomial equation of degree a on the coordinates:

pa(ZO, ceey Zn) =P .1, zh . 7l = 0,

Pa(AZ0, ..., NZ") = Npa(2°, ..., Z™). (8:3)
Each choice of the polynomial coefficients Pr, . 1, leads to a different manifold. However it can
be shown that the manifolds are in general topologically equivalent. Since we are interested only
in classifying the CY as topological manifolds and not as complex manifolds, the information
on Pr, 1, can be discarded and it is sufficient to keep track only of the dimension n of the
projective space and of the degree a of the equation. The resulting hypersurface is denoted

541n full generality, the Hodge numbers h?'9 count the numbers of harmonic (p, q)-forms.

55 Another reason for sticking to topological properties is that there is no CY manifold for which the metric
is known. Hence it is not possible to perform explicitly the Kaluza—Klein reduction in order to derive the 4-
dimensional theory.
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8.2 Datasets

as [P™ | a] = [n]a]. Notice that [P™ | a] is 3-dimensional if n = 4 (the equation reduces the
dimension by one), and it is a CY (the “quintic”) if @ = n + 1 = 5 (this is required for the
vanishing of its first Chern class). The simplest representative of this class if Fermat’s quintic
defined by the equation:

Y (27) =o. (8.4)

I1=0

This construction can be generalized to include m projective spaces and k equations which
can mix the coordinates of the different spaces. A CICY 3-fold X as a topological manifold is
completely specified by a configuration matriz denoted by the same symbol as the manifold:

X=| | (8.5)

where the coefficients af, are positive integers and satisfy the following constraints

m k
dimeX =Y n,—k=3, m+1=)Y al, Wre{l,2 .., m} (8.6)

r=1 a=1

The first relation states that the difference between the dimension of the ambient space and the
number of equations is the dimension of the CY 3-fold. The second set of constraints arises from
the vanishing of its first Chern class. It implies that the n; can be recovered from the matrix
elements. Two manifolds described by the same configuration matrix but different polynomials
are diffeomorphic as real manifold, and thus as topological manifolds, but they are different as
complex manifolds. Hence it makes sense to write only the configuration matrix.

A given topological manifold is not described by a unique configuration matrix. First, any
permutation of the lines and columns leave the intersection unchanged as it amounts to rela-
belling the projective spaces and equations. Secondly, two intersections can define the same
manifold. The ambiguity in the line and column permutations is often fixed by imposing some
ordering of the coefficients. Moreover there is an optimal representation of the manifold X, called
favourable [149]: in such form topological properties of X can be more conveniently derived from
the ambient space A. Finally, simple arguments [146], [147], [159] show that the number of
CICY is necessarily finite due to the constraints (8.6) together with identities between complete
intersection manifolds.

8.2 Datasets

The classification of the CICY 3-folds has been tackled in [147]. The analysis established a
dataset of 7890 CICY. The topological properties of each of these manifolds have been com-
puted in [148]. More recently a new classification has been performed [149] in order to find the
favourable representation of each manifold whenever it is possible.

Below we show a list of the CICY properties and of their configuration matrices:
e general properties:
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Figure 8.1: Distribution of the Hodge numbers (log scale).

number of configurations: 7890

— number of product spaces (block diagonal matrix): 22
— h'! €[0,19] with 18 distinct values (Figure 8.1a)

— h?l €]0,101] with 65 distinct values (Figure 8.1b)

— unique Hodge number combinations: 266

o “original dataset” [147], [148]:

— maximal size of the configuration matrices: 12 x 15

— number of favourable matrices (excluding product spaces): 4874 (61.8%)
— number of non-favourable matrices (excluding product spaces): 2994

— number of different ambient spaces: 235

o “favourable dataset” [149]:

— maximal size of the configuration matrices: 15 x 18
— number of favourable matrices (excluding product spaces): 7820 (99.1%)

— number of non-favourable matrices (excluding product spaces): 48

number of different ambient spaces: 126

We then move to the data science analysis of the data. To provide a good test case for the use
of ML in context where the mathematical theory is not completely understood, we make no use
of known formulas. In fact we try to push as far as possible the capabilities of ML algorithms to
play a role in discovering patterns which can be used in phenomenology and algebraic geometry.

9 Machine Learning and Deep Learning for CICY Mani-
folds

In the following sections we present the preliminary analysis and the machine and deep learn-
ing study applied to the predictions of the Hodge numbers of CICY 3-folds. We use both a
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9.1 Exploratory Data Analysis

“classical” approach to ML using shallow learning algorithm using geometrical methods to find
new representations of the data and more moder approaches based on computer vision and re-
cent developments in computer science techniques. We show how deep learning the geometry of
string theory can help in providing good computational tools for phenomenology and algebraic
geometry. We also stress future investigations which can be performed based on these results.

9.1 Exploratory Data Analysis

A typical ML project does not consist of feeding the raw data to the algorithm. It is instead
preceded by a phase of exploration in order to better understand the data, which in turn can
help to design the learning algorithms. We call features properties given as inputs, and labels the
targets of the predictions. There are several phases in the exploratory data analysis (EDA) [144]:

1. feature engineering: new features are derived from the inputs;
2. feature selection: the most relevant features are chosen to explain the targets;
3. data augmentation: new training data is generated from the existing ones;

4. data diminution: part of the training data is not used.

Engineered features are redundant by definition but they can help the algorithm learn more
efficiently by providing an alternative formulation and by drawing attention on salient charac-
teristics. A simple example is the following: given a series of numbers, one can compute different
statistics, such as median, mean and variance, and add them to the inputs. It may happen that
the initial series becomes then irrelevant once this new information is introduced. Another ap-
proach to improve the learning process is to augment or decrease the number of training samples
artificially.’  For example we could use invariances of the inputs to generate more training
data. This however does not help in our case because the entries of the configuration matrices
are partially ordered. Another possibility is to remove outliers which can damage the learning
process by driving the algorithm far from the best solution. If there are few of them it is better
to ignore them altogether during training since an algorithm which is not robust to outliers will
in any case make bad predictions (a standard illustration is given by the Pearson and Spearman
correlation coefficients, with the first not being robust to outliers [144]).

Before starting the EDA, the first step should be to split the data into training and validation
sets to avoid biasing the choices of the algorithm and the strategy: the EDA should be performed
only on the training set. However the dataset we consider is complete and quite uniform: a subset
of it would display the same characteristics as the entire set.’” To give a general overview of
the properties we work with the full dataset.

56This is in general used in computer vision and object detection tasks where providing rotated, scaled and
cropped versions of the input images can help the algorithms in learning more representations of the same object,
thus creating more accurate predictions.

57 A dataset is tidy if every column represents a separate variable and every row is a different observation. For
instance every row could represent a date expressed in seconds from a reference instant and every column could
be a separate sensor reading. However the “transposed” version of the dataset is not a tidy dataset because the
observations are in the columns, thus representing a non standard form of the data. A tidy dataset is complete
if there are no empty cells, that is there is no lack of data or information in the entire set. A wuniform dataset
can be understood as a complete dataset in which every variable is well distributed and does not present a lot of
outliers or anomalies.

152



9.1 Exploratory Data Analysis

Singular Value Decomp. - Cumulative Variance Retained Singular Value Decomp. - Cumulative Variance Retained
1.0 —_———— 1.0
99.0% of variance retained 99.0% of variance retained
[ [
o o
5os 5oe
s 5
> >
- -
o o
506 506
k9] k9]
e e
3 3
204 204
© ©
=] =]
€ £
=1 =1
“02 So2
81 components 130 components
0 25 50 75 100 125 150 175 0 50 100 150 200 250
component of the configuration matrix component of the configuration matrix
(a) original dataset (b) favourable dataset

Figure 9.1: Cumulative retained variance of the principal components of the configuration matrix.

9.1.1 Engineering

Any transformation of the input data which has some mathematical meaning can be a useful
feature. We establish the following list of useful quantities (most of them are already used to
characterise CICY manifolds in the literature [157]):

o the number of projective spaces (rows), m = num_cp;
¢ the number of equations (columns), k = num_egs;

o the number of P!, f = num_cp_1;

o the number of P2, num_cp_2;

e the number of P™ with n # 1, F' = num_cp_neql;

F
o the excess number N, = > (n, + f +m — 2k) = num_ex;

r=1
o the dimension of the cohomology group H° of the ambient space, dim_h0_amb;
e the Frobenius norm of the matrix, norm_matrix;

o the list of the projective space dimensions dim_cp and statistics thereof (min, max, median,
mean);

o the list of the equation degrees deg_eqs and statistics thereof (min, max, median, mean);

o k-means clustering on the components of the configuration matrix (with a number of
clusters going from 2 to 15);%8

e principal components of the configuration matrix derived using a principal components
analysis (PCA) with 99 % of the variance retained (see Figure 9.1).

58The algorithm determines the centroids of conglomerates of data called clusters using an iterative process
which computes the distance of each sample from the center of the cluster. It then assigns the label of the cluster
to the nearest samples. We use the class cluster.KMeans in scikit-learn.
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Figure 9.2: Correlations between the engineered scalar features and the labels.

9.1.2 Selection

Correlations To get a first general idea it is useful to take a look at the correlation matrix
of the features and the labels.?® The correlation matrices for the scalar variables are displayed
in Figure 9.2 for the original and favourable datasets (this excludes the configuration matrix). As
we can see some engineered features are strongly correlated, especially in the favourable dataset.
In particular h! (respectively h*1) is strongly correlated (respectively anti-correlated) with the
number of projective spaces m and with the norm and rank of the matrix. This gives a first
hint that these variables could help improve predictions by feeding them to the algorithm along
with the matrix. On the other hand finer information on the number of projective spaces and
equations do not correlate with the Hodge numbers.

From this analysis, and in particular from Figure 9.2, we find that the values of h'! and
h?! are also correlated. This motivates the simultaneous learning of both Hodge numbers since
it can increase chances for the neural network to learn more universal features. In fact this is
something that often happens in practice: it has been found that multi-tasking enhances the
ability to generalise [160]—[164].

Feature importance A second non-exclusive option is to sort the features by order of im-
portance. This can be done using a decision tree which is capable to determine the weight
of each variable towards making a prediction. One advantage over correlations is that the al-
gorithm is non-linear and can thus determine subtler relations between the features and labels.
To avoid biasing the results using only one decision tree, we trained a random forest of trees
(using ensemble.RandomForestRegressor in scikit-learn). It consists in a large number of
decision trees which are trained on different random subsets of the training dataset and averaged
over the outputs (see Appendix F.3 for details on the implementation). The algorithm determ-
ines the importance of the different features to make predictions as a by-product of the learning
process: the most relevant features tend to be found at the first branches (or to be used the

59The correlation is defined as the ratio between the covariance of two variables o(z,y) = X:l(zZ —Z)(ys — )
and the product of the standard deviations o(z)o(y) (in this case  and § are the sample means).
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Figure 9.3: Importance of the scalar features in the datasets.

most) since they are the most important to make the prediction. The importance of a variable
is a number between 0 and 1, and the sum over all of them must be 1. Since a random forest
contains many trees the robustness of the variable ranking usually improves with respect to a
single tree (Appendix F.3). Moreover, as the main objective is to obtain a qualitative prelim-
inary understanding of the features, there is no need for fine tuning at this stage and we use
the default parameters (specifically 100 decision trees). We computed feature importance for
both datasets and for two different set of variables: one containing the engineered features and
the configuration matrix, and one with the engineered features and the PCA components. In
the following figures, we show several comparisons of the importance of the features, dividing
the figures into scalars, vectors and configuration matrix (or its PcA), and clusters. The sum of
importance of all features equals 1.

In Figure 9.3, we show the ranking of the scalar features in the two datasets (differences
between the set using the configuration matrix and the other using the PCA are marginal and
are not shown to avoid redundant plots). As already mentioned we find that the number of
projective spaces is the most important feature by far. It is followed by the matrix norm in the
original dataset, and by the matrix rank for ~?! in the favourable dataset. Finally the variable
ranking points out that the other features have a negligible impact on the determination of the
labels and may as well be ignored during training.

The same analysis can be repeated for the vector features and the configuration matrix
component by component. In Figure 9.4 we show the cumulative importance of the features (i.e.
the sum of the importance of each component). We can appreciate that the list of the projective
space dimensions plays a major role in the determination of the labels in both datasets. In the
case of h*! we also have a large contribution from the dimensions of the cohomology group
dim_hO_amb, as can be expected from algebraic topology [157].

In Figure 9.5 we show the importance associated to the number of clusters used during the
EDA: no matter how many clusters we use, their relevance is definitely marginal compared to all
other features used in the variable ranking (scalars, vectors, and the configuration matrix or its
PCA) for both datasets.
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Figure 9.5: Incidence of the numbers of clusters on the variable ranking.

Discussion It seems therefore that the number of projective spaces plays a relevant role in
the determination of h'!' and h?' as well as the list of dimensions of the projective spaces. In
order to validate this observation, in Figure 9.6 we present a scatter plot of the Hodge number
distributions versus the number of projective spaces: it shows that there is indeed a linear
dependence in m for A, especially in the favourable dataset. In fact the only exceptions to
this pattern in the latter case are the manifolds which do not have a favourable embedding [149].
Hence, a simple data analysis hints naturally towards this mathematical result.

Finally we found other features which may be relevant and are worth to be included in the
algorithm: the matrix rank and norm, the list of projective space dimensions and of the associated
cohomology dimensions. However, we want to emphasize one caveat to this analysis: correlations
look only for linear relations, and the random forest has not been optimized or could just be not
powerful enough to make good predictions. This means that feature selection just gives a hint
but it may be necessary to adapt it to different situations.

9.1.3 Removing Outliers

The Hodge number distributions (see Figures 8.1 and 9.7) display few outliers outside the tail
of the main distributions. Such outliers may negatively impact the learning process and drive
down the accuracy: it makes sense to remove them from the training set. It is easy to see that
the 22 outlying manifolds with h'*! = h?! = 0 are product spaces, recognisable from their block-
diagonal matrix. We will also remove outliers with A'! = 19 and h%' > 86, which represent 15
and 2 samples. In total this represents 39 samples, or 0.49 % of the total data.

To simplify the overall presentation, since the dataset is complete we will mainly focus on the
pruned subset of the data obtained by removing outliers, even from the test set.’0 This implies

60There is no obligation to use a ML algorithm to label outliers in the training set. It is perfectly fine to decide
which data to include or not, even based on targets. However, for a real-world application, outliers in the test set
should be labeled by some process based only on the input features. Flagging possible outliers may improve the
predictions by helping the machine understand that such samples require more caution.
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9.2 Machine Learning Analysis

D 100 =
18
90
16 3 . i H
L] L] 80
14 L] L]
— — 70
12
60
50 3
= 50
6 30
4 20
2 — — 10
* .
0 L] 0 L]
full clean full clean
Type of distribution Type of distribution
1,1 2,1
(a) h™ (b) A

Figure 9.7: Summary of the statistics for the distributions of both Hodge numbers. The coloured
box shows the three quartiles of the distributions, with the internal horizontal line corresponding
to the median. The “whiskers” cover the interquartile range, i.e. 1.5 times the distance between
the first and third quartiles from the lower and upper limits of the boxes. Isolated points show
the remaining outliers which we however choose to keep to avoid excessively pruning the dataset.

that Hodge numbers lie in the ranges 1 < Al < 16 and 15 < h%1 < 86. Except when stated
otherwise, accuracy is indicated for this pruned dataset. Obviously the very small percentage of
outliers makes the effect of removing them from the test set negligible when stating accuracy.

9.2 Machine Learning Analysis

We compare the performances of different ML algorithms: linear regression, support vector ma-
chines (svM), random forests, gradient boosted trees and (deep) neural networks. We obtain the
best results using deep convolutional neural networks. In fact we present a new neural network
architecture, inspired by the Inception model [165]-[167] which has been developed in the field
of computer vision. We provide some details on the different algorithms in Appendix F and refer
the reader to the literature [140]-[144] for more details.

9.2.1 Feature Extraction

In Section 9.1 the EDA showed that several engineered features are promising for predicting
the Hodge numbers. In what follows we compare the performances of various algorithms using
different subsets of features:

¢ only the configuration matrix (no feature engineering);
e only the number of projective spaces m;

o only a subset of engineered features and not the configuration matrix nor its PCA;
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9.2 Machine Learning Analysis

o a subset of engineered features and the PCA of the matrix.

Following the EDA and feature engineering, we finally select the features we use in the analysis
by choosing the highest ranked features. We keep the number of projective spaces (num_cp in
the dataset) and the list of the dimension of the projective spaces (dim_cp) for both Al'! and
h?1). We also include the dimension of the cohomology group of the ambient space dim_h0_amb
but only for hA?1!.61

9.2.2 Analysis Strategy

For the ML analysis, we split the dataset into training and test sets: we fit the algorithms on the
first and then show the predictions on the test set, which will not be touched until the algorithms
are ready.

Test split and validation The training set is made of 90 % of the samples for training, which
leaves the remaining 10 % in the test set (i.e. 785 manifolds out of the 7851 in the set).5> For
most algorithms, we use leave-one-out cross-validation on the training set as evaluation of the
algorithm: we subdivide the training set in 9 subsets, each of them containing 10 % of the total
amount of samples, then we train the algorithm on 8 of them and evaluate it on the 9th. We
then repeat the procedure changing the evaluation fold until the algorithm has been trained and
evaluated on all of them. The performance measure in validation is given by the average over all
the left out folds. When training neural networks, we will however use a single holdout validation
set made of 10 % of the total samples.

Predictions and metrics Since we are interested in predicting exactly the Hodge numbers,
the appropriate metric measuring the success of the predictions is the accuracy (for each Hodge
number separately):

LN
accuracy = — E 8 ytrue (i) ypred (i), (9.1)
i=1

where N is the number of samples. In this analysis the accuracy of the predictions on the test
set is rounded to the nearest integer.

Since the Hodge numbers are integers the problem of predicting them looks like a classification
task. However, as argued in the introduction, we prefer to use a regression approach. Indeed
regression does not require to specify the data boundaries and allows to extrapolate beyond
them, contrary to a classification approach where the categories are fixed at the beginning.53

61Notice that providing different kinds of input features to the algorithm is fine as long as such variables come
from the same training set. In other words, it is possible to provide different representations of the same set to
different algorithms while retaining the same statistical relevance [143], [144].

62Remember that we have removed outliers, see Section 9.1.3. The interested reader can refer to [4] where
outliers are kept in the test set.

63 A natural way to transform the problem in a regression task is to standardise the Hodge numbers, for
example by shifting by the mean value and diving by the standard deviation. Under this transformation, the
Hodge numbers are mapped to real numbers. While standardisation often improves ML algorithms, we found that
the impact was mild or even negative.
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Most algorithms need a differentiable loss function since the optimisation of parameters (such
as neural networks weights) uses some variant of the gradient descent method. For this reason the
accuracy cannot be used and the models are trained by minimisation of the mean squared error
(MSE), which is simply the squared fo-norm between of the difference between the predictions
and the real values. There will however be also a restricted number of cases in which we will
use either the mean absolute error (MAE), which is the ¢;-norm of the same difference, or a
weighted linear combination of MSE and MAE (also known as Huber loss): we will point them
out at the right time. When predicting both Hodge numbers together, the total loss is the sum
of each individual loss with equal weight: h'! is simpler to learn so it is useful to put emphasis
on learning h%!, but the magnitudes of the latter are higher, such that the associated loss is
naturally bigger (since we did not normalise the data).

In general predictions are real numbers: we need to turn them into integers. In general,
rounding to the nearest integer gives the best result, but we found algorithms (such as linear
regression) for which flooring to the integer below works better. The optimal choice of the integer
function is found for each algorithm as part of the hyperparameter optimisation described below.
The accuracy is computed after rounding.

Learning curves for salient models are displayed. They show how the performances of a
model improves by using more training data, for fixed hyperparameters. To obtain it, we train
models using from 10% to 90 % of all the data (“training ratio”) and evaluate the accuracy on
the remaining data.%*

To avoid redundant information and to avoid cluttering the paper with graphs, the results
for models predicting separately the Hodge numbers for the test set are reported in tables, while
the results for the models predicting both numbers together are reported in the learning curves.
For the same reason, the latter are not displayed for the favourable dataset.

Visualisation of the performance Complementary to the predictions and the accuracy
results, we also provide different visualisations of the performance of the models in the form
of univariate plots (histograms) and multivariate distributions (scatter plots). In fact the usual
assumption behind the statistical inference of a distribution is that the difference between the
observed data and the predicted values can be modelled by a random variable called residual [144],
[168].95  As such we expect that its values can be sampled from a normal distribution with a
constant variance (i.e. constant width), since it should not depend on specific observations,
and centered around zero, since the regression algorithm tries to minimise the squared difference
between observed and predicted values. Histograms of the residual errors should therefore exhibit
such properties graphically. Another interesting kind of visual realisation of the residuals is to
show their distribution against the variables used for the regression model: in the case of a
simple regression model in one variable, it is customary to plot the residuals as a function of the
independent variable, but in a multivariable regression analysis (such as the case at hand) the
choice usually falls on the values predicted by the fit (not the observed data). We shall therefore

64Gtatistics are not provided due to the limitations of our available computational resources, namely a Thinkpad
t470p laptop with Intel i7-7700HQ CPU, 16 GB RAM and NVidia GeForce 940MX GPU. However, we check
manually on few examples that the reported results are typical.

65The difference between the non observable true value of the model and the observed data is known as
statistical error. The difference between residuals and errors is subtle but the two definitions have different
interpretations in the context of the regression analysis: in a sense, residuals are an estimate of the errors.
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9.2 Machine Learning Analysis

plot the residuals as functions of the predicted values.® Given the assumption of the random

distribution of the residuals, they should not present strong correlations with the predictions and
should not exhibit trends. In general the presence of correlated residuals is an indication of an
incomplete or incorrect model which cannot explain the variance of the predicted data, meaning
that the model is either not suitable for predictions or that we should add information (i.e. add
features) to it.

Hyperparameter optimisation One of the key steps in a ML analysis is the optimisation
of the hyperparameters of the algorithm. These are internal parameters of each estimator (such
as the number of trees in a random forest or the amount of regularisation in a linear model):
they are not modified during the training of the model, but they directly influence the process
in terms of performance and outcome.

Hyperparameter optimisation is performed by training many models with different choices of
their values. We then keep the values best performing according to some metric on the validation
set(s).57  As it does not need to be differentiable we use the accuracy as a scoring function to
evaluate the models. There is however a subtle issue because it is not clear how to combine
the accuracy of h'' and h*! to get a single metric. For this reason we perform the analysis
on both Hodge numbers separately. Then we can design a single model computing both Hodge
numbers simultaneously by making a compromise by hand between the hyperparameters found
for the two models computing the Hodge numbers separately. The optimisation is implemented
using the API in scikit-learn, using the function metrics.make_scorer and the accuracy as
a custom scoring function.

There are several approaches to perform this search automatically, in particular: grid search,
random search, genetic evolution, and Bayes optimisation. Grid and random search are natively
implemented in scikit-learn. The first takes a list of possible discrete values of the hyperpara-
meters and will evaluate the algorithm over all possible combinations. The second samples the
values in both discrete sets and continuous intervals according to some probability distribution,
repeating the process a fixed number of times. The grid search method is particularly useful
for discrete hyperparameters, less refined searches or for a small number of combinations, while
the second method can be used to explore the hyperparameter space on a larger scale [169].
Genetic algorithms are based on improving the choice of hyperparameters over generations that
successively select only the most promising values: in general they require a lot of tuning and
are easily influenced by the fact that the replication process can also lead to worse results totally
at random [170]. They are however effective when dealing with very deep or complex neural
networks. Bayes optimisation [171], [172] is a very well established mathematical procedure to
find the stationary points of a function without knowing its analytical form [173]. It relies on
assigning a prior probability to a given parameter and then multiply it by the probability dis-
tribution (or likelihood) of the scoring function to compute the probability of finding a better
results given a set of hyperparameters. This has proven to be very effective in our case and we
adopted this solution as it does not require fine tuning and leads to better results for models
which are not deep neural networks. We choose to use scikit-optimize [155] whose method
BayesSearchCV has a very well implemented Python interface compatible with scikit-learn.
We will in general perform 50 iterations of the Bayes search algorithm, unless otherwise specified.

66We will use the same strategy also for the fit using just the number of projective spaces in order to provide
a way to compare the plots across different models.

67Notice the importance of having a validation set separate from the test set: we must avoid adapting the
algorithm to the same set we use for the predictions or the generalisation capabilities of the algorithm will suffer.
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9.3 Linear Models

9.3 Linear Models

Linear models attempt to describe the labels as a linear combinations of the input features while
keeping the coefficients at O(1) (see Appendix F.1). However non-linearity can still be introduced
by engineering features which are non-linear in terms of the original data.58

From the results of Section 9.1, we made a hypothesis on the linear dependence of A'! on the
number of projective spaces m. As a first approach, we can try to fit a linear model to the data
as a baseline computation and to test whether there is actual linear correlation between the two
quantities. We will consider different linear models including their regularised versions.

Parameters The linear regression is performed with the class 1inear_model.ElasticNet in
scikit-learn. The hyperparameters involved in this case are: the amount of regularisation
«, the relative ratio (11_ratio) between the ¢; and ¢y regularization losses, and the fit of
the intercept. By performing the hyperparameter optimisation we found that /> regularization
has a minor impact and can be removed, which corresponds to setting the relative ratio to 1
(this is equivalent to using linear_model.Lasso). In Table 9.1 we show the choices of the
hyperparameters for the different models we built using the ¢; regularised linear regression.

For the original dataset, we floored the predictions to the integers below, while in the fa-
vourable we rounded to the next integer. This choice for the original dataset makes sense: the
majority of the samples lie on the line h'! = m, but there are still many samples with A1 > m
(see Figure 9.6). As a consequence the ML prediction pulls the line up which can only damage
the accuracy. Choosing the floor function is a way to counteract this effect. Note that accuracy
for h?! is only slightly affected by the choice of rounding, so we just choose the same one as h''!
for simplification.

Results In Table 9.2 we show the accuracy for the best hyperparameters. For h'!, the most
precise predictions are given by the number of projective spaces which actually confirms the
hypothesis of a strong linear dependence of h'*! on the number of projective spaces. In fact this
gives close to 100 % accuracy for the favourable dataset which shows that there is no need for
more advanced ML algorithms. Moreover adding more engineered features decreases the accuracy
in most cases where regularization is not appropriate. The accuracy for h?! remains low but
including engineered features definitely improves it.

In Figure 9.8 we show the plots of the residual errors of the model on the original dataset.
For the ¢; regularised linear model, the univariate plots show that the errors seem to follow
normal distributions peaked at 0 as they generally should: in the case of h''!, the width is also
quite contained. The scatter plots instead show that in general there is no correlation between

%8In general linear model is used to indicate that the coefficients B of the features appear linearly in the
expression of the prediction of the i-th label:

F
ypred (i) — Bg’) 4 ﬁ§1)$§1) R B;‘l‘)r;‘l‘) — Z B;l)mgl)’
§=0

where m is the number of independent variables and acéi) =1 (i.e. [Séi) is the intercept of the model and represents

the value of the label without the contribution of any of the features). In other words, B;i) are used with unit
exponent only once per model.
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9.4 Support Vector Machines

matrix num_ cp eng. feat. PCA
old fav. old fav. old fav. old fav.
Abt 20x107% 3.0x107° 0.10 2.0x10°° 0.05 0.05 0.07 0.08
& A2l 1.0x107% 1.0x10°° 0.1 1.0x107% 3.0x107% 12x103 20x10¢ 1.2x10°3
fit intercent bt False False True False True True False True
- Pt p2a True True True True True False True False
normalise bt — — False — False False — False
axis K21 False True False False False — True —

Table 9.1: Hyperparameter choices of the ¢; regression model used. In addition to the known
hyperparameters « and fit_intercept, we also include the normalise parameter which indic-
ates whether the samples have been centered and scaled by their 5 norm before the fit: it is
ignored when the intercept is ignored.

matrix num_cp eng. feat. PCA

vivinag T L% 63 % 63 % 64 %
g 21 11% 8% 21 % 21%
Javourable AU 95% 100 % 100 % 100 %
B2l 14% 15% 19% 19%

Table 9.2: Best accuracy of the linear model using ¢; regularisation on the test split.

a particular sector of the predictions and the error made by the model, thus the variance of the
residuals is in general randomly distributed over the predictions. Only the case of the fit of the
number of projective spaces seems to show a slight correlation for A2, signalling that the model
using only one feature might be actually incomplete: in fact it is better to include also other
engineered features.

The learning curves in Figure 9.9 show that the model underfits. We also notice that the
models are only marginally affected by the number of samples used for training. In particular
this provides a very strong baseline for h'!. For comparison, we also give the learning curve for
the favourable dataset in Figure 9.10: this shows that a linear regression is completely sufficient
to determine h'! in that case.

9.4 Support Vector Machines

SVM are a family of algorithms which use a kernel trick to map the space of input data vectors
into a higher dimensional space where samples can be accurately separated and fitted to an
appropriate curve (see Appendix F.2). In this analysis we show two such kernels, namely a
linear kernel (also known as no kernel since no transformations are involved) and a Gaussian
kernel (known as rbf in ML literature as in radial basis function).

9.4.1 Linear Kernel

For this model we use the class svm.LinearSVR in scikit-learn.
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Figure 9.8: Plots of the residual error for the ¢; regularised linear model: rows show the different
scenarios (fit with only the matrix, with only the number of projective spaces, with the engineered
features, with the engineered features and the pca). Plots refer to the test split of the original
dataset.
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Figure 9.9: Learning curves for the linear regression (original dataset), including outliers and
using a single model for both Hodge numbers.
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Figure 9.10: Learning curves for the linear regression (favourable dataset), including outliers and
using a single model for both Hodge numbers. Input: num_cp, o« = 1.
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matrix num__cp eng. feat. PCA
old fav. old fav. old fav. old fav.

Rl 0.13 24  0.001 0.0010 0.13 0.001 0.007 04
%t 0.30 100  0.05 0.0016 0.5 0.4 1.5 0.4

rtt 0.7 0.3 0.4 0.00 0.9 0.0 0.5 0.0
%t 0.0 0.0 10 0.03 0.0 0.0 0.0 0.6

hi'l True False True False True False False False
h?!  True False True True True True True False

fit_intercept

intercept scalin it 013 o 100 0.01 — — -
pt_ & p21 100 13 92 100 0.01 100  —

1,1 2
1oss h21 €] €] |€|2 ell e le le| €
>t el lel el el e e le| e

Table 9.3: Hyperparameter choices of the linear support vector regression. The parameter
intercept_scaling is clearly only relevant when the intercept is used. The different losses
used simply distinguish between the £; norm of the e-dependent boundary where no penalty is
assigned and its £ norm.

Parameters In Table 9.3 we show the choices of the hyperparameters used for the model. As
we prove in Appendix F.2, parameters C' and € are related to the penalty assigned to the samples
lying outside the no-penalty boundary (the loss in this case is computed according to the ¢; or
{5 norm of the distance from the boundary as specified by the loss hyperparameter). Other
parameters are related to the use of the intercept to improve the prediction. We rounded the
predictions to the floor for the original dataset and to the next integer for the favourable dataset.

Results In Table 9.4, we show the accuracy on the test set for the linear kernel. As we
can see, the performance of the algorithm strongly resembles a linear model in terms of the
accuracy reached. It is fascinating to notice that the contributions of the PCA do not improve
the predictions using just the engineered features: it seems that the latter work better than using
the configuration matrix or its principal components.

The residual plots in Figure 9.11 confirm what we already said about the linear models
with regularisation: the model with only the number of projective spaces shows a tendency
to heteroscedasticity which can be balanced by adding more engineered feature, also helping
in having more precise predictions (translated into peaked univariate distributions).®® In all
cases, we notice that the model slightly overestimates the real values (residuals are computed
as the difference between the prediction and the real value) as the second, small peaks in the
histograms for h'! suggest: this may also explain why flooring the predictions produces the
highest accuracy. As in general for linear models, the influence of the number of samples used
for training is marginal also in this case: we only noticed a decrease in accuracy when also
including the PCA or directly the matrix.

69Heteroscedasticity refers to the tendency to have a correlation between the predictions and the residuals:
theoretically speaking, there should not be any, since we suppose the residuals to be independent on the model
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Table 9.4: Accuracy of the linear svM on the test split.
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Figure 9.11: Plots of the residual errors for the svMm with linear kernel.
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matrix num__cp eng. feat. PCA
old  fav. old fav. old fav. old fav.
c Rttt 14 1000 170 36 3 40 1.0 1000
%1 40 1000 1.0 1.0 84 62 45 40
c RYt0.01 0.01 045 0.03 0.05 0.3 0.02  0.01

%1 0.01 0.01 001 009 029 010 020 0.09

Rt 0.03 0.002 0.110 0.009 0.07 0.003 0.02 0.001
Y op21 006 000 0.013 1000 0.016 0.005 0.013 0.006

Table 9.5: Hyperparameter choices of the SVM regression with Gaussian kernel.

9.4.2 Gaussian Kernel

We then consider svM using a Gaussian function as kernel. The choice of the function can
heavily influence the outcome of the predictions since they map the samples into a much higher
dimensional space and create highly non-linear combinations of the features before fitting the
algorithm. In general this can help in the presence of “obscure” features which badly correlate
one another. In our case we hope to leverage the already good correlations we found in the EDA
with the kernel trick. The implementation is done with the class svm.SVR from scikit-learn.

Parameters As we show in Appendix F.2, this particular choice of kernel leads to profoundly
different behaviour with respect to linear models: we will round the predictions to the next integer
in both datasets since the loss function strongly penalises unaligned samples. In Table 9.5 we
show the choices of the hyperparameters for the models using the Gaussian kernel. As usual the
hyperparameter C is connected to the penalty assigned to the samples outside the soft margin
boundary (see Appendix F.2) delimited by the e. Given the presence of a non linear kernel
we have to introduce an additional hyperparameter y which controls the width of the Gaussian
function used for the support vectors.

Results In Table 9.6 we show the accuracy of the predictions on the test sets. In the favourable
dataset we can immediately appreciate the strong linear dependence of h! on the number of
projective spaces: even though there are a few non favourable embeddings in the dataset, the
kernel trick is able to map them in a better representation and improve the accuracy. The
predictions for the original dataset have also improved: they are the best results we found
using shallow learning. The predictions using only the configuration matrix matches [126] but
we can slightly improve the accuracy by using a combination of engineered features and PCA.
In Figure 9.12 we show the residual plots and their histograms for the original dataset: residuals
follow peaked distributions which, in this case, do not present a second smaller peak (thus we need
to round to the next integer the predictions) and good variate distribution over the predictions.

The Gaussian kernel is also more influenced by the size of the training set. Using 50 % of the
samples as training set we witnessed a drop in accuracy of 3 % while using engineered features and

and normally sampled.
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matrix num_ cp eng. feat. PCA

orivingl ML T0% 63 % 66 % 72%
g R21 229 10% 36 % 34%
favourable Rl 99% 100 % 100 % 100 %
B2l 9299% 17% 32% 33%

Table 9.6: Accuracy of the Gaussian SVM on the test split.

the PcA, and around 1% to 2% in all other cases. The learning curves (presented in Figure 9.13)
show that the accuracy improves by using more data. Interestingly, it shows that using all
engineered features leads to an overfit on the training data since both Hodge numbers reach
almost 100 %, while this is not the case for h%!. For comparison, we also display in Figure 9.14
the learning curve for the favourable dataset: this shows that predicting h'' accurately works
out-of-the-box.

9.5 Decision Trees

We now consider two algorithms based on decision trees: random forests and gradient boosted
trees. Decision trees are powerful algorithms which implement a simple decision rule (in the style
of an if.. . then. .. else. .. statement) to classify or assign a value to the predictions. However they
have a tendency to adapt too well to the training set and to not be robust enough against small
changes in the training data. We consider a generalisation of this algorithm used for ensemble
learning: this is a technique in ML which uses multiple estimators (they can be the same or
different) to improve the performances. We will present the results of random forests of trees
which increase the bias compared to a single decision tree, and gradient boosted decision trees,
which can use smaller trees to decrease the variance and learn better representations of the input
data by iterating their decision functions and use information on the previous runs to improve
(see Appendix F.3 for a more in-depth description).

9.5.1 Random Forests

The random forest algorithm is implemented with Scikit’s ensemble.RandomForestRegressor.

Parameters Hyperparameter tuning for decision trees can in general be quite challenging.
From the general theory on random forests (see Appendix F.3 for salient features) we can try
and look for particular shapes of the trees: this ensemble learning technique usually prefers a
small number of fully grown trees. We performed only 25 iterations of the optimisation process
due to the very long time taken to train all the decision trees.

In Table 9.7 we show the hyperparameters used for the predictions. As we can see from
n_estimator, random forests are usually built with a small number of fully grown (specified by
max_depth and max_leaf_nodes) trees (not always the case, though). In order to avoid overfit
we also tried to increase the number of samples necessary to split a branch or create a leaf node
using min_samples_leaf and min_samples_split (introducing also a weight on the samples
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Figure 9.12: Plots of the residual errors for the svM with Gaussian kernel.
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Figure 9.13: Learning curves for the svM with Gaussian kernel (original dataset), using a single
model for both Hodge numbers.
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Figure 9.14: Learning curves for the svM with Gaussian kernel (favourable dataset), using a
single model for both Hodge numbers.

in the leaf nodes specified by min_weight_fraction_leaf to balance the tree). Finally the
criterion chosen by the optimisation reflects the choice of the trees to measure the impurity of
the predictions using either the mean squared error or the mean absolute error of the predictions
(see Appendix F.3).

Results In Table 9.8 we summarise the accuracy reached using random forests of decision trees
as estimators. As we already expected, the contribution of the number of projective spaces helps
the algorithm to generate better predictions. In general, it seems that the engineered features
alone can already provide a good basis for predictions. In the case of h?! the introduction of
the principal components of the configuration matrix also increases the prediction capabilities.
As in most other cases we used the floor function for the predictions on the original dataset and
the rounding to next integer for the favourable one.

As usual in Figure 9.15 we show the histograms of the distribution of the residual errors and
the scatter plots of the residuals. While the distributions of the errors are slightly wider than
the svM algorithms, the scatter plots of the residual show a strong heteroscedasticity in the case
of the fit using the number of projective spaces: though quite accurate, the model is strongly
incomplete. The inclusion of the other engineered features definitely helps and also leads to
better predictions. Learning curves are displayed in Figure 9.16.

9.5.2 Gradient Boosted Trees

We used the class ensemble.GradientBoostingRegressor in scikit-learn to implement the
gradient boosted trees.

Parameters Hyperparameter optimisation has been performed using 25 iterations of the Bayes
search algorithm since by comparison the gradient boosting algorithms took the longest learning
time. We show the chosen hyperparameters in Table 9.9.
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matrix num__cp eng. feat. PCA
old fav. old fav. old fav. old  fav.
. . ALl MSE MSE MAE MAE MAE MSE MAE MAE
criterion 91
h* MAE MAE MAE MAE MAE MAE MAE MAE
nax deoth ptt 100 100 100 30 90 30 30 60
-aep h21 90 100 90 75 100 100 100 60
max leaf modes pbt 100 80 90 20 20 35 90 90
- - K21 90 100 100 75 100 60 100 100
) bl 1 1 1 15 1 15 1 1
min_samples_leaf B2l 3 1 4 70 1 70 30 1
. . hbt 2 30 20 35 10 10 100 100
min_samples_split h2! 30 2 50 45 2 10 2 100
min weight fraction leaf L1 0.0 0.0 0.0 1.7x107% 0.0 0.009 0.0 0.0
-welght_ - h2l 3.0x107* 0.0 1.0x107* 0.13 0.0 0.0 0.0 0.0
S, pt:t 10 100 45 120 155 300 10 300
- h21 190 10 160 300 10 10 10 300

Table 9.7: Hyperparameter choices of the random forest regression.

matrix num_cp eng. feat. PCA

original Rt 55 % 63 % 66 % 64 %
g r:l 12% 9% 17% 18%
favourable L1 89% 99 % 98 % 98 %
h21! 14 % 17% 22% 27 %

Table 9.8: Accuracy of the random forests on the test split.
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Figure 9.16: Learning curves for the random forest (original dataset) including outliers and using
a single model for both Hodge numbers.
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matrix num_ cp eng. feat. PCA
old fav. old fav. old fav. old  fav.
Pl 04 — — — — — - —
« 2t — 011 — — 0.99 — - —
. . hbt MAE MAE  friedman_mse MAE friedman_mse friedman_mse MAE MAE
criterion 2.1 .
h* MAE  MAE friedman_mse MAE MAE MAE MAE MAE
learning rate bt 0.3 0.04 0.6 0.03 0.15 0.5 0.04 0.03
& h2! 0.6 0.5 0.3 0.5 0.04 0.02 0.03 0.07
Loss Ab1 huber Is lad Is Is lad Is Is
° h2! Is huber Is Is huber Is Is lad
max depth hbt 100 100 15 60 2 100 55 2
-aep h21 85 100 100 30 35 60 15 2
. 1 1it I 2 30 20 35 10 10 100 100
fin_samples_spli R2L 30 2 50 45 2 100 2100
min weight fraction leaf At 0.03 0.0 0.0 0.2 0.2 0.0 0.06 0.0
-velght_ - a2t 0.0 0.0 0.16 0.004 0.0 0.0 0.0 0.0
n estimators bt 90 240 120 220 100 130 180 290
- h2! 100 300 10 20 200 300 300 300
subsample hbl 0.8 0.8 0.9 0.6 0.1 0.1 1.0 0.9
P 2t 0.7 1.0 0.1 0.9 0.1 0.9 0.1 0.2

Table 9.9: Hyperparameter choices of the gradient boosted decision trees.

matrix num_ cp eng. feat. PCA

original Rt 50 % 63 % 61 % 58 %
g h2l 14% 9% 23 % 21%
favourable L1 97 % 100 % 99 % 99 %
h21 17% 16 % 35% 22%

Table 9.10: Accuracy of the gradient boosting on the test split.

With respect to the random forests, for the gradient boosting we also need to introduce the
learning_rate (or shrinking parameter) which controls the gradient descent of the optimisation
which is driven by the choice of the loss parameters (1s is the ordinary least squares loss, 1ad
is the least absolute deviation and huber is a combination of the previous two losses weighted
by the hyperparameter o). We also introduce the subsample hyperparameter which chooses a
fraction of the samples to be fed into the algorithm at each iteration. This procedure has both
a regularisation effect on the trees, which should not adapt too much to the training set, and
speeds up the training (at least by a very small amount).

Results We show the results of gradient boosting in Table 9.10. As usual the linear dependence
of A% on the number of projective spaces is evident and in this case also produces the best
accuracy result (using the floor function for the original dataset and rounding to the next integer
for the favourable dataset) for h'. h?! is once again strongly helped by the presence of the
redundant features. In Figure 9.17 we finally show the histograms and the scatter plots of the
residual errors for the original dataset showing that also in this case the choice of the floor
function can be justified and that the addition of the engineered features certainly improves the
overall variance of the residuals.
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Figure 9.17: Plots of the residual errors for the gradient boosted trees.
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9.6 Neural Networks

In this section we approach the problem of predicting the Hodge numbers using artificial neural
networks (ANN), which we briefly review in Appendix F.4. We use Google’s Tensorflow framework
and Keras, its high-level API, to implement the architectures and train the networks [156]. We
explore different architectures and discuss the results.

Differently from the previous algorithms, we do not perform a cross-validation scoring but
we simply retain 10 % of the total set as a holdout validation set (also referred to as development
set) due to the computation power available. Thus we use 80 % of the samples for training, 10 %
for evaluation, and 10 % as a test set. For the same reason, the optimisation of the algorithm
has been performed manually.

We always use the Adam optimiser with default learning rate 10~3 to perform the gradient
descent and a fix batch size of 32. The network is trained for a large number of epochs to avoid
missing possible local optima. In order to avoid overshooting the minimum of the loss function, we
dynamically reduce the learning rate both using the Adam optimiser which implements learning
rate decay, and through the callback callbacks.ReduceLROnPlateau in Keras, which scales the
learning rate by a given factor when the monitored quantity (in our case the validation loss)
does not decrease): we choose to reduce it by 0.3 when the validation loss does not improve for
at least 75 epochs. Moreover we stop training when the validation loss does not improve during
200 epochs. We then keep only the weights of the neural networks which gave the best results.
Batch normalisation layers are used with a momentum of 0.99. Training and evaluation were
performed on a NVidia GeForce 940MX laptop GPU with 2 GB of RAM memory.

9.6.1 Fully Connected Network

Before we move to the complete deep learning study using convolutional kernels, first we repro-
duce the analysis in [126] for the prediction of h''l. We will then use this as a baseline for our
investigation.

Model The neural network presented in [126] for the regression task contains 5 hidden layers
with 876, 461, 437, 929 and 404 units (Figure 9.18a). All layers (including the output layer)
are followed by a ReL.U activation and by a dropout layer with a rate of 0.2072. This network
contains roughly 1.58 x 10% parameters.

The other hyperparameters (like the optimiser, batch size, number of epochs, regularisation,
etc.) are not mentioned. In order to reproduce the results, we fill the gap as follows:

e Adam optimiser with batch size of 32;

« maximal number epochs of 2000 without early stopping;™®

e we implement learning rate reduction by 0.3 after 75 epochs without improvement of the
validation loss;

70Tt took around 20 minutes to train the model.
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Figure 9.18: Fully connected network for the prediction of h''!. For simplicity we do not draw
the dropout and batch normalisation layers present after every densely connected layer.

training data

10% 30% 50% 70% 90%
regression  58% 68% 2% 5% 5%
classification 68% 78% 82% 8% 88%

Table 9.11: Accuracy (approximate) for h':! obtained in [126, Figure 1].

e no ¢ or {5 regularisation;

¢ a batch normalisation layer [174] after each fully connected layer.

Results We reproduce the results from [126], which are summarised in Table 9.11. The training
process was very quick and the loss function is reported in Figure 9.18b. We obtain an accuracy
of 77% both on the development and the test set of the original dataset with 80 % of training
data (see Table 9.12). Using the same network we also achieve 97 % of accuracy in the favourable

dataset.

9.6.2 Convolutional Network

We then present a new purely convolutional neural network (CNN) to predict A and h?!,
separately or together. The advantage of such networks is that it requires a smaller number of
parameters and is insensitive to the size of the inputs. The latter point can help to work without
padding the matrices (of the same or different representations), but the use of a flatten layer

removes this benefit.
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Figure 9.19: Pure convolutional neural network for redicting h*!. It is made of 4 modules
composed by convolutional layer, ReLU activation, batch normalisation (in this order), followed
by a dropout layer, a flatten layer and the output layer (in this order).

Model The neural network has 4 convolutional layers. They are connected to the output
layer with a intermediate flatten layer. After each convolutional layer, we use the ReLU ac-
tivation function and a batch normalisation layer (with momentum 0.99). Convolutional layers
use the padding option same and a kernel of size (5,5) to be able to extract more meaningful
representations of the input, treating the configuration matrix somewhat similarly to an object
segmentation task [175]. The output layer is also followed by a ReLU activation in order to force
the prediction to be a positive number. We use a dropout layer only after the convolutional
network (before the flatten layer) but we introduced a combination of ¢5 and ¢; regularisation
to reduce the variance. The dropout rate is 0.2 in the original dataset and 0.4 for the favourable
dataset, while ¢; and /¢ regularisation are set to 107°. We train the model using the Adam
optimiser with a starting learning rate of 102 and a mini-batch size of 32.

The architecture is more similar in style to the old LeNet presented for the first time in
1998 by Y. LeCun during the ImageNet competition. In our implementation however we do not
include the pooling operations and swap the usual order of batch normalisation and activation
function by first putting the ReLLU activation. In Figure 9.19 we show the model architecture in
the case of the original dataset and of predicting h':' alone. The convolution layers have 180,
100, 40 and 20 units each.

Results With this setup, we were able to achieve an accuracy of 94 % on both the development
and the test sets for the “old” database and 99 % for the favourable dataset in both validation
and test sets (results are briefly summarised in Table 9.12). We thus improved the results of the
densely connected network and proved that convolutional networks can be valuable assets when
dealing with the extraction of a good representation of the input data: not only are convolutional
networks very good at recognising patterns and rotationally invariant objects inside pictures or
general matrices of data, but deep architectures are also capable of transforming the input using
non linear transformations [176] to create new patterns which can then be used for predictions.
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Figure 9.20: Loss function of the networks for the prediction of h''! and h%!. We can see that the
validation loss flattens out while the training loss keeps decreasing: we took care of the overfit
by using the weights of the network when the validation loss reached its minimum. The use of
mini-batch gradient descent also completely spoils the monotonicity of the loss functions which
can therefore increase moving from one epoch to the other, while keeping the descending trend
for most of its evolution.

Even though the convolution operation is very time consuming another advantage of CNN is
the extremely reduced number of parameters with respect to fully connected (FC) networks.”
The architectures we used were in fact made of approximately 5.8 x 10° parameters: way less
than half the number of parameters used in the FC network. Ultimately, this leads to a smaller
number of training epochs necessary to achieve good predictions (see Figure 9.20).

Using this classic setup we tried different architectures. The network for the original dataset
seems to work best in the presence of larger kernels, dropping by roughly 5% in accuracy when a
more “classical” 3 x 3 kernel is used. We also tried to use to set the padding to valid, reducing
the input from a 12 x 15 matrix to a 1 x 1 feature map over the course of 5 layers with 180,
100, 75, 40 and 20 filters. The advantage is the reduction of the number of parameters (namely
~ 4.9 x 10°) mainly due to the small FC network at the end, but accuracy dropped to 87 %. The
favourable dataset seems instead to be more independent of the specific architecture retaining
accuracy also with smaller kernels.

The analysis for h?! follows the same prescriptions. For both the original and favourable
dataset, we opted for 4 convolutional layers with 250, 150, 100 and 50 filters and no FC network
for a total amount of 2.1 x 10% parameters. In this scenario we were able to achieve 36 % of
accuracy in the development set and 40 % on the test set for h*! in the “old” dataset and 31 %
in both development and test sets in the favourable set (see Table 9.12). The learning curves
for both Hodge numbers are given in Figure 9.21. This model uses the same architecture as the
one for predicting h'*! only, which explains why it is less accurate as it needs to also adapt to
compute h?! (see for example Figure 9.25).

711t took around 4 hours of training (and no optimisation) for each Hodge number in each dataset. The use
use of modern generation GPUs with tensor cores can however speed up the training by order of magnitudes.
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Figure 9.21: Learning curves for the classic convolutional neural network (original dataset), using
a single model for both Hodge numbers.

9.6.3 Inception-like Neural Network

In the effort to find a better architecture, we took inspiration from Google’s winning CNN in the
annual ImageNet challenge in 2014 [165]-[167]. The architecture in its original presentation uses
inception modules in which separate 1 x1, 3 x 3 and 5 x 5 convolutions are performed side by side
(together with max pooling operations) before recombining the outputs. The modules are then
repeated until the output layer is reached. This has two evident advantages: users can avoid
taking a completely arbitrary decision on the type of convolution to use since the network will
take care of it tuning the weights, and the number of parameters is extremely restricted as the
network can learn complicated functions using fewer layers. As a consequence the architecture
of such models can be made very deep while keeping the number of parameters contained, thus
being able to learn very difficult representations of the input and producing accurate predictions.
Moreover while the training phase might become very long due to the complicated convolutional
operations, the small number of parameters is such that predictions can be generated in a very
small amount of time making inception-like models extremely appropriate whenever quick pre-
dictions are necessary. Another advantage of the architecture is the presence of different kernel
sizes inside each module: the network automatically learns features at different scales and dif-
ferent positions thus leveraging the advantages of a deep architecture with the ability to learn
different representations at the same time and compare them.

Model In Figure 9.22 we show a schematic of our implementation. Differently from the image
classification task, we drop the pooling operation and implement two side-by-side convolution
over rows (12 x 1 kernel for the original dataset, 15 x 1 for the favourable) and one over columns
(1 x 15 and 1 x 18 respectively).” We use same as padding option. The output of the

"2Pooling operations are used to shrink the size of the input. Similar to convolutions, they use a window of a
given size to scan the input and select particular values inside. For instance, we could select the average value
inside the small portion selected, performing an average pooling operation, or the maximum value, a max pooling
operation. This usually improves image classification and object detection tasks as it can be used to sharpen
edges and borders.
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Figure 9.22: In each concatenation module (here shown for the “old” dataset) we operate with
separate convolution operations over rows and columns, then concatenate the results. The overall
architecture is composed of 3 “inception” modules made by two separate convolutions, a con-
catenation layer and a batch normalisation layer (strictly in this order), followed by a dropout
layer, a flatten layer and the output layer with ReLU activation (in this order).

L

convolutions are then concatenated in the filter dimensions before repeating the “inception”
module. The results from the last module are directly connected to the output layer through a
flatten layer. In both datasets we use batch normalisation layers (with momentum 0.99) after
each concatenation layer and a dropout layer (with rate 0.2) before the FC network.™

For both h''! and h?! (in both datasets) we used 3 modules made by 32, 64 and 32 filters
for the first Hodge number, and 128, 128 and 64 filters for the second. We also included ¢; and
/5 regularisation of magnitude 10~* in all cases. The number of parameters was thus restricted
to 2.3 x 10° parameters for ! in the original dataset and 2.9 x 10° in the favourable set, and
1.1 x 108 parameters for h%! in the original dataset and 1.4 x 10° in the favourable dataset. In
all cases the number of parameters has decreased by a significant amount: in the case of h'!
they are roughly % of the parameters used in the classical CNN and around % of those used in
the FC network. During training we used the Adam gradient descent with an initial learning
rate of 1072 and a batch size of 32. The callbacks helped to contain the training time (without

optimisation) under 5 hours for each Hodge number in each dataset.

Results With these architectures we were able to achieve more than 99 % of accuracy for h'!
in the test set (same for the development set) and 50 % of accuracy for h*! (a slightly smaller
value for the development set). We report the results in Table 9.12.

We therefore increased the accuracy for both Hodge numbers (especially h?!) compared to

73The position of the batch normalisation is extremely important as the parameters computed by such layer
directly influence the following batch. We however opted to wait for the scan over rows and columns to finish
before normalising the outcome to avoid biasing the resulting activation function.
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Loss Function Loss Function

— loss 10? — loss
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Figure 9.23: The loss functions of “inception” network for A'! and h?! in the original data-
set show that the number of epochs required for training is definitely larger than for simpler
architectures, despite the reduced number of parameters.

what can achieve a simple sequential network, while at the same time reducing significantly the
number of parameters of the network.”® This increases the robustness of the method and its
generalisation properties.

In Figure 9.24 we show the distribution of the residuals and their scatter plot. The distri-
bution of the errors does not present pathological behaviour and the variance of the residuals is
well distributed over the predictions. In fact this neural network is much more powerful than the
previous networks we considered, as can be seen by studying the learning curves in Figure 9.25.
When predicting only h''! it surpasses 97 % accuracy using only 30 % of the data for training.
While it seems that the predictions suffer when using a single network for both Hodge numbers
this remains much better than any other algorithm. It may seem counter-intuitive that con-
volutions work well on this data since they are not translation or rotation invariant but only
permutation invariant. However convolution alone is not sufficient to ensure invariances under
these transformations but it must be supplemented with pooling operations [141] which we do
not use. Moreover convolution layers do more than just taking translation properties into ac-
count: they allow to make highly complicated combinations of the inputs and to share weights
among components to find subtler patterns than standard fully connected layers. This network
is more studied in more details in [4].

9.6.4 Boosting the Inception-like Model

To improve further the accuracy of h*! we modify the network by adding engineered features as
auxiliary inputs. This can be done by adding inputs to the inception neural network and merging

74In an attempt to improve the results for h>1 even further, we also considered to first predict In (1 + h2'1) and
then transform it back. However, the predictions dropped by almost 10 % in accuracy even using the “inception”
network: the network seems to be able to approximate quite well the results (not better nor worse than simply
h2:1) but the subsequent exponentiation is taking apart predictions and true values. Choosing a correct rounding
strategy then becomes almost impossible.
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Figure 9.25: Learning curves for the Inception neural network (original dataset).
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9.7 Ensemble Learning: Stacking

DenseNet classic ConvNet inception ConvNet

old  fav. old fawv. old fav.
RYY 1% 9T%  94% 99 % 99 % 99 %
h21! - - 36 % 31% 50 % 48 %

Table 9.12: Accuracy using rint rounding on the predictions of the ANNs on A! and h%! on
the test set.

the different branches at different stages. There are two possibilities to train such a network:
train the whole network directly or train the inception network alone, then freeze its weights and
connect it to the additional inputs, training only the new layer. We found that the architectures
we tried did not improve the accuracy, but we briefly describe our attempts for completeness. We
focused in particular on the number of projective spaces, the vector of dimensions of the projective
spaces and the vector of dimensions of the principal cohomology group) and predicting A and
h%1 at the same time. The core of the neural network is the Inception network described earlier
in Section 9.6.3. The engineered features are processed using fully connected layers and merged
to the predictions from the Inception branch using a concatenation layer. Obviously output
layers for h''! and h%! can be located on different branches which allow for different processing
of the features.

As mentioned earlier, a possible approach is to first train the Inception branch alone, before
freezing its weights and connecting it to the rest of the network. This can prevent spoiling the
already good predictions and speed up the new learning process. This is a common technique
called transfer learning: we can use a model previously trained on a slightly different task and
use its weights as part of the new architecture. Our trials involved shallow fully connected layers
(1 to 3 layers with 10 to 150 units) between the engineered features and after the concatenation
layer. Since the EDA analysis in Section 9.1 shows a correlation between both Hodge numbers,
we tried architectures where the result for h! is used to predict h?!. For the training phase
we also tried an alternative to the canonical choice of optimising the sum of the losses. We first
train the network and stop the process when the validation loss for A1 does not longer improve,
load back the best weights and save the results, keep training and stop when the loss for hA%!
reaches a plateau.

With this setup we were able to slightly improve the predictions of h! in the original dataset,
reaching almost 100 % of accuracy in the predictions, while the favourable dataset stayed at
around 99 % of accuracy. The only few missed predictions (4 manifolds out of 786 in the test set)
are in very peculiar regions of the distribution of the Hodge number. For h%! no improvement
has been noticed.

9.7 Ensemble Learning: Stacking

We conclude the ML analysis by describing a method very popular in ML competitions: ensem-
bling. This consists in taking several ML algorithms and combining together the predictions of
each individual model to obtain a more precise predictions. Using this technique it is possible
to decrease the variance and improve generalization by compensating weaknesses of algorithms
with strengths of others. Indeed the idea is to put together algorithms which perform best in
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hl,l h2’1
old fav. old  fav.
EN 65% 100% 19% 19%
svM 70% 100% 30% 34%

RF 61% 98% 18% 24%
ANN  98% 98% 33% 30%

2nd level Lasso 98% 98% 36% 33%

1st level

Table 9.13: Accuracy of the first and second level predictions of the stacking ensemble for elastic
net regression (EN), support vector with rbf kernel (SvM), random forest (RF) and the artificial
neural network (ANN) as first level learners and lasso regression as meta learner.

different zones of the label distribution in order to combine them to build an algorithm bet-
ter than any individual component. The simplest such algorithm is stacking whose principle is
summarised in Figure 9.26. First the original training set is split in two parts (not necessarily
even). Second a certain number of first-level learners is trained over the first split and used to
generate predictions over the second split. Third a “meta learner” is trained of the second split
to combine the predictions from the first-level learners. Predictions for the test set are obtained
by applying both level of models one after the other.

We have selected the following models for the first level: linear regression, SVM with the
Gaussian kernel, the random forest and the “inception” neural network. The meta-learner is
a simple linear regression with ¢; regularisation (Lasso). The motivations for the first-level
algorithms is that stacking works best with a group of algorithms which work in the most diverse
way among them. Also in this case, we use a cross-validation strategy with 5 splits for each level
of the training: from 90 % of total training set, we split into two halves containing each 45 % of
the total samples and then use 5 splits to grade the algorithm, thus using 9% of each split for
cross correlation at each iteration) and the Bayes optimisation for all algorithms but the ANN
(50 iterations for elastic net, SvM and lasso and 25 for the random forests). The ANN was trained
using a holdout validation set containing the same number of samples as each cross-validation
fold, namely 9% of the total set. The accuracy is then computed as usual using numpy.rint
for svM, neural networks, the meta learner and h'! in the original dataset in general, and
numpy . floor in the other cases.

In Table 9.13, we show the accuracy of the ensemble learning. We notice that accuracy
improves slightly only for h%! (original dataset) compared to the first-level learners. However
this is much lower than what has been achieved in Section 9.6.3. The reason is that the learning
suffers from the reduced size of the training set. Another reason is that the different algorithms
may perform similarly well in the same regions.

10 Summary and Conclusion

We have proved that a proper data analysis can lead to improvements in predictions of Hodge
numbers At and h?! for CICY 3-folds. Moreover more complex neural networks inspired by
computer vision applications [165]-[167] allowed us to reach close to 100 % accuracy for h'* with
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Figure 9.26: Stacking ensemble learning with two level learning.
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much less data and less parameters than in previous works. While our analysis improved the
accuracy for h>! over what can be expected from a simple sequential neural network, we barely
reached 50 %. Hence it would be interesting to push further our study to improve the accuracy.
Possible solutions would be to use a deeper Inception network, find a better architecture including
engineered features, and refine the ensembling.

Another interesting question to probe is related to representation learning, i.e. finding a
better description of the CY. Indeed one of the main difficulty in making predictions is the
redundancy of the possible descriptions of a single manifold. For instance we could try to set
up a map from any matrix to its favourable representation (if it exists). This could be the basis
for the use of adversarial networks [177] capable of generating the favourable embedding from
the first. Or on the contrary one could generate more matrices for the same manifold in order
to increase the size of the training set. Another possibility is to use the graph representation of
the configuration matrix to which is automatically invariant under permutations [157] (another
graph representation has been decisive in [136] to get a good accuracy). Techniques such as
(variational) autoencoders [178], [179], cycle GAN [180], invertible neural networks [181], graph
neural networks [182], [183] or techniques from geometric deep learning [184] could be helpful.

Finally our techniques apply directly to CICY 4-folds [185], [186]. However there are many
more manifolds in this case (around 10°) and more Hodge numbers, such that one can expect
to reach a better accuracy for the different Hodge numbers (the different learning curves for
the 3-folds indicate that the model training would benefit from more data). Another interesting
class of manifolds to explore with our techniques are generalized CICY 3-folds [187]. These and
others will indeed be ground for future investigations.
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A The Isomorphism in Details

In this appendix we explain the conventions used for SU(2) and show the details of the isomorph-
ism between SO(4) and a class of equivalence of SU(2) x SU(2).

A.1 Conventions

We parameterise SU(2) matrices U with a vector i € R? such that:

U(7i) = cos(2mmn) 1o + 4 Y sin(27mn), (A1)
where n = ||7i|| and 0 < n < §. We also identify all 7 when n = § since in this case U(7) = —1.
The parametrisation is such that:
U*(7) = o?U(A)e®=U(#), (A.2)
Utm) = UTR)=U(-7), (A.3)
—U(@@) = U@) (A.4)
where o2 is the second Pauli matrix, = (—nl, n?, —n3) and 7 = —(% — n) %

The group product of two elements U (7 o m) = U(7) U(m) has an explicit realisation as:

cos(27t||7i o m||) = cos(27n) cos(2mtm) — sin(27n) sin(27tm) n m,
L . nm (A.5)

sin(271||77 o 7)) = cos(27n) sin(2mm) — + sin(27n) cos(2mm) —.
m n

nom
72 0 77|
A.2 The Isomorphism

Let I =1, 2, 3, 4 and define:
T, = (i 12, ), (A.6)
1 42

where ¢ = (G , 0%, 03) are the Pauli matrices. It is possible to show that:

(TI)T =MNrJ TI,

(TI)* = —09 T 09, (A7)
where n7; = diag(—1,1,1,1). The following relations are then a natural consequence:
tr(ty) = 2id5, (A.8)
tr(trts) = 2mr, (A.9)
tr (TI(TJ)T) = 28 (A.10)
Now consider a vector in the spinor representation:
X =X"11. (A.11)
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We can recover the components using the previous properties:
1 1
XTI = 3 61 tI‘(X(S)(TJ)T) = 51’11‘] tI‘(X(S)TJ), (A.12)

where the trace acts on the space of the T matrices. If the vector X7 is real, using (A.7) we have:

Xy =Xyl = %tf(X<s>T1)TI7 (A.13)
X(*S) = —02 X(5) O2.
A rotation in spinor representation is defined as:
X{y = UL(#) X () UL (17) (A.14)
and it is equivalent to:
(X" =R", x’ (A.15)
through
Ry = %tr((m* UL(7) T U;(m)). (A.16)
The matrix R is the 4-dimensional rotation matrix we are looking for since:
4
tr (ng) (X/)gs)) = tr (X(s) X(Ts)) = Y RixR5x =512 (A.17)
K=1

From the second equation in (A.7) and the first equation in (A.4) we then get the reality condition
on R:

1 1
RNM = §T]N]T]MJ tI'(TJ} URTJ U}i) = itr(TN URT}LV[ Uz) = }CVM (A18)

Furthermore the direct computation of the determinant of R using the parametrisation (A.1)
shows that det R = 1. Finally the explicit choice of the basis T ensures R to be a real matrix
which ensures R € SO(4). Since {Ur, Ur} and {—Ur, —Ug} generate the same SO(4) matrix
then the correct isomorphism takes the form:

SO(4) = %2%(2)_ (A.19)

B The Parameters of the Hypergeometric Function

In this appendix we show the computation of the parameters of the hypergeometric functions
and their relation with the rotation parameters.

B.1 Consistency Conditions of the Monodromy Matrices

In the main text we set '
D My, D! = ™2™ £(ii ), (B.1)
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B.2 Fixing the Parameters

where £(7lo) € SU(2). The previous equation implies
(DMo DY) = (DM, D)7, (B.2)
which can be rewritten as

M ¢t pfpc=ctptDec M. (B.3)

As 1\7100 is a generic diagonal matrix, the previous equation implies that the off-diagonal elements
of C* D' D C must vanish. We therefore have

b G
K=
:—%|F(a)F(b)F(c—a)F(c—b)|2>< (B.4)
x sin(7a) sin* (m(c — a)) (sin(7h) sin* (m(c — b)))".
When a, b, ¢ € R this ultimately means that
sin(mta) sin(7(c — a)) sin(7h) sin(m(c — b)) < 0. (B.5)

Since the previous equation is invariant under integer shift of any of its parameters, we can
consider just the fractional parts 0 < {a}, {b}, {¢} < 1. In order to have U(2) monodromies
finally requires

0<{b} <{c} <{a} <1l or 0<{a} <{c}<{b}<1. (B.6)

Should we request U(1, 1) monodromies as in moving rotated branes then we get:

_ C21C3
K|7?= 22, B.7
K= (B.7)
This would then imply
0<{c}<{a},{b} <1 or 0<{a}, {b}<{c}<1l. (B.8)

B.2 Fixing the Parameters

We can finally show in details the computation of the parameters of the basis of hypergeometric
functions used in the main text. The relation between these and the SU(2) matrices can be
computed requiring that the monodromies induced by the choice of the parameters equal the
monodromies produced by the rotations of the D-branes.

The monodromy in w;_; = 0 is simpler to compute given that we choose L(7) and R(ﬁig)
to be diagonal. We impose:

1 (L) ezﬂino
_ —271id
( 6_27m‘c<L) = ¢ 0 e—2ming | (Bg)

1 . (R) 6727'[7;7710
—2714d
( e_Qnic(R) = € 0 e27rim0 ’ (BIO)
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B.2 Fixing the Parameters

where nd = ||fio|| = no and m§ = ||7ig|| = mo with 0 < ng, mo < 1 due to the conventions (2.61)
and (2.62). We thus have:

L
5(() ) =ng + kégm, ké[()L) [S Z, (B 11)
) = 2ng + ke, k. € Z.

Since the determinant of the right hand side is 6747”.5(()”, the range of definition of 6(()L) is
o < 5(()L) < -+ % Given that 0 < ng < % we simply take o = 0 and set ééL) = ng. Analogous
results hold in the right sector. Furthermore from the third equation in (2.54) and from the first

equation in (B.11) we can restrict:

no+mo— A€ Z. (B.12)

We then need to find 3 equations to determine a(®), b(%) and 6&5 ). After that we then fix the
remaining factors in B and |K (L)|. The equations follow from (2.55). The first two equations

for a(X), b and 5 follow by considering the trace of (2.55):
emila @+ ™) oog (ﬂ(a(L) - b(L))) = em2misy) cos(2mn o ), (B.13)

which is satisfied by:

1 1
5L = —~(a'"® + o B + Zk ), ks.. €7,
2 2 f; °° (B.14)
o — o) = 2(—1)P " o + (=1)T kg +2ky, ki €7,

where p(), ¢(F) € {0,1}. Notice that changing the value of p(X) corresponds to swapping a
and b: since the hypergeometric function is symmetric in those parameters we can fix p*) = 0.
Redefining k' we can always set ¢(*) = 0. We therefore have:

al®) — b =2no + ko) + 2kay,  kap € Z. (B.15)

The allowed values for ké(L) follow a construction similar to the monodromy around w;_; = 0.
The main difference is given by the fact that %(a(L) + b(L)) may a priori take values in an interval

of width 1. As in the previous case we have o < 5&? <o+ % with « technically arbitrary. We
cannot thus choose a vanishing k;) but we have to consider ky) =0, 1.

We find a third relation by considering the entry
) -1
Im (€+27”5‘(>§) D(L) M(()é/) (D(L)) > =Im (E(”w))ll (Blﬁ)
11

Using
sin (ﬂc(L))
sin(n(a(L) — b(L))) ’

and the second equation in (B.11) and (B.15) leads to:

detC =

(B.17)

ketk (L) (L)
cos(n(a(L) + B — c(L))> =(-1) S cos(27r.A ), (B.18)

194



B.3  Checking the Consistency of the Solution

where
3

oS (27TA(L)) = cos(27nyg) cos(27ne) — sin(27mng) sin(2mn ) Zﬁ (B.19)

oo
This expression is connected with rotation parameter in the third interaction point wz,, = 1.

In fact cos(2mA®)) = cos(2mny). We then write
o 46 — B =2 (~)F g+ ke + by + 2kaber Kabe € Z, (B.20)
with f(X) € {0,1}. The request
A+B-ng—mo— (-1)""ny = (=1)!"" my ez (B.21)
finally fixes the B parameter in the third equation of (2.55).

So far we can summarise the results in

a=ng+ (—1)f(L)n1 + Noo + M, me € 7, (B.22)
b=no+ (=) n1 — noe +m, my € Z, (B.23)
c=2ng + me, me € 2, (B.24)
5" = no, (B.25)
6(%) =—ng — (—1)f<L)n1 + me +2ms, mg € 7., (B.26)
A=mng+mg+my, my € 7, (B.27)
B=(-1)""ny + (1) my + msg, mp € Z. (B.28)
K@) is finally determined from
-1 )
(P98 (D9) ) = e () (8.29)
21
and get:
—1)matmptme ) . nl +in?
K@) = ) 53 G(a'D) b )| (B)Y sin(27ng) SIH(QTITLOO)OOT.OOO, (B.30)
where G(a, b, c)=T(1—a)TQ1 -0 T(a+1-¢c)T(b+1-0c).
B.3 Checking the Consistency of the Solution
We check the consistency condition (B.6) using (A.5). The result is
— _1\mag+mp+me
(K@)) B Gt T RN (O S B £ RPN 09
27_[2 Y )
. (B.31)
nl, —in?
X sin(27mng) sin(27mne, ) ——>=,
Moo

where the function G(a, b, ¢) was defined at the end of the previous section. Compatibility
with (B.30) requires
(nl)? + (n2,)? _sin(ma) sin(7t(c — a)) sin(7b) sin(t(c — b))

n2, = sin? (7tc) sin? (7t(a — b)) ' (B-32)
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We can then rewrite (B.19) as

(n3,)*  (cos(m(a — b)) cos(me) — cos(m(a + b — c¢)))?
n2, sin? (rte) sin? (7t(a — b)) ' (B-33)

It is then possible to verify that the sum of the left and right hand sides of (B.32) and the last
equation are equal to 1. The same consistency check can also be performed by computing K (%)
from

-1 (L
(P93 (P2) ) = e (e (B.31)
12

instead of (B.29).

C Reflection Conditions on the Vacuum

We provide details on how (3.171) can be computed. First we introduce the projector of positive
frequency and negative frequency modes for the NS fermion as

+1
PH+0 = C.1
(z,w) B B U (C.1)

-1
P(fvo) = 02
(z,w) o A<l (C.2)

such that d

f{ —2:2P(+’0)(z,w)‘1’(0)(0):‘P(O’+)(z), (C3)

|z[>|w]

and similarly for the negative frequency modes. Likewise we introduce the projectors for the
field with defects as

POy = LE R0 E<t>}2)f’§;”% 2w "Fod) s (C.4)
P(*)(Z7 w) — 7P(Z; {‘T(t)’ E(t) }Z)fijw’ {x(t%iE(t)}), |Z| < |w|’ (05)

N Eq
with P(z; {x(t), E(t)}) =11 (1 — £ ) “ as in the main text.
t=1

Z(t)

We then compute

(p(+) p(+,0))(z7 w) = % %p(ﬂ(z’ Q) PHO(g, w) = PO (2, w)
211215l (C.6)
(PO PEO) (2, w) = P(z {rw, Ew}) fgw;{x(t), —Ep}) -1
N

The last equation is valid when M = » E¢;) < 0 and for |z| and |w| arbitrary. Specializing the
=1

previous expressions to W(°“!(z), we need to constrain |z| > z(;) and |w| > z(y).
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Finally the vacuum in presence of defects can be described by

+) 5,3) = (P e

Wi (z) Q{r(t>,E<t),E<t>}> (P W)(Z) Q{IW’E(”’E(”}>

(+) w(out) =

P 'Y ) )Q{E(t),E(t)»E(t)}>

= (
{( pH) p+.0) W(m))( ) (C.7)
(#
0

+

)

where we assumed |z| > 2(;). The expression finally becomes (3.171).
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D Tensor Wave Functions on NBO

For the sake of completeness we report the expression of the full NBO tensor wave function. In

what follows L = ﬁ We have
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E Overlap of Second Level Massive States on NBO

We report the full expression of the overlap with two derivatives considered in the main text. It
corresponds to the colour ordered amplitude of two tachyons and one level-2 massive state:
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F Machine Learning Algorithms

In this appendix we give a brief review and definition of the main ML algorithms used in the
text. We highlight the specific characteristics of interest in the analysis.

F.1 Linear regression

Consider a set of F features {x,} where n =1,..., F. A linear model learns a function

(xn) = Z Wp Ty + b, (F.1)
n=1

where w and b are the weights and intercept of the fit.

One of the key assumptions behind a linear fit is the independence of the residual error
between the predicted point and the value of the model, which can therefore be assumed to be
sampled from a normal distribution peaked at the average value [144], [168]. The parameters
of the fit are then chosen to maximise their likelihood function, or conversely to minimise its
logarithm with a reversed sign (the x? function). A related task is to minimise the mean squared
error without assuming a statistical distribution of the residual error: ML for regression usually
implements this as loss function of the estimators. In this sense loss functions for regression
are more general than a likelihood approach but they are nonetheless related. For plain linear
regression the associated loss is:

L(w, b) =N ZZ( @ — (w ng)—i—b))z, (F.2)

i=1n=1

where N is the number of samples and ng ) the nth feature of the i-th sample. The values of the

parameters will therefore be:
(w,b) = argmin L(w,b). (F.3)

w,b
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F.2 Support Vector Machines for Regression

This usually requires looping over all samples and all features, thus the least squares method has
a time complexity of O(F x N): while the increase of the number of samples might be an issue,
the number of engineered features and matrix components usually does not change and does not
represent a huge effort in terms of rescaling the algorithm.

There are however different versions of possible regularisation which we might add to constrain

the parameters of the fit and avoid adapting too well to the training set. In particular we may
be interested in adding a ¢; regularisation:

F
Law) = || S, (F.4)
n=1
or the ¢ version:
F
Lo(w) = Z w?. (F.5)
n=1

Notice that in general we do not regularise the intercept. These terms can be added to the plain
loss function to try and avoid large parameters to influence the predictions and to keep better
generalisation properties:

o add both ¢; and ¢5 regularisation (this is called elastic net):

Lix(w, b; opy, L) = L(w, ) + gy - L - Lq(w) + Xex (1-1L)- Lo(w), (F.6)
o keep only ¢; regularisation (i.e. the lasso regression):
LLSS(wa b; ocLss) = E(w, b) + g - ‘Cl(w)a (F7)
o keep only {5 regularisation (ridge regression):
Lipe(w, b; ogpe) = L(w, b) + Xgpe - La(w). (F.8)

The role of the hyperparameter L is to balance the contribution of the additional terms. For
larger values of the hyperparameter «, w (and b) assume smaller values and adapt less to the
particular training set.

F.2 Support Vector Machines for Regression

This family of supervised ML algorithms were created with classification tasks in mind [188]
but have proven to be effective also for regression problems [189]. Differently from the linear
regression, instead of minimising the squared distance of each sample, the algorithm assigns a
penalty to predictions of samples (¥ € RF (for i = 1,2,..., N) which are further away than a
certain hyperparameter ¢ from their true value y, allowing however a soft margin of tolerance
represented by the penalties ¢ above and & below. This is achieved by minimising w, b, ¢ and §

202



F.2 Support Vector Machines for Regression

in the function:™

L(w,b,0,8) = Zw +CZ(C()+£“)
N F’

+3°5 o (ya) —w, b, (xa)) Ch—e— C“))

i=1n=1
F.
, (F.9)

N

(i (i) _ g _ g0
+Z;ZB (wnda(2®) +b -y £v)
N
_7,1

7 n=1
3 (pu) @ 4 g0 a“))

where o, () p( () > such that the previous expression encodes the constraints

’

F
YD = 3w (2) — b < e+, e>0, (W>0, i=12,....,N

- n=1 (FIO)
S wpdn (@) +b—y® <et+ & e>0, gD >0, i=12,...,N
n=1

and where d)(m(i)) € R is a function mapping the feature vector (¥ € R¥ in a higher dimen-
sional space (F’ > F), whose interpretation will become clear in an instant. The minimisation
problem leads to

=3 () = B () = 0

N =1
> (@ =) =0 (F.11)
> () +p) = 3 (B + o) = C

@,
Il
—

i=1

such that 0 < «®, () < O, Vi =1,2,...,N. This can be reformulated as a dual problem in
finding the extrema of (¥ and B in

N N
_ % S 000K,z gz (og Ll ) +3 000, (F.12)
=1

i,j=1
where 0 = « — 3 are called dual coefficients (accessible through the attribute dual_coef_ of
svm.SVR in scikit-learn) and K( QR 7)) Z bn ( ) (x(j)) is the kernel function. No-

tice that the Lagrange multipliers o and B¢ ) are non vanishing only for particular sets of
vectors 1) which lie outside the ¢ dependent bounds of (F.10) and operate as landmarks for
the others. They are called support vectors (accessible using the attribute support_vectors_
in svm.SVR), hence the name of the algorithm. There can be at most N when ¢ — 0. As a

75In a classification task the training objective would be the minimisation of the opposite of the log-likelihood
function of predicting a positive class, that is y(? (wn(bn (zm) +b), which should equal the unity for good

predictions (we can consider ¢ = 1), instead of the regression objective vy — wpdy (x(i)) — b. The differences
between svM for classification purposes and regression follow as shown.
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F.3 Decision Trees, Random Forests and Gradient Boosting

consequence any sum involving «(? or p(?) can be restricted to the subset of support vectors.
Using the kernel notation, the predictions will therefore be

Yinea = Uprea (2) = iwn% (+0) +5= S 0WK (0, 10) 45, (F13)

acA

where A C {1,2,..., N} is the subset of labels of the support vectors.

In Section 9.4 we consider two different implementations of the svM algorithm:

e the linear kernel, namely the case when K = id and the loss, in the scikit-learn imple-
mentation of svm.LinearSVR, can be simplified to

N F’ F’

b) = CZ Z max (0, ‘y(i) — w,bp (x(i’) — b)‘ — E) + % Z wjz, (F.14)

i=1 n=1 n=1
without resolving to the dual formulation of the problem.

o the Gaussian kernel (called rbf, from radial basis function) in which
K(x(i), l(“)) — exp < yz ( @ ) > (F.15)

From the definition of the loss function in (F.9) and the kernels, we can appreciate the role
of the main hyperparameters of the algorithm. While the interpretation of ¢ is straightforward
as the margin allowed without penalty for the prediction, y represents the width of the normal
distribution used to map the features in the higher dimensional space. Furthermore, C' plays a
similar role to the /s additional term in (F.8) by controlling the entity of the penalty for samples
outside the e-dependent bound, however its relation to the linear regularisation is ot;jqge = C -1
thus C' > 0 by definition.

Given the nature of the algorithm, support vectors are powerful tools which usually grant
better results in both classification and regression tasks with respect to logistic and linear re-
gression, but they scale poorly with the number of samples used during training. In particular
the time complexity is at worst O(F x N 3) due to the quadratic nature of (F.12) and the com-
putation of the kernel function for all samples: for large datasets (N > 10%) they are usually
outperformed by neural networks.”®

F.3 Decision Trees, Random Forests and Gradient Boosting

Decision trees are supervised ML algorithms which model simple decision rules based on the input
data [190], [191]. They are informally referred to with the acronym CART (as in Classification
And Regression Trees) and their name descends from the binary tree structure coming from such
decision functions separating the input data at each iteration (node), thus creating a bifurcating

76In general it is plausible that the time complexity is O(F X Nz) based on good implementations of caching
in the algorithm.
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F.3 Decision Trees, Random Forests and Gradient Boosting

structure with branches (the different paths, or decisions made) and leaves (the samples in each
branch): the basic idea behind them is an if. .. then. .. else structure. In scikit-learn this is
implemented in the classes tree.DecisionTreeClassifier and tree.DecisionTreeRegressor.

The idea behind it is to take input samples z(¥ € RF (for i = 1,2,...,N) and partition
the space in such a way that data with the same label 3 € R is on the same subset of
samples (while for classification this may be natural to visualise, for regression this amounts to

approximate the input data with a step function whose value is constant inside the partition).

Let in fact j = 1,2,..., F be a feature and xg V) the corresponding value for the sample i, at each

node n of the tree we partltlon the set of input data M,, into two subsets:
ME] (tjn) = {(z(i), y(i)) ERF xR | xy) <tjn Vi€ An},
Mt n) = Mo \ M (t5,0),

where A,, is the full set of labels of the data samples in the node n and ¢; , € R is a threshold
value for the feature j at node n.

(F.16)

The measure of the ability of the split to reach the objective (classifying or creating a re-
gression model to predict the labels) is modelled through an impurity function (i.e. the measure
of how often a random data point would be badly classified or how much it would be badly
predicted). Common choices in classification tasks are the Gini impurity, a special quadratic
case of the Tsallis entropy (which in turn is a generalisation of the Boltzmann-Gibbs entropy,
recovered as the first power of the Tsallis entropy) and the information theoretic definition of
the entropy. In regression tasks it is usually given by the ; and [l norms of the deviation from
different estimators (mean and median) for each node n:

e mean absolute error

H (5 t5,0) =

n

I3 ~[l
Z ‘y( _yl[:u]"ed n( )

zeA[l

‘Mm( ) (ﬂs(”, y(“) € My(tn), (F.17)

* mean squared error:

1 . 2 A
HY (w5 t,0) = = 2 (17 = ke n@) s (2D00) € Multyn), (F8)
M)

where ’Mg] (tj,n)| is the cardinality of the set M (tjn) for I=1,2 and

~[l i —[l
yr&led, n (LL') medla‘n Ypred | T ( ¥ )) ) y;[n]red n 1] Z Ypred | T ( ) (Flg)
zeA ‘A zGA%

where AE] C A,, are the subset of labels in the left and right splits (I = 1 and I = 2, that is) of
the node n.

The full measure of the impurity of the node n and for a feature j is then:

‘ME] (tj,n) 9
e LHE (2 5 ), (F.20)

Mg](t,n)
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F.3 Decision Trees, Random Forests and Gradient Boosting

from which we select the parameters

£, n = argmin Gp(Ma; £ ). (F.21)

ti m

We then recurse over all M/ (@n) (for I = 1,2) until we reach the maximum allowed depth of
the tree (at most M, | = 1).

Other than just predicting a class or a numeric value, decision trees provide a criterion
to assign the importance of each feature appearing in the nodes. The implementation of the
procedure can however vary between different libraries: in scikit-learn the importance of a
feature is computed by the total reduction in the objective function due to the presence of the
feature, normalised over all nodes. Namely it is defined as the difference between the total
impurity normalised by the total amount of samples in the node and the sum of the separate
impurities of the left and right split normalised over the number of samples in the respective splits,
summed over all the nodes. Thus features with a high variable ranking (or variable importance)
are those with a higher impact in reducing the loss of the algorithm and can be expected to
be seen in the initial branches of the tree. A measure of the variable importance is in general
extremely useful for feature engineering and feature selection since it gives a natural way to pick
features with a higher chance to provide a good prediction of the labels.

By nature decision trees have a query time complexity of O(log(N)) as most binary search
algorithms. However their definition requires running over all F' features to find the best split
for each sample thus increasing the time complexity to O(F x Nlog(N)). Summing over all
samples in the whole node structure leads to the worst case scenario of a time complexity
O(F x N?log(N )) Well balanced trees (that is, nodes are approximately symmetric with the
same amount of data samples inside) can usually reduce that time by a factor N, but it may not
always be the case.

Decision trees have the advantage to be very good at classifying or creating regression relations
in the presence of “well separable” data samples and they usually provide very good predictions
in a reasonable amount of time (especially when balanced). However if F is very large, a small
variation of the data will almost always lead to a huge change in the decision thresholds and they
are usually prone to overfit. There are however smart ways to compensate this behaviour based
on ensemble learning such as bagging and boosting as well as pruning methods such as limiting
the depth of the tree or the number of splits and introducing a dropout parameter to remove
certain nodes of the tree.”” Also random forests of trees provide a variable ranking system by
averaging the importance of each feature across all base estimators in the bagging aggregator.

As a reference, random forests of decision trees (as in ensemble.RandomForestRegressor
in scikit-learn) are ensemble learning algorithms based on fully grown (deep) decision trees.
They were created to overcome the issues related to overfitting and variability of the input data
and are based on random sampling of the training data [192]. The idea is to take K random
partitions of the training data and train a different decision tree for each of them and combine the
results: for a classification task this would resort to averaging the a posteriori (or conditional)
probability of predicting the class ¢ given an input x (i.e. the Bayesan probability P(c | x)) over

"TThe term bagging comes from the contraction of bootstrap and aggregating: predictions are in fact made over
randomly sampled partitions of the training set with substitution (i.e. samples can appear in different partitions,
known as bootstrap approach) and then averaged together (aggregating). Random forests are an improvement to
this simple idea and work best for decision trees: while it is possible to bag simple trees and take their predictions,
using the random subsampling as described usually leads to better performance and results.
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F.4 Artificial Neural Networks

the K trees, while for regression this amount to averaging the predictions of the trees y(z){ }
pred, n
where kK = 1,2,..., K and n is the final node (i.e. the node containing the final predictions).

This defines what has been called a random forest of trees which can usually help in improving
the predictions by reducing the variance due to trees adapting too much to training sets.

Boosting methods are another implementation of ensemble learning algorithms in which more
weak learners, in this case shallow decision trees, are trained over the training dataset [193], [194].
In general parameters t; ,, in (F.21) can be approximated by an expansion

Z £ (g z B g (s al™), (F.22)

78

The values

{m }) are called base learners and M is the number of iterations.

where g(z; a;

of a{m} and [5}7“;} are enough to specify the value of t; ,,(«) and can be compute by iterating
(F. 21)

( ]{72}, B{m}) = argmin Gjm(/\/lm tj”:l 1}( )+ By, ng(x; aj,n))~ (F.23)

aj,niBj,n
The specific case of boosted trees is simpler since the base learner predicts a constant value
g(x a{ }) thus (F.23) simplifies to

y]{ﬁ} = argmin Gj,n</\/l tlm =1 )+yjyn>. (F.24)

ny j,n
Yi,n
Ultimatelythe value of the parameters in (F.22) are updated using gradient descent as
{m} _ {m-1} {m}
tio (@) =557 (@) + VY5 (F.25)

where 0 < v < 1 is the learning rate which controls the magnitude of the update. Through this
procedure, boosted trees can usually vastly improve the predictions of very small decision trees by
increasing variance over bias. Another way to prevent overfitting the training set is to randomly
subsample the features vector by taking a subset of them (in scikit-learn it is represented as
a percentage of the total number of features). Moreover scikit-learn introduces various ways
to control the loss of gradient boosting: apart from the aforementioned least squares and least
absolute deviation, we can have hybrid versions of these such as the huber loss which combines
the two previous losses with an additional hyperparameter o [195]. While more implementations
are present, also the boosted trees provide a way to measure the importance of the variables as
any decision tree algorithm.

F.4 Artificial Neural Networks

ANN are a state of the art algorithm in ML. They usually outperform any other algorithm in very
large datasets (the size of our dataset is roughly at the threshold) and can learn very complicated

"8Different implementations of the algorithm refer to the number of iterations in different way. For instance
scikit-learn calls them n_estimators in the class ensemble.GradientBoostingRegressor in analogy to the
random forest where the same name is given to the number of trained decision trees, while XGBoost prefers
num_boost_rounds and num_parallel_tree to name the number of boosting rounds (the iterations) and the
number of trees trained in parallel in a forest.
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F.4 Artificial Neural Networks

decision boundaries and functions.”™ In the main text we used two types of neural networks:

fully connected (FC) networks and convolutional neural networks (CNN). They both rely on being
built in a layered structure, starting from the input layers (e.g. the configuration matrix of CY
manifolds or an RGB image or several engineered features) going towards the output layers (e.g.
the Hodge numbers or the classification class of the image).

In FC networks the input of layer [ is a feature vector a(® t} ¢ R™ (fori=1,2,...,N) and,
as shown in Figure 9.18a, each layer is densely connected to the following.® In other words,

each entry of the vectors ag-i) i (for j =1,2,...,n;) is mapped through a function 1\ to all the

components of the following layer al!*1} € R™+1:

R™ —  RM#+
a1} =y, (a(® {z})’ (F.26)
such that
ny
B CACA L (Z o D 4 0 1j> ’ (F.27)
k=1

where 1 € R™+1 is an identity vector. The matrix W is weight matriz and b1} is the bias term.
The function ¢ is a non linear function and plays a fundamental role: without it the successive
application of the linear map af" - Wi 4 bg would prevent the network from learning more
complicated decision boundaries or functions as the ANN would only be capable of reproducing
linear relations. ¢ is known as activation function and can assume different forms, as long as its
non linearity is preserved (e.g. a sigmoid function in the output layer of a network squeezes the
results in the interval [0, 1] thus reproducing the probabilities of of a classification). A common
choice is the rectified linear unit (ReLU) function

¢(z) = ReLU(2) = max(0, 2), (F.28)

which has been proven to be better at training deep learning architectures [196], or its modified
version LeakyReLU(z) = max(az, z) which introduces a slope o« > 0 to improve the computa-
tional performance near the non differentiable point in the origin.

CNN architectures rose to fame in the context of computer vision and object localisation [197].
As one can suspect looking at Figure 9.19 for instance, the fundamental difference with FcC
networks is that they use a convolution operation K1} % ()11} instead of a linear map to
transform the output of the layers, before applying the activation function.®!  This way the
network is no longer densely connected, as the results of the convolution (feature map) depends
only on a restricted neighbourhood of the original feature, depending on the size of the kernel
window K used and the shape of the input a{}, which is no longer limited to flattened
vectors. In turn its size influences the convolution operator which we can compute: one way to
see this is to visualise an image being scanned by a smaller window function over all pixels or by
skipping some a certain number of them (the length of the stride of the kernel). In general the

" Despite their fame in the face of the general public, even small networks can prove to be extremely good at
learning complicated functions in a small amount of time.

80The input vector z € R¥ is equivalent to the vector al® and ng = F. Inputs to each layer are here
represented as a matrix a{!} whose columns are made by samples and whose rows are filled with the values of the
features.

81Tn general the input of each layer can be a generic tensor with an arbitrary number of axis. For instance, an
RGB image can be represented by a three dimensional tensor with indices representing the width of the image,
its height and the number of filters (in this case 3, one for each colour channel).
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F.4 Artificial Neural Networks

output will therefore be different than the input, unless the latter is padded (with zeros usually)
before the convolution. The size of the output is therefore:

O 5.

+1, n=12..., (F.29)
where O is the output size, I the input size, k the size of the kernel used, p the amount of padding
(symmetric at the start and end of the axis considered) and S the stride. In the formula, n runs
over the number of components of the input tensor. While any padding is possible, we are usually
interested in two kinds of possible convolutions:

. . I —1)—
e “same” convolutions for which O,, = I, thus p,, = M

b

o “valid” convolutions for which O,, < I,, and p, = 0.

In both cases the learning process aims to minimise the loss function defined for the task:
in our regression implementation of the architecture we used the mean squared error of the
predictions. The objective is to find best possible values of weight and bias terms W} and b{l})
or to build the best filter kernel K1} through backpropagation [198], that is by reconstructing the
gradient of the loss function climbing back the network from the output layer to the input and
then using the usual gradient descent procedure to select the optimal parameters. For instance,
in the case of FC networks we need to find

N
U 1 , , 2
{3 plir) = i (1) _ 4@ {L} —
(W , b ) ar{Lg}Iil{rll} N iE:I (y a ) vi=1,2,...,L, (F.30)

where L is the total number of layers in the network. A similar relation holds in the case of CNN
architectures. In the main text we use the Adam [199] implementation of gradient descent and
add batch normalisation layers to improve the convergence of the algorithm.

As we can see from their definition, neural networks are capable of learning very complex
structures at the cost of having a large number of parameters to tune. The risk of overfitting the
training set is therefore quite evident. There are in general several techniques to counteract the
tendency to adapt the training set, one of them being the introduction of regularisation (I3 and [;)
in the same fashion of a linear model (we show it in Appendix F.1). Another successful way is to
introduce dropout layers [200] where connections are randomly switched off according to a certain
retention probability (or its complementary, the dropout rate): this regularisation technique
allows to keep good generalisation properties since the prediction can rely in a less incisive way
on the particular architecture since which is randomly modified during training (dropout layers
however act as the identity during predictions to avoid producing random results).
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