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Zusammenfassung

Kobordismus-Theorie hat sich schnell zu einem wichtigen Instrument entwickelt,
um nicht-perturbative Physik in der Stringtheorie aufzudecken. Urspriinglich als
konzeptioneller Rahmen in der algebraischen Topologie entwickelt, um bestimm-
te Aquivalenzklassen von Mannigfaltigkeiten zu untersuchen, hat sie in den letzten
Jahren Eingang in die Untersuchung von konsistenten Quantengravitationstheorien
gefunden. In dieser Arbeit werden wir uns auf eine bestimmte Anwendung konzen-
trieren — die Kobordismus-Vermutung.

Konkret bindet die Kobordismus-Vermutung niche-triviale Kobordismus Aqui-
valenzklassen an eine nicht verschwindende globale Symmetrie, die geeicht oder ge-
brochen werden muss, um Konsistenz mit Quantengravitation zu gewithrleisten. Die-
se Vermutung stammt aus dem Swampland-Programm und ist Teil eines ganzen Netz-
werks miteinander verbundener Vermutungen. Ziel dieses Netzes von Vermutungen
ist es, dicjenigen effektiven Theorien, die konsistent zu einer Theorie der Quanten-
gravitation im UV-Limit vervollstindigt werden kénnen, von denjenigen abzugren-
zen, fiir welche dies nicht méglich ist. Als Paradebeispiel fiir eine konsistente Theorie
der Quantengravitation bietet die Stringtheorie einen Rahmen zum Sammeln von
Beweismaterial fiir oder gegen eine bestimmete Vermutung. Insbesondere im Hin-
blick auf die Kobordismus-Vermutung kann sie sogar unbekannte Eigenschaften der
Stringtheorie aufdecken, die in traditionellen Ansitzen der Stringtheorie viel un-
durchsichtiger sind.

Im Haupteeil untersuchen wir zuniichst das Verhalten der Kobordismus-Vermut-
ung bei Dimensionsreduktion auf Hintergrundmannigfaltigkeiten. Daraufhin unter-
suchen wir zwei eng verwandte Stringtheorien — Typ I und ihr stark gekoppeltes, he-
terotisches Dual — mittels der Kobordismus-Vermutung. Zugleich erweitern wir die
traditionelle Beschreibung von Dp-Branen in Typ I Stringtheorie, um die Beschrei-
bung derjenigen Objekte zu erleichtern, die erforderlich sind, um die Kobordismus-
Vermutung zu erfiillen. Schliefflich verwenden wir unsere Erkenntnisse aus der vor-
angegangenen Rechnung, um eine Konstruktion vorzustellen, die Shenker-Effekte
in heterotischen Stringtheorien erklirt, ein nicht-perturbativer Effeke, der zwar fir
jede geschlossene Stringtheorie vermutet wurde, fiir den es aber in beiden heteroti-

schen Stringtheorien jahrzehntelang keine Konstruktion gab.
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Abstract

Cobordism theory has quickly developed into a substantial tool to uncover non-
perturbative physics in string theory. Initially developed as a framework in algebraic
topology to study certain equivalence classes of manifolds, it has entered the study
of consistent quantum gravity theories in recent years. In this thesis, we will focus
on one application — the Cobordism Conjecture.

Concrete]y7 the Cobordism Conjecture ties non-trivial cobordism equiva]ence
classes to a non-vanishing global symmetry, which has to be gauged or broken to en-
sure quantum gravitational consistency. This conjecture originates from the Swamp-
land Program as part of a whole network of interconnected conjectures. The aim of
this web of conjectures is to universal]y delineate the effective theories Coupled to
gravity that can be consistently completed to a theory of quantum gravity in the UV
from those that cannot. As the prime example of a consistent theory of quantum
gravity string theory provides a framework for gathering evidence in favor or against
a particular conjecture. Especially in regards to the Cobordism Conjecture it can
even uncover unknown features of string theory, which are much more obscure in
traditional approaches to string theory.

In the main part, we first explore the behavior of the Cobordism Conjecture
under dimensional reduction on background manifolds. We then investigate two
c]ose]y related string theories — type | and its strong Coupling heterotic dual — through
the lens of the Cobordism Conjecture. Coincidentally, we extend the traditional
description of Dp-branes in type I to facilitate our description of the objects required
to satisfy the Cobordism Conjecture. Finally, we use our insights from the previous
calculation to present a construction that explains Shenker effects in heterotic string
theories, a peculiar non-perturbative effect that has been conjectured to exist for any
closed string theory, but has lacked a construction in both heterotic string theories

for decades.
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So ist’s mit aller Bildung auch beschaffen:
Vergebens werden ungebundne Geister

Nach der Vollendung reiner Héhe streben.

Wer Grofies will, muf§ sich zusammenraffen;

In der Beschm"nkung zeigt sich erst der Meister,

Und das Gesetz nur kann uns Freiheit geben.

Johann Wolfgang Goethe

Introduction

1.1 Quantum (and) Gravity

Our current theoretical understanding of our universe relies on two main pillars:
Quantum Field Theory (QFT) — further developed into the Standard Model [1-3] of
particle physics and General Relativity [4] providing a framework describing grav-
ity. Both have been incredibly useful in making remarkable predictions matched to
an astonishing degree of precision by numerous experimental tests. However, maybe
the most g]aring shortcoming here is that General Re]ativity is not quantized, i.e.
a classical theory. This makes it impossible to treat the four fundamental forces
we have experimentally verified so far — electromagnetism, weak and strong force
subsumed by the Standard Model and gravitation on the other side — on the same
Footing. Therefore, formulating a consistent theory of quantum gravity has been a
longstanding goal in theoretical physics dating back to the 1930s. However, in the
carly 70s it was revealed that conventional quantization of General Relativity fails
due to the non-renormalizability of the theory already at one-loop, when coupled to
maceer fields' [6-8]. Unavoidably, this meant that new approaches were necessary to

make progress. An intermediate step is so called semi-classical gravity, where gravity

'Pure GR actually suffers from the same issue, albeit at the two—loop level [5].
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is treated classically, while interacting with a quantum matter system. Even though
such a treatment falls short, it allowed for significant advances in our understand-
ing of black holes and cosmology. On one side it became clear that black holes are
not the stable accumulations of mass they were thought to be, but thermodynami-

cal objects with a temperature just dependant on their mass, the so called Hawking

_1
8w M "

emits black body radiation and thereby decays with a mass-dependent lifetime [9].

temperature Ty (M) = An immediate consequence of this is that a black hole
Its conjugate thermodynamical variable the Bekenstein-Hawking entropy of a black
hole might be even more insightful as it has a counter-intuitive area law scaling,
Sy = % [10,11]. On the other side important parts of the cosmological Standard
Model, the ACMB [12-14], rely on the semi-classical approximation, as well. Perhaps
the most important example would be the production mechanism of the large scale
structure of our universe within the ACMB model(see [15,16] for reviews), namely
quantum fluctuations in the inflation spectrum. Just like the description of black
holes, a better understanding of these cosmological results like further corrections, a
full description of gravity at the smallest scales etc. necessitates an actual theory of

quantum gravity.

1.2 String Theory — a theory of Quantum Gravity

Since General Relativity is not renormalizable, what are our ways out? One approach
would be to ignore the divergences for now and look for a UV fixed point of the renor-
malization group flow such that non-perturbatively the number of relevant couplings
necessary to renormalize the theory becomes finite (instead of the infinite number
necessary in the perturbative picture). However, this is not the direction we would
like to pursue. Our path starts with a different approach to the ultraviolet diver-
gences. Namely, we take the position that they are an indicator of a fundamentally
different theory at short distances. String Theory provides an exceptionally elegant
resolution by smearing out the singular interaction of gravity in the UV. In particular,
string theory accomplishes this feat by supplanting 0+1 dimensional point particles
with 1+1 dimensional strings as the fundamental objects of quantum gravity. To illus-
trate how string theory avoids these treacherous short distance divergences we will
follow the discussion in [17] of the illustrative example of the one-loop cosmological

constant.
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In quantum field theory the diagram calculating the one-loop cosmological con-

stant is a simple circle parametrized by the proper time 7:
p p Y prop

T

Figure 1.1: Feynman diagram for one-loop cosmological constant in QFT

This translates into this expression for the one-loop cosmological constant:

< g
1‘1:/ T e (1.1)
0

T

where H denotes the Hamiltonian of the specific quantum field theory at hand. The
ultraviolet divergence is precisely in the 7 — 0 region and only gets worse, when
unfolding the momentum integral hidden inside the trace. Now, let us turn to string
theory. Instead of just integrating over the proper time we have to integrate both over
the proper space and time parametrizing the worldsheet the string is sweeping out
in space-time. The corresponding Feynman diagram now looks like a torus instead

of a circle.

Figure 1.2: Feynman diagram for one-loop cosmological constant in string theory

This brings us to one of the reasons that makes string theory so powerful — con-
formal invariance. While we are going to elaborate on this issue in our background
section on string theory, here is the short version. The action describing the funda-
mental string is invariant under any transformations that preserve the angle between

any two lines locally, i.e. string theory is conformally invariant. For the torus diagram
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this turns out to become even more constraining. Our theory on the torus becomes
modular invariant and to avoid overcounting we have to limit the region of integra-

tion. Usually one picks the so-called fundamental domain:

—— <01 <=, 02>0 and |O'|>1, (1.2)

DN | —
N | —

where 01 and o9 are the proper space and time coordinates parametrizing the string
worldsheet. Therefore, looking at the one-loop cosmological constant calculation in

string theory given by the torus diagram

2

tri d“o _

rymm = / —Z(0,0) (1.3)
02

we see that precisely the UV divergent region 09 — 0 is excluded, because whenever

oy would dip into this region it turns out that it is already accounted for due to

the modular symmetry! While this is just a particular example for the built-in UV-

finiteness of string theory, it actually holds generally.

1.3 The Landscape — Solution space of quantum gravity

In the preceding section we have encountered the consequence of one of string theo-
ries main staples — conformal invariance, so let’s introduce the next one — the absence
of tunable dimensionless parameters. The only adjustable parameter string theory
has is the Regge slope . However, it is dimensionful and therefore should rather be
viewed as defining the fundamental length scale of string theory — the string length
I, = 27V, This sounds just like what one would expect for a unifying theory of all
fundamental interactions. Now, curiously, string theory does not have a unique solu-
tion to its equations of motion. Moreover, string theory in its most accessible sector
is 10 dimensional. This means that the geometry of these solutions is in general ex-
tremely intricate, in particular for space-time solutions with four large non-compact
dimensions as in our universe and six small, compact dimensions. The precise ge-
ometry of the compact space is specified by parameters, the so-called moduli. The
number of moduli can casily reach O(100) to O(1000) (see c.g. [18]). Intriguingly,
these moduli in turn define the parameters of the effective field theory at low ener-
gies, i.e. coupling constants, masses of fields etc. Among the plethora of solutions the

most interesting for string phenomenology are, of course, those solutions that closely
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resemble our own universe, i.c. four large, non-compact dimensions combined with
a Minimally Supersymmetric Standard Model-like effective field theory description.
Getting all details about our observed universe just right is a very challenging and
ongoing task as it necessitates a deep understanding of the underlying mathemat-
ics to keep control over all kinds of subtleties. For recent reviews on this vast topic
see [19-21]. Concerning the techniques for obtaining these results [22] and the text-
book [23] provide excellent insight that goes way beyond the scope of this introduc-
tion. Now, does it even matter to precisely construct a low energy effective theory
with all the known observed features of our universe? Or asked differently, can string
theory provide predictions guiding experimental searches for beyond the Standard
Model physics? After all, the solution space appears to be so large, every kind of
consistent effective field theory could be realized, our Standard Model among them.
However, recent work strongly disagrees, and the effective field theories are far more

constrained than previously thought.

1.4 The Swampland — Constraints on effective field the-

ories

The program to formalize these constraints in a general framework is the Swampland
Program initiated almost 20 years ago in [24]. By now, the framework has developed
into a network of interconnected conjectures on conditions a low energy effective
theory coupled to gravity has to fulfill to embed into quantum gravity in the UV.
These conjectures cover a wide range of subjects from algebraic topology, geometry,
or logic to very specific applied topics in cosmology like the compatibility of eternal
de Sitter space with quantum gravity. A highly important principle underlying the
Swampland Program is that of UV/IR mixing [25-27], namely that high energy and
low energy physics do not decouple and can not be discussed separately. This implies
that the imprints of quantum gravity can already be observed at energies way below
the quantum gravity scale. Consequently, the Swampland Program can be utilized to
explain naturalness issues of our Standard Models including hierarchy problems com-
ing from quantum gravity constraints and make predictions on what kind of generic
experimental signatures we should expect of UV-completable beyond the Standard

Model physics. A concrete example is the “Dark Dimension Scenario” [28], which is
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centered around providing an explanation of the unnaturally small dark energy from
a QFT point of view we observe in our universe by proposing a single mesoscopic
dimension among the compactified extra dimensions in string theory. Interestingly,
this scenario seems to implicate rather constrained phenomenological predictions
concerning, for example, dark matter (realized as higher-dimensional gravitons [29]
or primordial black holes [30]) and axions [31]. Throughout this thesis, we will turn to
the more mathemartical sector of the Swampland Program, in particular the Cobor-

dism Conjecture.

1.5 Outline of the thesis

In the main part we seck to explore the linkage of cobordism and string theory.
Ca]cu]ating speciﬁc cobordism groups will help us unravel new aspects of the non-
perturbative sectors of string theory required by the Cobordism Conjecture for quan-
tum gravitational consistency. Before we get to the main part of this thesis how-
ever, we want to introduce the core background material. We start wich a chapeer 2
on superstring theory basics accompanied with a more advanced background on its
non-perturbative sector with a particular emphasis on dualities and Dp-branes (and
NSp-branes). In the succeeding chapter 3 we are then going to discuss some core
Swampland Conjectures, in particular the Cobordism Conjecture, and highlight the
importance of cobordism theory for describing quantum gravity. We conclude our
background chapters with a primer 4 on hand—picked topics in algebraic topology es-
sential to the following chapters, namely generalized cohomology theories, spectral
sequences and topological invariants. Chapters 5, 6 and 7 are based on papers devel-
oped by the author and collaborators. The papers presented here were specifically
selected due to their close topical proximity illustrating how Swampland principles
can guide us to reveal new corners of string theory or how they allow us to tackle un-
resolved issues of string theory. We start out by exploring the Cobordism Conjecture
in the context of dimensional reduction by calculating specific cobordism groups
of manifolds commonly occurring in dimensional reductions utilizing the Atiyah-
Hirzebruch Spectral Sequence in chapter 5. Having completed these computations
we observe that these cobordism groups indeed reproduce in simple cases pattern
of global symmetries we expect from dimensionally reducing global symmetries in

the unreduced theory. We also present some more general cases, which refine this
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pattern of global symmetries. Furthermore, we examine the gauging mechanism for
the cobordism groups proposed in [32]. We find that the correspondence between
certain cobordism groups and K-theory leading to tadpole cancellation of Dp-brane
charges within K-theory still hold in this more generalized setting and can account
for gauging a substantial amount of non-trivial cobordism groups.

In the subsequent chapter 6 we first present a rather formal computation of the
spin cobordism groups of the classifying space of the precise gauge group of type 1
and its scrong-coupling dual heterotic dual string theory. We proceed by providing a
string theoretic interpretation on how to trivialize these cobordism groups. This
involves both gauging and breaking. As the cobordism groups arise as K-theory
building blocks we propose that large parts of this subsector can be gauged by Dp-
brane tadpole charge cancellation. Moreover, we suggest that the K-theory groups
including the classifying space actually give the full Dp-brane classification for type
I string theory extending the traditional one.

In the final chapter 7 we take advantage of the preceding computation and pres-
ent a construction of specific stringy heterotic instantons. We propose that these
instantons resolve a longstanding mystery regarding non-perturbative exp (1/gs) ef-
fects in heterotic string theory put forward by Shenker in [33]. Ultimately, we con-

clude with a summary and an outlook on future directions 8.
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Relevant Publications

This thesis, especially chapters 5, 6 and 7 is based on the work published in the fol-

lowing papers:

« Dimensional Reduction of Cobordism and K-theory [34]
R. Blumenhagen, N. Cribiori, C. Kneif{l and A. Makridou.
arXiv: 2208.01656 [hep—tl’l]; pub]ished in: JHEP 03 (2023) 181.

« Spin cobordism and the gauge group of type I/heterotic string theory [35]
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Superstring Essentials

We have already seen some core features of string theory. Nevertheless, in order to be
self-contained and provide a proper foundation for the subsequent chapters we are
going to start with the construction of the five superstring theories. In the process, we
are going to discuss the differences between them, highlighting their distinct pertur-
bative and non-perturbative features. Finally, we are going to discuss their unlikely
unification through dualities that transform these seemingly disparate theories into
one another. In the following, we loosely follow the classic textbooks [39], [40, 41]

and [42,43], supplemented by more specialized literature.

21 The Superstring Action

Generally speaking, the construction of the superstring action is fairly straightfor-
ward. The central idea is that the simple bosonic string, which is described by a
collection of scalar fields coupled to 2d gravity and provides us with space-time grav-
ity as a particular excitation in its spectrum. While the bosonic string achieves this
central feature of quantum gravity effortlessly, it has a very notable shortcoming;
There are no fermionic excitations in its spectrum. This means that we should think

about extending the simple bosonic string action by other degrees of freedom. An
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notably natural extension is adding fermions to the worldsheet description. It turns
out that the most interesting choice is a d-plet of Majorana fermions transforming
in the vector representation of the Lorentz group SO(d — 1, 1) joining the d-plet of

scalar fields of the bosonic part. This resules into the following action
S = ! d? 23X“(9C“X 25 p* O (2.1
- T sn o o e p— 20 Pp® Outp | .

where we pick the following basis for the 2d Dirac matrices p® and the components

of 1) in this basis:

0 —i 0 i b
P’ =1 , pt=1. . Yt = w}

2.2
1 0 1 0 (22)

One particularly nice feature about this action is that it retains the local conformal
symmetry of just the bosonic part, moreover it is also supersymmetric.! The super-

symmetry transformations leaVing the action invariant are

,/3/ S XM =i, (23)
[0
dep* = \/zl P 0, X e, (2.4)
a2

where € is another Majorana spinor and the infinitesimal parameter for the supersym-

metry transformations. It turns out that switching to so called light-cone coordinates

oF = 7 4 0 is a lot more convenient. The Minkowski metric and partial derivatives
become
_ (0 . 8—1(6i8) (2.5)
771] _% 0 3 n 9 0 ) + 2 T o). .

This results into this very convenient form of the superstring action

S 1 d*o E 01X - 0_X —i(¢y - O_tpy + 9 - 049p_) (2.6)

:27T

UThe action can also be constructed as supersymmetric matter coupling to 2d supergravity. At
first glance one attains a more extensive and more complicated action. However, by using its equations
of motion and removing gauge redundancy (picking the superconformal gauge) it reduces precisely to

the action we have introduced.
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from which these simple equation of motions arise:

8,0_X" =0, (2.7)
O_Yl =9, =0. (2.8)

We already broached the local superconformal symmetry of our superstring action.
To properly impose these symmetries on the spectrum we require the generators of

them, the energy-momentum tensor 7;; and the supercurrents J4
1 i
Tit = —58+X 0. X — 5%’: 01U s (2.9)

T_ = —éa_x X — %w o, (2.10)

1 /2
Jr = —5 Jw 0+ X, . (2.11)

Conformal symmetry means that in light-cone coordinates the energy-momentum
tensor’s off-diagonal components are trivial. Conservation of the energy-momentum
tensor implies 0, 7__ = 0 = 0_T;4. Conversely, supersymmetry means that
0_-J+ = 0 = 04J-. Additionally, we have to impose the superconformal Vira-
SOTo constraints

Tis =0, Jo=0. (2.12)

These constraints can be Careﬁlﬂy derived from the general superstring action (be-
fore going to the superconformal gauge), which we are going to omit here. They are
going to be central to properly study the spectrum of the superstring as they are part
of general equation of motions and crucial to remove clearly unphysical solutions.
Now, we can fully discuss the equations of motion. In particular, we have to specify
boundary conditions. When varying the action (2.1) the following boundary term

arises from the fermionic part and has to vanish on its own

o=l

1 [m
68 = o / dr (o, — v 6] (2.13)

70 o=0
where the length of our string is specified by . Now, we can split the boundary con-
ditions into two further categories, namely whether we want the variation to vanish
at each endpoint separately or not. Requiring triviality at each endpoint just means
that our fundamental strings are open, whereas joint trivialitcy means our string is

closed. Let us first go over the simpler case of the closed string.
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2.2 Solving the equations of motion

221 The closed string

Here, to respect the periodicity of a closed string we require that the two endpoints

cancel each other

VB — Y|,y = bty — Y0y, (2.14)

The Poincar¢ invariant solution then takes the following form

Y (o) = £Yi (o + 1), (2.15)
P (o) = 9" (o + 1), (2.16)

where both signs are admissible because we are dealing with a spinor allowing for
both periodic or anti-periodic fermionic boundary conditions once we complete a
full closed string loop 0 — o + . Therefore, we get two different sectors depending
on the sign we choose. These are conventionally referred to as Ramond (R) sector for
the periodic and Neveu-Schwarz (NS) sector for the anti-periodic boundary condi-
tion. Solving the equations of motion leads us to integer mode expansion for the R

sector and a half-integer mode expansion for NS sector

/27r
7_ O' b,u6727rlro+/l
2 0(R)

rerte where ¢ = (2.17)

w# 7_ O' /27T Z b,u —2miro_Jl %(NS)

reZ+g¢
Since we can choose Ramond or Neveu-Schwarz boundary conditions separately for
P and Y| we get four combinations in total: R-R, R-NS, NS-R and NS-NS. The
bosonic part on the other hand is racher straighcforward for the closed string as there
is no sign choice, but the equation of motion for X*(7, o) implies that it describes
waves moving left or right respectively, i.e. we can split it these two parts X#(7,0) =

X1 (o4) + Xi(0-) and we obtain the following oscillator expansion:

1

Xt (oy) = 2(x“+c“)+—p a+—|—u/ g —oz“ **m‘”,
1

sz(a_)—ﬁ(x“—c“) 7rla Ho_ '\/ E oz“ ino—

n;éO

(2.18)
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222 The open string

Requiring the boundary terms to vanish individually entails of course that ¢/ and

Y have to be related at the endpoints now
Y (o =0,1) =+Y"(c =0,1). (2.19)

While we could treat the bosonic part separately for the closed string the sign choices
and the supersymmetry relations between bosonic and fermionic fields matter now,
since the open string has its own boundary term

o=l

08 = / dr0,X - 0X (2.20)

70

o=0

leading to these two possibilities for both endpoints, called Neumann (N) and Dirich-

let (D) boundary conditions respectively:

aUX“|U:07l =0 (Neumann), (2.21)
5X“‘a=0,l =0 (Dirichler). (2.22)

All in all we get three different oscillator expansion depending on whether we have

(NN), (DD) or mixed (ND)/(DN) boundary conditions for the open string endpoints

2 /
XH(r,0) =2t + 7Tla p'ro
1 . nmoy (NN,
oW, = p—TinT <_>
+ iV 20 Z L, Gn€ S
n € Z\{0}
1
XH(r,0) =zl + 7@‘1‘ —zh)o (2.23)
1 . nwo (DD),
2 / - M — INT L3 <_>
+ Via Z no‘{n6 ! Sl l
n € Z\{0}
. 1 —ZTinT nmo
Xi(ro) = iva’ 30 e T eos (7)o
n€Z+§

With the bosonic oscillator solutions in place, we can shift our attention back to the
fermionic oscillator modes. Whenever we choose (NN) boundary conditions for a

coordinate 41, we fix the overall sign of the spinors such that

P (o =0)=y"(c=0). (2.24)
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Then we get the two possibilities
P(o=1)=xYt(c =1), (2.25)

where the (anti-)periodic option gives us the open string (Neveu-Schwarz) Ramond

sector with (halfl)integer mode expansion

. 0 (R
lbi(T,U):\/? 37 e e/l where ¢ = R (2.26)

reZ+g¢ % (Nb)

Now, if we have (DD) boundary conditions for a coordinate y1 we get a sign flip for
our bosonic fields: X4 — X% X" — —X". Due to supersymmetry this also flips
the sign of 9. Since this is a sign at both endpoints, it does not affect the oscillator
expansion of ¢4 for a (DD) coordinate and we get the same (half-)integer expansion
for the (Neveu-Schwarz) Ramond sector. For mixed (ND)/(DN) boundary conditions
this no longer true. Here, we have a (half-)integer expansion for the (Ramond) Neveu-

Schwarz sector.

2.3 Quantizing the superstring — Canonical quantization

With the classical solution in place our next task is to quantize the superstring. There
are a couple of different avenues to achieve this feat. In the following we are going to
choose the so-called old canonical quantization. Just as any other canonical quanti-
zation we start with promoting the classical Poisson brackets in the bosonic and the
Dirac brackets in the fermionic case to quantum commutators and anti-commutators

respectively. First, we get for our bosonic scalars:

(X" (7, 0)

,0), PV (1,0")] = 2mia'n"é(c — o')
\ A (7, 0%)] n*o( ) 02
(X*(1,0), X" (1,0

,)] = [p#(Ta 0'),?”(7‘, OJ)] =0

with P* = X*. Consequently, our expansion coefficients in (2.18) and (2.23) also

obey corresponding commutator relations

| = mmin,0n™, (2.28)



2.3 Quantizing the superstring — Canonical quantization 15

where the oscillator operators follow hermiticity conditions: (a%)7 = a*,,

and
(@it = a",,. Therefore, we can proceed by treating & m > 0 as annihilation
and &, m > 0 as creation operators with respect to the vacuum state |0; p#). On

top, a state can also have momentum eigenvalues p#, such that

@‘,fl|0;p”> =0 form>0,
p"10;p) = p"|0;p*) .

(2.29)

There is an interesting complication however, namely n#* is of Lorentzian signature,

ie. [a? 4% 1= —m.
This entails that we have negative norm states (0|a2,&%, [0) = —m(0]|0) < 0,

which poses a serious conflict with unitarity. However, this is where we should re-
member that we did not solve the full equations of motion and still have to impose
the (super-)conformal Virasoro constraints. Before we do so let us complete the in-
troduction of the commutator relations by including the fermionic oscillators. Since

we are dealing with fermions, we are of course dealing with anti-commutators:

{4 (r,0), 4 (r,0")} = 20" 8(0 — o),
{4 (7,0),9%(,0')} = 0.

The corresponding mode operators then follow these anti-commutator relations:

(2.30)

{007y = {000} = 6y o™,

JA (2.31)
{05} =0.
Their action on the vacuum is almost alike the bosonic mode operators
. Z (R)
b0) =0 Vr >0 withre (2.32)
Z+3 (NS)

This means that the Ramond sector zero modes bfy do not annihilate the vacuum, but

in turn are annihilated by the annihilacion operators. In fact, the Ramond ground

state is therefore degenerate. Moreover, the (anti-)commutator relations of b}y indi-

cate what we are actually working with. Namely, they satisfy (upon proper normal-

ization) a Clifford algebra with bf = —=I'*, i.e. the Ramond ground state |0) g is a
V2

d-dimensional spinor. This closes the question on how space-time fermions arise in

superstring theories.
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To impose the superconformal Virasoro constraints (2.12) we need to write down
the (anti-)commutator relations of 7;; and Jx. We would also like to define the

number operator N
N =N+ Ny =Y b -tn+ > 1by b (2.33)
n=1 T€Z++¢

Then we obtain the energy-momentum modes from

L[ .1 .2
Ly = L) + L) = = | do (7" Tos +e7F7T) . (239)
0

which evaluates to?

ng)zézza—n'am-ﬁzﬂ

" - with m € Z (2.35)
ng)zéz <r+§>:b_r-bm+r:.
r€Z+¢
The zero-mode just reads Ly = %04(2) + M. The supercurrent modes arise alike
I i i
Gy =—=y|= | do(TmF, +eTmg ) (236)
TV 7 Jy
Gr =Y 0_mbyym with 1€Z+¢. (2.37)
mEeZ

All these modes together follow an intricate scheme of (anti-)commutator relations,

they form the so-called super-Virasoro algebra:

Ly L] = (1m0 — ) Ly + ém(mQ — 20)0mino
m

[Lm, Gr| = (5 - 7’) G (2.38)

C
{Gr, GS} - 2LT+S + 5(47’2 — 2(?)57«.&.5’()

with ¢ = % d. The (super-)Virasoro algebra arises as the central extension of the clas-

sical Witt-algebra, the corresponding Lie algebra of the conformal symmetry group

2 As with any other canonical quantization we have to introduce normal ordering, which we de-

note as usual witch : :.
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Diff} (S) x Diff;(S). Central extensions arise in the quantization of classical sys-
tem, whenever its symmetry group allows for such. We start by looking directly at

the short exact sequence on the algebra level:
0—>R—=>g—>bh—0 (2.39)
corresponding to the central extension on the group level

1-U(1) >G—H—1. (2.40)

The point is that as we are quantizing our system we want to map to the correspond-
ing projective representations in the projective unitary group of our Hilbert space
PU(H). In the case where our Lie algebra has a non-trivial central extension the dis-
tinction between the group of unitary operators on the Hilbert space H and PU (H)

becomes actually relevant
1-U(1) - U(H) - PUH) — 1 (2.41)

as there are phases we have to take care of. We refer to chapter 3 of [44] for much
more detailed account of the mathemartics involved. In particular that the second
cohomology H?(h, R) is in one-to-one correspondence with the equivalence classes
of central extensions of h by R. As it so happens the authors of [45] have shown
that the Lie algebra of the conformal symmetry on our string worldsheet, the Witt
algebra, has a non-trivial second cohomology with coefficients in R: H?(h, R) = R
Back to the energy-momentum and supercurrent modes, we can translate the super-
Virosoro constraints into the action L, and G, on our quantum states. For the
energy-momentum modes L, we have to be careful about the normal ordering, name-
ly for n = 0 we have an ambiguity. We introduce a normal ordering constant ay g/ g
shifting Ly to Ly — ans/r, which have yet to be determined.* In the NS-sector we
get:
(Lo — ans)|¢) =0,
L|lg) =0 withm >0, meZ (2.42)
Gyl¢) =0 withr >0,r€Z+ 3.

3 An even more nuanced discussion is necessary when actually addressing the complex central
extension of the Witt algebra by C instead of R, which we are actually working with. Again we refer
to [44] for more details.

4 Since the Hamiltonian depends linear]y on Ly, the correct p]’)ysica] interpretation of a is that it

represents the Casimir energy of the string.
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ang denotes a normal ordering constant of the NS-sector. Below we will determine
ans from requiring a unitary theory. Alternatively, it can also be determined directly.

Let us demonstrate how we can obtain it in the case of a periodic boson:

0o —1
1 1 1
:1042—1-1%& o +lia a (243)
20 gLt T g L

Therefore, 3> | n is exactly —a. While this sum appears to be divergent, one
gets a finite result deploying zeta-function regularization. In fact, the periodic bo-
L. For anti-periodic bosons one gets @ = —- and for
24 P & 18

periodic/anti-periodic fermions —ﬁ and % respectively.” The Ramond sector turns

SO sum evaluates toa =

out to be simpler, we get:

(Lo —agr)|p) =0,
Ln|¢) =0 withm >0, meZ (2.44)
G.l¢) =0 withr >0,r€Z.

Because of Gp|@) = 0 and the super-Virasoro algebra (2.38) telling us that G§ = Ly,
the normal ordering constant has to be trivial ag = 0. Quantization of the super-
string would not be complete without showing off some core features of superstring
theory, namely the critical dimension and the graviton arising nacural from its spec-
trum. First, we will take a look at the critical dimension. For canonical quantization,
it arises from banishing the unitarity violating ghosts, i.e. negative norm states. The
first possible ghosts arise from the level |¢') = G_% |¢), where |¢) is annihilated by
G% and G%. Then, G%|¢'> = 2Lg|¢p) = Q(GNS_%)’¢> =0, fixingays = %renders
it massless. The critical dimension arises at the next level, we begin by constructing

the following family of states [¢") = Gs+AG 1L, |¢), where |¢) again denotes

> The final result for the normal ordering constant can in fact be written as a function of the

. . . D-2
space-time dimensions and we get ays = (D — 2)(% + é) =X 18 )
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a state annihilated by G 1 and G 5. With the super-Virasoro algebra (2.38) we get

Gy16") = (2= NL1lo),
Gyl") = (D =2 = 4\)|6)..

(2.45)

For exact annihilation we require A = 2 and the famous critical dimension Dy =

10.°

24 The spectrum of the RNS superstring

Our next step is to analyze the actual spectrum of superstring theory. We have briefly
mentioned that the Ramond ground state turns out to be fermionic and degenerate.
Moreover, these spinors respect the Lorentz symmetry of our target space-time. We
define the generators of the Lorentz symmetry built out of the Gamma matrices I'* =
V2 l;g as .

2
4

whose creation/annihilation operators are

o g— T (2.46)

5 = jdaoy2a.2atl ik g € {0,...,4}. (2.47)

Due to this Lorentz symmetry we can take a basis of eigenstates of the S®-opera-

tors, i.c.

S)r = |50, ... 54)R - (2.48)

To help us keep track of the anti-commutation properties with respect to the Dirac-

matrices we define the mod 2 operator based on the worldsheet fermion number F:
4
(=17 with F=>_ 5" (2.49)
a=0

Applied to our mode operators, we see that b raises F by 1 and thereby anti-

commutes Wlth our (—1)}——0perat0r. We a]so deﬁne a chira]ity Operator r as the

6 Technica]ly, absence ()fghosts can be achieved by having D < 10 [42]. Going beyond tree-level
however poses serious unitarity issues for D < 10 string theories. One observes that below the critical
dimension the one-loop amplitudes show unitarity-violating branch-cuts instead of simple poles in
case of the critical dimension. This is reviewed for example in [46] back when superstring theory was

not yet recognized as a theory of‘quantum gravity.
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product of the Dirac matrices:
D=4+ .19, (2.50)

Now, let’s look at the spectrum of the NS and R sectors. We start with the open

NS-sector:

» The ground state |0, p*) is tachyonic with @/ M? = —ayg = —1 transforming
as the 1 of the little group SO(9)

« The first excited state by acting with b on the ground state is massless and

transforms as a vector 8 in SO(8)
« The higher massive states transform in the tensor of SO(9)
Conversely, the open Ramond sector shakes out as follows

« We know that the ground state is a spinor of the 10d Lorentz group SO(1,9)
and in 10 dimensions in particu]ar we have 32 components satisfying the Dirac
equation, which arises as the supercurrent zero-mode constraint G|0) g. Now,
we can impose that the spinors are Majorana due to the reality condition for
Y* and their oscillator modes and that they are Weyl to assign a definite chi-
rality, i.e. if we act by v = 771 the ¢ys are unaffected: y9p4x = 4. These
conditions can on]y be simultaneous]y imposed in dimension d = 2 mod 8 for
Lorentzian signature.” Imposing both conditions, while simultaneously satis-

fying the Dirac equation the Ramond ground state decomposes as

| 1,
0)r = (578) S (578) ; (2.51)

where 8 and 8’ are the positive and negative chirality Weyl spinors transform-
ing in the SO(8) stemming from the SO(1,9) — SO(1,1) & SO(8) de-
composition. The %s come from the Dirac equation. The massive states can be

shown to transform as irreducible representations in the little group SO(9).

The closed string spectrum is computed as a product of two open string theories — one

for the left-movers and one for the right-movers — and imposing the level matching

7 The lowest cases of course being the dimension of the worldsheet and the critical (target space-

time) dimension, which highlights their outstanding nature once more.
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condition (Lo — Lo)|#) = 0.8 The level macching condition necessitates that we
can only combine certain sectors. Concretely, a left-moving NS_ sector can only
be combined with another NS_ sector. The minus sign is with respect to the mod

F+l

2 operator (—1)” " and denotes the sector containing the tachyonic ground state.

For the Ramond sector it is also convenient to introduce a form of parity, here with
respect to the operator I' (—1)7. After the level matching condition ? we are left with
10 combinations of NS4 and Ry instead of 16. Therefore, we would get Zi&o (1]3) =
219 potential string theories. However, it turns out only a tiny subset is actually
consistent. The reason behind this is the GSO-projection named after its authors
[47], who worked out the correct consistency condition for the theory to be modular

invariant. We omit the details here and just state the results:

« Clearly, the two supersymmetric and tachyon-free string theories, named type
IIA and type IIB, should be the headliner arising from the following combina-
tion of sectors:

type IIA (NS+, NS+), (R+, R_), (NS+, R_) and (R+, NS+)
type 11B: (I\IS_|_7 NS+), (R+, R+), (NS+, R+) and (R+, NS+)

From this structure it is clear that type 1B is a chiral theory, while type IIA is

not.

« Furthermore, there are two tachyonic string theories due to the presence of a

(NS_, NS_)-sector, but nevertheless they are modular invariant:

type 0A: (NS4, NS4 ), (NS, NS_), (R4, R_) and (R_, R})

type 0B: (NS4, NS), (NS_, NS_), (R4, Ry) and (R_, R_)

Now, let us look at the state decomposition of our closed string sectors into irre-

ducible representations of SO(8).

8 The physical meaning of this condition is simply that there should not exist a distinguished point
on the closed string.

K Interchanging NS-R to R-NS does not change the spectrum.
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Sector ‘ SO(8) ‘ £ensors ‘ dimension
(NS, NS.) | 8, @8, | 1014121+ | 1428435
(Ry,Ry) | 828 | [0]+[2]+ 4], | 1+28+35,
R,R2) | 808 (1] + 3] 8, + 564
(R_,R2) | 8 @8 | [0]+[2]+[4]- | 1+28+35_
(NS.,R,) | 8, ®8 8 + 56
(NS,,R_) | 8, @8 8+ 56’

Tab]e 2.1: State decomposition of‘closed string Sectors at mass]ess 1evel.

The clear highlight is the symmetric, traceless 2-tensor (2), i.e. the massless spin-2
graviton G, in the (NS4, NS, )-sector. The other massless objects in this sector are
called dilaton @, a scalar field [0], and Kalb-Ramond field B,,,, an anti-symmetric
2-form [2]. This sector arises in all of the 4 consistent sector combinations leading to
superstring theories we discussed above. In the following we will focus on the non-
tachyonic theories as they are physically much more interesting. As a concluding
thought we would like to mention that the tachyon in the the type 0 string theories
has been better understood recently and there exists a tachyon condensation mech-
anism to their non-tachyonic 2d type 0 counterparts [48].1° Back to our stable 10d
string theories we can summarize their massless spectrum as follows, which will pre-

pare us for their low-energy effective descriptions.

type [TA type 1B

(NS4, NS,): P, B[,W], G(MV) (NS4, NS,): ®, B[;w]» G(;w)

() ~(3) . (0 ~(2) 4+
(R, Ro): Gy C[u1#2u3] (R, Ry): O, C[#luz}’ (11 p2 i3 pra]
(NS4, RO): Ay, O (NS, Rp): Ag, O

(R+, NS+) )\a, Z/}ZL (R+» NS+) : )\av w(lj

Table 2.2: Massless states of type IIA/IIB string theory

10 Similar observations can be made about other tachyonic 10d string theories, as well [48, 49].

However, not all of them decay to two dimensions.
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The Ramond-Ramond sector comes with a couple of anti-symmetric C',(ﬁ)_._up—
fields, which will be of particular importance, when we introduce the concept of
Dp-branes. In the other sectors we encounter the supersymmetric partners of the
dilaton ® the spin—% dilatino A\* and the spin—% partner of the graviton Gy, the
gravitino 1#. While it is not obvious in this presentation of our superstring theories,
they are in fact space-time supersymmetric, as well. In particular, they give rise to
two independent supersymmetry algebras, i.e. their massless sectors are NV = 2 su-
pergravity theories explaining our two sets of dilatino and gravitinos respectively in
a non-chiral and chiral arrangement.

Before presenting the effective actions of the type II string theories let us briefly
discuss an important princip]e of‘string theory — its two-fold perturbative expansion
in terms of worldsheet diagrams weighed by the string coupling and in terms of the

Regge slope o,

2.5 String theory’s two-fold expansion

To get some intuition it suffices to look at just the bosonic part here. We have omitted
so far that there is an additional term allowed by coordinate and Poincare invariance

that we can add to the string worldsheet action (2.1):
S =S5+ \y. (2.52)

X is the Euler number — a topological invariant, which according to the Gauss-Bonnet

theorem for a two-dimensional Riemannian manifold can be expressed as

1 1
x(2) = — / d*o/=yR+ — [ dsk, (2.53)
AT Js 21 Jos

where Y is the 2d worldsheet metric, R the Ricci scalar and k the extrinsic curvature

or equivalen tly”

XX)=2-29g—-10 (2.54)

with ¢ handles and b boundaries. Now, consider the string path-integral running

over the space-time coordinates X and the Euclidean worldsheet metrics 7:

Z[\] ~ / [dX dy]e ™. (2.55)

' For non-orientable surfaces we get 2 — 29 — b — ¢ with g handles, b holes and ¢ crosscaps.
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This entails that we have a natural summation over worldsheet topologies weighed

by e~
ZN~ Y e™ / [dX dy)e™S. (2.56)

topologies

The constant e” is defined to be the string coupling constant
gs =€ (2.57)

Below we illustrate what the expansion of worldsheet diagrams would look like for a

SRS}

Figure 2.1: Closed (oriented) string worldsheet expansion — first two topologies

closed (oriented) string.

Actually, what we stated above would contradict our previous claim that string
theory has no dimensionless parameters, if the string coupling is defined as (2.57). For
the full story we need to consider non-trivial backgrounds, for the bosonic part we
can consider the backreaction of the space-time metric G, (X), the Kalb-Ramond

field By, (X) and the dilaton ®(X). The most general worldsheet action for the

bosonic part then becomes

1
4o

/ o/ =AY 0 X 0 X" G (X)) + €0, X" 0 X" B, (X) 058)
258

+a/RO(X)].

These background fields unfortunately spoil the local conformal symmetry of our
worldsheet theory as can observed from the non-vanishing energy-momentum tensor
trace:

22/Ty = o/ B*R(X) + B 1" 0. X 0, X" + B0, X 0, X" (2.59)

To restore our local conformal invariance requires to kill all three S-functions. These

have to be determined order by order in o'. These are truly stringy corrections and
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give rise to the second perturbative expansion of string theory, the o'-expansion. To

first order the beta function are:

¢ = (Ruw — HY Hypo + 2V, V,@) + O(c),

uv
1
51/ = O[/ (_§V)\H;\V + 2H;\VV)\®> + O(Oé/2> 5 (260)
B = 1(d —dey) +a [ (VP)? — Lo - L) O(a”?)
4 Ccrit 2 24 Y
where H,,, = 0,,B,, is the totally anti-symmetric field strength of the Kalb-
Ramond field. Notice that fy = 0 gives us the Einstein’s equation paired with

Kalb-Ramond and dilaton sources. In the S-function of the dilaton we also get the
critical dimension condition, if we do not want to consider a background, such that
it compensates d — d;; 7 0.

Now, circling back to the issue with defining the string coupling to be the con-
stant e* we see the general picture here. The flat space limit, in which we encoun-
tered this potential issue, is obtained by considering the background G, (X) = 1,,,,,
B,,(X) = 0and ®(X) = &y = const, where A = ®. This entails that different
values of A do not correspond to different theories, but different backgrounds within
the same string theory. Therefore, A (or g;) is not actually a free parameter. Generally,
we define the string Coupling as gg 1= e%, where @ is the vacuum expectation value
(D) of ®.

In the next section we will now change gears and switch to the space-time point

of view and look at the effective action of type II string theory.

2.6  The effective actions of type II string theories

With the help of string perturbation theory one can determine the space-time effec-
tive theory based on the massless spectrum by calculating the relevant amplitudes.

Alternatively, one can look at the S-functions of the generalized worldsheet theory
G _ pB __
17,7 1
B® = 0 as its equations of motion. We consider here the effective action to the low-

we discussed above and construct an effective action to reproduce

est order in both the string coupling gs and o/. In general, the action of the EFT
splits into an NS-part and a R-part and a topological Chern-Simons contribution
Siypetiap = Sns + Sk + Scs. The bosonic NS-action is the same for both and looks
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as follows

1

2 K10

SNS =

1
L/f%:—Ge4¢(R+4@¢&@—7§HWJwW), (2.61)

where again H,,,, = 0}, B, is the totally anti-symmetric field strength of the Kalb-
Ramond field. in the following we are going to use the much more elegant notation
through differential forms and thereby drop the indices. For H,,, we can simply
denote H3 = dBs and for the Ramond-Ramond sector we are denoting the field
strengths associated to the C)-fields as F, 11 = dC),. In type IIA theory we then get

these kinetic terms for the p-form fields in the Ramond-Ramond sector

1

K10

SR: —4 /dlol'FQ/\*F2+F4/\*F4 (262)

with F) being the H-twisted four form F, = dCs3 — Cy N Hs. The Chern-Simons

action for type IIA consists of just one term

1
Scs = — /&%&A&Am. (2.63)
K10
In type 1IB we arrive at
1 N N . -
SR:—4—/d1017F1A*F1+F3/\*F3+F5/\*F5, (264)
K10

where both Fj and Fj are deformed versions and are defined as Fy = Fy — Cy A Hy
and Fy = Fy — %C’g N Hz — %Bg N Fj respectively and the Chern-Simons term is

given by
1

K10

SCS = —4 /d101‘04/\H3/\F3. (265)

Furthermore, we have a self-duality constraint for F5, namely F5 = *Fj5. This con-
cludes our presentation of type IIA and type IIB string theory for now as we turn to
the construction of the remaining three stable and supersymmetric 10d string theo-

ries.

2.7 Type I string theory — spectrum and effective action

One of the three missing string theories, so-called type I string theory, can be attained

by taking the quotient of type IIB by one of its fundamental symmetries, namely the
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invariance under exchange of left- and right-movers. From the worldsheet point of

view we denote:

Q:o—sl—o, (2.66)
which translates to the worldsheet fields as

Q' XH(1,0)Q = X"(1,1—0),

(2.67)
QfYH(r,0) Q = YH(1,1 — o).

This operation, a so-called orientifold, means that we are removing the orientation
of our strings, i.e. we obtain our first unoriented string theory. From (2.67) we can

determine the outcome of the operation on the worldsheet oscillators:

QlalQ =a",

o 0 R-sector, (2.68)
QIoQ = 2™ with ¢ = :

% NS-sector .
The ramifications for the spectrum are as follows

« In the (NS, NS)-sector both the dilaton and the graviton are 2-even and remain
in the spectrum, whereas the Kalb-Ramond field B,,,, is 2-odd and therefore

projected out.

« In the (R, R)-sector we have an interesting twist as the ground state of this
sector is {2-odd, therefore only the Q-odd C)-fields survive. Concretely, this
is just C(g), which transforms in the antisymmetric representation of SO(8),

while both C(p) and C(Z) transform in symmetric representations of SO(8).

« In the (NS, R)- and (R, NS)-sectors the following happens

Q (’0>L,NS & |S>R,R) = ’S>L,R X |0>R,NS- (2.69)

This means that we are projecting down to just the diagonal combination of
Aq and YP¥. Consequently, type I preserves just half of the supersymmetries,
namely N' = 1 supersymmetry, and its low-energy limit turns out to be a

particular case of N = 1 supergravities.
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Whilst nothing in the orientifold construction points towards an inconsistency once
we check the one-loop interactions a tadpole becomes apparent rendering the the-
ory in its current state inconsistent. This is due to the fact that summing over the
two unoriented closed string contributions to the one-loop-level amplitude, whose
worldsheet geometry are the cylinder and the Klein-bottle respectively, lead to a UV-

divergence. The cylinder amplitude gives us the following crucial contribution:
Ze, ~ N?276 / ds (2.70)
0

To understand the cylinder contribution going with N? better we need to recog-
nize a fundamental principle of closed string amplitudes, namely the equivalence of
one—ioop open and tree-level closed string ampiitudes. We aiready used this in our
construction of the closed string sector, namely that closed strings are a product of
two open strings. Let’s look at the massless open string spectrum. We have already
encountered that there are two types of boundary conditions for the open string we
can choose from: Neumann or Dirichlet.

Now, consider an open string with (p+1) Neumann direction and 9 —p Dirichlet
boundary conditions. With this set of boundary conditions the open strings ends on a
p+1-dimensional hyperplane embedded in our 10d space-time, breaking our SO(8)-
symmetry to SO(p — 1) x SO(8 — p). These p + 1-dimensional hyperplanes were
named Dp-branes and constitute a very important ingredient to our understanding
of the non-perturbative sector of string theory. They get their own dedicated chap-
ter in this thesis. Now, including these hyperplanes necessarily breaks our Lorentz
symmetry. Concretely, the first excited massless states of our open string transform
in the SO(p — 1) Lorentz group of the hyperplane, a’ |0, p) transform as vectors
and a®,]0,p") as (9 — p) scalars, where we denote the directions parallel to the hy-
perplane with index 4 and the directions normal to it with a. Now, we don’t have
to require that an open string ends on the same hyperplane, it can equally as well
be extended between two of those. To keep track of the general case, where we have
N such hyperplanes we label our open string states o, |k, [, p*) to indicate that the
open string ends on the k-th and [-th hyperplane. These are called Chan-Paton la-
bels [50]. Moreover, these N? degrees of freedom can be conveniently encoded in

N x N-dimensional matrices:

|k, L;p") = ALy la, p') . (2.71)
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It turns out that the massless vector fields are in fact gauge bosons living on the
worldvolume. In both type II theories they transform in a U (V) Lie group and the
N x N-dimensional matrices are just the Hermitian generators of U(N) (with AT =
A). In type I on the other hand the orientifold changes the picture, there are two

choices

Qlk,1;p') = £k, 1;p") (272)

that translates to Af ; = £(Af ;)" describing the generators of symplectic sp(V) or
orthogonal 50(N) Lie algebras respectively.

Finally, this brings us back to the cylinder amplitude, which should be viewed
as a one-loop open string diagram. Therefore, we are dealing with a trace over our
Chan-Paton-factors giving us the crucial factor N? in front of the divergent integral
(2.70). In type II this leads to the consistency condition that there mustn’t be any
space-time filling D9-brane present, i.e. N = 0.

In type I we do not have this option, since the orientifold forces us to include
more worldsheet topo]ogies. The first one is the Klein bottle, which can be viewed as
a cylinder with two crosscaps at the endpoints. However, the Klein bottle does not
have a boundary, i.e. we can not view it as an open string geometry. Nevertheless,
one can understand it in a similar fashion as the cylinder diagram, namely as our
unoriented closed string coupling to some 10d hyperplane. It is not a D9-brane, but

a so called orientifold Op-plane. The contribution we get looks as follows

ZKB ~ 24/ ds. (273)
0

Lastly, there is one worldsheet geometry missing at this level, the Mébius strip, which
can be viewed as a cylinder with only one boundary replaced by a crosscap. With this

open string geometry we get our final contribution scaling as

ZMb ~ :FN/ dS, (274)
0

where the sign choice is coupled to our choice of gauge group, s0(N) or sp(N) re-

spectively. Putting everything together we see that
Zen ~ 27 5(N? 7 2°N + 210)/ ds =2"%(N F 25)2/ ds . (2.75)
0 0

Consequently, to cancel the divergence type I string theory has to feature 32 space-

time-filling D9-branes with a worldvolume Lie algebra of 50(32). So far we have
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been careful about the exact Lie group associated to the algebra as there are multiple
options. To settle this we actually need more input, namely heterotic string theory

and dualities.

2.8 Heterotic string theories

The two heterotic string theories are the youngest members of the five consistent,
tachyon-free superstring theories in 10 dimensions. From the construction it should
become obvious, why these two happen to be the last ones to be discovered. Namely,
the heterotic string is a curious amalgamation of a left-moving bosonic string and
a right—moving superstring. The heterotic string is of course textbook material by
now [39,41,42], but also the original references [51, 52] are rather introductory in
its approach. Like for the other superstring theories we start with the action of the
heterotic string. Interestingly, there are two equivalent formulations, which arise
from encoding the mismatch in degrees of freedom between the left-moving bosonic
string and the right—moving superstring. The critical dimension of the bosonic string
is 26, while we have seen that the superstring becomes critical in only 10 dimensions.
As [51] have shown one can either use 16 bosonic coordinates to account for the
additional, internal, degrees of freedom of the left-moving sector or 32 fermionic
coordinates.” We will now show both formulations as it is more convenient for us to
use the bosonic formulation to show some of the quintessential features, but in the
main part of this thesis we are going to require the fermionic version. Starting with

the latter one, we have:

1 2 , o

S = % d*o {EGOCX“ O“X,, — 20" pT Oynb, — 20N 8_)\,1} , (2.76)
where p1 € {0,...,9} goes over the same range as in the RNS case, 9, purely right-
moving fermionic fields and another set of fermionic fields A ,, which are left-moving
with a 32 dimensional index a € {1,...,32}. On the other hand, we have as the

bosonic formulation:

S = 1 / d*o zﬁaX“ 0°X, — 2ip*pT Opib, + 2 0o X1 0°X1| , (277)
8 o o

12 This equivalence can be understood through the concept of bosonization of fermions in 2d con-
formal field theory, leading to half as many bosonic degrees of freedom. For a modern, generalized

treatment of bosonization involving cobordism theory we refer to [53].
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where the only change with respect to the fermionic action above is the bosonic left-
moving fields with a 16 dimensional index I € {1,...,16}. To enforce the left-
moving constraint on X! we have to require that
0. X' 0. (2.78)
The worldsheet theory is still supersymmetric a]though it only acts on the right—
moving fields. We should highlight that only closed string boundary conditions ap-
pear to be achievable as these do not mix left-moving and right-moving degrees of
freedom. In the last chapter 7 we will come back to this point.
Canonical quantization of the closed string proceeds along very similar lines as

the RNS-superstring. In fact the external part is unchanged with the bosonic oscil-

. l E : CKM mo+,

n;ﬁO

i/ TS L

n#0

lator expansions

1
Xf(9,) = 5l + )

l
(2.79)

Xho ) = 5 — )

and the fermionic oscillators

2 0(R
v (ro) =7 TN g/l where ¢ = (R (2.80)

relt¢ 5 (NS)

The internal part however deviates. Properly taking the constraint on the internal

coordinates into account (2.78) we get the following oscillator expansion

X'op)=a"+ap op +iy/ = Z —al e Tt (2.81)

with adjusted commutator relations accounting for the vanishing of all righc-movers
and the absence of time-like coordinates
2, 5] = Lo
’ 2 (2.82)

(65 GY] = m 60 6™ .

As demonstrated in the original heterotic string construction [51, 52] the in-
ternal coordinates can be interpreted as the bosonic string compactified on a 16-

dimensional torus T'6. The requirement of matching the above expansion turns
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out to be extremely constraining. We start by considering a general d-dimensional
torus compactification of the bosonic string. The torus can be treated by quotienting
the Euclidean space R by a lattice 'Y generated by d independent basis vectors e
i € {0,...,d}, which we choose to be of length /2. Taking the circumference of
each torus coordinate to be 27 R; with an individual radius for each of the d direc-

tions, the compactness condition on X7 equates to identifying
Xt~ X 4277, (2.83)

where
Ly
L SR (2.84)

are topological winding numbers (valued by the radius) classifying the homotopy
class of embedding a circle parametrized by 0 < o < 27 into 0 < X! <27R". The

oscillator expansion for X7 then takes the form:

! 1 2m 27 -
XI — 1 11 LI ; g - < I —=fino_ ~1 7Tmo+)
(o,7) =2 +a'p' 7+ Lo +iyf 5 Zn a, e +a,e
n#0
(2.85)
with the center of mass 2/ = 27 Zl 1nZRe

Since the momenta p’ generate the translations of x! and we require single-

S
valuedness of €'* PI we get that

=2 Zml s (2.80)

where e;‘I are the basis vectors of the dual lactice IT'™* such chat
d
E : I _*I
ei €j = 5z'j . (287)
=1

Now, decomposing the bosonic oscillators into left- and right-movers again X7 (7, o)

= Xl(o}) + XL(0_), we define

(2.88)
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To obtain a purely left-moving sector the momentum modes %pl have to equal the

winding modes L' and we obtain the following condition

d
o I 1 L 7\ !
V=5 (“ BT ) =0 (28

From this we get our first conditions, namely R; = v/, m; = n; and a self-dual
latctice I' = I'™. The second condition comes from the fact that we are dealing with
closed strings without a distinguished point on the worldsheet. Differently pu, the

unitary operator responsible for shifts U (A) on the worldsheet has to be the identity.
With U(A) given by

U(A) _ eiA(N—N-‘rl—% 2}6:1(1’[)2) , (290)

where N and NN are the respective number operators, we get our second condition
on the physical states, namely

~ 1 16

N—N+1—§;(p1)2:0. (2.91)
This entails that our self-dual lattice has to be even, as well, for Z}il(pI)Q € Z.
Even and self-dual lattices are extremely rare in (relatively) low dimensions. For one,
they only occur in dimensions 0 mod 8. In dimension 16 there exist just two of
them, which we label T's x T's and T'f. The first one is the lactice of Fg x Eg and
the latter the lattice corresponding to Spin(32)/Zsy, which we will refer to as the
Semispin group, abbreviated as Ss(32)." Of course, there is clear intent behind our
introduction of these Lie groups. Namely, the massless spectrum of our heterotic
strings contains gauge bosons transforming in the adjoint of these Lie groups. This
happens as follows, first of all a generic toroidal compactification of the bosonic

worldsheet fields X7 gives rise to massless fields

ayal,[0),

o (2.92)
a—la—1|0> )

BWe do this to explicitly avoid any misconceptions about the Lie group as the quotient
Spin(32)/Zs could also mean SO(32), which is not the Lie group corresponding to I'fy. The first
crucial difference is that instead of the vector representations as for SO(32), one of the two spinor
representations of Spin(32) survives the quotient explaining the name of the Lie group. Both of them

share the same Lie algebra s0(32), though.
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the gauge bosons of U(1)¢ x U(1)%. However, at the torus radii R = v/a/ we get a
gauge group enhancement due to additional massless gauge bosons. This can be seen

from the mass formula:

= 1
M*~N+N -2+ N2, 2.93
+ +2§I:(p) (2.93)

We get massless modes for N — N = +1 and (p’)? = 2
') =2), (2.94)

providing the non-Abelian gauge bosons for the gauge group enhancement. For our
16-dimensional self-dual lactices we get 480 vectors with length squared 2, yielding
480 massless vector bosons combining with the 16 Abelian massless vectors to ac-
count for the 496 representations in the adjoint of either Eg x Eg or Ss(32)."* The
full spectrum of the heterotic string arises as it is a closed string spectrum from com-
bining the right-moving fermionic and the lefe-moving bosonic string. Applying the
GSO-projection once more projects out the tachyon in the NS-sector and ensures
one-loop consistency, while the tachyonic vacuum in the bosonic sector is removed

by invoking the left-right level matching condition:

1, Ng R sector
N; + §pL —1= X (2.95)
Nr+ 5 NSsector.

The full massless spectrum can be summarized as follows:
« 10d graviton, dilaton and Kalb-Ramond field

a'",[0) @ b, [0) s (2.96)

« The supersymmetric partners of the above states, the gravitino and dilatino,

a0y @ Is)g - (2.97)

4 For brevity we will usually call the two heterotic string theories by their common abbreviations
HE and HO theory. The first refers to the one with gauge group Eg x Eg and the second alludes to

the underlying 50(32) Lie algebra for the Ss(32) gauge group of the other heterotic string,
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« The gauge bosons of Eg X Eg or Ss(32)

5‘[—1|0> ® bli%|0>NS )

(2.98)
(1) = 2) &, [0,
- And also their supersymmetric partners, the gaugini:
—I
o 410) @ |s)r,
10) @ 9 oo

(") =2)® )&

From this spectrum we can already anticipate a major insight into non-perturbative
aspects. Namely, the HO and type I string theory spectra look very similar. Even-
tually, they turn out to be two sides of the same coin merely expressing the same
degrees of freedom at weak or strong coupling respectively. Before, we can dive into
these non-perturbative aspects of the five supersymmetric and stable string theories

however we need to elucidate the dynamical nature of Dp-branes.

2.9 Dp-branes as dynamical objects

In the preceding chapters we made contact with Dp-branes as the boundaries of open
strings, but they turn out to be far more eclectic than that. For one, as Polchinski
pointed out in [54] they have a tension and are charged under the Ramond-Ramond
Cpy1-fields. Actually, we have already encountered that. The divergence of the one-
loop open string cylinder diagram in type I can also be viewed through the lens of an
closed string exchange, since it would lead to exactly the same worldsheet topology.
In fact the closed string exchange can be decomposed into two disk tadpoles and a
closed string propagator.

However, there are only very few massless fields, that could be responsible for
such a tadpole. In fact, we know that it is generated by a Ramond-Ramond field,
because the Kalb-Ramond field would not cause a Lorentz-invariant tadpole. The
only possible explanation is that the D9-brane emitting the closed string couples to
the R-R 10-form C}g. More generally, it can be shown that every Ramond-Ramond

p + 1-form field pairs up with a Dp-brane that couples to this field as

1 / Chir (2.100)
w
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with a charge p, = (2m) _p(o/)_%. Moreover, the fields strengths of the p+1-form

fields turn out to be Hodge dual to one another:
FlO—p = *Fp . (2101)

Therefore, a p-brane sources the same field as a (6 — p)-brane — one as an electric,
one as a magnetic source. Finally, these charges have to satisfy Dirac quantization.

For the unphysical Dirac string to vanish the Dp-brane charges have to fulfill:

—== =27mn, (2.102)

which is realized in string theory with the minimal quantum number n = 1.

The electric/magnetic coupling of the Dp-branes are not the only D-brane dy-
namics one can detect from disk amplitudes, i.e. open-string tree level of order gs_l.
We learn that a Dp-brane couples to the NS-NS sector fields as well, which takes the
form of the Dirac-Born-Infeld action, which was developed initially much like string

theory itself to solve a completely different physical problem [55,56]:

ol

SDBI = —Tp/ dp—Hf G_CD (— det(Gab + Bab + 27ra’Fab)) N (2103)
w

where T}, = |, is the tension of the brane and @, G, and By, the familiar massless
fields in the closed string spectrum, whereas Fy is the field strength of the U (V)
gauge group for a stack of N Dp-branes. To record the universal g; ! scaling of the
D-brane directly in the tension one can define 7, = g; 7T}, For type [ we have a field
strength of an either orthogonal or symplectic gauge group due to the orientifold as
we have already seen for the D9-brane. Moreover, the orientifold lowers the tension
by a factor of%. This reveals a pretty drastic virtue of string theory, strings are not
the only dynamical objects of the theory, but branes, as well.

So far, we have approached Dp-branes through string perturbation theory. As
it turns out they can also be described as BPS solutions to the low-energy effective

action. The solutions are surprisingly simple and straightforward:
1 1 o
ds® = Hy * g, datde” + Hj 0dy'dy’
e =g*H,” | (2.104)
Cpr = (H;' —1) g da® A Ada?,
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where z# and 2 are the D-brane worldvolume coordinates and v, 47 the coordi-
nates transverse to the brane. Furthermore, H), are harmonic functions given by the

following expression:

(2m)P2 (o) 5" g, N

H,=1+ c(p) with
T—
o (2105)
c(p)=2""%x 2" T (—; p)
with N the number of Dp-branes sitting at the origin 7 = 0. Immediately, the

non-trivial curvature of this set of solutions should make us suspicious. So far, we
have described Dp-branes as flat hyperplanes in a Minkowski background, so how
do the two descriptions even fit together? It is all about regimes of validity. The
perturbative string description is valid for gs N < 1, where the curvature is high
in the above solution pushing the supergravity approximation outside of its regime
of validity. Conversely, for gs N > 1 we can work perfectly fine with just the low-

energy effective action.

Now, let us turn the logic around: Do there exist solutions to the low-energy ef-
fective action that we have not yet identified from a string perturbation perspective?
Indeed, there exists another large class of extended objects, the NSp-branes. Their
name refers to them carrying charges with respect to NS-NS fields. In fact, we have
already encountered one of them — the NS1-brane, of course better known as our
fundamental string that couples (electrically) to the By-field. We omit the solution

here and refer for a discussion of this solution to e.g. [39,57].

Using the Dp-branes as a kind of guiding principle, does an extended object exist
that couples to By magnetically and electrically to the Hodge dual of By? Again,
the answer is affirmative. Based on Hodge duality it is clear that it has to be a 5-
brane coupling to the Bg-field. For both the magnetic and the electric coupling we
can write down a solution for the bosonic part of the low-energy effective action
shared by both type II string theories. Type I does not feature such a object, since
the Ba-field is projected out. Both heterotic string theories do also contain a NS5-
brane, but we have to seriously take the background gauge field into account. We

therefore begin with the type II solution and subsequently augment the solution for
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the heterotic string theories. For brevity, we just show the magnetic solution here:

(2—=%9) (2—%®() ) .
ds? =e 2" Nudxtdx” 4 e 0ijdy'dy’
k
2% — (2%0 (1 + —g) , (2.106)
Y

i)
H3 = 2k6 €2 e€3.

The coordinates are split between those on the worldvolume of the NS5-brane x and
those transverse to it . For a more convenient notation of the metric we have not
converted the vacuum expectation value of the dilaton @ into the string coupling
constant gs. The Hs-flux is supported on a three-sphere S? with volume element €3.

The parameter kg is just a composition of a bunch of constants:

Koge %o

ke — 2 (2.107)
VoI

with gg the topological magnetic charge. Interestingly, the NS5-brane — just like

its Dp-brane counterparts — satisfies the same Dirac quantization condition (2.102),
which can be translated into a version involving the tensions 7,,. We then have this

Dirac quantization condition between the NS5-brane and the fundamental F1 string

TNS5 TF1 2mn

= (2.108)
2 2 :

2'%0 gs
Since the fundamental string tension does not scale with the string coupling, the
NS5-brane has a novel, characteristic g; 2 scaling. As we mentioned before the NS5-
brane solution for both heterotic string theories is more comp]icated, because the

bosonic part of the low-energy effective action is enhanced by the topological term:
1 10 _ap O
Shetiop = 55 | e/ =Ge Z(tr(F AF) —tr(RA R)) . (2109)
Ko

The topological piece modifies the Bianchi identity for Hj, as well:

/

dH; = % (tr(R AR) — tr(F A F)) . (2.110)

There are two solutions going beyond the “elementary” NS5-brane from before, which
goigbey y ,
have been coined “gauge” and “symmetric” 5-brane in the literature. For the first one

we set tr(R A R) = 0 and construct a SU(2) instanton, embedded in £8 x E8 or
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S5(32), in the 4-dimensional transverse space to the 5-brane. The solution looks as
follows:

ds® = n,,datds” + e **5;;dy'dy’
(y* +2p%)
(v* + %) (2.111)
Hyy = £€), V9P,

62(1:‘ — 62@0 + 80/

1
+ o 1+
FMV = :|:§€qu Fpa'

The NS5-brane now carries an additional quantized topological charge:

!
YT 18012

/ tr(F AN F) € my(BG), (2.112)
My

where My is the transverse manifold, which is either compact or at least has compact
support, and 7, (BG) denotes the homotopy groups of the classifying space of the
gauge group G with G either E8 x E8 or Ss(32). For the symmetric solution we
cancel the gravitational contribution with the gauge contribution such that tr(F A
F)—tr(RAR) = 0. Both are taken to be self-dual. The solution is almost the same
but the dilaton solution, which can be written as follows:

/

e2® = 20 4 — (2.113)
Y

It should be highlighted that we have another charge, which is rarely mentioned in

the literature, the gravitational charge:

1
vy = = tir(RAR). 2114
Vg = 1203 /M4 r( ) (2.114)

This is not a homotopy charge and actually reveals something deeper. We will come
back to this point later.

Other NSp-branes are discussed to a much lesser extend in the literature, one
particular example we would like to highlight is the NS-N§ sector counterpart of the

D9-brane, the NS9-brane. The effective action was first determined in [58] to be:

N|=

Snso = Sppr + Scs = — T9/ d"¢ e™*® (— det(Gap + 21 €® Fyyp))

Wio

—Tg/ (BIO_'_)
Wio

(2.115)
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Now, it is time to expand on a particular aspect of Dp-branes that will allow us to
classify Dp-branes more generally. What we are referencing is the presence of so
called anomalous couplings of Dp-branes in the Chern-Simons type action. Initially,
they were inferred from anomaly inflow on intersections of Dp-branes necessitating
the presence of these couplings to cancel the anomaly [59]. Two years later they were
calculated from string amplitudes directly and the results could be extended to the

Chern-Simons term for Op-planes, as well [60, 61]. They read as follows:

For type 11
Td(TW)
Dr — h — L 2.11
SCS Hp /];V " @Cq Nc (’F) A Td(NW) ) ( 6)
» q
pH1
for type |
A(TW)
SP = / Cy Ach(FYA 4|5 (2.117)
cs = Hp W @ o A\ ch(F) ANW
p+1
and the Op-plane action
_ L(TW)
SO — or—4y, / Co Ay et . (2.118)
cs P Wyor @ q L(NW)
p+1

ch(F) is the Chern character D of the appropriate Chan-Paton gauge bundle F" on
the respective Dp-brane. For type IIB the Chan-Paton bundle is modified to include
the B-field F = 27d’F + B.

The gravitational couplings detect the curvature of the tangential space T M and
the normal space N M with respect to the worldvolume manifold. The difference in
the gravitational couplings between type I and type I Dp-branes is rarely acknowl-
edged. T'd is the Todd genus of a manifold, whereas type I Dp-branes feature the A
genus. On manifolds with almost complex structure the two are in fact closely re-
lated Td(M,.) = ecl/QA(Mac) [62]. Moreover, complete equivalence is for example

realized on Calabi-Yau manifolds, which by definition are almost complex and have a
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vanishing first Chern class ¢; = 0. We expand on the properties of these topological
invariants in the appendix D.

These gauge and gravitational couplings are a quite remarkable result realizing
“branes within branes" in string theory [63]. For example a D9-brane couples to Cg —
like a D5-brane with a 4 dimensional gauge or gravitational instanton supported on

the worldvolume of the D9-brane.

K-theory Dp-brane charge classification

The first account of the proper Dp-brane charge classification by K-theory groups
is [64]. Due to the Atiyah-Singer index of the (twisted) Dirac operator (Ey, Es)x =
ind(Dg, g,) living in K-theory, the authors of [64] were led to the natural identi-

fication of the Dp-brane charge as the image of the modified Chern isomorphism

A

E — ch(E)\/ A(TW) from K-theory to deRham cohomology.

Witten [65] then expanded on this natural mathematical suggestion by linking the
charge classification of Dp-branes with K-theory to Sen’s construction of Dp-branes
from space-time-filling D9 and anti-D9 branes [66]. This can be understood from
the basic definition of K-theory as follows. As we are going to review in the mathe-
matical background chapter K-theory is defined as the equivalence class of pairs of
vector bundles (£, F'), which are essentially the difference of the two vector bundles
E — F. This models precisely the simultaneous occurrence of D9-branes carrying
Chan-Paton bundle E and D9-branes carrying the bundle F'. Further assuming that
a collection of n D9- and n D9-branes sharing the same bundle H can be created or

annihilated can be directly identified with the equivalence relation of K-theory:
(E,F)~(E®H,F® H). (2.119)

This means we can model space-time-filling Dp-branes, what about lower dimen-
sional Dp-branes? Sen’s construction provides just the means to understand what
is going on. Let’s start with type II string theory. Consider a coincident pair of a
Dp + 2- and Dp + 2-brane on whose worldvolumes support a U(1) x U(1) gauge
field and a tachyon carrying a charge (1, —1). Rather then just inducing the annihi-
lation of brane and anti-brane, the tachyon forms a vortex configuration vanishing
on a codimension 2 subspace. The tachyon field is complex and therefore can at-

tain a topologically non-trivial winding. The associated winding number is nothing
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else than the magnetic charge the codimension 2 subspace carries with respect to the
U (1) that our initial U(1) x U(1) configuration is broken to by the tachyon. Since
the Dp + 2 charges vanish the configuration is indistinguishable from a Dp-brane.

This tachyon construction is in one-to-one correspondence to the notion of
“branes within branes", where we annihilate the initial D(p + 2k)-brane on which
the lower dimensional Dp lives. This mechanism can be repeated iteratively, i.e. we
can create a Dp-brane from a D(p 4 2)-D(p + 2)-pair, which itself can be created by
two D(p + 4)-D(p + 4)-pairs. Generally, a Dp-brane is therefore created from 2F-1
D(p 4 2k)-D(p + 2k)-pairs.

This spacing by 2 for stable Dp-branes matching the pattern of C)-fields in type I
string theory is reflected on the complex K-theory side classifying type II Dp-branes
by Bott-periodicity [67, 68]

K"(X) = K "2(X) (2.120)

What we have covered so far directly applies for type IIB strings as this theory feature
space-time-filling D9-branes, which we identified as being modeled by K°(X). For
type IIA the Dp-branes of lowest codimension are D8 branes. [65] therefore proposed
to identify K°(S' x X) with the K-theory group classifying D8-branes. Bott peri-
odicity then leads to the correct full spectrum of Dp-branes in type ITA. In flat space
we take the trivial limit for X' = pt, such that we have the following classification of

Dp-branes in type 11 string theory:

n\012345678910

K™"pt)|Z 0o z 0 2z 0 Z 0 Z 0 Z

D9 D7 D5 D3 D1 D(-1)

Table 2.3: Flat space type IIB classification through complex K-theory.

n\012345678910

K™pt)|0 Z 0 Z 0 Z 0 Z 0 Z 0

D8 D6 D4 D2 DO

Table 2.4: Flat space type IIA classification through shifted complex K-theory.
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Now we are left with a final superstring theory featuring Dp-branes, namely type
I. We have seen in the previous discussion on type I string theory that the orientifold
projection changes the Chan-Paton bundle to transform under the orthogonal group.
This means that we can apply the same reasoning as for type IIB string theory once
we change from complex vector bundles to real vector bundles. We should stress
here that this real vector bundle is not a principal bundle, which will be necessary
to encode the background gauge group arising from the 32 tadpole-canceling D9-
branes. This subtle difference will be important for a more nuanced discussion in
the main part of this thesis.

By constructing a K-theory based on pairs of real vector bundles over a back-
ground space X we obtain real K-theory KO™"(X) with its own version of Bott
periodicity [67,68]

KO™(X) 2 KO "™8(X). (2.121)

Here, something very intriguing happens. Considering again type I on flat space we

get the following classification:

n\012345678910

Ko™ (pt) 7z Zo Zo O Z 0 0 0 Z 7y Zo
D9 D8 D7 D5 DI DO D(-1)

Table 2.5: Flat space type I classification through real K-theory.

We immediately see that we recover the expected D9-; D5- and D1-branes cou-
pling to the RR-fields surviving the orientifold projection. However, we also get
torsional pieces corresponding to previously unknown Dp-branes. These actually
classify charges of non-BPS-branes. The non-BPS DO actually has been (partially)
discovered slightly before [69]. This proposal can in fact be extended to construct
general non-BPS Bp—branes matching the KO-theory classification exactly [70]. The
construction works as follows: Consider again a pair of type II Dp+1-brane and anti-
brane, this time with a Z; Wilson line on top or alternatively modding out (—1)]:L
in the theory. This configuration condenses to a non-BPS Dp-brane. For type I1B we
get non-BPS Dp-branes with p € {0,2,4,6,8}. As the complex K-theory classifica-
tion indicates these objects are unstable. In fact they contain an open string tachyon

for open strings starting and ending on the non-BPS Dp-brane. However, it turns
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out that for p € {0,4, 8} the orientifold projection can eliminate the tachyon and
stabilize the object. Additionally, non-BPS objects in type I can be obtained from
Dp-Dp pairs without a Wilson line, merely projecting out the tachyon between the
two through orientifold projection. This is possible for p € {—1,3, 7}. Therefore,
there are potentially stable type I non-BPS Dp-branes for p € {—1,0,3,4,7,8}.
Still, there can exist tachyonic modes. To check their absence we need to look at the
spectrum of open strings in the DD, starting and ending on the non-BPS brane and
the DN sector, connecting the non-BPS brane with the 32 background D9-branes.

The leading term of the total amplitude of the open strings in the DD sector reads:

& d p+1
Atot ~ / S g [ui — 2tpsin (%(9 - p))} , (2.122)
0

where the q_l—dependence indicates a tachyonic instabi]ity. Therefore, we need to
require:

tp = 2sin <%(9 - p)> . (2.123)

Since 1, is a positive coefficient entering the tension of the non-BPS Dp-brane, we
have to discard p = 3, 4. This accounts precisely for the previously unaccounted Dp-
branes in our KO-theory classification. For the DN sector the presence of tachyons
can be directly deduced from the normal ordering constant in the NS sector, which

for v mixed boundary conditions reads:

(2.124)

DN | —
NN

anNs =

Here, only ¥ > 2 leads to massive modes. Correspondingly, the D7 and D8 are
unstable in the DN sector and decay. This is exactly what was observed in [71]. Es-
sentially, the D7 and D8 decay to just a non-trivial gauge field configuration on the
background D9-branes. On the opposite end non-BPS branes ﬁp with p < 6 do not

contain a tachyon in their DN sector.

2.10 Dualities

Next, we come to a topic intimately tied to the non-perturbative sector of string
theory, populated by branes, namely dualities. The notion of duality loosely describes

some form of equivalence between seemingly distinct theories. Especially in string
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theory they are quite ubiquitous and appear in all kinds of flavor. Here, we will limit
ourselves to introducing T- and S-duality, both of which are instrumental to a unified
understanding of all five superstring theories. Also for this section we will rely on
the textbook accounts in [39-43]. An excellent introductory review on just duality

can for example be found in [72].1°

2.10.1 T—dua]ity

To exp]ain T—dua]ity let us g0 back to the heterotic string. We observed that the
gauge theoretic degrees of freedom giving rise to either an Eg X Eg or Ss(32) gauge
group can be understood from compactifying internal directions on a torus. Let us
now consider the simplest example, namely a compactification on just a circle. The
closed string oscillator now periodic under shifts on the circle. Moreover, we seen
that it receives contributions from winding around the circle (2.85). Now, evaluating
the mass operator we obtain:

5 M? [?R?

:Of,_—I'_

R2 o

a'm +2(Np + N —2), (2.125)
where M are the integer momentum values we named m; before and L is the 1d
version of the winding numbers n; for the torus. The sector with M = 0 and L = 0
we obtain the uncompactified mass formula. M is just Kaluza-Klein (KK) modes
going back to the earliest examples of dimensional reduction on compact spaces.
Now this spectrum has a curious symmetry we call T-duality:

/

Mo Lo oand RHR/:%. (2.126)

This means that closed strings perceive space-time topology and geometry very dif-
ferent from particles. For one they have a minimal length resolution, since at R =
Vo we get a strict equality. All radii below this minimal radius are mapped back
to much larger radii, therefore revealing no new information. With regards to the
left and right-moving bosonic oscillators exchanging KK modes with winding modes

M < L leads to a parity transformation

X 0y) & X5 (0y) and X3 (0.) < —X3'(0.). (2.127)

15 For the supergravity perspective on dualities we would like to refer the reader to the recent

review [73].
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For the superstring this means that superconformal transformations on the world-
sheet force us to have a parity flip for the right-moving fermionic coordinates, as
well:

3 (o2) & =¥ (0o) (2.128)

However, this means that in particular the zero-modes Bg are affected. If we take for
example the 9th spacial direction to be the one about to be T-dualized we get a sign
ﬂip

b < —b) (2.129)

This however entails that this sign flip proceeds right to our modified fermion num-
ber operator in the right-moving Ramond sector I' (—1)%. More specifically, T flips

its sign. Therefore the closed string sectors transform as

T-duality

(NS-H R:I:) A—

T-duality

(Ri,Ry) +——

NS, R
(NS, Be) (2.130)

(R-H R:F)

This has a fascinating consequence: T-duality transforms type I1IB into type IIA and
vice versa! For the open string we have a]ready recognized that changing (DD) bound-
ary conditions to (NN) boundary conditions amounts to a sign flip for the right-
moving sector. Consider the situation, where we have all (NN) boundary conditions
in 10d amounting to a D9-brane setup. Now, we compactify on a circle and T-dualize
along this dimension. We obtain a D8-brane. Analogous scenarios lead us to the full
spectrum of type IIA Dp-branes, which is a shift for p to p — 1 from type IIB to type
ITA. T-duality can be generalized straightforwardly from a circle S to a torus 7%
Then, T-dualizing along an even number of dimensions d gives us back the type II
theory we started with, while an odd number interchanges the theories.

T-duality not only connects the two type II string theories, but also the heterotic
ones. Here however, we need to add a Wilson line on the S* to break the respective
gauge group to a matching subgroup. Contrary to claims in the literature this is not
possible and the actual construction is more subtle. While we can break E8 x E8
to its S5(16) x Ss(16) subgroup, S's(32) does not feature such a subgroup as was
discussed in depth in [74]. Instead, we can only look for a common double cover lift
for both subgroups. This leads to a non-trivial consistency condition, the vanishing

of a particular topological obstruction [75].
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Suppose the construction delivers a common subgroup, we can have a look at the

momenta in the presence of a Wilson line on just an St We get the following shifted

momenta: M LR LR
by = — . IAI 0 AI 2
L R o q 9 ( ) )
kL= (¢ + LR AN (2d))2 (2.131)
M LR LR
k’ _ - _ IAI o AI 2‘
R R o q 5 (A4Y)

Here, ¢' denote the internal momentum modes on the internal lattice corresponding

to the common subgroup. For respective choices of
1 8
R A" = diag (5 , 08) (2.132)
for the HO string and
R'A" = diag (1, 07, 1, 0") (2.133)

for the HE string we focus on the states with k7 = 0. This can only happen for even
integer winding modes L € 2Z. Consequently, the corresponding momenta read:
M | LR M LR

brp=p e bn=

- (2.134)
(07

where M denotes the shifted M + L. And again we obtain a dual spectrum under
interchanging winding modes L and shifted Kaluza-Klein Modes M and inverting
the radius:

(M, L) + (L', M),
(kp,kgr) < (kp,—kg), (2.135)

a/

R < o

The notion of T-duality can also be extended beyond just toroidal spaces. On
Calabi-Yau manifolds T-duality was linked to a curious geometric symmetry called
mirror symmetry [76]. Moreover, T-duality goes beyond just geometry. In [77] so-
called T-folds were constructed, where a string theory on a geometric 7™ fibration
gets T-dualized to another T™-fibration, which only has a local geometric formula-
tion, but not a global one.

Drawing back to our K-theory classification, T-duality is simply encoded in one
of the Eilenberg-Steenrod axioms for a generalized (co-)homology theory such as K-

theory, namely the suspension axiom. It tells us that under the reduced suspension
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¥, which is homeomorphic to the smash product with a circle ¥ X = ST A X, our

generalized (co-)homology theory is shifted by a dimension:
K2 X)~ K" (X). (2.136)

We can then write the following transformation from type IIB to type IIA:

K"(pt) 2 K(S™) 2 K(S5™1) 0% f(sn—1y = K=n+l(pt) . (2137)

J/

VvV vV
type 1B type ITA

2.10.2  S-dualicy

The second fundamental duality of string theory we want to introduce here is the
so-called S-duality. Simply put, it relates a theory at weak coupling and a dual theory
at strong coupling:

S-dualicy 1

g—— —. (2.138)
g

Such a duality was first conjectured for non-Abelian QFTs with magnetic monopole
solutions by Montonen and Olive [78]. At its core the idea of Montonen-Olive du-
ality is simple: electric and magnetic states appear on the same footing in Dirac’s
quantization condition and exchange roles under the duality, while simultaneously
inverting the coupling strength. It became clear later that this proposal can be put on
much firmer ground in the context of supersymmetry [79] and especiallyN = 4(80].
The first concrete example of a precise realization was then worked out in [81] for
N = 4 super-Yang-Mills theory in four dimensions. Sen explained how the spectrum
and the generalized coupling constant A = 6 + ig™2, a convenient combination of

the topological theta angle 6 and the gauge coupling g, is invariant under SL(2, Z)-

transformations:
k K k -
N _ (P 1 and A PATY : (2.139)
k i ros) \1 —TA+s
where M = [P 1) ¢ SL(2,Z) given that det(M) = 1. This transformation was
ros

shown to relate electric states to bound states of magnetic and/or dyonic states, all

satisfying the BPS condition. The general mass formula takes the following S-duality

4 272
m? ~ (k:292 n @) . (2.140)
g

invariant mass-formula:
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Moreover, full SL(2, Z)-invariance is generated by the transformations 6 — 6 + 1

and A — —%,

we were looking for. That this SL(2, Z)-invariance and thereby S-duality should be

where the latter precisely realizes the strong-weak coupling duality

embedded into scring theory was first pointed out in [82]'® due to N = 4 super-Yang-
Mills theory arising as a particular limit of heterotic strings compactified to four
dimensions on a six-torus, where the SL(2,Z)-invariance arises from the internal
sector.

By the mid 90s S-duality became part of the understanding of ten-dimensional,
uncompactiﬁed string theory [83-85]. Let us start of with type IIB string theory. Its
low-energy effective supergravity description 2.6 has a SL(2,R) symmetry, which
uplifts to its quantized version for full cype I1B string theory."”. Similar to Montonen-
Olive duality between electric and magnetic objects supersymmetry gives rise to mass
(tension) formulae for the NSp- and Dp-branes sorting them into S'L(2, Z)-invariant
orbits [87]. For example the fundamental type IIB string F1 coupling to the NSNS
two-form By transforms into the D1-brane coupling to the RR two-form Cs. They
can form bound states, so-called (p, ¢)-strings with a generalized tension (in string

frame) of the form:

2
Tipg) =Tm \/(p + Cpq)? + (i) . (2.141)

S

The contribution of Cj originates from the non-perturbative contribution of D-
instantons to the path integral as exp(27i7) in the Einstein frame [88, 89]. For
Co = 0 the (0, 1)-string is just the D1-brane. Similar orbits arise for the D5- and
NS5-brane transforming into one another. The D3-brane however is a notable ex-
ception as it is self-dual under the SL(Q, Z)—dua]ity. As the massless worldvolume
theory is given by the N = 4 super-Yang-Mills theory with gauge group U(N) this
closes the circle as the self-duality of the D3-brane is nothing else than the string
theoretic completion of the Montonen-Olive duality in the low-energy limit on its
worldvolume.

For type IIA the story takes a different turn. Here, we follow the discussion

in [41]. To get an intuition of what we are dealing with at strong string coupling let

' The terms S- and T-duality actually originate from this paper.

7n fact the full type 11B symmetry group of type IIB is an extension of SL(2,Z), namely the
PinTt double-cover of GL(2,Z) [86]. In this chapter we will refrain from discussing the full symmecry
group and stick to just SL(2,Z).
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us look at the object with the lowest mass scale at strong coupling. This is not the
string, but the DO-brane because of the characteristic mass scale of Dp-branes:

1

- 1
me~gs a7z, (2.142)
Thus, we expect a collection of n DO branes to contribute as
n

nTpy = — . (2.143)
gs a2

We have seen such a scaling before. It looks just like a Kaluza-Klein tower of an eleven
dimensional theory compactified on a radius Ryp = g /3! In eleven dimensions
there is a unique supergravity theory that can describe type IIA at strong Coupling
but low energies. Just like its 10d analogs 11d supergravity features extended objects.
Since there is only a three-form field C), , there are two associated dynamical objects,
one electric brane with respect to the three-form, the M2-brane, and one magnetic
brane, the M5-brane. Additiona”y, we also have to consider the magnetic dual to the
Kaluza-Klein-particles, a Kaluza-Klein magnetic monopole of codimension 3 in the
non-compact directions.

Then all the non-perturbative objects we have seen so far in type IIA the Dp-
branes with p € {0,2,4,6} and the NS5-brane are described by wrapped or un-
wrapped configurations of the aforementioned extended objects in 11d. We summa-

rize the configurations below:

type ITA ‘ 11d realization

DO-brane KK-modes on S1
Fl-string M2-brane wrapped on S*
D2-brane | M2-brane transversal to the S*
D4-brane M5-brane wrapped on S?
NS5-brane | M5-brane transversal to the S1

D6-brane magnetic KK monopole
dual to KK-modes on S*

Table 2.6: type IIA NSp- and Dp-branes and their M-theory dual

We specifically left out the D8-brane as its 11d counterpart will show up naturally,

when looking for a strong coupling description of the HE string theory.
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Before we do that let us explore the type I and HO string theory strong coupling
descriptions. It turns out that they are the strong coupling description of one another.
At first glance this looks very natural, for example they both have a gauge group with
Lie algebra §0(32). But is this indeed the same Lie group?

As we have seen from the construction of the Ss(32) heterotic string its gauge
group arises just from mathematical consistency applied to the internal degrees of
freedom. One particular aspect we want to highlight in regards to the SemiSpin-
group are the representation theoretic properties of the Spin(4n) quotients. Since
the center of Spin(4n) is Zs X Zy we get three variants SO(4n) by quotienting the
diagonal element and two equivalent Lie groups the Ss(32)-groups, which inherit
cither the positive or negative chirality spinor representations, while these do not
survive the quotient to SO(4n) [90,91].

This means that there are non-BPS spinor states in the spectrum of the heterotic
string. However, until the advent of explicit constructions of non-BPS Dp-branes the
respective S-dual state in type I was missing. The non-BPS DO and its eventual inter-
pretation within real K-theory closed precisely this gap [65,69]. The other major gap
that had to be ﬁgured out was which string Object on the type | side would carry the
intricate worldsheet degrees of freedom of the fundamental heterotic scring. This
was answered in [54]: The type I D1-brane has just the right worldsheet structure.
This should be reminiscent of type IIB, where in the absence of the Cp-field, which
is conveniently projected out in type I, the fundamental string is S-dual to the type

IIB D1-brane and vice versa.

To analyze the degrees of freedom on the D1-brane, we need to look at the spec-
trum of both the open fundamental strings with both ends on the D1-brane (DD
sector) and those with one end on the D1-brane and the other on the background D9-
brane (DN sector). Summarizing the discussion of [54], the massless bosonic modes
in the DD sector survive the orientifold projection and we get 10 massless bosonic
scalar degrees of freedom both left- and right-moving. The fermionic massless de-
grees of freedom in the DD sector on the other hand transform in the 16 of s0(1,9).
More specifically, under the decomposition 16 = 8 @ 8” they transform into the
negative part, where the sign is with respect to 50(1,1) indicating T T y = —x,
i.c. the massless fermions are right-moving. This matches precisely with the het-
erotic string except for the internal fermionic degrees of freedom giving us the gauge

group. These actually come in from the DN sector. Here, only fermions are massless,



52 2. Superstring Essentials

which are in fact lefe-moving TYT' A = A Since they carry due to the Neumann
boundary Chan-Paton factors from the D9-branes, we get 32 massless left-moving
fermions transforming in the 32 of 50(32) matching precisely the heterotic world-
sheet description of the fundamental string in the fermionic presentation. Similarly,
the D5-brane in type I becomes the NS5-brane of HO theory under S-duality.
Moreover, Hull [92,93] provides a (non-perturbative) orientifold construction of
HO theory from type IIB string theory. The orientifold is a combination of the S-
generator of the type 1B SL(2, Z)-invariance and the orientifold projection, which

yie]ds type I string theory:
S5(32) — heterotic string theory 2 type 11B/€2 (2.144)

where Q = QS The key idea here is the following: the S-duality of type I and
HO theory can be understood as a remainder of the full SL(2, Z)-invariance of type
[1B under orientifold. While HO at face value seems like a completely different from
type I, Hull poses that we can understand a lot more about HO theory by treating
it as type HB/Q. For one just like for type I we would need to include background
p-branes for tadpole cancellation of this heterotic O9-plane, in this case the S-dual
counterpart of D9-branes, 32 NS9-branes. Just like for type I these provide a back-
ground gauge field. However, from the heterotic worldsheet construction we know
that these gauge degrees of freedom are part of the worldsheet — how is this arising
from the orientifold construction?

The answer is we have to consider the S-dual of the type I setup that gave us the
right worldsheet degrees of freedom for the D1-brane to properly match the funda-
mental heterotic string. On the type I'side it is the DD and DN sectors of the funda-
mental open string that is responsible, which means we have to consider an S-dual
open DI-string on the heterotic side either with both endpoints on the fundamental
string or with one endpoint on the fundamental string and one on the NS9-brane
stack. Since the D1-string has a tension of ¢g; ! in the perturbative heterotic limit
gs — 0 the string becomes infinitely heavy and retracts into the fundamental het-
erotic string, which matches our perturbative description of heterotic string theory
never featuring a D1-string. Furthermore, in this limit only the massless sector of
the heterotic D-string spectrum can survive and it has to macch the S-dual massless
sector of the excitations of type I strings ending on a type I D1-string. Curiously, this

entails that at finite heterotic string coupling the worldsheet degrees of freedom are
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free to move off from the worldsheet along an open heterotic D1-string attached to
the fundamental worldsheet. We will explore the consequences of this further in the
main part of the thesis and see how the underlying K-theory structure remedies this.

At this point we have now found strong coupling descriptions for four of the
five superstring theories: type IIB is self-dual, type I and Ss(32)-heterotic string
theory are dual to another and type IIA has an eleven-dimensional strong coupling
description. Based on the fact that T-duality carries us from type 1B to type IIA and
S55(32) to Eg x Eg heterotic string theory, one might expect a symmetric behavior
and conjecture an eleven-dimensional strong coup]ing description for B x Eg het-
erotic string theory, as well. This expectation turns out to be just right! However,
due to the background gauge group this is even more complicated than for type IIA.
In fact, the compact eleventh dimension is given by an interval, the Zs-orbifold of
a circle. This has two important consequences. For one, it breaks half of the super-
symmetries, which means we should get an A/ = 1 theory in 10d as compared to an
N =2 theory (type 1IA), when compactified on the circle. On the other hand the
orbifold has two fixed points, i.c. two 10d boundaries at the endpoints of the interval,
which have to carry an Eg gauge group ecach [94,95]. The argument is mainly based
on an extension of’ anomaly cancellation in 10d N =1 string theories to eleven di-
mensions. Since we created two boundaries through the S*/Zs orbifold, only with
Es x Eg we have the necessary factorization to make the anomaly cancellation on
two distinct boundaries work.

Finally, we want to put both T- and S-dualities together. On the type II side,
we have argued that type IIA arises as the compactification of an eleven dimensional
theory, but we also know that compactifying type 1A on another St and T-dualizing
along this direction gives us type IIB string theory. Combining both of these dualities
we can realize type IIB string theory compactifying the 11d theory on a 2-torus and
then decompactifying the T-duality circle, taking its radius to infinity. Curiously,
it turns out that the torus-structure survives this operation as the radius of the T-
duality circle is a combination of the torus radii. Moreover, we have already seen
the imprint of this torus structure in type IIB, the SL(2, Z)-duality group, which is
nothing else than the modular group of the 2-torus.

Analogously, we can construct type I/HO theory from eleven dimensions, if we
compactify on St /Zy x S*. Just we discussed a Wilson line has to be turned on for T-

duality between the two heterotic string theories, such that we have an intermediate
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gauge group with Lie algebra 50(16) x s0(16).

Thus, we have connected all five superstring theories to an eleven dimensional
theory featuring 2-branes, 5-branes and some form of 9-brane (the 10d boundary
for the strong coupling description of the NV = 1 superstring theories) with eleven
dimensional supergravity as its low-energy limit. This underlying theory unifying all
superstring theories was dubbed M-theory by Witten [87]. Visualizing this leads to

the famous duality star in figure 2.2.

11d supergravity
S\V . \Sll
Eg x Eg heterotic < — — type HA
T—duality[ [ T—dua]ity

S5(32) heterotic N type 11B

S-duality

S-duality Orientifold

type |

Figure 2.2: The M-theory duality star



The Swampland Program

As we already addressed in the introduction, the fact that the solution space of string
theory appears to be incredibly vast, leads to the natural question, if every consistent-
looking low-energy effective theory can arise top-down from string theory. The an-
swer turns out to be negative. De]ineating these two classes of effective field the-
ories is the core objective of the Swampland Program [24]. Our knowledge about
the boundary between the two classes is organized in conjectures, which are usually
based on either generic behavior of string theory or gedankenexperiments involving
black holes as laboratories of quantum gravity at lower energies. While it provides
a useful basis to explore the interplay between string theory restrictions and beyond
the (cosmology and particle physics) Standard Model, it can be also used to refine

our fundamental understanding of string theory.

In this chapter we will focus on this aspect of the Swampland Program as it will
be a central theme of the remaining thesis. We therefore refer to these introduc-
tions [96-99] for a much more generic primer on the Swampland Program. The first
conjecture we want to look at is in fact probably the oldest, the No Global Symme-

tries Conjecture going back at least to the 1950s [100,101].
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3.1 The No Global Symmetries Conjecture

Let’s start by properly defining the conjecture. To this end we will follow the discus-

sion in [97].

Definition (Global Symmetry). A global symmetry with symmetry group G'is conven-
tionally defined based on unitary local operators U (g) depending on a group element g of the

symmetry group G. Then the unitary local operator has to satisfy these criteria:
« Doesn’t violate the group law: U(g) U(¢g') = U(g o ¢').

« Transforms charged operators O(x) with x the position in space-time living in an

Hilbert space in a non-trivial way: UT(g) O(z) U(g) # O(x).
» Satisfies the local energy conservacion condicion: Ut T, (z) U = T, (z).
« Maps a local operator to another local operator.

We are going to use this as a basis from which we are going to generalize the
notion of a global symmetry. An immediate generalization still within the definition
above is the notion of a p-form symmetry, which due to the ubiquity of p-forms in
string theory is very natural for us to consider.

The unitary local operator of a p-form A, is formulated through its conserved

current J = Fj1; = dA, as

U(Md—p—l) = exp (Z a % *Jp_H) (3.1)
Md—p—1

and is supported on a d — p — 1 submanifold M9~ within a d-dimensional space-
time. The charge operator this symmetry operator is supposed to act on is a Wilson

line supported on a complementary p-dimensional submanifold W?:

O(WP) = exp (zn j{ Ap) : (3.2)
wo

To get rid of such a g]obal symmetry, one can either break the conservation law by

including a defect, such that

ds Jy1 =0 dx .y #0 (3.3)
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or alternatively couple the current to another p+1-form field to gauge the symmetry:

/ Cy Ak . (3.4)

Then we state the No Global Symmetries Conjecture as

Definition (No Global Symmetries Conjecture). There are no global symmetries in quan-

tum gravity. They are either broken or gauged.

Let’s look at an example of a potentially non-trivial global symmetry in type 1B
string theory [99]: We have already seen that type IIB has a complex scalar (the axio-
dilaton) 7 = Cy + ie~?. The associated combined kinetic term becomes

0,70, T

— (3.5)

Naively, we could think that there is a continuous global shift symmetry Cy — Cp+-e.
However, we have already seen that this is not compatible with the BPS-mass of for
example the (p,q)-strings (2.141). The only allowed shift is the one compatible with
the SL(2,7Z) symmetry, i.e. the T-tcransformation Cy — Cj + 1. Now, is this an
admissible global symmetry?

The answer is still no, as this symmetry is actually gauged. The fact that we have
D7-branes, which are magnetically charged under Cp means that Cy — Cy + 1isa
gauge symmetry. More generally, Polchinski shows in [41] that in perturbative string
theory every global symmetry is associated to a global charge on the worldsheet. How-
ever, on the worldsheet vertex operators associated to the charge create gauge degrees
of freedom in space-time, such that the putative global symmetry becomes a gauge
symmetry. For discrete symmetries like the example we showed above it becomes
more subtle, but there is no known counterexample, where the global symmetry per-
sists [97]. They are either broken or gauged, which are the only two possibilities of
getting rid of a global symmetry.

Apart from string theory, there exists also a bottom-up reasoning without speci-
fying the UV-completion of the effective theory. It goes as follows: Consider throw-
ing a particle charged under a global symmetry into a black hole. Once it is beyond
the horizon we lose the information as the Hawking black body radiation doesn’t
carry any information with regards to the content of the black hole. Now, either the

black hole completely vanishes through radiation and the global charge is violated or
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alternatively the radiation process stops at some point and the left over remnane still
carries the global charge we have thrown in. However, for continuous symmetries
this doesn’t work either as this would give rise to an arbitrary number of distinct
remnants, which poses a serious threat to the effective gravitational theory [102].
The final piece of evidence in favor of this conjecture we want to mention is the
perspective of holography on this issue. Relying on the AdS/CFT correspondence the
authors of [103,104] could prove that a global symmetry in the bulk is inconsistent
if the representative symmetry operator on the CFT boundary can be split into a
product of operators, each sitting in different subregions of the boundary. Based on
the Ryu-Takayanagi formula (see [105] for a review) each of the boundary subregions
in turn has access to a certain entanglement Wedge in the bulk. However, all these
entanglement wedges together do not cover the whole bulk anymore, such that we
can have a global symmetry charge operator sitting in the undetected region of the

bulk, which would clearly be inconsistent.

3.2 The Completeness Hypothesis

Connected to this is another folk theorem, the Completeness Hypothesis, which is
tough to accredit to a first source. It can be found however for example in [106]

and [107]. The statement is as follows

Definition (Completeness Conjecture). The spectrum of physical states of a gauge the-
ory coupled to gravity is complete with respect to the charge lattice compatible with Dirac

quantization.

In the references above it was mostly argued by virtue of no known counterexam-
ples especially within string theory. However, this is not the end of the story as com-
pleteness was recently connected to the No Global Symmetries Conjecture [108]. In
particular, the authors could extend known results about the connection between the
completeness of the spectrum of gauge theories with a compact and connected sym-
metry group G and 1-form globa] symmetries with the center Z(G) as its symmetry
group (see for example [104,106]) to a notion for all compact gauge groups. For finite
gauge groups there might not be a center symmetry to distinguish the complete and
incomplete cases. However, the topological Gukov-Witten operators of codimension

2 are in 1-1 correspondence with an incomplete spectrum [109]. Since these operators
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do not satisfy an invertible fusion algebra anymore, but only a non-invertible one,

ToV x TN = NG TEY, (3.6)

this notion of incompleteness actually extend nicely to compact, but disconnected
gauge groups, where the 1-form global symmetry detecting the incompleteness of
the spectrum is non-invertible, as well [108]. Consequently, the Completeness Hy-
pothesis follows from requiring absence of non-invertible symmetries. This is not
covered by our definition of the No Global Symmetry Conjecture as it violates our
first assumption. This issue was clarified soon afterwards in [110] explaining that
gravitational solitons break the non-invertible symmetry to its maximal group-like
sub-symmetry. To achieve such a breaking the new gravitational solitons have to ac-
count for exactly those electric charges on which the center of G acts trivially, such
that the non-invertible operators become endable on precisely those charges. This is
the precise match that was established in [110].

Non-invertible symmetries have presented us with a first example of generalizing
the notion of a global symmetry by revoking one of the criteria from our definition.
Now, we are going to look at another generalization for which we remove our last

requirement to transform ]OCﬁl operators to 10C31 operators.

3.3 The Cobordism Conjecture

In this section we would like to attend to a quintessential feature of‘quantum gravity
— non-trivial topology. String theory as our prime example of a consistent theory of
quantum gravity is no different. Among the myriad of solutions to the string theo-
retic equations of motion most of them involve a compact manifold with complicated
topology. Core examples are Calabi-Yau manifolds like 2n-tori, the four dimensional
complex surface K3, or Calabi-Yau threefolds. Now, imagine the following situation:
We are considering a quantum gravitational system on a flat space R, Next, we are
cutting out a small ball within R? and glue in a topologically non-trivial compact
manifold M™ on which our quantum gravity theory is still consistent. Far away from
the glued part quantum gravity will perceive the space-time as flat, we therefore have
introduced a (d — k — 1)-dimensional defect into the theory. Due to the non-trivial
topology of the defect we can associate topological numbers invariant under homeo-

morphic deformations to such manifolds. Hence, we have associated a global charge
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to the defect. Repeating the black hole argument, we can throw this global defect
into a black hole, respectively a black brane of appropriate dimension, and we would

run into the same problems as with a global charge carried by a pointlike defect.

Figure 3.1: A topological defect thrown into a black brane.

In order to avoid such inconsistencies, our quantum gravity theory has to be able
to perceive the defect as equivalent to the initial configuration without M™ glued in.

Such a classification is provided by cobordism theory, a mathematical framework
sorting closed manifolds into equivalence classes given some input on the topologi-
cal characteristics of these manifolds. We explain this in more detail in the following
chapters on the mathematical background, where we go into more detail on cobor-
dism theory.

What we need for now is that these equivalence classes form Abelian groups and
are specified by the dimension of the manifolds within the equivalence classes and
some structure we need to choose such that our theory is well-defined on these man-
ifolds. This is formally denoted as Q%Y where n is the number of dimensions and
QG is the choice of structure compatible with quantum gravity. Associated to these
groups we have cobordism invariants detecting non-trivial classes taking values in
these groups. Thereby we have a refinement of which topological invariants are car-

ried by these problematic defects. Namely, if their cobordism invariant is trivial cthey
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are nullbordant, i.e. they are cobordant to nothing'.

Figure 3.2: Vanishing cobordism group — nullbordant manifold

Then the non-trivial cobordism groups tell us about a non-trivial global symme-
try. Since they are inconsistent with quantum gravity, the Cobordism Conjecture

can be reduced to the following simple stacement:

Definition (Cobordism Conjecture). The cobordism groups of a quantum gravity theory
consistently defined on a background space containing a closed n-dimensional manifold M

with tangential structure QG, such thae [M] € Q%Y have to be trivial:
QP¢ =0, (3.7)

Just like for conventional global symmetries there are two options quantum grav-
ity can take to achieve this: Either gauging or breaking the global symmetry. This can
be formally written as follows: Let’s consider a proto-quantum gravity structure @\é,
which we take to be some approximation to the full quantum gravity scructure. Then

we describe the two options as follows [113]:

« Gauging the global symmetry amounts to including a gauge field, such that
integration over the compact manifold within the cobordism equivalence class

leads to the condition that the only consistent configurations are:
[0] € Q9C. (3.8)

Differently put, there exists a forgetful map from the quantum gravity struc-
ture including the gauge field back to the proto-quantum gravity structure

itself
Q@\é-i- gauge field N Q@\é 7 (39)

! Another motivation leading us to the Cobordism Conjecture is the Holographic Principle [111,
112]. If every consistent quantum gravity theory is holographic, i.c. all of its degrees of freedom are
captured by a theory in one dimension higher, then all consistent backgrounds of the theory have to

be nullbordant.



62 3. The Swampland Program

Then the classes in the co-kernel of this map are gauged or co-killed.

. Breaking the g]oba] Symmetry means we include a defect into the theory, such

that there exists a nullbordant configuration pictured below. In this case we

i W X defect

Figure 3.3: Breaking the g]oba] symmetry

kill the classes in the kernel of the inclusion map

QQG — QG+ deee, (3.10)

This concludes our introduction to the Swampland Conjectures most pertinent
to this thesis. We continue with an exposition to the mathematical tools necessary

for the main part of the thesis.



Mathematical Tools

In this chapter we want to look at the mathematical tools we have already encoun-
tered, as well as those we will work with in the remainder of the thesis. We start
by giving a bit more background on two generalized (co-)homology theories, K-
and cobordism theory. Afterwards, we will introduce the homo]ogica] variant of’
K-theory, which we will call K-homology. Furthermore, we are going to introduce

the tools required to compute these groups, spectral sequences.

4.1 K-theory

K-theory is a generalized cohomology theory classifying vector bundles possibly over
some background space X [114,115]. For introductions to K-theory from a physicist’s
point of view we refer the reader to [116-118]. On the mathematical side see for
example [119,120] and chapter 24 of [121]. Depending on the type of vector bundle
there exist several closely related variants. The two we are going to work with are
complex and real K-theory, denoted as K(X) and KO(X), arising from complex
and real vector bundles respectively.

Now consider two complex vector bundles E and F' over a background manifold

X. We organize them into a pair (£, F') and require an equivalence relation under
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adding a third complex vector bundle H to both
(E,F)~(E®H,F® H). 4.1)
Since this directly implies
(0,0) ~ (E, E), (4.2)

it is clear that this definition resembles a subtraction. Furthermore, we can define

addition and subtraction of pairs

(E,F) + (E,F)=(E®E ,F®F'), w3
(E,F) — (E',\F\=(E®F ,Fa&F), '

which means that the inverse of (£, F) is (F, E) with the identity (0, 0). This de-
fines the Abelian group K (X). As mentioned above K-theory is the prime exam-
ple of a generalized cohomology theory, satisfying all Eilenberg-Steenrod axioms for
(co-)homology theories [122] except for the dimension axiom (see appendix A). This
entails that if we choose X to be just the point, K (pt) does not vanish.

In fact, there is a very important relationship between K (X)) and K (pt). This is

known as the splitting principle.
Lemma 4.1.1 (Splitting Principle). Let’s consider the map
i K(X) — K(pt) (4.4)

induced by the inclusion map

1:pt— X (4.5)

We then obtain the following short exact sequence:
0— K(X)— K(X)— K(pt) =0, (4.6)

where the reduced K-theory group of X, K (X), is defined as the kernel of i*. In fact, this
short exact sequence splits, such that we can always split off K (pt) from K (X):

K(X)=K(pt)® K(X). (4.7)

Further we can define higher K-theory groups K" (X) based on the behavior

of a generalized cohomology theory under suspension. First, we use that

K(pt) = K(S°) (4.8)
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Then, we define the higher reduced K-theory groups as

K(X) = K(X"X) (4.9)

with the reduced suspension X" X = S™ A X. Using the splitting principle the

construction of the higher (unreduced) K-theory groups follows, too:
K™(X):=K(X"S") o K(¥"X). (4.10)

As we a]ready mentioned in the previous Chapter Comp]ex K—theory 1s periodic.

This is known as so-called Bott periodicity [67, 68]:
K"(X)~ K "2(X). (4.11)

Constructing a K -theory out of real instead of complex vector bundles yields us

so-called K O-theory. Importantly its higher groups are mod 8 periodic [67, 68]:

KO™(X) = KO™"¥(X). (4.12)

4.2 Cobordism

For cobordism' we will mostly follow the notes [125,126], the textbook [127] and the
background material in [128], which also has an eye on the application to the Cobor-

dism Conjecture. Very similar to K-theory we begin with an equivalence relation:

Definition 4.2.1 (Cobordism equivalence classes). Two n-dimensional closed manifolds
M and N are said to be cobordant, if there exists a third manifold W of one dimension higher
such that the boundary of W is the disjoint union of M and N:

OW =MUN, (4.13)

where N denotes the inverse of N.

!'To clarify the notation here: We are going to refer with the term cobordism to the generalized
homology theory as originally coined by Thom [123], a neologism based on the French word for bound-
ary “bord" and the prefix “co-" to signii‘y the joining of manifolds under the disjoint union. Atiyah
later discovered [124] that there exists both a generalized homology and cohomology cobordism the-
ory and therefore renamed the homological version to bordism. Since the cohomological version has
remained largely irrelevant for physics, we are going to stick to the initial naming convention, which

was a]so largely adopted in the phySiCS literature.
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If two manifolds are cobordant crucially depends on if we want to preserve some
mathematical structure on these manifolds.

Furthermore, we can add equivalence classes of manifolds by considering their
disjoint union:

We already mentioned that there is a notion of an inverse of an equivalence class,
which leads to
[M;] + [M;y] = [0] . (4.15)

Thus, these equivalence classes organize into Abelian groups and more over just like
K-theory cobordism satisfies all the Eilenberg-Steenrod axioms A except for the di-
mensionality axiom, thereby providing us with another example of a generalized (co-
)homology theory. We denote them these groups as Q9 (pt), where n is the dimension.

So far we have been rather lenient with the kinds of manifolds we want to or-
ganize in these groups. The key concept here are tangentia] structures. This is es-
sentially the modern version of so-called (B, f)-structures one encounters in older
accounts like [125]. Here, we follow [129]. In general a tangential structure £ is based

on a Serre fibration:
¢: B — BGL(d,R) ~ BO(d), (4.16)

where BGL(d,R) and BO(d) are the classifying spaces of GL(d,R) and O(d) re-
spectively. Classifying spaces for some topological group G denoted as BG are used
to classify G-principal bundles and are constructed as quotient spaces EG/G. As
they will continue to play an important role throughout this thesis we will collect
some basic information about them in the appendix B. Take the vector bundle clas-

sification on a manifold X
f: X —- BGL(d,R) (4.17)

corresponding to viewing the tangent bundle as a GL(d, R) (or O(d)) vector-bundle
thereby explaining the name. Now, a {-structure on the tangent bundle is a map
i: X — Bwith&oi = f. The neat thing is we can now use representations of a
group G

p: G— GL(d,R) (4.18)
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to define general G-structures by utilizing the induced Serre fibration:
Bp: BG — BGL(d,R). (4.19)

In the following we will be working with the stable version defined by replacing O(d)
with the stable orthogonal group O:

0 = colim(O(1) = O(2) = ...) (4.20)

Aparticularly important stable G-structure is Spin-structure, i.c. the stable limit
of the Lie group Spin(N), whose classification map BSpin — BO is achieved by
subsequent maps from Spin — SO and embedding SO — O.

This actually points towards a convenient principle to organize these structures,
so called Postnikov systems. Here, we will be working with the closely related concept
of a Whitechead tower. As is nicely elucidated in [128] the key idea is to decompose
some X in our case BO into a series of spaces X (n), whose higher homotopy groups

agree with X, but whose lower homotopy groups vanish:

0 Vi<n
m (X {n) = (421
m(X) Vi>n.

In this context it is very convenient to introduce Eilenberg-MacLane spaces

K (A, n), they are defined by having just a single non-trivial homotopy group

m(Am) =4 \1’7& " w2
1="n.

What we also need is that the homotopy classes [M, K(A,n)] are isomorphic to
H™(M, A),if M is a pointed CW complex. With the homotopy fibration

X(n) = X(n—-1) - K(m,(X),n) (4.23)

we can start organizing our tangential structures into these nice triangle maps

X{n—1)— K(m,(X),n). (4.24)
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Now, let’s specify to our tangential structure, for which we want to classify maps
from manifolds M, or cobordism equivalence classes, to X = BO = BO(0). The

first non-trivial step is captured by 71 (BO) = Zy. We get a diagram

/BJO(l):BSO
M=~ BO(0) = BO—;~ K(Zs,1). (4.25)

A natural question now becomes, when does our classifying map lift to BSO? The
answer of course is that w; o ¢ should be homotopically trivial. However, since
(M, K(Zy,1)] ~ H'(M,Z,), this is detected by its cohomology invariant, the first
Stiefel-Whitney class wy (M) € H' (M, Zs). We then call a manifold orientable, if
wi (M) = 0. The next structure, associated to the obstruction in m(BO) ~ Z,
is the so called spin structure, which will become very important throughout this
thesis. Analogously, a manifold is called spinnable if its second Stiefel-Whitney class
wo(M) € H?(M,Zs,) vanishes. This condition is tantamount for fermions to be
anomaly free on such a manifold, see e.g. [130]. These subsequent refinements form
a tower-like structure, the aforementioned Whitehead tower. The one based on BO

looks as follows:

BO(9) = BFivebrane

mol ]

BO(8) = BString

ool

BO(4) = BSpin

el

BO(2) = BSO

wol |

0(1) = BO

Figure 4.1: Whitchead tower of the orthogonal group O.
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A slight spin-off of the spin-structure is spin®-structure, which is a fiber product
spin Xz, U(1). A similar construction as for spin-structure factoring in the U(1)
leads to the relevant obstruction invariant being the integral lift of the second Stiefel-
Whitney class wo to W3 = [B(ws), where [ is the Bockstein homomorphism part
of the long exact sequence in cohomology induced from the coefficient short exact

sequence 0 — Z 27 Zo — 0 [91]:

oo HYY(X,Z) 25 HVN(X,Z) — HY(X, Zo) S HPN(X,Z) — . ..
(4.26)

Coming back to our cobordism groups we now have two organizing inputs, the
number of dimensions 7 and the tangential structure £, We write our cobordism
groups as €25, However, there is a third input we want to introduce, namely back-
ground spaces X, to which there is a map preserved throughout the cobordism equiv-
alence.

Concretely, we are considering a manifold M with a map to this background
space f 1 M — X to be cobordant to another manifold N also endowed with a
map to this same background space g : N — X if there exists a manifold of one
dimension higher W equipped with amap A : W — X such that the W has M and
N as its boundaries and h reduces to f and g on the respective boundaries. We can

visualize it in the following way:

Figure 4.2: Cobordism (W, h) between (M, f) and (N, g).

The cobordism groups satisfying these conditions are then written: Q5 (X). We

can also repeat the construction of the splitting principle we introduced for K-
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theory (4.7) for our cobordism groups and get:

QS (X) = Q5 (pt) @ Q5 (X). (4.27)

4.3 K—homology

To the reader it might seem curious that we didn’t introduce K-homology directly
together with its cohomological twin K-theory. The reason is that the theory turns
out to be quite closely related to cobordism, too. K-homology was introduced by
Baum and Douglas [131,132]. The connection of K-homology to Dp-branes was made
in [133], which also provides a very useful introduction to the topic that we follow in
our introduction here. The basis of K-homology K,,(X) are so called K-cycles on a
space X.

Defition 4.3.1. K-cycles on a space X are triples (M, E, f) fulfilling the following prop-

erties:
« M is a compact, closed n-dimensional spin® manifold.
« E is a complex vector bundle over M.
- fis a continuous map M — X.
Then we can define a disjoint union for K-cycles:
(M,E,f)U(N,F,g) =(MUN,EUF,fUg). (4.28)

Our final ingredient is so-called vector bundle modification: First, one constructs

a spin‘-manifold M from areal spin® vector bundle F' with even-dimensional fibers:
M =B*(F)Us, B~ (F), (4.29)

where Bi(F) are unit ball bundles with spin®-structures inverse to another. Then

there is the projection back to M:
M — M (4.30)

In a similar fashion one designs a vector bundle H (F") through the half-spinor bun-
dles projected on the unit ball bundles A*(F) = Sy (F) |z () (the sign referring to
their chirality):

H(F)=A"(F)U, A~ (F) (4.31)
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with ¢ the vector bundle map Si(F) — S_(F) covering the identity of F.

By this procedure, we can obtain another K-cycle (]/\Z, H(F)® " (E), fom)
from (M, E, f) with 7* the pullback of 7. This operation is called vector bundle
modification?.

With all necessary ingredients lined up, we are in position to define K-homology.

First, we define equivalence classes I',, (X)) of K-cycles.

Definition 4.3.2 (Equivalence classes of K-cycles). Two K-cycles (M, E, f) and
(N, F, g) are said to be equivalent, if there exists a diffeomorphism ¢ from M to N, such

that spin®-structure is preserved, the pullback of F'is E and the triangle diagram

¢

M N (4.32)
Jg
S
X (4.33)

commutes.
Then we can define K-homology groups K,,(X) as follows.

Definition 4.3.3 (K -homology groups). ConsiderI', (X)) equivalence classes and quotient

by the following three operations:

« spin®-Cobordism with the intermediate (n + 1)-dimensional manifold carrying a

complex vector bundle reducing to E and F' on the respective boundaries.

« Direct sum of vector bundles, i.e. if E = Ey & Es, then we identify (M, E, f) with
(M, Ev, [)U (M, Es, ).

« The previously introduced vector bundle modification.

This defines the generalized homology groups K, (X) := L', (X)/ ~.

21f we consider the simp]est K—cycle (pt, 1c, 2) vector bundle modification gives us the chyc]e
(SQ", H(F),io f). However, this modification is nothing else than a basic examp]e ofMyers’ dielec-
tric effect [134] applied to a D(-1)-brane. It gets puffed up into a spherical configuration of D(2n—1)-
branes [133]. From a string theoretic point of view this effect makes it completely natural to identify
the two configurations, which is actually part of the mathematical definition of K-homology, too, as

we will see next.
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What we should immediately notice is the close relation between spin®-
cobordism and (complex) K-homology. Analogously, spin-cobordism and KO-
homology are very similar as the definition of KO-homology is the same as for K-
homology once we exchange spin®- for spin-structure and complex vector bundles

for real vector bundles.

4.4 Connection between cobordism, K-theory
and K-homology

The fundamental results by Anderson, Brown and Peterson [135] allow us to under-
stand the connection between spin (spin®) and /{;O—homology3 (k-homology) at a
more precise level. While the results become even more potent in context with the
Adams Spectral Sequence as we will see at the end of this chapter, we can already

point out the decomposition of spin-cobordism groups into ko-homology groups:

Theorem 4.4.1 (Anderson-Brown-Peterson [135]). Spin-cobordism at the prime 2 is iso-

morphic to the following shifted ko-homology pieces
QP (X )5 ~ kon(X)3 @ kon_s(X)3 @ kop_102)(X)3 @ ... . (4.34)

The subscript 2 denotes localization at the prime p = 2, which means for an
Abelian group G-
Gy = lmG/2". (435)

For G = Z this gives us the 2-adic integers for example.

Often times though this is enough to determine parts or even all spin-cobordism
groups as higher p-torsion is usually very sparse. For example, Milnor showed that
Q5Pin (pt) lacks odd torsion [136] and therefore the decomposition (4.34) gives us the
full result for X = pt.

A very similar result holds for spin®-cobordism and complex k-homology

Theorem 4.4.2 (Anderson-Brown-Peterson [135]). At prime 2 spin® cobordism is iso-
morphic to k-homology terms shifted in degree:

QP (X )y = @D ka(X); @ T(X), (4.36)
4An(I)

3W€ use the ]OWCTC'ASC notation to denote the connective version O{: K—homology meaning th}l[

groups with negative dimension are Vzmishing.
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wheren(I) := )", i is the sum over an ascending collection of integers iy, I = (i1, ..., 1))
and we have abbreviated the part based on the Eilenberg-Maclane specorum HZy as T'(X),

which can be understood additively.

Based on this [137] calculated Q577 (pt) for n < 59. The first non-trivial contri-
bution of T'(pt) comes in dimension 10. Alternatively, we can determine Q5P (pt)
through the isomorphism Q37 (pt) ~ Q5P (CP>) = QP (BU(1)) [1251.

Away from the localization at p = 2 Hopkins and Hovey [138] constructed a map
between Q9P (X) and KO, (X):

Theorem 4.4.3 (Hopkins-Hovey [138]). There exists an isomorphism of rings
QZP(X) @gysvin ) KOL(pt) = KOL(X). (4.37)

And analogously, they showed an isomorphism between QP (X) and K, (X)

as well:

Theorem 4.4.4 (Hopkins—Hovey [138]). There exists an isomorphism of rings

QP (X) ®gsine ) Ka(pt) = Ko (X)) (4.38)

(pt)

Both of these are based on the natural homomorphisms, the Atiyah-Bote-Shapiro
orientation [139] provided by the maps we denote as o and Todd genus a. as a place-
holder for now:

o QP (pt) — KO, (pt),

o (439)
o s QP (pt) — K, (pt).

Explicitly, the two ABS orientations at fixed degree n are given by the Todd genus,

i.c.the index of the Spinc Dirac operator

ol ([M]) = Td(M) = / £,y (M) (4.40)

M

and by the index of the Dirac operator on M, respectively [140]

( A(M) n = 8m,
A(M)/2 n = 8m +4,
an([M]) =< dimH mod2 n=8m-+1, (4.41)

dimH" mod2 n=8m+2,

0 otherwise,
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where A(M) is the A genus and H (HY) the space of (positive) harmonic spinors.
We discuss the construction of both the A genus and the Todd genus in appendix D.
Since these invariants detect the cobordism subgroups equivalent to the K-theory
groups, this offers a unique window into quite a lot of interesting cobordism groups
through a K -theoretic lens.

We have now related cobordism to K-homology, but what about K-theory and
K-homology?

Based on the the well-known Poincaré duality for the integral (co)homology of a

connected, compact and oriented manifold X (sce e.g. chapter 20. of [121])
H"(X) ~ Hp_n(X) (4.42)

we would expect something similar to hold for K-theory and K-homology. And in-
deed such a genera]ized Poincaré duality can be defined for both Comp]ex and real

K-theory. The two isomorphisms are
K™™(X) ~ Kin(X), (4.43)
if the k-dimensional manifold X is K-oriented, and
KO™(X) ~ KOy, (X), (4.44)

if the k-dimensional manifold X is K O-oriented [127]. Moreover, K -orientation and

K O-orientation are in one-to-one correspondence with spin®- and spin-structure
[127].

4.5 Spectra and the Pontryagin-Thom construction

To extend and deepen the preceding part of the chapter we want to introduce spec-
tra, a much more encompassing framework to work with generalized (co)homology
theories. To this end we will follow the excellent introduction in [127] closely.

First off; a spectrum E is simply defined as a sequence {E,,, s, }nez, where E,,
are CW-complexes and embeddings s, : £E, — E,1; (with X E,, the reduced
suspension of E,, i.e. ¥E,, 1= SYA E,), such that X F,, is a subcomplex of E,, 1.

Then, we are able to define a subspectrum {F),, t,, }nez, such that F), are sub-

complexes of £, and t,, : X F,, — F, . is the appropriate restriction of s,,.
P n n n n+1 PPTof n
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This has a remarkably powerful consequence that is actually the basis of the next
section, namely filtrations. For this purpose we take a family of subspectra { E(7) }
of E and create another subspectrum of E as |, £(¢) by means of (|, £(7)), :=
\U; £(i). Then a filtration of a spectrum E is defined as the family

{--.CEG@)CE({i+1)C---CE} (4.45)

with each E(7) being a subspectrum of E and finally | J E(i) = E.
Furthermore, one can define for a spectrum X a spectrum X% X by taking
(X*X), to be Xpyp and s,qp @ B(EFX), — (*X),41. From this we can con-

struct the so-called suspension spectrum X°°X | such that:

pt forn < 0,
(5%X), = (4.46)
XX forn > 0.

The smash product with which we constructed the spectrum itself is also meaningful
between a spectrum E and a CW-complex X, we denote by E A X the spectrum
based on { E, A X} and analogously X A E := {X A E,, }".

Now, we get to the most important point of this section. Based on the Eilenberg-
Steenrod axioms one can show that every spectrum yields a (possibly generalized)
(co)homology theory. A (generalized) homology theory of X G, (X)) based on a spec-
trum F is defined as

Gn(X) :==m(E N X) (4.47)

or equivalently as homotopy classes G,,(X) := [E"E, X]. Consequently, a (general-

ized) cohomology theory is defined based on the cohomotopy groups
G(X) == "(E A X) = [X,S"E]. (4.48)

Then for any spectrum E G, and G*. As an example, we can demonstrate the power
of Eilenberg-MacLane spaces in yet another context. Let’s consider the spectrum
H7?, such that

Z forn = 0,
m(HZ) = (4.49)
0 for n #£ 0.

* Correspondingly, one can also define smash products of spectra, on which we do not expedite
here. We directly refer to chapter I, section 2 in [127].
> This can be worked out analogously for any other Abelian group.
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Then this spectrum defines a homology theory:

__ Z forn =0,
HZ,(pt) = HZ,(S°) = m,(HZ) = (4.50)
0 forn # 0,

where HZ, (89) is the reduced homology theory. By applying the Eilenberg-Steenrod
axioms one can show that this is just ordinary integral homology
HZ,(X) = H,(X,Z). Morcover, the Eilenberg-MacLane spectrum HZ can then

be expressed through Eilenberg-MacLane spaces as follows:
H,(X,2) = m(HZ A X*) = lim m (K (Z, k) A XF). (@5)
—00

Analogously, we can define ordinary (integral) cohomology through the Eilenberg-
MacLane spectrum HZ.

Finally, we would like to express our three generalized (co)homology theories by
using spectra. For complex and real K-theory, the spectra are denoted K and KO
respectively. The spectrum of complex K -theory then gives us [127] for the homology

theory
K.(pt) = m.(K) = Z[t,t 7], (4.52)

where dim(t) = 2 and ¢ generates Bott periodicity, such that X2K ~ K. Equiv-
alently we get complex K-theory from the same spectrum by deploying the coho-
mology construction. The connective covering of K p : K — K works so that
(k) = Z[t] and p, : m, (k) — m,(K) is an isomorphism for n > 0. Similarly,
one gets the spectrum KO with 28K0 ~ KO and its connective version ko. The
story for cobordism equipped with a tangential structure requires us to construct so
called Thom spectra. Thom spectra were introduced by Thom [123] to construct the

spectrum M O corresponding to unoriented cobordism, i.c.

Q0 = 71,(MO). (4.53)

n

MO is constructed as a series of Thom spaces MO(n):
MO :={MO(1),MO(2),...}. (4.54)

The Thom space M O(n) is constructed by taking the universal vector bundle of

dimension n 7, — BO(n) and construct the Thom space

MO(n) = Th(yn) == D<1(7)/S (1), (4.55)
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where D<1(7,,) and S(7,,) denote the sub-bundle of 7, such that their fibers are the
unit disk and the unit sphere respectively. The inclusion O(n) 4 (n 4+ 1) can be

understood as the addition of a trivial bundle, such that
YMO(n) =Th(y, + R) = MO(n+ 1), (4.56)

which defines our spectrum. Now, this definition can be nicely extended precisely
through obstruction theory, which we introduced in section 4.2. This is known as the

Pontryagin-Thom theorem stating;
Theorem 4.5.1 (Pontryagin-Thom [123,141]). There exists an isomorphism

QB (X) > ma(MENX), (4.57)
where M & denotes the Thom spectrum corresponding to a tangential structure €.

Given a universal vector bundle of dimension n 7, — BG(n). These are pre-
cisely the maps we studied before when defining tangential structures. Let us for
example take G(n) = Spin(n) or Spin®(n), we can then define corresponding
Thom spaces MG (n) = Th(%,) with which we obtain the Thom spectra and get

our cobordism groups, e.g.

Qvin — (M Spin),

. (4.58)
QPin® — 7 (M Spin®).

As our final step in this Chapter on the mathematical background we have to
introduce the proper tools to actually compute these, to a physicist abstract looking,
objects, if we are not working with X = pt, but more general background spaces.

The tool we are talking about are spectral sequences.

4.6 Spectral sequences

Spectral sequences come in a wide variety of variants and applications. So let’s start
by recollecting the fundamental, shared properties loosely following the nice pre-
sentation in [142]. Since spectral sequences take such an important place in algebraic
topology, there are many more excellent textbook accounts, see for example [143,144].

For the Adams spectral sequence specifically [145] provides a brilliant introduction.
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Especially in the last few years spectral sequences have also spread in physics, in par-
ticular high energy physics, with a wide variety of different applications, see for ex-
ample these references [34,35,146-164].

The aim of deploying a spectral sequence is usually to calculate some object G,
which in our case will be a (generalized) (co-)homology theory, like a K-theory vari-
ant or some cobordism theory, which satisfy the Eilenberg-Steenrod axioms (see ap-
pendix A) except for the dimensionality axiom.

First, we are restricting ourselves to computing a homological object, which we
denote by a lower index. The central idea to a spectra] sequence is then to approxi-
mate G, through a series of steps getting closer each step. Ideally, this requires just a
finite amount of steps. To this end, we require our object G to be filtered (bounded

below), i.c. we can define a series of sub-objects organized in the following way:
{0} =F.1G. D FyG.D---DF,G. D DG,. (4.59)

This filtration can be used to define the so called associated graded vector space as

an approximation to G,

Epvq = FpGp+q/ Fp—le+q . (4.60)
Then we can get G, by summing over p, the filtration degree, and ¢, a complementary
degree:
Gon= P Epq (4.61)
p+a=n

Now, a spectral sequence consists of a sequence of differential bigraded vector spaces,
which means that we have 7 € N bigraded vector spaces, called pages, £} . For all
the connective versions of our (generalized) (co-)homology theories first quadrant
spectral sequences, i.e. p,q > 0, would be sufficient for our computations, since in
our cases 1 is just the dimension. For full K-theory we have to loosen this require-
ment and can not restrict the sign of n. Due to the critical dimension ofstring theory
we don’t need to calculate to arbitrarily high n for our applications, though.

As we outlined we also want these bigraded vector spaces to be differential, i.c.
we equip them with a linear mapping within a spectral sequence page d, : E) , —

E’!’

7, g+r—1> where we call the linear map d,. differential because of its property d, o

d, = 0. Then we can calculate the next page in the following way:

E’I“+1 — kcr d’r : E;vq _> E;—T’,(H‘T’—l (4.62)

Y20l . . LT r
imd, : Ep+r,q—r+1 — F g
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In certain instances, e.g. the Adams spectral sequence for unoriented cobordism [160]
or the Atiyah-Hirzebruch spectral sequence for complex K-theory [148], the authors
were able to assign a clear physical interpretation to the differentials. Generically,
the physical interpretation is tied to tachyonic behavior, i.e. the differential cells us
about the physical instabilities that our theory has in order to arrive at the true stable
description Gy, from some approximation G}, = @, ,_ ,, &, ;- We have visualized
the second page of such a homological spectral sequence and its differentials in the
figure below 4.3. We assume some non-trivial differentials, which are killing the en-

tries they are acting on completely (green), reducing them (orange) or acting trivially

(black).

2
E3 4 E4,4
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~

E
Eo 3¢ E1 3€\E2 3€\E2 , Ei:s

~
S~

0,4 ¢~ E1 Ao E24\<
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o 1 2 3 4 5
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Figure 4.3: Example of a second page E? of a first quadrant homological spectral
sequence and all possible dy differentials. The non-vanishing dy are shown by orange

and green arrows.

After having evaluated the action of the differentials we can then look at the
third page, where we use orange, green and black colors to indicate which kind of
differential led to the respective entry on the third page 4.4. We notice that there
are way fewer non-trivial differentials possible, since a bunch of entries are zero and
therefore cannot facilitate any non-trivial differentials.

Coming back to our introduction to spectral sequences, suppose G has a filtra-

tion and we converge to an “infinity page", the endpoint of our spectral sequence,

B, = FyGyia) Fp1Gpig, (4.63)
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ES:M\@?A . B3, Ej,
0 Ef3-E33-LEi; O
B3, 0 0 TE},E]
0 0 B2,
Eoo  Eiy 0
0 1 2 3 4 5

S —~ NN W A~ G

Figure 4.4: Third page E* of the same spectral sequence and all possible d3 differen-
tials. The green differentials have (co-)killed the page elements they were acting on,
while the orange ones let them partially survive. The black elements, on which no

differential acted, carried over intact to the next page, i.c. E;’q =~ Ez "

which is our approximation to G.. Fina]]y, since going through inﬁnite]y many pages
isn’t tractable, we want to focus on spectral sequences collapsing at some page r = IV,
such thatd, = Oforr > N. In physics applications this is usually achieved by taking

a finite upper dimension, such as the critical dimension in string theory. Then
N ~ N+1 ~ ~ [ee)
EN, 2 BNl 2 px (4.64)

Given, of course, the fixed input by choosing a certain GG, we have now reached a
stable configuration for the objects classified by G. As mentioned before, from a
physics point of view we have taken all possible decay channels (given the input) into

account.

(Dual) Cohomological Spectral Sequence

In many respects a cohomological spectral sequence is analogous to its homological
counterpart. The goal here is to approximate an object G* with a reversed filcration

compared to the homological filtration:
G*=F'G*> ... D F"G* D> --- D {0}. (4.65)

The cohomological spectral sequence then is again composed of a sequence of differ-

ential bigraded vector spaces EP*? with a differential d,. : EP7 — EPTH97"1 o0ing
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in the opposite direction of the homological differentials. A corresponding pictorial

depiction for a cohomological spectral sequence would look like this:

Ei, E?, Ei, Ei, EI,
o P Pz o)
B, EP, 7 ER, 7 ER,ER,
B, P ERERLVER,

2 DT~ 2 T 2 T 2
Eo,o El,O E2,0 E3,0 E4,0

0 1 2 3 4 5

S = N W A Ot

Figure 4.5: Examp]e of a second page E? of a first quadrant Cohomologica] spectra]

sequence and all possible ds differentials.

Extension problems

Besides determining the action of the differentials, there is a second major obstruc-

tion to determining the final result G, based on the necessary sum over the grading

Go= P Epq. (4.66)

prqg=n

called extension problem stemming from our usage of filtrations. The point is that

for each fileration degree p there exists a short exact sequence
0= Fp1Gpyqg = F,Gpig = FyGpiq/ Fp-1Gprg = 0 (4.67)
and simultaneously we have
B = FpGpig) Fp1Gpig. (4.68)

Since we consider a filcration, which is degree-wise bounded, at least we only have
to worry about finitely many such problems. Consider the simple example in de-

gree n = p + ¢ = 2, where we have three entries £55, E79 and Eg5. Due to the
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boundedness the short exact sequences can be reduced to just two

0— Egy > E— E75 —0,

0—>F—>F—E,—0,

(4.69)

where E' is the extension of B by EgS, which we denote e(EDS, Eg%). Corre-
spondingly, Fis a nested extension of 55 by e( T, E5%) so e(E5Y, e(ETS, £5%)),
whose notation we will shorten to just e(ESG, ETS, E§%). A cohomological spectral
sequence, which is degree-wise bounded analogously runs into the same type of ex-
tension problems. We are going to deepen the discussion of extension problems in
appendix E a bit.

With this short introduction to the notion of a spectral sequence we will now
move on to a concrete example, the Leray—Serre—Atiyah—Hirzebruch spectral se-

quence (LSAHSS), which is one of the main tools we will be working with.

4.61 The Leray—Serre—Atiyah—Hirzebruch spectral sequence

As the Leray—Serre—Atiyah-Hirzebruch spectral sequence (LSAHSS) we understand
a tool for calculating (generalized) (co)homology groups G (X) (G*(X)) based on a

Serre fibration, i.e. a fibration
F—X25%B, (4.70)

where F and B are fiber and base respectively and B is a path-connected 7o(B) = 0
CW-complex, such that F}, and F}y are homotopy equivalent for b, b’ € B. For this
section we follow the presentation in [165] from which we also adopt the slightly
cumbersome naming convention®. We also need to distinguish the case, where B is
not simply connected (1 (B) # 0), since we would get G, as some Z[71 (B)]-module
in such a case. In this thesis we will not encounter a case of this type, then we get the

following spectral sequence in the homological case
Ez,q = HP(Bi Gq<F)) = Gp+q(E) . (4.71)

and
EPY = HP(B; GY(F)) = G"(E). (4.72)

®This convention is used to accredit both the work by Leray and Serre on the spectral sequence
computing (co)homology groups H, (X) (H*(X)) and Atiyah’s and Hirzebruch’s extension to gen-

eralized (co)homology groups, but with a trivial fibration.
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in the cohomological case.

In the homological case the spectral sequence is built upon a filtration of the form:
F,G, = Im(Gn(ffl(Bp)) — Gu(FE)), (4.73)

where f : E'— B and BP is the p-skeleton of the CW-complex of B. The cohomo-

logical version on the other hand is built from the filtration [115]
FPG" = ker(G"(E) — G”(Ep_l)) ) (4.74)

In the next chapter we will use the homological AHSS to determine the cobor-
dism groups Q% (X) and the cohomological AHSS for real and complex K-theory
groups KO™(X) and K7"(X), with X a compact manifold of dimension up to
ten. We will specialize to particular choices of X, which very common string theory
backgrounds, namely X = {S* T* K3, CY3}, with a cobordism structure groups
£ = Spin, Spin“.

Edge homomorphisms, vanishing differentials and trivial fibration

Here, we would like to further exploit the boundedness of our filtration underly-
ing the LSAHSS. We first consider differentials starting or ending on edges beyond
which the page entries vanish and thereby the differential does, as well. For a gen-
eral first quadranc homological spectral sequence differentials starting from £ ,, and
differentials ending on EJ ; necessarily vanish. Again because of the short exact
sequences from the filcration we get two homomorphisms (see for example section

XV.5. in [166]):

B2 — Gy,
(4.75)
G, — E2,
For the cohomological version everything reverses again:
n,0 n
Ey” — G",
0 (4.76)
G" — E;".

Now, applying this to the LSAHSS based on the general Serre fibration F' — X —
B the first edge homomorphism becomes [165]:

Gn(F) = Ho(B; Gy(F)) = Ej,, = Eg5, — Gu(X), (4.77)
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which equals the map between G, (F') and G,,(X) based on the inclusion map F' —

X. The other edge homomorphism consequently takes the form:
Gn(X) — Ei,o = H,(B; Gy(F)). (4.78)

The first homological homomorphisms becomes especially powerful, if we con-
sider trivial fibrations, and we can use it to rule out a bunch of differentials.

To see this consider the trivial fibration
pt— X S X. (4.79)
The inclusion pt < X is split by the constant map X — pt, implying that
Gn(pt) = G,(X) (4.80)

is a split injection (G again being a generalized homology theory). Choosing now

F = ptand B = X in (4.77), one should recover the split injection (4.80) and thus
Ej, = EgS,. (4.81)

This is nothing else than the splitting principle we saw for example already for K-
theory (4.7) appearing within the spectral sequence. Here this has a strong imprint,
since in this case the entries on this edge have to survive to the final page and any

differential acting on them,
d":E, = E§ 1 (4.82)

has to be trivial. This observation greatly simplifies the calculation of the related
spectral sequences and will have a direct application in the upcoming computation
of cobordism groups. Because of the reverse direction of the differentials in the co-
homological case the second homomorphism leads under a trivial fibration to trivial

differentials starting from £ ,,.

4.6.2 The Adams spectral sequence
While the LSAHSS is an extremely versatile tool to compute K-theory and cobor-
dism groups, for some of the groups we are interested in this is not quite enough. For

example, in chapter 6 we are going to determine Q5P (BSs(32)). The main tool of
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choice for us to achieve that will be the Adams spectral sequence’. While this spectral
sequence was invented to compute the stable homotopy groups of the spheres, i.c. for
the spectrum XS0 it is also particularly useful for the calculation of generalized
homology theories by calculating the homotopy groups of the associated spectrum.
However, the input necessary to fill the second page of the Adams spectral sequence
might be tougher to attain than for the LSAHSS.

In general terms Adams [167] devised the following spectral sequence:
Ey' = ext (H'(X,Z,),Z,) = 7 s(X)p, (4.83)

where A denotes the Steenrod algebra and the index D again denotes localization at
the prime p, i.e. for an Abelian group G = limg G//p®. While we will refrain
from giving an extensive introduction to the Steenrod algebra (and its subalgebras),
we will collect some useful information about the Steenrod squares and the algebra
they generate in the appendix C. The differentials in the Adams spectral sequence
are slightly different from the ones we introduced in the above sections, namely the
differential d, has grading (r,7 — 1). Now, for the computations in this thesis it
turns out we can just focus just on the 2-torsion part as we will proof later on. So
for concreteness, we will focus on the p = 2 case, while we should keep in mind
that in a different case all odd primes p might become important. Here, by utilizing
the Anderson-Brown-Peterson decomposition [135] we can express spin cobordism
in terms of connective ko-homology at the prime p = 2 (4.34). This means that as a
first step we need to calculate the connective ko-homology of BS's(32). In particular,
the calculation of real connective k-homology ko, (pt) = m.(ko) or more generally

ko.(X) = 7. (ko A X) simplifies due to work of Stong [168]:
H*(ko,Zy) = A @4, Zs . (4.84)
We get by change of rings, see for example [145]:
Ey' = Ext (H(X, Zs), L) = kor—s(X)s. (4.85)

Unfortunately, the mod 2 cohomology of the classifying space of the SemiSpin
group H*(BSs(4n), Zsy) (specifically for BSs(32)) is not fully known. However,

7 We are going to use the Adams spectral sequence for a simple example, namely QSpin (CPy),

already in chapter 5.



86 4. Mathematical Tools

since we are only interested in the cobordism groups up to dimension n = 12, it
will suffice to calculate H*(BSs(4n), Zs) up to degree * < 13. In particular, to
set up the second page of the Adams spectral sequence we will need to determine
the Steenrod operations within H*(BSs(4n), Zs) in order to get the structure of
H*(BSs(4n),Zs) in terms of Aj-modules. Before we tackle this question let us
introduce a couple more useful concepts related to the Adams spectral sequence,

which will be of importance in the following.

From H*(X,Z) to Ext‘x (H*(X,Zsy), Zs) — The second page of the Adams spec-

tral sequence

Suppose that we have determined the Steenrod algebra for H*(X, Zs). As we will
be interested in spin cobordism the subalgebra A; is sufficient due to the power
of Stong’s theorem and the ABP decomposition (with the absence of odd primes).
To tailor this introduction towards our subsequent applications of the methods we
are mostly focusing to A;. In order to fill the second page of the Adams spectral
sequence, which means that we want to determine Extiitl (H*(X,Z3),Zs)). Hence,
we need to recollect some facts about Ext' (M, N) and especially how to get

Exti’lt1 (H*(X,Zsy), Zs) from the A;-module structure of H*(X, Zs). Again, we re-
fer to [145] for a more general discussion of this topic as we will keep this part concise.
Extjét(M, N) can be understood as equivalence classes of extensions with s > 1. An

clement of Ext3' (M, N) then represents the following extension:
0N P —---=>P, —-M-=0, (4.86)

where X'V denotes the t-th reduced suspension of N, both M and N are R-modules
and P is a filcration of M. We further discuss Ext-groups (specifically for R = Z
and no filtration) in E applied to the extension problems arising in the LSAHSS. Let
us first introduce the two most important classes in Ext 4, (Za, Z2) that are conven-
tionally used to depict the second page

Ext’ (H*(X, Z3), Z5)). These are hg = Ext; (Z,, Z5)

0 — N7y — S H*(RP?, Zy) — Zo — 0 (4.87)
and hl = EXtiﬁ (ZQ, ZQ)

0— X%Zy — N 2H*(CP?, Zy) — Zy — 0. (4.88)
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The usual convention is to use coordinates (t — s,s) for all of the pages of the
Adams spectral sequence, such that each homotopy group m;_s(X) can be read off
as a column on the infinity page. Each Zy summand within Exti’lt1 (H*(X,Zs),Z2))
amounts to a dot on the second page, while hg’s are vertical lines raising s and ¢ by 1
and hy’s are diagonal lines raising s by 1, while ¢ gets raised by 2. There are two more
classes of Ext 4, (Zs, Zs), which are customarily not depicted to avoid cluttering the
Adams pages, namely v of degree (7, 3), whose action raises s by 3 and ¢ — s by 4,
and w of degree (12, 4) raising s by 4 and ¢ — s by 8. All of these actions have (geo-
metric) interpretations, e.g. as multip]ication by 2 in the case of hg or mu]tip]ication
by certain manifolds of appropriate degree in ¢ — s. We will go into more detail once

we actually utilize these properties.

. . t .. .
There are two major pathways to determine Ext%’ (A, N'): Minimal resolutions

and long exact sequences. Since for most of the Aj-modules M we are going to
encounter in H"(BSs(32), Zs) their EXtiitl (M, Zs) can be found explicitly in the
literature, we will try to kill two birds with one stone. We are going to explain the
long exact sequence method for the concrete example of RQ, an A;-module that can
not be easily found in the literature. A lot more information on minimal resolutions
can be found for example in Beaudry-Campbell [145], which we will follow in the

presentation Of‘ the long exact sequence method.

Below we include a depiction ofﬁig, figure 4.6. Since A is only generated by Sq
and S¢? the different nodes are connected by just two types of lines: straight ones
raising degree by 1 corresponding to S¢* and curved lines representing S¢?s raising

the degree by 2.

Consider the exact sequence of (in our specific case) A;-modules:

0—33Cn—Ry—J—0, (4.89)

which we depict as 4.7.
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Figure 4.6: The A;-module — R,

Figure 4.7: Exact sequence for Rg

Now, this exact sequence leads to this dual long exact sequence

—>EXtA J Z2 — EXtA RQ, ZQ — EXtA 2307], Zg)) (4.90)

xt’y (T, Zs)) — Ext® M (Ro, Z,))

By splicing our exact sequence (4.89) into the extension corresponding to
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Extiitl (A1 /&1, Zs) we extend it to

0—-%Z P - -+ sP,——— Ry =P, 1 —J—0. (4.91)

N

¥3Cn

Therefore, we can understand § as mapping elements in Exti’é (33Cn, Zy) to their
boundary representative in Extxl’t(J, Zs). Since we know Ex‘ciit1 (X3Cn, Zsy) and
Extx (J, Zy), see for example [145], we can get Extiii (Ry, Zs) as well. To represent
the Ext-functors we transition to the so called Adams charts, which use the same
conventions as the second page of the Adams spectral sequence. A key difference is
that we want to track the effect of our boundary map 4, which can be understood
as a differential d;. This is, of course, by definition never part of a second page of
a spectral sequence. The differentials d, in an Adams chart (on a page E, in the
spectral sequence) then go from a node at (¢ — s, 5) to (t —s — 1,5 + 1). So in our
example possible differentials go from nodes coming from %*C7 to nodes coming
from J. They eliminate all of the nodes connected via a differential. Keeping this in
mind we get the following Adams chart in figure 4.8, where we encircled all of the

nodes, which are not affected by a differential.

For the final result below in figure 4.9 we added an extension (dashed) not seen
through this speciﬁc exact sequence. There are two different mechods to see this
extension. Either by working with minimal resolutions, which can be a bit tedious,

or alternatively, we can look at the following exact sequence involving Ro:
0— X%y - A — Ry — 0. (4.92)

Since we know the Adams charts for Zy and Ay, one can get Ry as well, albeit without

the extension problem.
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A\ N\ N\
E ./\

o 1 2 3 4 5 6 7 & 9 10 11 12 13

Figure 4.8: Adams chart for Ry extension including ¢

o 1 2 3 4 5 6 7 & 9 10 11 12 13

Figure 4.9: Final Adams chart for Ry extension
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4.6.3 The Eilenberg—Moore spectral sequence

Since we need the mod 2 cohomology of the classifying space of the SemiSpin(32)
group BSs(32) to fill out the second page of the Adams spectral sequence, which
has not been fully determined in the literature yet, we need a tool to compute this
mod 2 cohomology from something we already know. Luckily, the so called Eilenberg-
Moore spectral sequence [169-171] provides a way to compute the mod 2 cohomology
of the classifying space of a compact Lie group BG from the mod 2 cohomology of

the Compact Lie group:
Eg = COtOTH*(SS(32)7ZQ)(ZQ, Zg) — H~* (BSS(TL), Zz) . (493)

First, let’s quickly introduce the Cotor functor Cotorg(M, N) following [121]. The
construction of the Cotor functor is similar to the Ext functor, which we have just
encountered as a primary ingredient of the Adams spectral sequence. We start with
the cotensor product for a right comodule A and a left comodule B over C. Witch a

coalgebra C' we define the cotensor product between A and B as:
Ach = keT(QSA@idB—idA@gbB), (4.94)

where ¢4 : A =+ A®Cand ¢p : B — C'® B are the respective comultiplications.

Then considering the following injective resolution for A with comodules A, over C
A—Ag—> A — .. A, — ... (4.95)
we can introduce the following series of cotensor products:
AoOcB —- A 0cB—---— A,0cB— ... (4.96)
Finally, the Cotor functor is now the cohomology of this resolution

Cotors(A,B) = H"(AgOe B - A 0¢B — - — A, 0B — ...).
(4.97)
For the spectral sequence itself there arises another index ¢ from the fact that A,
B and C' can be graded, such that P, Cotorg;?(A, B) = Cotorg,(A, B). In our
specific spectral sequence (4.93) C' = H*(55(32), Z2) introduces the grading. While

the Eilenberg-Moore spectral sequence is a fair bit more general, we will focus on
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a particular application, which was expounded in [170]. Rothenberg and Steenrod

proved that there is a convergent spectral sequence:
Ey = COtOI"H*(GZQ)(ZQ, ZQ) — H~* (BG, ZQ) . (4.98)

The underlying idea here is that we can build an injective resolution for a classifying
space BG through the group G itself, by constructing G-invariant closed subspaces
of BG. We recapitulate that BG = EG/G, where EG is constructed by Milnor’s

construction as the limit of joined G-spaces, i.e. EG = G * G x .... Now, by first
considering
EG,=GxG~*... (4.99)
+1 times

we can then construct a fileration {BG,,}, where BG,, is the projection p(EG,,)
associated to the universal bundle p : EG — BG. This fileration is underlying
the Rothenberg-Steenrod variant of the more general Eilenberg-Moore spectral se-
quence. We will close our short introduction to the Eilenberg-Moore spectral se-
quence here and point to chapter 7 and 8 in [142] for a much deeper discussion of the

topic.



Dimensional reduction of Cobordism

and K-theory

In this chapter we want to explore the meaning of including finite dimensional back-
ground manifolds X into cobordism groups, i.e. Q%(X), and their interplay with
the Cobordism Conjecture. In particular we are going to focus on gauging the non-
trivial cobordism groups. To this end we are going to build upon the proposal [32]
that the gauging of spin and spin® cobordism groups crucially involves the Atiyah-
Bott-Shapiro map to KO- or K-theory respectively. Moreover, they argued that the
familiar tadpole cancellation conditions for Dp-branes amount to gauging the cobor-
dism groups in the co-image of this map.

We are going to notice that 25(X) seems to account for the proper cobordism
groups under dimensional reduction. The concept of dimensional reduction is ubiq-
uitous in String Phenomenology and the Swampland Program as at low energies we
want to have a four dimensional EFT to match with our observed universe at such an
energy scale. Dimensional reduction should be clearly distinguished from just com-
pactification as in the lacter case we still working with a ten dimensional description
albeit with a partially compact space-time.

To set everything up, we are first going to discuss the dimensional reduction of
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symmetries. Next, we will turn on the spectral sequence machinery for the first time

to compute the necessary cobordism and K-theory groups.

5.1 Dimensional reduction of symmetries

Before we delve into the mathematically more involved evaluation of cobordism and
K—theory groups under dimensional reduction, it is instructive to review how dimen-
sional reduction is usually performed in (co)homology. This will help us appreciating
what we really gain from using the description in terms of cobordism and K-theory.

Let us consider an effective field theory in general d dimensions, where of course
we have the critical dimension d = 10 in mind. Suppose we have a continuous
global p-form symmetry with a field A, then there exists an corresponding current
Jn = dA, withn = d — p — 1. We have already seen both options, gauging and
breaking, to rid the theory of such a global symmetry, which is incompatible with
quantum gravity.

When performing a dimensional reduction over a compact space X, we need to
expand the currents and gauge fields, in a cohomological basis of X. This works as
follows, see for example Appendix B. in [23] for a concise introduction: Let’s take a

p-form field A, and expand its components in coordinates:

1

Ap = —Am,.m, (x)dx™ N - Ndz™ (5.1)
p!

with the antisymmetrized exterior product A. Of course, this entails that the exterior
product of a p- and a g-form behaves as A, A B, = (—=1)P"B, A A,. The familiar
exterior derivative d, satisfying the usual requirement for a differential d o d = 0,

maps of course a p-form to a p + 1-form:
dA, = Z%8,710141,7“”_,%(x) dr™ Ndz™ A ---ANdx™ (5.2)
Now, we want to look at two classes of p-forms:
« closed p-forms A, such that dA, = 0,

« exact p-forms A, = dB,_;.
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By definition, exact p-forms are always closed, but this doesn’t hold generally in the
other direction. Since we would like to treat currents J,, arising as an exact form

from a gauge field A, we construct the equivalence classes:
Ap ~ Ap + dBp,1 . (53)

It should not surprise us that we can build a cohomology theory out of that. The
quotient of the set of exact p-forms on a space X I'?(X) by the set of closed p-forms

on X II7(X) gives us so called de Rham cohomology:
Hgp(X) = IP(X)/TIP(X). (5.4)

In fact, de Rham cohomology can be shown to be isomorphic to conventional singular
cohomology with real coefficients. This isomorphism is known as de Rham'’s theorem,
see for example chapter 0 in [172]. The meaning of this isomorphism sometimes
appears to be obscured in the physics literature. Often times, it is stated that the
p-form fields or currents take values in singular cohomology H?(X, R). By looking

at the actual map from de Rham to singular cohomology

H?,(X) — HP(X,R)

(5.5)
e f

we see that we have mapped our current class to its charge ) by integrating over a
representative M of the homology class [M] € H,(X,R).

Once we quantize however, the Dirac quantization condition, we have already
seen in previous chapters, will impose charges to be constrained to some lattice, and
thus one has to consider integral cohomology. To be more specific, we are consider-
ing the torsion-free integral cohomology to keep things simple, H?(X, Z)/Torsion.
However, it is not on]y the Charges and the cohomology theory, they take values in,
that gets modified by quantization. The currents and p-forms also adapt and then
take values in differential cohomology HP(X) as constructed in [173], also known
as the groups of Cheeger-Simons differential characters [174] or Deligne cohomol-
ogy [175]. For a lot more background and the eventual uplift to generalized cohomol-
ogy theories please have a look at [176].

In the following we are sidestepping these issues a bit, as we are ultimately inter-
ested in charges valued in cobordism and K-theory groups, which are quantum grav-

itational refinements of integral (co)homology. So we are taking the current classes
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[J,,] eventually mapped to H?(X, Z)/ Torsion, such that the charges Q,, = [ *J,
are quantized in a free Abelian group (Torsional charges valued in some Z,-group
would not arise from the conventional continuous p-forms, which why we are focus-
ing on just the free part).

Let us now dimensionally reduce the theory on a compact k-dimensional space
X. We obtain a lower D = d — k dimensional effective theory inheriting global
symmetries from the upstairs, higher dimensional theory. In general, a given p-form
symmetry in D dimensions can receive contributions from different (p + ¢)-form
symmetries of the d-dimensional theory. To these contributions we associate currents
Jntm, now withp = D —n — 1 and ¢ = kK — m, wrappingm = 0,1, ..., k cycles
in X and extending along n directions in the non-compact space.

To expand our objects properly, we choose a basis in (torsion-free) integral coho-
mology, Wimya € H™(X;7Z), wherea = 1,..., by, with b,, = dim(H"™(X;Z)) -

the Betti numbers. Then, we can decompose the current classes as

bm
[ dnim] = D _[#55) A Wma - (5.6)
a=1

Thus, p-form symmetries in the dimensionally reduced theory of D dimensions are
tied to the set of currents [*jr(bm)a], fora =1,...b, andm = 0,...,k. Since we
are performing an expansion in cohomology, we see that if the currents *.J, 4, are
closed, d * Jy, 11 = 0, they produce a whole global p-form symmetry (charge) lattice

in D dimensions, corresponding to the lower dimensional current classes
dxjme =0, Va=1,...b,, Ym=0,.. k. (5.7)

Breaking or gauging global symmetries in the d dimensional parent theory leads
to a cascade of lower dimensional broken or gauged symmetries Organized in a lattice
drawing back from the original theory. Similar to the currents classes themselves the
defects, signified by delta functions, or gauge fields are to be expanded in differential
cohomology, but after integration we also have to map to integral cohomology, in
which we are formally expanding.

n—+m-+1

To break the currents *J,,,, we need forms 8¢ ) in the d-dimensional the-

ory such that d * J\p = 6™ HD(A L) # 0, withp+g=d—n—m— 1L
These forms represent defects living on a product manifold A, , = II,, X £, in the

d-dimensional space, where 11, is a p-dimensional slice of the non-compact space,
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while we take X, to be a g-dimensional homological cycle of X. To break the global
symmetry in the downstairs D-dimensional theory, we take p = D —n — 1 and
q = k — m, such that the defect in the dimensionally reduced theory has codimen-
sionn + 1.

We can then formally expand in cohomology
bm
SN (A g) =Y L) ™ A winya. (5.8)
a=1

Thus, from any defect 6™+ in d dimensions we generate a lattice of codimension
n+ 1 defects in D dimensions, ™+ (TL,) ™2 They can be used to break the lactice
of global currents (5.7), i.c.

d *jr(Lm)zz _ 6(n+1)<HD_n_1)(m)a 7é 07 (59)
where again this is really a set of equations fora = 1,...b,, and m =0, ... | k.

To gauge the currents *.J,, 1, we need gauge field strengths B, 4y,—1 in the d-
dimensional theory such that J,,1,, = dB,1m,—1. The dimensional reduction of
these Bianchi identities can be performed in analogy to what was previously done.

One thus finds a lattice of (n — 1)-form field strengths b;m_)la in D dimensions which

. ~ -\m)a .« . .. .« .
are gauging the n-form currents *37(1 ) , thus giving the Bianchi identities

wjime — gpme. (5.10)

n

The integrated version leads to a tadpole cancellation condition as the integration
leads to a vanishing total charge [}, dbgﬁ)la = 0.

Next, we are computing the cobordism and K-theory groups for a set of exem-
plary background spaces and will demonstrate, that they show this same pattern for
dimensionally reduced broken and gauged symmetries on X. We will see that the de-
scription in terms of cobordism and K-theory provides by itself an organizing princi-
ple for the various symmetries in the dimensionally reduced theory, something which
is not transparent from the above analysis. Indeed, contributions to a given (broken

or gauged) p-form symmetry in D-dimensions and its corresponding charged objects
will be encoded into K~"(X) and Qifﬁc (X),forp=D —1—nandn > 0. We
will see that for —k < n < 0 the corresponding D-brane, respectively gravitational

soliton, does not consistently fit into the D-dimensional space so that there does not
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exist any obvious physical interpretation of the cobordism and K-theory groups. We
will provide some ideas on a possible, rather offbeat interpretation of these groups
in string theory. For type I, we have a similar story for Q?«TZ(X) and KO™™(X).
This behavior under compactification gives further support to the interpretation of
K-theory and cobordism groups as higher-form charges in an effective field theory.
As said, the above analysis was the classical dimensional reduction using (the dif-
ferential uplift of) singular (co)homology without torsion. Therefore, all objects in
D-dimensions are the result of a naive dimensional reduction along homological cy-
cles in X, nothing is lost and nothing new arises in D-dimensions. However, the
appearance of torsion through the refinement to generalized (co)homology theories
can open up new decay channels of non-BPS branes, and it is known that new stable
torsion branes can appear on X, even if they were not present in d dimensions. Ad-
ditionally, non-trivial extensions can lead to fusion of branes, where instead of two
objects valued in two separate groups they form a single object, whose charge lives in
a single group. Morcover, for wrapped D-branes there can be quantum effects that
spoi] these simple (classical) expectations. For instance, some Wrapped branes can
develop a Freed-Witten anomaly so that they should actually not be present in the
D-dimensional theory. All these effects are taken into account by the description in

terms of cobordism and K-theory rather than (co)homology.

5.2 Application of the LSAHSS to cobordism

In this section, we employ our first spectral sequence, the homological variant of the
LSAHSS to compute cobordism groups Q5 (X)) for non-trivial k-dimensional spaces
X. We are considering the trivial fibration pt = X — X such that the LSAHSS to
determine 8 (X) needs just the homology of our set of background spaces and the

known cobordism groups of the point given in table 5.1 as input. The second page of

n\012345678910

BPin(pt) | Z Zy Zo O Z 0 0 0 2Z 279 37y
Pt | Z 0 Z 0 2Z 0 2Z 0 4Z 0 4ZDZy

Table 5.1: Spin and Spin® cobordism groups of the point up to n = 10.
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the the LSAHSS is given by
E}, = Hy(X; ). (5.11)

To avoid cluttering the expressions, in the remainder of this section we use the short-
hand notation Q4 (pt) = Q5. Note that we will only show the parts of the pages with
P, q < 10, as this is sufficient to study the manifolds of interest for physical applica-

tions.

5.2.1 Computing 5 (S*¥)

Before passing to higher-dimensional spheres, we start with the straightforward, yet
illustrative, compuration of 5 (S?). We present here the case where £ = Spin, while
the similarly computed results for £ = Spin® follow from the general formula (G.1)
proved in the the appendix G.

While a direct computation of H,(S?, Qgpin) is straightforward for low ¢, in gen-
eral one turns to the universal coefficient theorem (see for instance [121]), according

to which there is a short exact sequence

0— H,(S*7Z)® Qgpm — H, (5% Qgpm) — Tory (H,_1(S* 7Z), Qgpm) — 0.

(5.12)
Recalling the well known homology groups
7t =0,2
H,(S%Z) = o= (5.13)
0 otherwise
and the fact that H,,(5%;Z) is torsion-free, (5.11) directly evaluates as
. ) QSpin f — 0’ 27
B2, = Hy(S% Q™) = H (S z) g QFn = { "0 P (5.14)
0 otherwise.

Hence, the second page of the LSAHSS takes the following form pictured in 5.1.
We see that in the degree range we are considering there exist four differentials
that could kill some of the page entries. However, they all end on the first column
of the page and thus they vanish according to the edge homomorphism reviewed in
section 25 in accordance with the Splitting Principle (4.27). Thus, one can immedi-

ately conclude that qu . E;’q. From the third page, no differentials can act on the
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10[QP™ o Q" 0 0 0 10 322({322 0 0 0
9 Q™ 0 P 0 0 0 2, 0 2Z; 0 0 0
gl o o o 0 o 2 09z 0 0 o
7 QP 0 QP 0 0 0 710 0 0 0 0 0
6 | P 0 QP 0 0 0 6| 0 0 0 00 0
51 Q%P o0 QP 0 0 500 0 0 0 0 0
41 QP o0 Q" 0 0 T 4]Z 0 Z 00 0
3 Q5P 0 QP 0 0 0 310 0 0 00 0
2 | Q5P 0 Q5P 0 0 0 2 ZQ&ZQ 0 0 0
1P o QF o0 0 0 1| Zy, 07Zy 0 0 0
0| Qo Qe 0 0 0 Z{O\Z 00 0

0 1 2 3 4 5 0O 1 2 3 4 5

Figure 5.1: Second (and final) page of LSAHSS for Q5Pin(52),

page elements, as its degree would be larger than any possible difference of degree
between non-zero elements of the page. Therefore, Ez g = Ep5, and we arrive ac the

results in table 5.2.!

n\01 2 3 4 5 6 7 8 9 10

Qipin(S?)‘Z Lo e(ZL,72) Zy e(Zo,Z) 0 Z 0 2Z 27y e(27,3Z5)

Table 5.2: Cobordism groups Q5Pn(S2) n =0, ..., 10, up to extensions.

Let us now tackle the extension problems one by one. Our main tools are briefly

reviewed in appendix E.

« e(Z,Zy): Wehave Ext!(Z, Zy) = 0and thus there is only the trivial extension,
e(Z, ZQ) =7 @D ZQ.

- ¢(Zy,7): We have from (E.8) that Ext!(Zy, Z) = Z,. The two possible ex-

tensions are Z and Zg @ Z, so we need some additional input to select the ap-

"We denote by e(A, B) the extension of A by B as already established in our mathematical
tools chapter. It should be stressed that there isn’c a uniform convention, sometimes the opposite

convention is used e.g. in [151].
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propriate one. One simple strategy would be to use the splitting lemma (4.27),
which tells us that Q7™ (52) should contain a factor Q3P™ = Z. Unfortu-

nately such factor is present in both extension options, so we cannot draw any
conclusion. In appendix G, we show (indirectly) that for Qi(Sk) the extension

is always trivial, therefore even in this case €(Zy, Z) = Z @ Z.

. (27, 3Zs): We have Ext! (27, 3Z,) = 2Ext'(Z, 3Z,) = 5Ext!(Z, Zy) = 0,
so the trivial extension must be chosen, in accordance with the general proof

of appendix G.
We summarize our findings in the following table.

n\0123456789 10

OB | Z Zy ZOLy Ly Z®Ly O Z 0 2Z 22y 2L& 3L
Table 5.3: Cobordism groups Q5Pn(S2).

The calculation of Q5P (S*) for higher k proceeds similarly. Since the only non-
vanishing homology classes are Hy(S*;Z) = Hy(S*;Z) = Z and the universal
coefficient theorem applies, the second page for the trivial fibration pt — S* —
S* looks very similar to the one for 5%, with the non-vanishing entries along the
p = 0,k columns. The only possibly non-vanishing differentials are dj, but since
they end on the first column they vanish due to the edge homomorphism. Hence,
the computation proceeds exactly as before. For S the computation is even simpler,
since for degree reasons no differential can act. As explained at the beginning of the
present section, the fact that m1(S) # 0 does not concern us since we are using a
trivial fibration.

For the compuration of the Spin® cobordism groups Q5P (S*) one follows sim-

ilar steps. Now the second page is

Qgpinc torp=0,k,

0 otherwise,

Eziq = H,(S"; Qspinc) ~ H,(S"Z) @ Qspinc = { (5.15)
and the same arguments as for the Q3P (S*) compuration still go through. As proven
in appendix G, for both structures £ = Spin, Spin® the final result can be compactly

written as

QS (S*) = QS (pt) ® Q5 _, (pt) . (5.16)
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5.2.2 Computing Q%(T2)

For the two-torus, T? = S x S, we present the computation for both £ = Spin
and £ = Spin® in parallel. Starting from the known homology groups (recall the Betti

numbers of the torus by = by = 1, by = 2)

Z forn=0,2,
H,(T*Z)=1{ 27 forn=1, (5.17)

0 otherwise,

and using the universal coefficient theorem again (with vanishing Tor; group), one

can compute the second page

Qg for p=0,2,
B2, = H,(T% Q%) = H(T%Z) @ Q5 = { 208 forp=1, (5.18)

0  otherwise.

The second pages for the two structures £ = Spin, Spin® are shown in figure
5.2. For the Spin case we have four differentials which could be non-trivial, but they
vanish due to the edge homomorphism for the trivial fibration. For the Spin® case, no
differential can act for degree reasons. Hence, the second pages are in fact the final
pages and we have the results displayed in table 5.4, where we stick to the notation
e(A,B,C) =e(A, e(B,0)).

Two facts are crucial to solve the extension problem for these cobordism groups.
First, the extensions of all free Abelian groups are trivial. Second, e(mZ,nZ;) =
mZ. & nZy, since Extl(mZ, nZy) = 0. However, since EXt:l(ZQ, ZLo) = Za, we
cannot conclude anything about €(Zs, Zs), which is either 2Z5 or Zy. A similar
story applies for €(Zg, Z). Up to this point, our results are shown in table 5.5. Ac-
cording to the general proof given in appendix G, the remaining extension problems
should be trivial. Indeed, there we generically show that the cobordism groups of

k-dimensional tori have a simple decomposition,

k
AT =P (Z) Q. (pt), (5.19)

m=0

for a generic structure £, which can be taken to be Spin or Spin®. The binomial

coefhicient can be interpreted as the number of m-cycles on Tk
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10| 32y, 62y 3Zy 0 0 0

9 | 22y, 473275 0 0 0

s |2z 479 0 0 o

710 0o 0 00 0

6| 0 0 0 00 0

500 0 0 0 0 0

slz 22 7 0 0 0

300 0o 0 00 0

2| Zy. 22y Zy 0 0 0

| ZQ(%ZZ 0 0 0

ol z Z—z 0 0 0

0O 1 2 3 4 5
0| 4202, 8202, 4207, 0 0
9 0 0 0 0 0
8| 4z 87 AZ 0 0
7 0 0 0 0 0
6| 2z A7, 272 0 0
5 0 0 0 0 0
4| 2z i 97 0 0
3 0 0 0 0 0
2 Z 27 Z 0 0
1 0 0 0 0 0
0 Z 27 Z 0 0
0 1 2 3 4

Figure 5.2: Second (and final) pages of LSAHSS for Q5P (T2) (above) and Q5P (T2)

(below).

As we have just seen things become more difficult the more structure the back-

ground manifolds we employ have. For this reason we have to deploy some more

mathematical tools for the cobordism groups of K3 and C'Ys. Due to the absence

of low-dimensional torsional groups in the spin®-case and the distribution of non-
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n ‘ 0 1 2 3 4
OPi(T2Y |\ 7, e(27,79) e(Z,270,7s) €(Zo,2Zy) e(Zy,7)
a2y |7 92z, e(Z,7) 2z eZ,22)

no | s 6 7 8 9 10
QSein(72) | 27 7, 0 27 e(4Z,2%s) e(27.,475,37s)
OSPin(T2) | 47, e(2Z,27) A7  e(2Z,4Z) 87 (42,47 © L)

Table 5.4: Cobordism groups Q5PI"(T2) and Q3PN (T2), n = 0,...,10, up to ex-

tensions.

no o 1 2 3 4
Qipin(TQ) 7. 27 @D ZQ E(Z, QZQ, Zg) €(Z2, 222) E(ZQ, Z)
Qﬁpinc (T | Z 27, 27, 27, 37

n |5 6 7 38 9 10
Qipin(TQ) 22 Z 0 27 AZ® 27y e(2Z,47,37,)
Qipinc (T?) | 4Z AZ AZ GZ 7 87 @ 7

Table 5.5: Cobordism groups QP (T2) and Q5P (T2), n =0, ..., 10.

trivial entries in even degrees leads to easier computations, where we can show that
the differentials vanish. Therefore, we start for both cases with Spin® to familiarize

ourselves with the problem and then go to the more complicated spin case.

5.2.3 Computing Q5 (K 3)

For the determination of the spin® cobordism groups of K3 we again start with the
known result for H,,(K3;7Z).

Z forn =04,
H.(K3;Z)=1{ 227 forn =2, (5.20)

0  otherwise,
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h!

10 4Z2®Zy O 88Z D222y 0 4ZDZs O
9 0 0 0 0 0 0
8 A7 0 88Z 0 A7 0
7 0 0 0 0 0 0
6 27 0 447, 0 27 0
5 0 0 0 0 0 0
4 27 0 447, 0 27 0
3 0 0 0 0 0 0
2 / 0 227, 0 Z 0
1 0 0 0 0 0 0
0 Z 0 227 0 Z 0

0 1 2 3 4 5

Figure 5.3: Second (and final) page of the LSAHSS for the computation of
Qrslpinc(K3).

where the non-vanishing Betti numbers of K3 are by = by = 1, by = 22. Once
again using the trivial fibration and the universal coefhicient theorem we compute
the second page entries shown in figure 5.3. For Spin® all differentials are trivial for

degree reason, so that we can conclude Eg . = By, with

Qgpinc forp =0, 4,
By, = Hy(K3; Q™) =2 Hy(K3;Z) @ QP = ¢ 22Q0" forp =2,
0 otherwise .
(5.21)
We depict the second page explicitly in 5.3. Up to n = 10 all extension problems are

trivial, so that we can express the final result as

Q5P (K63) = 0P (pt) @ AP (3)

. e . (5.22)
= Q5P (pt) @ 2275 (pt) ® QP (pt) .

In this formula, it is understood that cobordism groups with negative index are set
to zero. The explicit groups resulting from the formula above are reported in table

5.6.
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n\o12345678910

QPU(K3) | Z 0 23Z 0 25Z 0 4TZ 0 50Z 0 4Z&Z,

Table 5.6: Cobordism groups Q5P (K3),n =0, ..., 10.

On the flip side, we can have a look at the second page for the LSAHSS to com-
pute Q5Pin(K 3):

1032y 0 66Zy 0 3Zy 0
9 | 2Zy 0 44Zs O 2Zy O
822 0 44Z 0 2Z 0
700 0 0 0 0 0
6 O 0 0 0 0
510 0 0 0 0 0
412 0 22 0 Z 0
300 0 0 0 0 0
2 1 Zy 0 22Z5. 0 Zy O
1| Zy 0 227, o\z2 0
0 0 22Z 0 Z 0

o 1 2 3 4 5

Figure 5.4: Second page of the LSAHSS for the compuration of Q5P"(K3) with a

potentially non-trivial differential.

As we can understand from the second page of this spectral sequence 5.4 there
are potentially a few non-trivial differentials and extension problems. So instead of
working through these one by one we are going to utilize a homotopy decomposition
theorem for the suspension of closed, smooth, connected, orientable four dimen-
sional manifolds, which have only torsion pieces T = @;L:l Zy; with kj an odd
prime in their homology groups [177]. There is also a complementary, related result
for manifolds with only 2-torsion in their integral homology groups [178]. For our
purposes we are going to focus on just the case, where M is spinnable. This might

appear overly specific, but we know that a K3 fulfills exactly these criteria. In fact
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it is one of the simplest examples of such a manifold. Then the theorem states the

following;

Theorem 5.2.1 (So-Theriaule [177]). Given a closed, smooth, connected, spinnable 4-

manifold M with an integral homology

(

Z for n = 0,4,
b1ZEBT fOTn:]_,

H,(M,Z) = bZ&T forn=2, (5.23)
blZ fOT n = 3,
0 otherwise,

\

by, the p-th Betti number, the (reduced) suspension of M has the following homotopy equiva-

lence:

b1 n by
BM = (\/<52 v S“>) v (\/(P?’(ij) v P%ij») v (\/(53)> VS®, (5.24)
i=1 J=1 =1
where P”(Zk].) is the n-dimensional Moore space of Zk]..z

We can now nicely apply this theorem to the reduced spin cobordism Q357 (K 3)
= QZT?(EK:S) Since we have no torsion and b; = 0 in the integral homology
groups of K3 (5.20), we get the simple decomposition that combined with our pre-

vious results for the spin cobordism of spheres yields:
~ . ~ . 22
e (eKcE) = S 5
-1 (5.26)
_ 005 0 BTN = 207 6 0]

Using the splitting lemma we get the same result as for spin®-structure, namely:

QSPin(3) = Q5P @ Q5P (K 3) = Q5P @ 22 Q5P @y Q5P (5.27)

2 The Moore space P"(@) for an Abelian group G is defined through its homology groups, such
that:
H,(P"(G),Z) ~G fori=n,

. (5.25)
Hy(P"(G),Z) =0 Vi#n.
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Since our result for the spheres hold for any structure €, this result generalizes to
Q8 (K3) and thereby shows our result for spin® to hold for higher dimensions, as
well.

It also means that there are no non-trivial differentials or extensions for the
LSAHSS 5.4 we have considered before.

Next, we are going to work through the computation of Q5(CY3) in a similar
manner. First, we look at the spin®-case for which the LSAHSS significantly easier
and then utilize a homotopy decomposition theorem to obtain the final result in the

Spin case.

524 Computing (5 (CY3)

The computation for the cobordism groups of a Calabi-Yau threefold are obtained

similarly to those of K'3. We start from the known resulc’

Z forn=0,6,
H,(CYi Z) = by Z tor n = 2,4, (5.28)
P bsZ forn =3, '

0  otherwise,
where again b, are the C'Y5 Betti numbers (with b, = bg_,). The second page is then
given by
E} = H,(CY3; Q3P™)
Spin® _
Qpr for p =0, 6,

e by QISPINC [ =924 (5.29)
~ Hp(cyz)ﬂz) ® Qspln _ 2 g L ‘OI‘ P - ) Xy
b3 qu f'OT P = 3,
0 otherwise

and shown explicitly in figure 5.5. One realises that this time five non-vanishing

. . ~ . . sc
columns Ez , exist in the second page, the elements of which are given by b, Qspm .

3 By assumption, the Calabi-Yau threefolds we consider in this work are such that m; (CYg) =0.
In genera], there exist Calabi-Yau manifolds with 7 (CYg) = Ly, for some integer n, i.e. with torsion
in H'(CY3; Z). Typical examples are free quotient of Calabi-Yau n-folds without torsion, such as the
free quotient of the quintic P4[5]/Zs. They have been investigated, especially in a K-theory context,
for instance in [149,179]. For Calabi-Yau twofolds, one has 1 (K3) = 0. Taking a free quotient by

Zy, reduces the Euler number to x/24n, so that the quotient manifold is not K3 anymore.
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10427y 0 by(AZSZLy) bs(AZ B Zy) by(AZBLy) O ALBZy O
9 0 0 0 0 0 o 0 0
8| 4z 0 Aby7Z. Abs7Z. 4byZ. 0 4Z 0
7 0 0 0 0 0 o 0 0
6| 22 0 2,7, 237, 2,7, 0 2 0
5 0 0 0 0 0 o 0 0
41 22z 0 2,7, 237, 2,7, 0 2 0
3 0 0 0 0 0 o 0 0
2 Z 0 byZ, bsZ. by, o Z 0
1 0 0 0 0 \9\0 0 0
0 Z 0 by, b by, 0 —Z 0

0 1 2 3 4 5 6 7

Figure 5.5: Second (and final) page of the LSAHSS for the computation of
QPPN (CY3). One of the possibly non-vanishing differentials d® : B, — B340
is displayed (for ¢ = 0). They eventually vanish for ¢ < 6.

None of the differentials d, with even 7 can act for degree reasons. However, there

are two kinds of third differentials that can be non-trivial. The first class is
&’ B — B .o, (530)

which vanish due to the edge homomorphism (see section 25). The second class acts
as

&’ B, — E§ ., (531)

which is in principle non-vanishing.*. That this differential is trivial up to ¢ = 6,
t00, follows from Lemma 3.1 of [181]. We thus get the results in table 5.7.

For spin-cobordism we first look at the second page of the LSAHSS E}%’q =
H,(CY3; Q5P™) to get an overview of the situation. Straightforwardly, we obtain
the second page shown in figure 5.6.

Based on [182] the first differentials can be classified as follows:

4 This differential is given by the homological dual of the cohomology operation Sq%, the (inte-
gral) third Steenrod square (the operations Sqi are introduced briefly later on; see also the appendix
C). Interestingly, its triviality is the homological dual stacement of the Freed-Witten anomaly cancel-

lation [148, 180], which we are going to discuss later on in the K-theory calculations.
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1 2 3 4 5

n

QS (OY7) ‘ Z 0 (ba+1)Z bsZ (242b))Z bsZ

n \ 6 7 8 9 10

OSP(CYs) | (34 302)Z 205Z  (5+4b)Z 2637 (6 + 6b2)Z & Zo

Table 5.7: Cobordism groups Q3P (CY3), n =0, ..., 10.
10|32y 0 3027y 3bsZy 3bsZy 0 37y O
9 | 2Zg O 2b9Zsy 20379 2b37Zs O 274 0
8 | 2Z 0 2b7Z 2037 207 0 27 0
7 0 0 0 0 0 0O 0 O
6 0 0 0 0 0 0O 0 O
5 0 0 0 0 0 0O 0 O
4 | Z 0 boZ bsZ boZ 0 Z 0
3 0 0 0 0 0 0O 0 O
2| Zy 0 bolig, b3Zo by O Zo O
1| Zo O byZo, bsZo —~byZo O Zy O
0| Z 0 bZ bsZ —bZ O Z 0

0 1 2 3 4 5 6 7

Figure 5.6: Second page of the LSAHSS for the computation of Q57™"(CY3). We
display two kinds of possibly non-vanishing differentials: d? EZO — E2271 and
d? : Eil — E2272.

« The differential dy = Hy(X, Q7™) — H,_o(X,Q57™) is the dual of the
second Steenrod square Sq* : HP™%(X, Zy) — HP (X, Zy).

« The differential dy : H,(X, Q5P — H, »(X, Q57" is the dual of the sec-
ond Steenrod square composed with reduction mod 2 S¢?p : HP (X, Z) —
HP(X, Zs).

In general these differentials are tedious to evaluate. Moreover, there are likely

extension problems. Therefore, we bypass this problem again by exploiting a theorem
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determining the homotopy type of twice suspended simply connected, closed and
orientable 6-manifolds [183]. Like for the theorem for 4-manifolds, we will be content
with the more stringent requirement that the 6-manifold is spinnable. Our torsion-
free Calabi-Yau threefold will be a simple examp]e of such a manifold. The statement

goes as follows:

Theorem 5.2.2 (Huang [183]). Consider a closed, smooth, connected, spinnable 6-manifold
M with an integral homology

Z forn = 0,6,
boZ & T forn =2,

H,(M,Z) =4 bZ&T forn=3, (5.32)
bQZ fOT n = 4,
0 otherwise,

where by, is the p-th Betti number and T' is a finitely generated Abelian torsion group. Then
depending on an integer 0 < ¢ < by, determined by the specific second Steenrod square
Sq? : H*(X,Zy) — HYX,Zy), the double (reduced) suspension of M has one of the

following homotopy equivalences:

« forc=20
bgfl b2
SPM ~ SWo v \/ (8% v SO v \/(S°) v (PY(T) v PY(T)), (533)
i=1 j=1

where Wy ~ (S3 Vv S®) U e’

« Forc = by
b2—1 b2
S2M ~ SW, v \/ S°CP, v \/(S?) v (PP(T) v PY(T)),  (534)
i=1 j=1

where Wy, ~ SCP, U €.

. FO?’lSCSbQ

c—1 ba—c—1 bo
2PM ~ SW v \/ S2CP v \/ (S*vS®) v \/(SP) vV (PY(T) Vv PT)),
i=1 j=1 =1

(5.35)
where W, ~ (83 Vv S° v £.CPy) U e,



112 5. Dimensional reduction of Cobordism and K-theory

Applying this to spin-cobordism is fairly straightforward. We already know
spin-cobordism for the spheres. The 7-cell €7 can be understood from our results
for the spheres as well since an n-sphere can be understood as attaching an n-cell to
a O-cell. From decomposing our sphere result, ie. Q5P (S*) = QPin(e0 U k) =
QSpin g Qiﬁ?, we can read of the outcome of attaching an n-cell. Finally, we need
to determine CIPy. Since CPy is not spin, we can not simply use the homotopy de-
composition 5.2.1. We would need to use its generalization, which is not as straight-
forward. However, we can simply compute Qgpin(CPQ) with the Adams Spectral
Sequence. As high]ighted before (4.34) the Anderson-Brown-Peterson decomposi—

tion theorem gives us a way to obtain spin cobordism groups through connective

k:o—homologys. To compute the latter we utilize the Adams Spectral Sequence:
Ey' = Ext’y (H*(CPy, Zs), Zs) = koy_s(CPy)s5 . (5.36)

Luckily, for us Exti{i (H*(CPq,Zs), Zsy) is absolutely standard and we can just read
it off from for example [145]. We will just picture the reduced part in figure 5.7 as we

can easily add in the rest with the splitting lemma.

Since differentials can only end on nodes in the column right next to theirs in

the Adams Spectral Sequence, we are done and can read off the results.
i{:\an(CPg) ~7 ¥n > 2and even. (5.37)

Because kop1(2)(X)s; ~ Ho1(X,Zs) [161] and the first new entry compared to
X = pt ot H,(CPy, Zy) at n = 2, we only get the standard contribution
koo(2)(pt)s =~ Zy inn = 10. We get:

> This of course is only true for spin cobordism localized at 2. This is enough however, as one
can observe from the LSAHSS. Since the integral homology groups of CIPy only contain free Abelian
pieces at n = 0,2 and 4, there is no way to generate odd torsion. This is because differentials are
group homomorphisms and therefore cannot generate odd torsion mapping from or to Zg. The only
remaining possibility would be through differentials between free Abelian pieces, but there are none

due to the cven spacing OFZS.
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8
7
6
5
4
3
2 ¢
1
0
0 1 2 3 4 5 6 7 8 9 10 11

Figure 5.7: Second (and final) page of Adams Spectral Sequence for Ea* (CPy)s5, where

we highlighted the non-trivial extension in degree 6.

n\o1234567891o

QP (CPy) | Z Zog Z®Zy 0 2Z 0 Z 0 3Z 279 27D 37y
Q5P (CPy) | 0 0 Z 0 Z 0 Z 0 Z 0 27,

Table 5.8: Reduced and unreduced Cobordism groups Q577 (CPy) and Q5P (CPy),
n=0,...10.

Returning to the decomposition theorem 5.2.2, let’s insert the decomposition (we
take 1 < ¢ < by — 1) into the reduced spin cobordism groups:
QP (CYs) = T (SPCY3) ~ T (W) @ (¢ — 1) Q5P (CIPy)
® (b — e — 1) (W (S) & W (%)) @ by AT (S°)
~ QSP(CPy) @ QP @ Y @ QP @ (c— 1) QP (CPy)
@ (b —c— 1) (B @ Q) @ by QP

n

(5.38)

To keep it concise here we omit the other decompositions, the final result with ¢

running over its full value range 0 < ¢ < by reads:
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n \01 2 3 4

QP(CYs) |2 To WZ&Ty (= )lo@bZ  (bh+1)Z
EB(Z)Q + bs — C)ZQ

n 5 6 7
QP (CY3) | (by —c+b3)Zy (by +1)Z D (by — )y b3Z B 7o
n 8 9 10

QP (CYy) | (b2 + DL Ly 2Ly (202 + 1)L & 3L
Table 5.9: Cobordism groups Q27" (C'Y3),n =0, ..., 10.

From the result we see nicely the imprint of the second differential equivalent
to the second Steenrod square S¢*. To our knowledge the number ¢ is not known
to be constrained for general Calabi-Yau threefolds. As a final remark we want to
highlight the strange behavior of the torsional piece in (by — ¢)Zy C Qgpm(CYg).
From the second page of the LSASS we can observe that the reduction by ¢ Zy groups
is not caused by a differential as there is none starting or ending on Ej ,. Instead,
the reason is a non-trivial extension Zy — e(Z, Zy) — Z solved by e(Z,Zs) = Z.
By using the homotopy decomposition we mapped this extension problem into the
calculation Qgpm(C]P’g). Indeed, it does have a non-trivial extension in degree 6!
So instead of having Qgpm(CPQ) ~ 7 @ 7y, which would lead to the full b7,
piece in QS (CYs), we get QEP'™(CPy) ~ Z. We will observe a related non-trivial
extension in KO°(CY3).

53 Application of the LSAHSS to K—theory

Next, we perform similar computations for the K- and K O-theory groups of spheres,
tori and Calabi-Yau manifolds. For this purpose we employ the cohomological ver-
sion of the LSAHSS. Real K-theory turns out to be more involved similar to the
related spin cobordism groups as consequence of its torsion groups. Nevertheless, we
manage to fully compute these groups. The starting point for the LSAHSS are the
K -theory groups of the point, which we list again below in table 5.10. We point out

the characteristic Bott periodicity.
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n\012345678910

K™pt) |Z 0 Z 0 Z 0 Z 0 Z 0 Z

Table 5.10: K- and KO-groups of the point up to n = 10.

53.1 Computing K "(S*)

The K-theory groups of spheres k are known to be [184]

Z  for k odd,
K™"(S*) =<{ 27 for n, k even, (5.39)

0 otherwise,
but it is instructive to reproduce these results using the cohomological LSAHSS
(4.72). As usual, we use the trivial fibration pt — S* — S* and we do not have

to worry about local coefficients. Recalling that

7 f
K-"(pt) = or M even, (5.40)
0 otherwise,
we have the second page
7, f =0,k
EPY = HP(S% K(pt)) =4 0 AR PR (5.41)
0, otherwise.

Note that it is essential to include the bottom quadrant (with ¢ < 0) to arrive at
reasonable resules. Limiting our spectral sequence to the first quadrant only, as in
the homological case, is not consistent as it would violate Bott periodicity.

For concreteness, let us consider X = 5% We are interested in the groups
K7(X), withn > 0, so the relevant page elements lie on the p + ¢ = —n bands of
the final page, which now intersect the axes only once. The dj differential vanish so

that E5? = E5? but d3 may act non-trivially
ds: Eg? — EY972, q even. (5.42)

This differential was found by Aciyah and Hirzebruch [185] to be an instance of a

cohomological operation known as the integral Steenrod square (Sq%)

Sqs: H'(X;Z) — H"3(X; 7). (5.43)
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6|%Z 0 0 Z 0
500 0 0 0 O
4172 0 0 Z 0
3170 0 0 0 O
21Z_0 0 Z 0
110 N 0 0
0O1Z 0 0 °Z 0
170 0 0 0 O
214 0 0 Z 0
310 0 0 0 O
4\1%Z 0 0 Z 0
S0 0 0 0 O
6|1 Z 0 0 Z 0

Figure 5.8: Second (and final) page of the LSAHSS for the computation of‘K_”(SS).

One of the d3 differentials is shown explicitly. They all eventually vanish.

Explicitly, it is given by the composition
ds = Sq5, = B o Sq* o p, (5.44)
where p is the reduction modulo 2 and 3 the Bockstein homomorphism, namely
S@: HM(X:Z) -2 HY(X;Zs) 25 H™2(X,Zy) 25 H™W(X;Z). (545)

We refer the reader to the appendix C for a more precise definition of Steenrod
squares and of the Bockstein homomorphism, together with a short summary of their
main properties.

Fortunately, since no torsion is involved, according to Theorem 4.8 of [186] all
differentials (including d3) vanish. This fact will be used systematically in the other

computations of K~"(X) groups below.® Moreover, the extension problem is always

® This is a consequence of the Chern isomorphism

KX)oz R=2@H™(X;R), K '(X)e,R=@H"(X;R), (5.46)

which implies that if there is no torsion in cohomology, the LSAHSS for K-theory terminates already

at the second page.
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trivial, since only free Abelian groups are present. Thus, for every odd value of k we
recover K "(S?1) = 7Z. The situation for even k is simpler as for degree reasons
no differentials can act, so that EP? = EP4. We recover then K~2"71(S%*) = 0

and K_2”(52k) = 27. Notice that the final result can be expressed as

K(S*) = K™"(pt) @ K *"(pt). (5.47)

53.2 Comment on Freed-Witten anomalies

Let us comment more on the role of d3 = Sq3 and on its physical consequences,
beyond the computation of‘K_”(Sk). From [187], it is known that type II D-branes
(in absence of the B field) must wrap a Spin® manifold Y, otherwise there is a global

Freed-Witten anomaly. Given an element y € H"(X; Z), one has (see appendix C)
Saz(y) = Wa(N) Uy, (5.48)

where N is the normal bundle of the codimension n submanifold Poincaré dual to ¥,
which we call Y below, while U is the cup product. Since W3(N) = 0,iff'Y is Spin©
one can relate a trivial action of ds in the LSAHSS to the absence of Freed—Witten
anomalies for a D-brane wrapping Y [148,180]. Indeed, if E* = ker d3/Im dj is given
in terms of the groups H™ (X ; Z) without further restrictions, all cohomology classes
(and their dual cycles) survive. Otherwise, cither some are removed when passing
from cohomology to K-theory or they change to a torsion group [148]. Physically,

they would correspond to D-branes which are anomalous or unstable.

53.3 Computing K "(T*)

Next we consider the k-dimensional torus T% = (S')*. To proceed, one can either
compute the groups by using the LSAHSS in a similar manner as done for the sphere
(extending also the page to include the fourth quadrant) or use the known resules for
the reduced K-theory groups K- (T*) and the decomposition (4.7).

Starting with the second approach, we observe that according to [184] we have

R_H(Tk) B 2k=17, for n odd, (5.49)
] (251 =1)Z  for n even. .

7 The obstruction to Spin® structure on Y is really W3(Y) = B(w2(Y)). However, since in our
case X is Spin and Y is oriented by assumption (in type I1), one can show that we(N) = wa(Y),
implying W3 (IN) = W3(Y") [65,187].
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Since K~"(pt) = Z and K~2""!(pt) = 0, it follows that
K—(T") = 2k17, (5.50)

forn any integer. For the trivial case k = 1, where the torus is justa circle, the above
result coincides with the expected one from the sphere computation, i.e. K~"(T") =
Z.

Let us also comment on the calculation of K—"(T*) using the spectral sequence.

One has the second page
EY? = HP(T*; K9(pt)) . (5.51)

The computation using the LSAHSS for the trivial fibration gives the same result
(5.50), upon realising that once again all differentials vanish since there is no torsion,
so EY? = EP4 and the extension problem is trivial. We note that the final resule

can be elegantly written as

k
K1) = P

0

( k) K™ "(pt), (5.52)
m

where the binomial coeflicient can be interpreted as the number of m-cycles on Tk

534 Computing K "(K3)

The LSAHSS also allows to straightforwardly compute the K-theory groups on K3.
The second page of the sequence is given by
Z  forp=0,4,qeven,
EY? = HP(K3; Ki(pt)) = 227Z forp =2, qeven, (5.53)
0  otherwise.
This is explicitly shown in figure 5.9. It is evident that no differentials can act non-
trivially on the second page for degree reasons so that the sequence promptly termi-

nates. Thus, the final result reads

K(K3) = 0 fornodd,
] 24Z for n even.

Note that the factor 24 arises as by + by + by = 1 + 22 + 1 with b, being the Betti

(5.54)

numbers of K3. Therefore, we can also express the K-theory groups on K3 as
4
K (K3) = @D bam(K3) K™ "(pt). (5.55)

m=0
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6 |Z 0 222 0 Z
510 0 0 0 O
4 12 0 222 0 Z
3/]0 0 0O 0 O
21Z 0 22Z 0 Z
1170 0 0 0 O
0(Z 0 222 0 Z
110 0 0 0 O
214 0 222 0 Z
300 0 0 0 O
4\Z 0 22Z 0 Z
S0 0 0 0 O
-6 |Z 0 222 0 0%

Figure 5.9: Second (and final) page of the LSAHSS for the computation of K" (K3).

5.3.5 Computing K "(CYs3)

The computation of K~"(CY3) is similar to that of K3. Omitting unnecessary
details, we present directly the second page in figure 5.10. The only possibly non-
vanishing differential is ds : E;’q — E’;L’q_z. However, due to lack of torsion it is in

fact vanishing and, given also that the extension problem is trivial, we conclude that

bs Z if n odd,

5.56
(24 2b2)Z ifn even. (5:56)

K™"(CY;) = {

Notice the factor (24 2by) arises as by + bg + by + bg, with by = bg = 1 and by = by,
b, being the Betti numbers of the C'Y3. The result can also be found in Corollary 1.9
of [188]. Again, we can elegantly express the K-theory groups on (simply connected)
Calabi-Yau threefolds as

6
K"(CY3) = @D bo—m(CYs) K™ (pt). (5.57)
m=0
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6 |Z 0 bZ bsZ bZ 0 Z
5100 0 0 0 0 0 0
4V Z 0 bZ bsZ bZ 0 7
3/0 0 O 0 0 0 0
2|\ Z 0 boZt bsZ bZ 0O Z
170 0 0 0 0 0 0
01Z 0 bZ bsZ bZ 0 7
-170 0 0 0 0 0 0
2| Z 0 byZ bsZ byZ O Z
310 0 O 0 0 0 0
4\ Z 0 boZt bsZ bZ O Z
S50 0 O 0 0 0 0
6| Z 0 bZ bsZ bZ 0 7

Figure 5.10: Second (and final) page of LSAHSS for computation of K ~"(C'Y3).

53.6 KO-groups of spheres and tori

The KO groups can similarly be computed using the LSAHSS. However, in this case
there is torsion, so the differentials can be non-vanishing. For spheres S* one can

use the splitting lemma and determine the relevant groups as
KO™(S%) = KO(S™™) @ KO(S™) = KO *(pt) ® KO™"(pt). (5.58)

For tori, it was shown in [189] that

KO™T") =P

0

(5 )xo = tv0). (559
m

5.3.7 Computing KO™"(K3)

For real K-theory, computations involving higher dimensional manifolds with a more
complex topology than the torus or the sphere become more complicated, due to
more involved differentials and extension problems. Indeed, for Calabi-Yau three-

folds the computation turned out to be fairly subtle. However, in the case of K3, as
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we will show now, all differentials are vanishing and the computations can be per-

formed, up to extensions. The second page of the spectral sequence is the following:

KO(pt) forp=0,4,
EY9 = HP(K3; KO%(pt)) = ¢ 22KO04(pt) forp =2, (5.60)

0 otherwise.

We realise that the differentials dy and dy (depending on how dy acts) can possibly

7|\ Zy 0 2279 0 Zy
6 |Zy 0 2279 0 Zy
510 0 0 0 0
4 | Z 0 222 0 Z
3100 O 0 0 0
210 O 0 O
110 0 0 0
0| Z 0 222 0 Z
1| Zy O 22Zo 0 Zo
2| Zy O 22Z9 0 Zo
310 0 0 0 0
4\7Z 0 222 0 Z
S50 0 0 0
610 0 0 0
710 O 0 0

Figure 5.11: Second (and final) page of the LSAHSS for the computation of
KO"(K3).

be non-vanishing. At second degree, we have
dy: BB — EEr2al (5.61)

forp =0,2and ¢ = 0, —1, together with all of its periodic copies. The explicit form
of this differential is known to be [190,191]

(5.62)

g ) 8@ HP(K3;KO%(pt)) — HPP(K3: KO (pt))
7] S¢?: HP(K3; KO ‘(pt)) — HP*2(K3; KO~2(pt))
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corresponding to ¢ = 0, —1 respectively. Here, S¢? : HP(X;Zs) — HP (X Zs)
is the second Steenrod square and p is the reduction modulo 2. We argue now that
dy is vanishing for X = K3. We discuss the case ¢ = —1, but the analysis can
be extended to ¢ = 0 in a similar way. For any element y € HP?(X;Z,), we can
represent S¢2(y) = t.(wo(N)) Uy [192]. Here, N is the normal bundle of the sub-
manifold Y C X Poincaré dual to y and ¢, : HP(Y') — H?(X) the cohomological
push-forward. For p = 0, the differential dy vanishes since y is dual to the whole
four dimensional manifold X = K3 which is Spin, thus w;(N) = wq(N) = 0.
Alternatively, it vanishes since S¢*(y) = 0 for y € H(X;Zy) (see the properties
of S¢" listed in appendix C). For p = 2, the differential vanishes as well, since from
the condition wy(X) = wy(X) = 0 (i.e. X is Spin), one can then prove we(N) = 0
for a two dimensional manifold Y not necessarily orientable [180]. Alternatively, for
p = 2 we can also write Sq? (y) = o Uy (see equation (C.9)) and then the second
Wu class, vo = wy(X) +wy(X)?, vanishes since X = K3 is Spin. Thus, dj is trivial.

At degree four, we have the differential
dy: By — By (5.63)

However, since there cannot be non-trivial homomorphisms® Z, — Z for k > 2

also this differential must vanish and E5 & EP4.

Thus, one can read off the KO™"(K3) groups, which we present in table 5.11.
Note that we have already made use of the splitting lemma (4.7) to simplify the re-
sults. There is a remaining extension problem for which we deploy the decomposition
theorem 5.2.1 we already used for the spin cobordism groups of K'3. This yields the
complete splitting of KO°(K3) as well, since we get:

—1

KO (ZK3) ~ 22K0 (8%) @ KO (8°) ~ 22Z, & Z. (5.64)

8 This can be seen directly as follows. Consider the case ¢ : Zy — Z, the generalization to
k > 2 being straightforward. ¢ cannot be a non-trivial homomorphism since, choosing ¢(0) = 0
and ¢(1) = 1, one is lead to the contradiction 0 = ¢(0) = ¢(2) = ¢(1) + ¢(1) = 2. Thus, the only

option is to set also ¢(1) = 0 and ¢ is trivial.
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n\0123456 7

KO™K3) | 2Z® 222y Z, 20L&Zy 0 2L Ty 2L&Ly 227

Table 5.11: KO-groups KO~™"(K3),n =0, ..., 7. The result can be extrapolated to
n > 8 by Bott periodicity.

53.8 Computing KO™"(CY3)

Finally, we come to the most complicated K O-theory computation we attempt in
this chapter, which is fairly similar to the one for Q5P (C'Y3). To get some intuition

for what is happening let us look at the second page of the corresponding LSASS:

0 |Z 0 bZ bsZ bZ O Z 0
-1 | Zo O by bsZo biZe O Zy O
2 | Zy O byZo bsZe byZo 0 Zs 0
310 0 0 0 0O 0 0 0
4| Z 0 bZ bsZ bZ O Z O
S5 10 0 0 0 0 0 0
610 0 0 0 0O 0 0 0
710 0 0 0 0O 0 0 0
S Z 0 bZ bsZ byZ 0 Z 0
9 1 Zo O by bslyg byZo O Zg 0
-10 | Zg O byZo bsZo beZo O Zo O
1100 0 0 0 0O 0 0 0
-12 0 bZ bZ bZ O 7Z O
1310 0 0 0 0O 0 0 0

Figure 5.12: Second page of the LSAHSS for the computation of KO™"(CY3).

The first non-trivial differentials dy are again given by (5.62).

To circumvent the explicit evaluation of all the differentials and extension prob-
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lems we utilize the decomposition theorem 5.2.2. We may write:

—n+2 +1
(

KO "(CYy) ~ KO " (S20Y;) ~ KO " (W,) @ (c—1)KO " (CPy)
@ (by—c— 1) (KO ") @ KO (8% @ by KO (5%
~ KO @ cKO (CPy) & (by—c)(KO™ 2 @ KO

® by KO
(5.65)

By applying the results of [193] for the reduced K O-theory groups of CPs

——n 7, forn even,
KO (CPy) ~ (5.66)
0 formnodd

we are lead to the following result for KO™™(CY3) 5.12:

n | 0 1 2 3 4

KO™COYs) | (b +1)Z  bZ®Zy (bo+1)Z® %y Zy (by+1)ZD Ly
@(bg — C)Z2
n | 5 6 7

KO‘”(CYg) ‘ ng D (bg — C)ZQ bQZ D (bg —Cc+ bg)ZQ (bg —c+ bg)Zg

Table 5.12: KO-theory groups KO™"(CY3), n = 0,...,7, all other groups follow

from Bott periodicity.

Here, we want to highlight a few interesting observations on the above results.
First, we see the imprint of the second Steenrod square S¢* : H*(CY3,Zs) —
H4(C’Y3, Zs) directly determining the second differential of (5.62) captured by the
integer ¢. However, the presence of ¢ is not just explained by ds. For instance,
KO°(CY3) contains a (by — ¢)Zs subgroup’, but there is no differential acting on
E?’_Q. Instead, this is due to a non-trivial extension. Under the decgr\llpoosition we see
that this extension problem is answered through the outcome for KO (CPy). From
writing down the second page of the LSAHSS for KO~"(CP;) one gets a very analo-

gous extension problem. But we know the eventual answer from [193]: KO (CP)

9 We should point out that our result for KO®(C'Y3) deviates from the one reported in [183]. This
——0 ——0
deviation stems from different KO (CPs3). [183] assumes KO (CP3) ~ Z @ Zs, which concradicts
the result of [193].
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has only free Abelian entries, so the extension of €(Zs,Z) is the non-trivial one:

e(Zs,7) = 7.

5.4 Physical interpretation

In this section, we show that the cobordism and K-theory groups of X previously cal-
culated with the LSAHSS can be interpreted in terms of the dimensional reduction of
global symmetries, thus making contact with section 5.1. For X € {S*, T* K3}, the
analysis turns out to be particularly simple, since all the differentials in the LSAHSS
vanish and extensions are trivial, as we exp]icit]y showed. For the more involved C'Y3
background, these simplifications do not occur, but the LSAHSS (paired with some
tricks) gives the correct answer.

We expect the story to become substantially more involved if one turns on fluxes.
For instance, allowing for non-trivial NS-NS§ three-form flux H leads to the com-
putation of H-twisted K-theory groups K ;" (X) and the corresponding cobordism
groups Q5PSH (X)) In this case where W3 = 0, i.e. we have a Spin®-structure, the
absence of Freed-Witten anomalies W5 + [H] = 0 implies that the H-flux class [H]|
through a D-brane must vanish. This will result in non-trivial maps d, : EP? —

EPtma=m+1in the evaluation of the LSAHSS.

54.1 General aspects

All of the analyzed examples have in common that the final results of the LSAHSS

can be expressed in a convenient, compact manner. For the K-theory groups K" (X))

of a k-dimensional manifold X € {S*, T* K3, CY3}, we have in fact

k
KE™X) =D bem(X) K" (pt), (5.67)
m=0

with m > 0. The interpretation of this result in terms of D-branes is as follows.

Say we are in d = 10 dimensions and compactify the theory on the k-dimensional
manifold X, so that the rotal space is RM7%71 x X Then, K~"(X) classifies all

RYL4=k=1 " From the

type II D-branes that are of codimension 7 in the flat space
d-dimensional point of view, these are given by the set of all codimension n + m

branes wrapping (k — m)-cycles on the compact space X. Hence, the result (5.67)
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just reflects that the dimensional reduction performed following this perhaps naive
geometrical reasoning is already the correct answer on these manifolds. Neverthe-
less, thanks to the LSAHSS we also learn that in the complex K-theory case none
of the wrapped Dp-branes experiences a Freed-=Witten anomaly nor that there is an
instantonic decay-channel or a non-trivial Dp-brane fusion.

The relation (5.67) has a nice connection to the Completeness Hypothesis 3.2.
The right hand side of (5.67) is indeed a lattice of charges (qq, . . . , qk), where each
entry gy, is a charge vector with by_,, components.'” The fact that they can and
indeed they are populated independently of one another means that in general the
full spectrum of charges (or rather stable states with that given charge) is complete.
To understand the point, consider the simple two-dimensional situation in which
the lattice is just Z @ Z. In this case, one not only has stable bound states of branes
associated to say (1,0) and (0, 1), but also to (1, 1). Thus, what the relation (5.67)
is telling us is that to any non-vanishing element (qq, . . ., qx) must be associated a
stable object and, in this sense, the spectrum is complete. In general, especially in
the presence of multicharged or non-BPS branes, the situation might become highly
involved, but K-theory should give the correct answer.

For cobordism groups we found an analogous result, namely that for n > 0 they

can also be expressed as

k
QP (X) = €D biem(X) 20, (pt) - (5.68)
m=0

The case —k < n < 0 will be discussed later. We propose the following intuitive in-
terpretation of this result. First, recall that in the definition of €2,,(X') one introduces
continuous maps f : M — X, for every n-dimensional compact manifold M, such
chat [M, f] € Q,(X). A non-vanishing term labeled by m in the sum on the right
hand side indicates that the map f : M — X from the (n+k)-dimensional manifold
M into the k-dimensional manifold X is such that it wraps M around a non-trivial
(k —m)-cycle of X, while no other obstruction is introduced by the map in the re-
maining (n 4+ m) directions of M. Since there are by, different (k — m)-cycles on

X, we get by, factors of QPP (1ht) in the tortal cobordism group Qi{fic (X).

n+m

10 Eor other generalized (co)homology theories this would be slightly inaccurate, since the groups
of the point might be actually direct sums, so one of them could correspond to more sites in the lattice.

Here, we neglect this Comp]ication for the sake ofsimplicity. The zma]ysis can be directly adapted.
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Taking into account that the objects charged under the cobordism groups €2,,(pt)
are the (d — n)-dimensional gravitational solitons mentioned in section 3.3, one can

. .. . . . Spin®
provide a similar interpretation as for the K-theory groups. Accordingly, 27 (X)

classifies all gravitational solitons that are of codimension 7 in the flat space RLd—k-1

From the d-dimensional point of view, they are given by the set of all codimension
(n + m) objects wrapping (k — m)-cycles on the compact space X.
Concretely, defining a basis {£% } of m-cycles on X, witha = 1,...,b,,(X),

. . in¢ .
and taking into account that Q3P (pt) = Z, for a given m-charge vector

Am = (Gs - -+, 27) € bpZ, (5.69)

the map f is such the (n + k)-dimensional manifold M, is wrapped ¢Z, times
around the m-cycle ¢ of X. Hence, one can think of such an m-cycle to be shared
between M and X.

For all values of the index n 4 &, our goal is to explain how to organize the
information contained in K-theory and cobordism groups of X and then reconstruct
tadpole cancellation conditions known from string theory. As we will see, forn > 0
this is quite straightforward, whereas in the regime —k < n < 0 we will encounter
some new issues. We thus assume 7 > 0 for the time being. Given the previous
results, we can understand how the ABS-map applies to cobordism and K-theory

groups of manifolds X which are not just a point. Via the relation (4.43)
K™X) = K,x(X), (5.70)

valid for X a k-dimensional Spin® manifold, the K-theory result (5.67) can be for-
mally brought into the same form as (5.68), namely we can pass from generalized
cohomology to homology. Therefore (for n > 0) the ABS orientation can be ex-

tended to a map

a : QPN(X) — Ko (X), (5.71)
acting as T'd in (4.39) on each term Qiilzim (pt). Dividing by the kernel of this map

provides an isomorphism between cobordism and K-theory classes on X. Hence, at
least for these simple cases, the latter isomorphism is directly inherited from the iso-
morphism between Q5P (pt) and K, (pt). As we have shown, the LSAHSS gives
analogous simple results for the Spin cobordism groups Qiﬂlg (X) and the real K-
theory classes KO, (X) for X € {S*, T" K3}. This implies that the above struc-

ture carries over to such cases, as well.
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For X = CYj3, we have seen that the result crucially depends on c. To still denote
the result in this compact form, we can introduce some “generalized” Betti numbers
bi—m(CY3), such that whenever KO~1=2m48(pt) would naively be paired with a
ba /by, we replace it by by = (by — ¢). For low-dimensional spin-cobordism groups
n < 10 we can essentially do the analogous replacement. However at higher de-
grees, when k0(2),,_10(X) and higher correction terms in the ABP decomposition
(4.34) become impactful, this replacement likely doesn’t hold up in this simple form.
Overall, the interpretation we have put forward for the simpler K-theory and spin®
cobordism groups still app]ies. The main difference is that ¢ cycles become unsta-
ble for non-BPS @)—branes, not being able to support the spin condition for these
branes. Recall, that the KO-homology construction of type I Dp-branes requires
them to live on/wrap a spin submanifold. As outlined above the KO"(CY3) sub-
group (by — ¢)Zs is special, since it arises from a non-trivial extension. So seemingly
¢ of the by non-BPS D7 fuse with the by D5-branes. It would be interesting to inves-
tigate even more general setups of such fusions. Probably the K O-theory of Moore
spaces of some torsional group containing 2-torsion provides such an example where
a non-trivial extension of for example €(Zy, Zs) = Z, tuse two separate @—branes

into a single brane with charge valued in Zy.

We can also give an interpretation in terms of global symmetries. In our exam-
ples, the groups K11 (X) and Qfﬁ_igc (X) classify all global (D —1—n)-form charges
in the non-compact D =d —k dimensions. These can be thought of as arising from
the dimensional reduction of globald =1 —n,d =2 —n,....d =1 -k —n
form charges along the £,k — 1,...,0 cycles of X. Due to the simple underlying
structure, it is now clear that the fate of these global symmetries will follow in the
simple cases the standard rules of the dimensional reduction, while in more compli-
cated setups global symmetries are lost or modified due to non-trivial topology on
certain background manifolds. As already laid out in section 5.1, if a global sym-
metry in D dimensions descends from a global symmetry in d dimensions, then its
gauging involves the dimensionally reduced gauge field in d dimensions and also the
corresponding dimensionally reduced Dp-branes (defects). In fact, the whole tad-
pole cancellation condition in D dimensions arises from the dimensional reduction
of the tadpole cancellation condition in d dimensions. We will provide more concrete

examples in section 5.4.2.
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5.4.2 Example of a Calabi-Yau threefold

Let us now focus on the case of the ten-dimensional type IIB superstring compactified

on a Calabi-Yau threefold X. In the previous section, we computed

K%(X) = b K°(pt) @by K 2(pt) @by K *(pt) @by K (pt), (5.72)
Z Z Z Z

with by = bg = 1. The corresponding Dp-branes are all of codimension zero in the
flat RY3 space. In particular, in subsequent order, the four types of (single charged)
Dp-branes corresponding to the K 2"(pt) groups are: D9-branes wrapping the en-
tire C'Y3, D7-branes wrapping the by 4-cycles of the C'Y3, D5-branes wrapping the by
2-cycles of the C'Y3 and finally D3-branes being point-like on the C'Y3. At the next
level, we found

K 1(X) = bs K~ *(pt), (5.73)

corresponding to a codimension one brane in R™ and given by D5-branes wrapping
any of the bs three-cycles on the CY3. As already explained, for all multi-charges
there should exist corresponding bound states of the single charged states. This is
consistent with the Completeness Hypothesis (see section 3.2).

As we have inferred from the LSAHSS, the corresponding cobordism groups split

in avery similar manner

Qgpinc (X) _ bﬁ gzgpinc (ptz ® b4 ?gpinc (ptl ® b2 Qipinc (ptz ® bO gz(Sipinc (ptz

7z z 787, 787
(5.74)
and
Q5P (X)) = by Q3P (pt) . (5.75)
———
YASYA

As mentioned, this pattern is related to dimensional reduction of global symmetries.

Indeed, from
W (X)=ZOWZoh(ZOZ) D (ZH L) (5.76)

we infer that there is a 3by + 3 dimensional lattice of Z-valued global 3-form charges

in RY3 (recall by = by). These are the dimensional reduction of the ten-dimensional
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9-form, 7-form, 5-form and 3-form global symmetries along the 6, 4, 2, O-cycles of
the C'Ys.

We now explain how to organize the information in the groups above and recon-
struct tadpole cancellation conditions. Consider a six-dimensional Spin®-manifold
Mg that lies in the contribution b, Q5P (pt) to Q5™ (X) but, contrary to the
Calabi-Yau X, it is not necessarily a solution to the string theory equations of mo-
tion. Hence, in this sense, Mg can be off-shell. Since there must exist a continuous
map [ 1 Mg — X, the manifold Mg shares some of the m-cycles with the back-
ground space X. Which m-cycles are shared depends on the non-zero entries in the

charge vector (5.69). Then, the magnetic (6 — m)-form currents are obtained from

the spin® cobordism invariants

Jo(Mg) = tdo(Ms)

JQ(MG) = tdQ(MG) = %Cl(MG),

Tua(My) = tda(My) = 7= (ea(Mg) + E(M))  Taa(Me) = (M),

Jor(Ms) = tdg(Ms) — 2—14@(1\46) o1 (M), Joo(Mg) = %cﬁ(Mﬁ).
(5.77)
Concretely, we propose that the magnetic (6 — m)-form currents are defined by
expanding the right hand sides into a basis of those (6 — m)-forms in H%~™(Mg; Z)
that also lie in H97™(X’; Z) (again depending on the entries in the charge vector).

For the Poincaré dual of the currents, denoted with hat, this means that we expand
~ bm

Tni(Mg) = 0 g, 50 + .. (5.78)
a=1

where the dots indicate more contributions a]ong m—cyc]es of Mg that do not lie in
X. Note that the (co)homology of Mg can in principle be bigger than that of X.
Since this expansion is also valid for Mg # X, it allows us to go slightly off-shell.
More general, topological K-theory and cobordism groups classify all global charges
that can be present in principle, irrespective of properties like supersymmetry or
being on-shell.

Recall that the Todd classes also define the ABS orientation at fixed degree, i.c.
af(Ms) = Td,,(Ms). Due to this map and the fact that all K-theory global sym-

metries are gauged as we will explain below, we can infer that at fixedn = 0,2,4,6
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the coimage of the ABS map is gauged. We can understand this as K-theory Dp-
brane tadpole cancellation conditions. This might appear surprising, since Dp-brane
K-theory charge that has to be canceled is just the square root of the Todd genus (to-
gether with the Chern character of the Chan-Paton bundle, which we shelf for this
discussion). The resolution turns out to be quite subtle as the index of the Dirac op-
erator, i.e. the Todd genus in the spin® case and the A genus in the spin case, induces
a bilinear pairing between K-homology and K -theory [133,194]. This is analogous
to the bilinear pairing in homology and cohomology between electric and magnetic

currents that gives us the anoma]y thCOT'y

Lo = / e A i (5.79)

There are many intricacies piling up here, due to the asymmetry with which the
pairing and our traditional understanding of electric and magnetic charges attach.
In a certain sense we are gauging the global symmetries arising from the cobordism
subclasses mapped to K—theory with a combination of electric and magnetic Charges.
This distinction between electric and magnetic objects arises once we arrive in K-
theory and the index becomes a bilinear pairing. In the following, we are taking a
simplistic point of view and identify the magnetic Dp-brane as the one responsible
for the gauging of the global symmetry. One final general comment we should make
before we go into the details is the observation [63] the contribution of Dp-branes
and topological invariants to a given tadpole cancellation is indistinguishable and
should be identified. So while we tend to treat the Dp-branes as different from the
cobordism invariants we attempt to cancel with them, such a distinction is actually
not quite correct and should be understood as a merely semantic trick. Wich all cthese
necessary warnings about the subtleties in place we now discuss below all four classes

of global symmetries in turn.

+ First, we have Q5"™ (pt) = Ko(pt) = K°(pt). The factor Q5P (pt) = Z
gives rise to a single global 3-form symmetry in four dimensions, with the triv-
ial magnetic current jo(MG) = tdo(Mp). In ten dimensions, the correspond-
ing 9-form symmetry is gauged with the charged objects being D9-branes,
classified by K°(pt) = Z. Since the cobordism invariant fpt tdo(Ms) =
Zp 1 = Ny € Z the number of points, detects also the K-theory groups
Ko(pt) ~ K°(pt), in which the D9-brane charges take value in, we can un-
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derstand the gauging of Q"™ (pt) as the tadpole constraint:

/ tdo(Ms) = Npg,55 € Z — Npg/pg + ND9/D9/ 5O (M) =0,

" " (5.80)
where §(©) (Ms) denotes the O-form Poincaré dual to the 6-cycle Mg wrapped
by the stack of additional N' D9-branes." This is the familiar D9-tadpole
cancellation condition in type IIB string theory, where we need a net zero of
D9-branes for consistency'2. Thus, the Q5P™ (pt) = K°(pt) = Z global
symmetries is gauged. Breaking this global symmetry would amount to intro-
ducing a domain wall in type II string theory as was explored in [113]. While
this is understood in type IIA as the Hotrava-Witten ETW wall, in the chiral
type IIB theory such a codimension one domain wall is currently unknown.

(see [195] for a recent discussion of lower dimensional chiral ETW-branes).

Second, we have Q5°™ (pt) and K~2(pt). The factor byQ5P™ (pt) = byZ
gives rise to by global 3-form symmetries in four dimensions, whose preserved
magnetic O-form currents %QM (again in D = 4 and with the notation of

section 5.1) are given by the expansion of the ten-dimensional 2-form current

jg(Mg) = tdy(Ms) in a cohomological basis w(2), € H?*(X;Z), namely

by
JQ(Mﬁ) = Z j(()2)a N W) - (5.81)
a=1

Note that by = b2, so that this is the Poincaré dual to the expansion (5.78),
where we included the charges ¢ into the coefficients. Similarly, for a D7-
brane classified by K ~2(pt) and wrapping 4-cycles 34 € Hy(Mg; Z) that are
contained in X (times the flat space RY3), we can expand its Poincare dual
2-form as
by
SARY x Ty) =Y 6O R Awa),. (5.82)
a=1
In ten dimensions, the gauging of the corresponding 7-form global symmetry

is associated to a tadpole constraint, such that we add D7-branes transverse to

" Formally, this 0-form arises from the ten-dimensional delea §((RY3 x Mg) = 5O (RV3) A

5O (Mg).
12 This should be contrasted with type 1 for which the cobordism group including the Ss(32)

background gauge field gives us rank(Ss(32))
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the 2-dimensional manifold to cancel the initial cobordism/K-theory invariant

YN 5<2> (R x ¥ ,j)+/ alMe) _ (5.83)

X, 2

jEdef

which upon expansion in a cohomological basis of H*(X;Z) = byZ leads
toby = b? tadpole cancellation conditions. Hence, a subgroup b4Z of the
initially present global symmetry by <Q§pinc (pt) & Kfz(pt)> =0 (ZS7Z)
is gauged while the orthogonal b4Z group is broken. Of course, for Mg = C'Y3
we have ¢;(CY3) = 0 and the tadpole cancellation condition simplifies, but
the power of K-theory and cobordism is that they allow us to go off-shell and
see terms that could appear in principle, even if they are absent for the on-shell

configurations.

+ Third, we have Q3P (pt) and K~*(pt). The summand b,Q3P™ (pt) =
by (Z & Z) gives rise to 2 by global 3-form symmetries in four dimensions. No-
tice that this time the ABS orientation between K-theory and cobordism is not
an isomorphism. The preserved magnetic 0-form currents ]é Z) ,i=1,2 in

D = 4 are given by the expansion of the ten-dimensional 4-form currents

j47i(M ) in a cohomological basis W4 OFH4(X 7)
Jui(Mg) = Z BN @ (5.84)

The defects classified by K ~*(pt) are D5-branes wrapping 2-cycles 335 on Mg
that are shared with X (times the flat space RY®). Again their Poincaré duals
can be expanded similarly to (5.84). Apart from the natural direct cancellation
of the Todd genus contribution by D5-branes, we can also consider the gauging
of the diagonal component (sitting in Z @ Z) of the ten-dimensional 5-form

symmetry, which would imply a tadpole condition of the form

ZN/ SO (RY xSy )+ / (CQ(M6)+C%<M6))+/X4@(MG):0.

12
jEdef X4

(5.85)

Upon expansion in a cohomological basis of H*(X;Z) = byZ, one obrains
by = b* tadpole cancellation conditions. Hence, a subgroup beZ of the ini-

tially present global symmetry is gauged while the orthogonal group is broken.
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So far we have argued that inclusion Dp-branes is responsible for the coim-
age of the ABS-map. But what about the second invariant? Curiously, this
invariant becomes relevant for backgrounds outside of the immediate type 1B
realm. A particular example is F-theory on an elliptically-fibered Calabi-Yau
threefold with a Hirzebruch surface F,, [196] as its base. As discussed in [32]
this manifold the 4d spin® cobordism invariants take the values an tdy = 1
and an ci = 8. These F-theory compactifications involving these curious
manifolds are dual to the type 1/55(32)-heterotic string on a K3-manifold
[197,198]. Since the K 3 itself also has ¢; = 0, the rise of these extra cobordism
invariants is only detected by F-theory itself, but not from the string theory
perspective. The ability of F-theory to detect cobordism invariants that the
dual string theory isn’t able to detect appears to be a general phenomenon and

would be very interesting to explore furcher.

Fourth, we have Q5P™ (pt) and K 9(pt). The factor Q5P™ (pt) = Z @ Z
gives rise to 2 global 3-form symmetries in four dimensions, whose preserved
magnetic 0-form currents jéf?, i = 1,2 (again in D = 4) are given by the
reduction of the ten-dimensional 6-form currents jﬁﬂ-(]\/[(g) along the volume
6-form of Mg,

Joi(Mg) = 357 vol(Mg) . (5.86)

The defects classified by K~¢(pt) are D3-branes being point-like on M.
Again, we skip the gauging of just the coimage of the ABS map and look at
the gauging of the diagonal ten-dimensional 3-form symmetry, which would

imply a tadpole condition of the general form
M, M, 3( M,
ZNJ/ 5(6)(R1’3><ptj)+/ 2 Mo) (M) +/ aMe) _ .
jedet I o Xo 24 Xs 2
(5.87)

Again, for a Calabi-Yau manifold, such as Mg = X, the two contributions

from cobordism are vanishing but the off-shell nature of cobordism itself makes
them visible in the general case. Interestingly, in F-theory such a configura-
tion seems to be realized in the following manner [199]: The D7-brane in this
setup has a worldvolume R x K, where K is the discriminant of the fibration

N — B with K a complex surface in the base B such that it is valued as 12¢;.
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Then the induced D3-brane charge becomes

/ (12¢1) (2 (K) /24), (5.88)

such that ¢o(K') expressed as an invariant of the base instead of the discrimi-

nant becomes a linear expression of ¢(B) and ¢(B), namely
/ (1261) (ca(K)/24) = / (121) (2(B) — 30X(B)).  (589)
B B

This is on]y possib]e due to the extra structure in F—theory, where we able to differ-
entiate between K and B.

Finally, let us discuss the four-dimensional global 2-form symmetries related to
KY(X) = byK*(pt) = bsZ and QP™ (X)) = b3Q"™ (pt) = bs3(Z & Z). From
the ten-dimensional perspective, these arise from the reduction of the global 5-form
symmetries along the by 3-cycles of X. Concerning Q"™ (X)), the 2bs preserved

=(3)a

magnetic I-form currents j;; ", withi = 1,2, in D = 4 are given by the dimensional

reduction of the ten-dimensional 4-form currents Jy;(Mg) along the basis 3-forms

W(3)a € H?’(X; Z),
b3

j4,i(M6) = Z jﬁ)a N W(3)a - (5.90)

a=1

Z(3)a

Note that this is meant in principle and that the currents j;’;" can also be vanishing.
The D5-brane defects wrapping 3-cycles X3 on Mg 5h4rcd with X times a three-
dimensional submanifold IT; of the flat space R!® can be expanded in a similar fash-
ion

SW (T x ¥y) = 25 W(3)a- (5.91)

In ten dimensions, the global symmetry of K ~*(pt) is gauged leading to a magnetic

Bianchi identity

dﬁ’g = Z Nj 5(4) (HgJ X 237]') + a§4) j471(M6) + ag4) j4,2(M6) . (592)

jEdef

Expanding now also the magnetic field strength as

Fy =Y 7 A wa, (5.93)
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we arrive at bs Bianchi identities for the four-dimensional O-forms
dfs?" = 3" N O (I )@+ afY G + ol 50 (5.94)
jedef
Thus, everything fits nicely together once more. The discussion for higher groups,
such as Q"™ (X) and Q5P (X)), together with their K-theory counterparts, follows
a similar logic, however the kernel of the ABS map becomes a lot bigger the higher

we go. It is unclear, if F-theory is enough to account for this.

Summary of results

We demonstrated that, for the example of a Calabi-Yau space X, the K-theory and
cobordism classes on X for n > 0 are to be interpreted from the point of view of
global symmetries and their subsequent gauging. In the spin® situation, the LSAHSS
is simple in the sense that no non-trivial maps, i.e. differentials, appear and the out-
comes reproduce the naive expectation from dimensional reduction. Of course, a
more involved task is to compute K-theory and cobordism classes where maps can be
non-trivial and D-branes become inconsistent or unstable. We have demonstrated
this in the case of spin cobordism and K O-theory of X, where non-trivial differ-
entials and extensions appear and we had to rely on additional, supplemental math-
ematics to fully solve the LSAHSS. However, even if in these cases the Dp-brane
spectrum for a background space X changes, the map between K-theory and cobor-
dism is proven to be intact, so that the related global symmetries are guaranteed to
disappear simultaneously. Therefore, the interpretation in terms of gauging is very
similar to what we discussed above.

Our results carry over to the correspondence of KO-groups and Spin-cobordism.
Anew aspect is the appearance of Zs torsion groups related to non-BPS branes on the
KO—theory side. Their appearance high]ights what we exp]ained before: The cobor-
dism and K-theory groups classify charges, not p-forms, and one has to be careful
with statements about the lacter. As these torsional charges feature prominently in
the next chapter, we do not expedite on them any further here.

Let us also mention that the homotopy decomposition theorems we have used
above [177,178,183] (see also [200] for 6-manifolds) offer substantial generalization,
when the homology of the 4- or 6-manifold under consideration contains torsion.
Since this chapter is more about the more common background spaces for string com-

pactifications K3 and CY3, we have left out the homology torsion pieces. However,
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as demonstrated beautifully by the aforementioned theorems the torsion group 7" is
fully captured by Moore spaces P™(T"). Therefore including torsion of background
manifolds compatible with the aforementioned theorems becomes a straightforward
objective, namely we have to calculate the cobordism and K—theory groups of Moore
spaces. We performed these calculations in appendix H, so one just needs to add

these in for a choice of torsion compatible with the theorems (5.2.1) or (5.2.2).

5.4.3 Fate of low-dimensional Q%(X )

It remains to discuss what happens in the regime —k < n < 0, for which the cobor-
dism groups QflJrk (X) are still non-vanishing. Let us consider £ = Spin® for now.
The discussion for £ = Spin (paired with K O-theory) would be very similar. To
get a better idea on what is different with respect to the regime n > 0, we start by
asking what the corresponding K-theory groups are, namely K, (X) = K7"(X)
with =k < n < 0, and what they physically mean. For concreteness, consider e.g.

the class K2(C'Y3). Extrapolating the relation (5.67) to n = —2, we would get
6
K*(X) = @D bs—m(X) K>~ (pt) = K*(pt) @ b4(X) K°(pt) @ ..., (5.95)
m=0

where we highlight the odd term K?(pt), associated to m = 0. The latter can be
defined via Bott periodicity to be equal to Z, but it is not clear what it should repre-
sent physically. This is because effectively we are looking at a negative dimensional
vector bundle. This fits in with the story on the cobordism side as we are looking
at QP (X) meaning we are considering cobordism equivalence classes with a con-
tinuous map from a four dimensional manifold to a six dimensional one. However,
looking at the corresponding expansion for QP™ (X) there is no matching term with
coeflicient bg as Qs_%inc (pt) is vanishing in our definition. Therefore, we could take
the point of view that we should only consider the connective version of K-theory
with 7" (pt) = 0 for n < 0 and have cobordism and K -theory match again.

If we do not want to take this route, we have to consider so called derived man-
ifolds [201] to make sense of this mathematically. While we can not give the topic
proper justice in this limited subsection, we can at least give some intuition about
the map M,, — X}, which is called an imbedding. The rough idea is to define local
models U, such that there exists a smooth function f : R® — R* where U ~ R%_,.

Then we can associate a virtual dimension to U: n — k. Then for an object X in the
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category of derived manifolds, the underlying space X = U(X) can be covered by
open subsets in such a way that the corresponding open subobjects of X are all local
models. More generally, any open cover of U(X') by open sets can be refined to an
open cover whose corresponding open subobjects are local models.

Now let X be a k-dimensional and Y be an n-dimensional smooth manifolds
and consider a smooth map g : X — Y. Then g is an imbedding if and only if there
is a cover of Y by open submanifolds U* such that, if we set X; = g~ *(U"), each
of the induced maps g|x, : X; — U' is such that there exists a smooth function
h : U" — R" transverse to 0 : RY — R™ with X; ~ U}:o over U. Example
2.7 in [201] provides a nice intuitive picture of what we have constructed. Consider
the structureless cobordism ring of the projective space P+ Q, (Pk) Moreover, let
us consider p- and I-dimensional planes M and N within P¥ such that they meet
transversely in a (p + [ — k)-plane A. As a derived manifold we can understand A
as a fiber product:

A~ M xp N (5.96)

The example most informative for the interpretation of our low-dimensional man-
ifolds is actually as follows: We take a set fi,..., fr + M — R of smooth func-
tions on a manifold M, then their zero set is a derived manifold X. To see this, let

f="(f1, fr) s M — RFand realize X as the fiber product in the diagram

X RO

0 (5.97)

M R .

The (virtual) dimension of X' is m — k, where m is the dimension of M. This means
we can construct in such a way the “missing" equivalence classes of manifolds within
Qfl-‘rk‘(X)’ where —k < n < 0 and k the dimension of X, which have negative
virtual dimension.

Let us conclude with a few remarks. Looking at the K-theory side the groups
K™ (pt) withn > 0 apparently classifies charges of Dp-branes transversal to a (—n)-
dimensional space. So for example the Dp-brane caprured by K?(pt) we mentioned
above would be associated to an imbedding My — Xg and the brane would live on

some type of fibration with a fiber of dimension —2.
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We do not claim that these configurations are actually physical. To make further
progress it would be necessary to construct them from the traditional worldsheet
approach. Since the dimension is intimately tied to the central charge, it would be
prudent to start from there. If such imbeddings can be physically realized, it would
enlarge our tool box significantly especially for phenomenological applications, since
the dimension of our universe is a key observable for any quantum gravity theory.

After this conceptually rather odd subject related to cobordism groups of finite
background spaces we are going to look into infinite-dimensional background spaces
next. More speciﬁcal]y classifying spaces capab]e ofmodeﬂing the precise topo]ogica]
imprint of background gauge fields. In particular, we want to look at type I and

heterotic string theory and their shared Semispin background gauge group S's(32).
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Spin cobordism and the gauge group of

type I/heterotic string theory

By now it is a well-established assertion in the string literature that both the type 1
and one of the two supersymmetric heterotic string theories — the HO theory —in
ten dimensions actually share the same gauge group, denoted as Spin(32)/Zs in the
string theory literature, out of the various Lie groups with a 50(32) Lic algebra. As
we have already reviewed this in our string theory introduction 2 we will just recall
the most salient facts. On the heteroric side consistency of the worldsheet theory im-
mediately singles out this Lie group [202] from the even, self dual lactice on which we
have to compactify the bosonic degrees of freedom. for type I string theory the story
is a bit more intricate as perturbatively the symmetry group is O(32)/Zs [65]. The
story changes when accounting for the D9-branes canceling the Ramond-Ramond
tadpole (as well as the NS-NS tadpole) leading to a SO(32) gauge symmetry group.

However, this is still not the full picture.

The discovery of S-duality between the Spin(32)/Zs heterotic string (HO string)
and type [ string theory [54, 85], i.c. they provide the weak/strong coupling descrip-

tion of the same complete theory, suggests that both theories have to be built upon the
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same gauge group [65]". As we have mentioned in section 2.10.2 subsequent analysis
of nonperturbative objects in type I showed that certain non-BPS Dp-branes are re-
sponsible for amending the perturbative gauge group O(32)/Zs to Spin(32)/Zs on
the type I side [65], such that S-duality between type I and HO can be seriously con-
sidered. In particular, the non-BPS DO-brane is the one carrying spinor chargc [69].

As we also reviewed earlier the correct quotient of Spin(32)/Z, is the one killing
just half of the spinors (the two choices killing either the positive or negative chiral-
ity spinors are isomorphic), which is usually called SemiSpin because of that. Impor-
tantly, this group Ss(32) has fundamentally different properties than SO(32). For
example, the two groups are of different homotopy type [204]. A lot of other subtle
differences, especially in the context of string dualities, were highlighted in [74,75].
In the following we want to actually calculate the cobordism groups relevant to non-

pcrturbativc objccts in the type I/HO string theory considering the correct gauge

group.

Incorporating gauge groups into cobordism considerations

As already mentioned above the concept we want to introduce is classifying spaces
BG as “background gauge" manifolds for the cobordism groups, i.c. we would like
to study Q5 (X = BG). This is quite distinct from the case of a finite dimensional
background manifold X, which models dimensional reduction [34], that we have seen
earlier.

More specifically, the map we are fixing to be preserved throughout the cobor-
dism equivalence is a classifying map M — BG. As reviewed in appendix B this
assigns a G-principal bundle to the manifolds in our equivalence classes within each
cobordism group due to the bijection between the homotopy class of the classify-
ing map and the isomorphism class of numerable G-principal bundles [205]. From
a physics point of view the G-principal bundle is the topological backbone of the
gauge thcory we want to fix. In our case this is the unique gauge group arising in type

I/HO string theory.

"Its quite insightful to contrast S-duality between the two Spin(32)/Zy string theories with
Montonen-Olive duality [78,203], since the strong coupling dual gauge group of the latter duality is
the Langlands-dual of the gauge group one started with. Therefore, our physical expectation that this
also holds true in string theory matches up nicely with the mathematical face that Spin(32)/Zs is in

fact Langlands-self-dual, see for example appendix D of [203].
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It should be emphasized that the cobordism groups of some classifying space
should be considered a specific, intermediate step in the approximation of the “fi-
nal" quantum gravity structure the Cobordism Conjecture 3.3 is referring to. Each
step reveals a different aspect ofquantum gravity. In the case at hand we gain insight
into the D-brane bound states in correspondence with the presence of a Yang-Mills
theory, introduced from the type I perspective by the tadpole canceling stack of 32
D9-branes and one O9-plane.

In what follows we will utilize rather heavy mathematical machinery to calculate
the spin cobordism groups 952?2(358(32)) below dimension 13 of the classifying
space of S5(32) in 6.1. The spectral sequences have been introduced in the mathe-
matical background chapter 4.6. Afterwards, we interpret the result from a string
theoretic point of view, especially in the context of the Cobordism Conjecture, in

section 6.2.

6.1 The calculation of Q°P"(BS5(32))

After our short introduction to the main mathematical tools we are going to use we
will now work through the computation of Q57 (BSs(32)). This section is divided
into the two main steps of the calculation: Determining H"(BSs(4n), Zs) via the

Eilenberg-Moore spectral sequence and then followed up by computing

QSvin(BSs(32)).

6.1.1 Determining H"(BSs(4n), Zs)

To access the second page of the Adams spectral sequence we will now partially follow
and extend the calculation of H*<''(BSs(n), Z,) demonstrated by [206]. In partic-
ular the computation exploited the fact that while we do not know H"(BSs(n), Zs),
we actually do know H™(Ss(n), Zs) [207]. The aforementioned calculation consists
of two subsequent spectral sequences. First, the May spectral sequence [208] sets up

the next spectral sequence
COtOI‘A/(ZQ, Zg) — COtOI’H*(SS(;gQ),ZZ) (ZQ, Zg) , (61)

where A’ is is a Hopf algebra such that it is isomorphic as an algebra with A’ such

that every generator is primitive. Then, the result is fed as the second page into the
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Eilenberg-Moore spectral sequence (4.93) [169-171]
Ey = COtOI‘H*(Ss(?)Q)’ZQ)(ZQ, Zg) — H*(BSS(TL), Zg) . (62)

However, we will follow a different route to determine Cotor g+ (ss(32),2,) (%2, Z2),
namely the “cwisted tensor product" method of [209].

We start with H*(S55(32), Z3) as a Hopf algebra as determined in [207]. Up to
degreen = 15 H"(Ss(n), Zs) the authors showed that as an algebra it is isomorphic

to

A(ws, ws, we, Wy, Wy, Wig, W11, W12, W13, Wia) @ Zs[D]. (6.3)

Tmportamly, there are a coup]e nontrivial coproducts in the degree range we are in-

terested in:

(wr) =1 ® we + 0> @ ws + 0" @ ws, (6.4)
Y(wy) = 0@ wyg + 02 @ wy + T° @ ws, (6.5)
P(wz) =@ wiz + 0 @ wy + 7° @ wy (6.6)
D(wig) = 02 @ wig + 7 @ wig + 7° @ we . (6.7)

As our first step of determining Cotor g+ (ss(32),20) (Z2, Z2), we define the Zy-
submodule L of H*(Ss(n), Zs) generated by

) S
{'va , U,V 7w3aw57wﬁaw77wgawloawllaw12aw13awl4}- (68)

Then we have the projection 0 : H*(Ss(32),Zy) — L, the inclusion ¢ : L —
H*(S5(32),Z2) and the suspension s uplifting the elements of L to:

SL = {CLQ, as, as, ayg, b47 b57 b7a Cg, b107 bll7 C12, bl37 C14, 615} . (69)

Now we extend the maps @ and ¢t to @ = sof) : H*(S5(32),Zy) — sLand 7 = tos™ L,
Next, we construct X as X = T(sL)/1,where T'(sL) is the tensor algebra with the
natural product 1 and 1 is the two-sided ideal of T'(sL) generated by Im (¢ o ( ®
0) o ¢) o Ker(f). Consequently, X is given by

X = Zg[ai, bj, Ck]/[, (610)
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where I is generated by
[ai? aj]’ [bl? bj]a [ai? bj]? [bh Cj]’ [aiv Cj] for ('Laj) € {(5a 12)7 (Sa 14)7 (27 15)}
[as, cs] + azbr, [as, cs] + asbe, [as, cs] + agha,
[az, c12] + azbiy, [as, c12] + asbio, (6.11)
[as, c1a] + azbis, [as, c14] + agbio,
[as, c15] + asbia, [as, c15] + aghu,
[,] denotes the commutator. From here we construct our twisted tensor product.
Now, we define a differential d asamapd = ¢ o (0 ® ) o ¢ : sL — T(sL) that
is uniquely extended to d : T(sL) — T'(sL) with d(I) C I, such that X becomes a
differential algebra.
Consequently, following [210] we construct through the triviality of dof + Yo
(0 ®60) o ¢ =0acwisted tensor product W = H*(S5(32), Zs) @ X with respect
to 0. W is a differential H*(S5(32), Zy)-comodule with the differential:
d=10d+(1®¢)o(1®01)o(p®1) (6.12)
with the product ¢ over T'(sL) and ¢ the product over H*(Ss(32), Zs). The differ-
ential acts in the following way on the elements:
dw; = a4 for all i except for ¢ = {7,11,13, 14},
dv? = b for j = {1,2,4,8},
dwr =cs+0Qar+ > Qag+ 7' ®@ay,
dwyy = c1a+ 9 ® ay + 0> @ ay + 9° @ ay, (6.13)
dwiz = c14+ 0@ a3 + 0" ® ago + 7° ® ag
dw14:cl5+@2®a13+@4®a11+@8®a7.
As a result, we get the following action on {a;, b, ¢t }:
dai = Jai = 0,
dbj - ij - 0,
ng = JCS = bQ(Z7 + b36L6 + b5a4 s
d012 = Ciclg = bQCLH + bgaw + bgCL4, (6.14)
deiy = deyy = baaz + bsaig + boag

dCl5 = 67015 = b3a13 + b5a11 + b9a7 .
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Consequently, in accordance to the procedure outlined by [209,210] we define weights

in W, which in our case is 1 for the “pairs” with respect to the suspension

(w77 CB)? (w117 612)7 (w137 Cl4)7 (w147 015) (615)

and zero for all the other pairs.

This allows us to define a fileration with respect to these weights:
F, = {x € W with weight <r}. (6.16)

Then we have essentially achieved the same as a spectral sequence and we define

Ex(W) =" F./F,_1. The point is that since d(F,.) C F, the homology groups
of Eoo(W) vanish, ie. Eoo(W) is acyclic. Thus, W itself is acyclic, as well. Then
W = H*(Ss(32),Z3) ® X is an acyclic injective comodule resolution of Zsy over
H*(55(32),Zs), which is reminiscent of the defiition we gave for the Cotor func-
tor. The point is that the cohomology of X together with the map d gives us the

Cotor functor:
Cotor (5562022 (7, 7)) = H(X : d) = ker(d)/im(d) (6.17)
in the notation of [210]. Therefore, we now get:
Cotor™"5G222)(Z,y 7y) = Ly [T9, T3, Ts, To, Ya, o, Ur> Y10, Y1, i3] /- (6.18)
(Z2T7 + T3P + T5Ps, T2Yu1 + T30 + Tola,
TaW13 + TsYio + ToYs, T3Y13 + TsY11 + Zf9?]7) .
With Cotor”" (9¢G2:22)(7,, 7)) determined we can proceed with the main goal of
this section resolving the Eilenberg-Moore spectral sequence (4.93). Actually, we can
make the task a lot casier as all the generators can be written as Steenrod squares
acting on either T3 or gy
T3 = Sq'Ta, T5 = S¢*Sq' T2, Ty = Sq*Sq*Sq' 7,
Js = Sq"a, §r = S¢*Ys, Gro = Sq"Sq* Y, (6.19)
g = S¢°S¢ Y, ths = S¢°Sq’ya.
Since T; € Fy' " and y; € Ey? ™" we can see that there are no nontrivial differen-
tials acting on Z5 and gy:
d(z3) : EYY — EMI-0=1 — ) (6.20)
d’r(g4) . E7}73 N E7}+T,3—(T—1) —0. (621)
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As a consequence all of the elements up to the degree we are studying are actually per-
manent cycles as both Z3 and g4 are and subsequently every element related by a co-
homology operation (in this case Steenrod squares) to a permanent cycle. Therefore,
our spectral sequence collapses. Now, proceeding to H*(BSs(n), Zs), let’s define
the elements. Analogous to [206] we choose Yy instead of y4 + l’g as the representa-
tive of ¢4 besides x5 as the representative of Z, the other representatives in the same

order as in (6.18):

r3 = Sqlxz, T5 = SQQCL’:&, Tg = Sq4x5,
Ys = Sq°y1, yr = Sq" Y6, y10 = Sq"ys, (6.22)
Y11 = Squlo, Y13 = quyll-

At this point let us denote the action of the Steenrod squares, which is going to be

very important for the Adams spectral sequence:

Ty | w3 | 73

3 | | | w5 | 23

s x% / / Ty
2 - A A
Ya / Yo Y7 yi
Ye | Yr / / Y10
Y7 / / / Y
Yo | Y11 / /

Y1 / Y13 /

Y13 / /

Table 6.1: Elements of H"(BSs(4n), Zsy) and their transformation under Steenrod

squarcs.

As alluded to before obtaining the higher relations 7; is a lot simpler as they are

related to ry by Steenrod operations. The first relation is given by:

1 = Toy7 + T3Ys + T5Y4 , (6.23)
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where we defined T5 = x5 + x223. Now, we can bootstrap the next relations, while
crosschecking that Steenrod squares acting on the relations actually vanish. The first

few Steenrod operations acting on 71 are pretty simple:

Sq'(r1) = z3yr + 23y, =0,
Sq*(r1) = 23y7 + Tsys + TaT5ys + Tsys = Tar1 = 0, (6.24)
5613(7"1) = T5Yy7 + 1’%96 + Z5y7 + (w375 + 962513:2»,)94 =x3r1 =0.

Finally with S¢* we reach the next relation 7y:
ry = Sq'(r1) = Tay11 + 23y10 + Tsyi + 23yr + T2E5Ys + Toya , (6.25)

where we defined g = xg + i[f%$5 + x% This definition is very convenient, since we
have Sq*(Z5) = Zg and Sq*(Zg) = ZZ. So let’s look at the next couple of Steenrod

squares building onto 7, as well:

Sq*(ry) = way1y + T3y + Fsr1 =0,

(6.26)
r3 = Sq*(ry) = Tayiz + Tsyro + T3T5Y7 + ToT5Ys + ToYs + TaTols -
Subsequently, we get 74 from r3 (or as S¢®(ry) from 73):

re = Sq'(r3) = x3y13 + Tsyn + T3Tsyr + T3yr + Toyr 627)

+ T2Ys + T3Toys + ToT2Ys -

As a final consistency check we calculate St and S¢? of r4 to check that both actually

vanish?.

Sq'(ra) = T3yr + T3y + w3T3ys + w3T3ys = 0, (6.28)

Sq?(ry) = Tor1 + T2 (2oys + T3Ys + Toys + T5y4) = 0. '
Now, with the action of the Steenrod squares set up and the relations determined we
can go ahead and identify the A;-module structure of H*(BSs(4n), Zy). First, from
(6.1.1) we recognize that the elements of H*(BSs(4n), Zs) split into two different
parts a “x-part” consisting of g, ..., Tg and a “y-part” composed of Yy, ..., y13 as the
Steenrod squares never transforms them into each other. The third part, a mixed
part, of course is comprised of the combination of x- and y-elements. This is where

the relations come into play.

2 There is an additional relation 75 in degree 17, but we don’t hit it with Sql(m).
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Notice that the “x-part” is up to the degrees we are working with isomorphic to
the algebra of H*(B?Zs, Zs) and the “y-part” can be identified with H*(BEs, Zs).

The “x-part” can be understood as coming from the fibration
BSpin(4n) — BSs(4n) — B*Z,. (6.29)

From a string theory perspective the “y-part” has a very natural interpretation as the
lead actor of the T—Duality between the two supersymmetric heterotic string theories
with gauge groups (Es X Eg) X Zg and Ss(32).

Interestingly, the coproducts in H*(S's(4n), Zs) precisely cause the “y-part” in
the range relevant to both string theories to change from being identical to
H*(BSpin(4n), Zs) to being identical to H*(BEg, Zs).

Let us also point out the close relation to H*(BSO(4n), Zs) as sometimes the
gauge group of type I/HO string theory is wrongfully identified as SO(32). Here,
additionally to removing the coproducts we would also need to couple the “x-" and
the “y-part”, such that after renaming the “x-elements”: x; — y; (@ € 2,3,5,9) we

would have the following action of S¢', i € 1, 2:

Sq(yi) = (i — 1) yira (6.30)

7 —1
qu(yi) = ( 9 ) Yito + Y2yi . (6.31)

We leave a string theoretic interpretation of the coproducts and the consequent re-
lations in H*(BSs(4n), Zs) to future work.

Let’s start with looking at the A;-module structure of the “x-part”. Since Zy is
a discrete group, B?Zs is nothing else than the Eilenberg-MacLane space K (Zz, 2).
Up to degree n = 40 the ko-homology ko, (K (Zs, 2)), which is more than sufficient
for the string theoretic applications we have in mind, has been calculated in [211]. As
already hinted upon before we will use some particular combinations of s, 3, 25

and xg. Namely, we will use

Ts =I5 + 1273,

~ 2 3
T9g = X9 + T5x5 + T3,
~/ 3 2 3
Ty = T3 + Tox5 + T3,

~, 2 3
T11 = ToXg + T35 + XoXg
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matching the definitions of [211]. With the action of Sq' and Sq? on the elements of

the “x-part” we get the following A4;-module structure:

[ ]
Q.
T2T3L5

LL’Q'Q?%

Figure 6.1: Aj-module structure — X-part

To match the notation of [211] we included the S¢! connecting Tg with
Sq? Sq' Sq*(5) as a dashed line in the figure above. For the subsequent Adams
charts this Sq' does not makes a difference and we can effectively treat Zs[Zg] and
My [Z5] as separate modules following [211]. In our degree range there is another non-
trivial extension, namely a S¢* = S¢*Sq¢* between Z1;1 and Sq? Sq' S¢*(zp) [211],
which we indicate with a dashed line. Once more, we can treat My[Zg] and J[Z11] as
different modules in the Adams chares.

Before we discuss setting up the Adams spectral sequence by filling the second
page, we'll look at the A;-module structure of the “y-part” and the mixed “x-y-part".

Whereas the structure of the “y-part” is simple compared to the other parts as can be
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seen below, the mixed “x-y-part” has a highly involved 4;-module structure.

!
[ ] [ ]
’/‘ ’/
& 2|
\ )/ \ 3
Pl %
(¢
\‘ ‘
o oY10
YaYe
2
® Yy
[ ]
[ ]
’/
i
°Ys

Figure 6.2: Aj-module structure — y-part

After carefully incorporating the relations 75,7 € 1,...,4(6.23)-(6.27) we finally

arrive at the following structure:

?

{

I-t2 10 @ Zoy4
Y 2Y6 x2x§y4 m2y4ye9y

.

4
ToY4
T2T5Y4 2
o,
xgy4 2T3Y6

zzyz

X

2
T5Y4
r2Y4

Figure 6.3: A;-module structure — mixed X-y-part



152 6. Spin cobordism and the gauge group of type I/heterotic string theory

6.1.2 Determining the spin cobordism groups of BSs(32) up to de-
gree 12
Theorem 6.1.1. The 2-completed ko-homology of B:S's(32) up to degree 12 takes the follow-

ing form:

n\012345678

koa(BSs(32)) | Z Zy 27y 0 2Z&Z; 0 2Zy 0 4Z&® Zs
n 9101 12

kon(BSs(32)) | 42y 8Zy 3Zy GL®TLy® ZLg

Table 6.2: ko-homology groups ko, (BSs(32))s.

Proof. As outlined earlier the tool of our choice to calculate ko, (BSs(32))s is the
Adams spectral sequence. With the A;-module structure of H*(BSs(32),Zsy) we
can casily write down the second page Es of the spectral sequence. Essential to this
proof are the two maps we already alluded to in the discussion of the 4;-module
structure, namely ko, (BSs(32)) — ko,(B?Zs) from the fibration BSpin(n) —
BSs(n) — B%Z, and ko,<15(BSs(32)) — kop<16(BEg) from the inclusion
Ss(16) — Es. Again, the first one is highlighted by blue color and the second
one by orange color in the following. The Adams spectral sequences for both ko-
homologies are well studied, i.e. differentials and extensions are solved (or solvable)
up to at least dimension 12, and due to the naturality of the Adams spectral sequence
we can connect differentials that arise in our spectral sequence to known ones via the
aforementioned maps. To make the spectral sequence easier to follow we discuss the
spectral sequences for ko, (B2ZQ)§ and ko, (BEg)s separately and we just show the

reduced ko-homologies, since we can use the splitting principle to complete them.

The Adams spectral sequence for ko, (B?*Zs)5

The spectral sequence for ko.(B*Zs)s = ko.(K(Za,2))s, where K(Zs,2) is the
Eilenberg-MacLane space of the pair (Zs, 2)°, was studied in [211] and we will briefly

3 The equivalence between classifying spaces B"G of a discrete group G and Eilenberg-MacLane

spaces K (G, n) is for example discussed in chapter 16.5. of [121].
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recount their results for this spectral sequence. We start by transferring the A;-
modules, which are well known in the literature, see for example [145], into an Adams
chart. We get the following second page, where we have encircled nodes stemming
from a full A;-module, which will not partake in neither a non-trivial differential

nor an extension due to Margolis’ theorem [212]:

IR IE

. I |
IR
IR
2 1l 1L
N N 4 I

Figure 6.4: E; for ko, (B?Zs)5 without differentials

Now we can start looking at the differentials. As mentioned before a differential
d, on the r-th page goes from a node (s, — s) to another one at (s + r,t — s —
1). Interestingly, differentials in the Adams spectral sequence have a very peculiar
property, namely they are equivariant under elements of Ext**(Zy, Z) meaning that

in our case acting with the A;’s with i = 0, 1 from before results in:

With the properties of differentials in the Adams spectral sequence taken into ac-
count we see that only “cower killing" differentials can be present going from one

tower of nodes to another one.
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Lemma 6.1.2. (Wilson [211]) The tower killing differentials up to degree 40 can be identified
with Bocksteins. Up to degree 13 we have the following differentials:

« There is a dy starting from towers in degree 4k + 5 coming from S My and X297 [T9]
killing the towers in degree 4k + 4 from 2 J[x2).

« There is another dy between towers generated by the same Aj-modules as above mul-

tiplied by 3.

- A ds kills the towers in degree 4k + 8 associated to YZ8Zs[x3] and starts from the

towers coming from X9 My [zg] and SM J[Z11].

With these results on the differentials we are able to reach the infinity page. Since
there are no higher differentials than ds up to degree 13, page 4 is already equivalent

to the infinity page. The second, third and final fourth page look as follows:

w
4

o
°
®

o 1 2 3 4 5 6 7 & 9 10 11 12 13

Figure 6.5: Second page E5 for /];6*(32Z2>’2\ including d differentials
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8

7

6

5

4

3

2

1 °

0 °
o 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 6.6: Third page E5 for %*(B2Z2>/2‘

8

7

6

5

4

3 o

2 °

1 ) l / .

0 J ® 0/ ©»® o @®
o 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 6.7: Final page E, for 7{:\(3*(3222)5

At this point we will not discuss any extension problems, we will do so once we
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assembled the final page of the full Adams spectral sequence for %*(358(32))5.

The Adams spectral sequence for ko, (BEjg)s

As we stated before, the Aj;-structure of the “y-part” is completely equivalent to the
one for BEg in the degrees we are interested in. Since we can also map the differ-
entials by naturality of the Adams spectral sequence, we again first want to study
the isolated case of ko,(BEs)s to infer a lot about the actual spectral sequence we
care about. To compute the low dimensional spin cobordism or ko-homology groups
usually the isomorphism between BEg and the Eilenberg-MacLane space K(Z, 4) in
degrees < 15 is exploited. The associated Adams spectral sequence for ko, (K (Z,4))
was studied in detail in [213]. Firstly, there are only a few A;-modules, which are

quickly translated into an Adams chart, which looks as follows:

N W s~ Ot O N

o 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 6.8: Second page Es for ko, (BEs)s without differentials

As we can see from the second page (without differentials) the A;-module struc-
ture of the “y-part” doesn’t leave much room for differentials. Scill, there are two

distinct differentials possible, which are in fact realized.

Lemma 6.1.3. (Francis [213]) There is a dy in degree 10 (and 11 linked by hy action) and a
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tower killing differential in degree 13 such that there is no torsion in degree 12. Both differen-

tials are linked by a higher cohomology operation, namely a Massey product.

Since there are no more possible differentials in this range, we are done.

NwW ke Ot O N
=

o 1 2 3 4 5 6 7 & 9 10 11 12 13

Figure 6.9: Second page E; for %*(BEs)ﬁ with differentials

Completing the Adams spectral sequence for ko, (BS5(32))5

For the final “x-y-part" the A;-modules are again well known, see for example [145].
Additionally, we demonstrated the computation of the Adams chart for the Ry-
module in the introduction. So, we get the following second page without differ-

entials depicted in 6.11.
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s i it i
. i i I
: | i I
5 | IR
4 | i I
: i L.l
1 o‘ oo o/ oo
: i Voo
o 1 2 3 4 5 6 7 8 9 10 11 12 13
Figure 6.10: Final page E for %*(BEg)a
5 i
7 o00
6 ose
5} ccd
4 cto
3 o00
2
1 Ve i
0 ® O INCO)
0 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 6.11: Second page Es for the (reduced) “x-y-part” without differentials

Again, the encircled nodes denote Zy's stemming from full A;, which do not
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participate in any differentials (or non-trivial extensions).

Lemma 6.1.4. Up to degree 13 there is only one differential ds coming from the Q[Z4ya]

d3(Zoya) = d3(Tg) ya - (6.33)

reducing the Q[x3y4] tower to a Zg-torsion picce.

Proof. From the Adams chart and equivariance of differentials under ho- and hy-
actions in particular it is an immediate consequence that the only possible differential
would come from the @[i’éyd tower in degree 13. Then we can use the fact that the
cup product of the cohomology ring of H*(BSs(32), Zs) induces a multiplicative
structure on the Adams Spectral sequence [214]. This entails that we can determine
the differential from the @[:T:’gy4] tower via the Leibniz rule induced by the multi-
plicative structure. Of course we have to be careful with the relations (6.23)-(6.27).
With this taken into account we get that the differential in question is in fact a dg as

it is the only non-trivial possibility respecting the Leibniz rule

ds(Tgys) = ds(Tg) ya . (6.34)

Consequently this cuts the Q[x3 y4] tower in degree 12 to just a Zg torsion piece. [

We depict the resulting pages of the spectral sequence in figures 6.12 and 6.13.
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N W s~ Ot & N

12 3 4 5 6 7 8 9 10 11 12 13

Figure 6.12: Third page Es for the (reduced) “x-y-part” with differentials

./ .
® @ @@

12 3 4 5 6 7 8 9 10 11 12 13

Figure 6.13: Final page E for the (reduced) “x-y-part”

Eventually, putting all parts together again we obtain the final page for the Adams
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|

0 1 2 3 4 5 6 7 8 9 10 11 12

spectral sequence for ko* (BSs(32))5 in figure 6.14.

N W ke Ot O N o

0 o @@ o @@ LCOIC

Figure 6.14: Final page E, for %*(358(32))5

Reading oft the ko-homology of BSs(32) is straightforward at this point: each
node corresponds to a Zg and each vertical line, i.e. hg, to multiplication by 2. Con-
sequently, the towers are depicting a Z-summand. Unfortunately, we are not quite
done yet with the determination of the ko-homology groups as there are potentially
non-trivial so called hidden extensions. This means that Zsy-nodes in appropriate
degree could either split into a direct sum of each other or be connected by a so far
undetected hg. In the case at hand the extensions all split and we do not uncover any
hidden extensions. Non-trivial extensions are possible in degrees 9, 10 and 12. So let’s

tackle them case by case.

Lemma 6.1.5. %9(358(32}) = Loy @ Lo @ Lo

Proof. All of the nodes in degree 9 are connected via a non-trivial hy-action to nodes
in degree 10. Now suppose there is a hidden extension between the green node and
cither the blue or orange node. Then these two nodes combine to a Zy. Let’s call the
generator of this Z4 x and the image of the hy action on 2z in degree 10 y, such that

hq 22 # 0. Moreover, the hy action lifts to an -action, corresponding to multiplica-
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tion by the “anti-periodic” circle in ko-homology. However, since 27 = 0, this is con-

tradicting by 22 = 12z # 0. Therefore, all Zy's must split in kog(BSs(32)). O
Lemma 6.1.6. kokoyo(BSs(32)) =237, ® 27, G 3 Zs.

Proof. First of all, the Margolis theorem tells us that the two circled nodes do not
participate in any non-trivial extensions and just split off. Furthermore, since all
extensions in degree 9 are split, 1 carries this splitting into degree 10: Zy & 7, @
7 C ko1o(BSs(32)). Since the remaining nodes can not form non-trivial extension

amongst each other, we're done. l
Lemma 6.1.7. There are no hidden extensions in ko15(B.Ss(32)).

Proof. We start by looking at the three blue nodes coming from H*(BSs(32),Zs).
Of course, the circled node splits off completely due to Margolis theorem. To see the
splitting between the other two nodes we need to put a bit more work in. In our
proof before we have exploited a non-trivial n-action.

Here, we will use that the top blue node in degree 12 coming from the X2 Zy[z3]-
module is connected to a node stemming from the same module in degree 20 by a
w-action, corresponding to multiplication by a so-called Bott-manifold Bs. Just like
the node in degree 12 the one in degree 20 is the only surviving after taking the tower-
killing differential d3 into account. The same can not be said about the other blue
node, which leads to the following situation:

Let’s denote the generator of the bottom Zy  and the generator of the top blue
node y. Assuming the extension doesn’t split we have 22 = y. Now, since w - y # 0,
we get w - 2 # 0. However, this is a contradiction, because the w-action on z
vanishes. Therefore, the extension must split.

Since we can map the blue nodes isomorphically into the Adams spectral se-
quence for ko,(B*Zs), the blue nodes have to split in the case of BSs(32) as well,
The remaining possible hidden extension is between the botcom single green Zy node
and one of the two Z-towers.

Again, we will make use out of non-trivial w-actions. Namely, both towers are
linked by w-actions to corresponding towers in degree 20. Even though we have
not determined the differentials in that degree we know that there cannot be any
non-trivial differential acting on these towers as d,(w ) = wd,(x) and there is no

differential acting on our towers in degree 12. Moreover, the w-action doesn’t just
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imply the existence of towers in degree 20, but since there is no non-trivial w-action
on the green bottom node (not circled), which can be determined from the short
exact sequence used to calculate the Adams chare for the Ry, we know that both

possible extensions do in fact split. O

Now that we have covered the 2-torsion part for ko, (BSs(32)) the natural next

step is to calculate the odd-torsion Adams spectral sequence. However, as we show

next this not necessary, in fact ko,(BSs(32))5 = ko.(BSs(32)) for x < 12.

Lemma 6.1.8. Neither ko,(BSs(32)) nor Q27"(BSs(32)) contains any odd rorsion up
to at least degree 12 and therefore ko.(BSs(32)); = ko.(BSs(32))
as well as QP (BSs(32))5 = QP (BSs(32)) below ar least degree 13.

Proof. One way to see this is to deploy another type of spectral sequence capable of
computing groups of generalized homology theories like connective ko-homology,

namely the Atiyah-Hirzebruch spectral sequence (AHSS) [115]
Equ = Hp(B,Go(F)) = Gpyqg(X). (6.35)

for a Serre fibration X — B with fiber F" and a generalized homology theory like
cobordism or K-homology, i.c. satisfying all the Eilenberg-Steenrod axioms except
for the dimension axiom.

In particular we will use the following Serre fibration
BSpin(4n) — BSs(4n) — B*Z,, (6.36)

which can be seen as a consequence of the Puppe sequence for the fibration BZy —

BSpin(4n) — BSs(4n). Now, since the differentials are group homomorphisms

and since E7T! = If;;((;ir)), they can not generate odd torsion groups from 2-torsion
groups on subsequent pages except for differentials between different Z entries.

Therefore, if there is no odd torsion on the second page of the aforementioned
spectral sequence and we can exclude differentials between free Abelian encries, the
infinity page isn’t going to contain odd torsion either.

Both ko, (BSpin(n)) and Q7" (BSpin(n)) do not contain any odd torsion, see
e.g. [158] for this statement. Therefore, as long as the integral homology of B*Z. does
not contain odd torsion groups the second page of the AHSS is free of odd torsion.

Indeed, the integral homology groups for B2Zg = K (Z,2) have been computed up
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to degree 200 in [215], showing absence of odd torsion groups below at least degree
13.

Additionally, the integral homology groups of K (Z,2) do not contain any free
Abelian groups in degree n > 1, thereby excluding any differentials between differ-

ent Z on any page of the spectral sequence. ]

]

From ko, (BSs(32)) to Q5P"(BSs(32))

As the final step we can now complete our calculation of QP (BSs(32))

Theorem 6.1.9. As the result of the ABP-splitting (4.34) we get the following

cobordism groups

n\012345678

QOPm(BSs(32)) | Z Zy 22y 0 2L&Zy 0 2Ly 0 SL®ZLs
n 9 10 12

OSrin(BSs(32)) | 5Z2 10Zy 3Zy SL® 9Ly ® Zs

Table 6.3: Spin cobordism groups Q57" ( BSs(32)).

Proof. Let’s write the ABP-splitting (4.34) in a more convenient form for us to see

what we mean by k0,,—10(2) (X) (2):
H*(MSpin,Zy) 2 A@u, (Zy @ X3Zy @ X°T @ ...) (6.37)

Here, J denotes the so-called “Joker"-module, which we encountered already, for
example directly as the first module within the “x-part”. For a detailed account of the
next terms we refer to appendix D.1 in [150].

From the GXPT'eSSiOTl above Ww¢e can see tl’lat we get:

QP (BSs(32))53 =m_s(ko A BSs(32))5 @ mss_s(ko A BSs(32)); (6.38)
@ mio4t—s(ko AN J A BSs(32))5 & ...,
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where m_s(ko A J A BSs(32)); is calculated by the Adams spectral sequence
Ezti’ltl(J ® H*(BSs(32),Zs),Zs) = m—s(ko N J AN BSs(32))s.

We see that apart from the two ko-homology building blocks we just get 20 @
H*(BSs(32)) =XJ ® (X2J & ...) on top in the degree range we are interested
in. This amounts to a full A;-module in degree 12 [216]. The rest is just utilizing
our result on the connective ko-homology of B.S's(32). Finally, we can just apply our
knowledge from the AHSS that Qfg%(BSs(?)Q)) doesn’t contain odd torsion, so we

are done. ]

6.2 The non-vanishing cobordism groups and

string theory

Finally, we want to sort out the interpretation of the non-trivial cobordism groups
in regards to the Cobordism Conjecture requiring some physical mechanism trivi-
alizing them. Before we dive into the trivialization mechanism let us provide some
explanation on the physics of the ko-homology building blocks under the ABP de-

composition (4.34).

6.2.1 The ko-homology building blocks ko, (BSs(32))

We begin by noting that we can split ko, (BSs(32)) = ko, (pt) & E(;n(BSS(32)),
where ko, (X)) are the so called reduced ko-homology groups of X. Withn > 0
the first part under the splicting ko, (pt) can be nicely mapped to KO™"(pt) under
Poincar¢ duality. These groups specifically were famously proposed to classify type
[ D-branes [65]. This raises the question of how to properly understand the lacter
groups under the splitting. The refinement we propose is that the ko,-homology
groups at hand detect the magnetic charges of the type I Dp-branes measured in the
n-dimensional space transverse to the D-brane worldvolume.

Specifically, the ko, (pt) detects the set of gravitational magnetic charges, whereas
%H(BSS(?Q)) classifies the gauge-theoretic magnetic charges, which arise from open
fundamental strings connecting the D-brane to the background D9-branes.

To exemplify this let us look at the magnetic charge of the D5-brane in type |

string theory. Let us consider its contribution to the Bianchi identity of C, which
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we integrate over EhC compact transverse space:

Ng’/‘av = {Vgauge + ND5 5 (639)
where Nypq = =8 = # / My Tr R A R denotes the curvature contribution and
Nyauge = —p1(E) = fM4 Tr F' A F stands for the gauge instanton contribution.

This puts the gravitational and the gauge instanton on the same footing as the num-
ber of D5-branes making them really indistinguishable from one another [63]. This
behavior should not surprise us, if our refinement to the K-theory — D-brane rela-
tionship holds true. And precisely, # fM4 Tr R A R is just a mulciple of Ay, ie.
the index of the Dirac operator, and detects non-triviality of Z = ko4 (pt). Fittingly,
i) ay, TTENE uplifts to the cobordism invariant detecting the other free Abelian
piece in codimension 4: Z C %4(355(32)). After carefully implementing electric-
magnetic duality (Poincar¢ duality) on a fixed background space there is a further
refinement for the electric charges. This involves a few more steps, which will be
worked through in [217].

Of course, we should ask for an interpretation of the same ko-homology building
blocks for the SemiSpin(32) heterotic string as well. Actually, we can see this as
the K-theoretic realization of Hull’s proposal for the non-perturbative sector of the
HO string [93], which is based on the description of the SemiSpin(32) heterotic

string as a composite orientifold of type 1IB [92]
QO=8085", (6.40)

consisting of the S, the S-duality SL(2, Z)-transformation of type IIB, and € the
standard type IIB orientifold giving rise to type I string theory. Consistency of the
theory requires now 32 NS9-branes giving rise to the background gauge field just like
their S-dual twins. Still, Why does string perturbation theory look so ﬁmdamenta]ly
different for the SemiSpin(32) heterotic string as compared to the type I string?
The resolution lies in the fact that the fundamental open string on the type I
side gets turned into a D-string on the heterotic side, whose tension scales like i.
This entails that in the perturbative limit g5 — 0 the D-string, becoming infinitely
heavy, retracts into the object it is ending on. The massless sector of the D-string
survives this limit and for example for D-strings attached to the fundamental closed
HO string these massless modes provide the worldsheet structure we are familiar

with.



6.2 The non-vanishing cobordism groups and string theory 167

Our ko-homology groups are, of course, not sensitive to the string coupling, and
a heterotic interpretation entails that the groups classify the charges of the heterotic
NSp-branes associated with its open D-string sector. In particular %n(BSS(Z%Z))
assorts the charges resultant from the background NS9-branes connected to the lower
dimensional NSp-branes through the D-strings. So, while we would naively expect
K -theory to play no role in the interpretation of NSp-branes, it actually does, since
it is only susceptible to the open string endpoints. Whether it is Dp-brane-NS1 or
NSp-D1, does not matter. We will see the importance of K-theory for the description
of the D-string imprint in HO-theory in the next chapter 7. Form this perspective
it is not surprising, that we get for example a tadpole condition for NS5-branes on
a compact transverse space mirroring (6.39). So S-duality between type I and HO

string theory manifests itself as self-duality of the ko-homology groups:

kon(BSs(32)) -2 1o (BLSs(32)) 2 ko, (BSs(32)) . (6.41)
In the following we will usually take the type I perspective on the cobordism groups.
Of course, there exists a S-dual heterotic perspective along the lines outlined above,

which we sometimes high]ight as well.

type 1 ko (BSs(32)) ko, (BSs(32)) HO
DN
. ABS S-duality ABS o
Q5 (BSs(32)) ko (BS5(32)) ——— kon (BSs(32)) > QSPin(BSs(32)) (6.42)
DD/NN
koy(pt) ko (pt)

Next we want to take a look at the corsional pieces of our spin cobordism groups

up untiln = 8.

6.2.2 The torsional spin cobordism subgroups Qi?g (BSs(32))

As we have discussed before certain Zgy summands of Q57" (BS's(32)) are in the im-
age of the map to Q2P (B?Zs). In particular, we want to look at the image under the

map between the reduced cobordism groups. Their associated cobordism invariants
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are IM% z% with k = 1, 3,4, where 2§ are the “generalized" Stiefel-Whitney classes
referenced in [218,219] and £P5(z) in dimension n = 4 [152], where Py (x) is the
Pontryagin square of z. Furthermore, we find a Z in Qgpm(BSS(Zﬂ)) detected by

T2Ya.

n o1 2 3 4 5 6 78
Qipm(BSS(?’m)tors 0 0 Ly 0 Ly 0 Zo ® 7y 0 Zsg
invariants - - sz Ty - %P2($2) - fMG T% , fMﬁ Toys - f]\/[g 1#21

Table 6.4: Reduced torsional cobordism groups and their invariants

« n = 2: Following [150, 161] we know that the nontrivial Zy is detected by the
corresponding cohomology class, since the Zy stems from filtration s = 0 in
the Adams Spectral sequence. The convention in the physics literature on this
topic is to call the cohomology class ws in analogy to the Stiefel-Whitney-classes
w;. However, we will stick to our convention of calling it xo. First, we note
that @gpm(BSS(?)Q)) = %2(355(32)) and therefore expect a D-brane inter-
pretation. The simplest example we can look at is a type I compactification on
a T? with full Ss(32)-gauge group, i.e. without vector structure in the language
of [219]. As laid out in [220] the non-trivial Zs ko-theory charge arising here
should be understood as the charge of anon-BPS D7-brane. Now, why is that? The
charge of the “conventional” D7-brane in type I was identified with KO~2(pt)
in [65], which is of course Poincar¢ dual to koy(pt). We can draw an analogy to
the D5-brane case we saw before. While the D7-brane does not couple to a dy-
namical gauge field, the K-theoretic tadpo]e cancellation (6.39) still arises [220].

The ingredients are again invariants of the ko—homology groups in question:
/ 29+ Ay + N5 =0 mod 2, (6.43)
M>

where we refer to the mod 2 index of the Dirac operator on the transverse compact
space My as AQ [221]. Similarly to the D5-brane case the charge of the D7-brane
is really indistinguishable from the gauge and gravitational contribution. This
should not surprise us, since both invariants have been identified with the non-

BPS D7-brane. The gravitational invariant showed up as a “Berry’s phase" in the
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system of a probe non-BPS DO-brane and the D7-brane itself [222]. The comple-
mentary statement can be found in [220]: The 1/9\7 shows up as a toron gauge-field
configuration in the background presence of D9-brane(s), matching precisely our
expectation that this charge would not be realized without the background gauge
field provided by the D9-branes. The torsional tadpole constraint (6.43) can be
fulfilled in a couple of different ways. The simplest case is, if every term van-
ishes separately (mod 2). In the language of [113], the higher form symmetries are

gauged, i.c. the physical system is in the trivial cobordism configuration.

However, this makes the opposite configuration, i.c. both the gauge and gravita-
tional charge contributions are odd and Nz = 0 mod 2, more subtle. While
cancellation against each other ensures string theoretic tadpole cancellation, none

of the two nontrivial global symmetries are resolved by gauging.

So the remaining pathway to quantum gravitational consistency is breaking both
of those by codimension 3 defects. Remarkably, there seem to exist supergravity
solutions describing these codimension 3 defects. The defect 6-brane breaking
ﬁgpm(BSS(iﬁ)) was identified in [223] (we also refer to [224, 225] for a more
extensive discussion) as the extremal limit of the non-supersymmetric heterotic
black 6-brane solution [226], which looks like a

4-dimensional magnetic black hole with 6 flat dimensions added:
ds* = datdzr, + dy® + rodQ3, e 2 = g %ev/™ (6.44)

additionally the S 2 horizon comes equipped with non trivial f s, L2 charge.

Moreover, the authors of [223] propose a detailed worldsheet description of this
6-brane through a (SU(16)/Z4); spin-CFT with ¢z, = 15 on the S?-part, such

that in total one gets:
R(Lﬁ) X R]inear dilaton X CFT((SU(lﬁ)/Z4)1) . (645)

The 6-brane, which has to accompany the non-BPS D7-brane and breaks

Qgpm (pt), is expected to have a supergravity solution as well. It should look some-
what similar to its twin, the ETW-7-brane, arising when studying the consistency
of the backreacted geometry of a single non-BPS D8-brane [37]. There, one gets
a spontancously compactified dimension, in form of a S', in the space transver-

sal to the D&-brane, which matches that the generator of QTP (pt) is precisely
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the circle with periodic boundary condition for fermions. As expected one finds
that the topology of the space transverse to the ETW-7-brane solution is that
of a disk. The ETW-6-brane subsequently would feature a transverse topology
S x D? bounding the 2-torus generating Q57" (pt)*.

While the geometry of the respective solutions reflects nicely the expected proper-
ties from the cobordism viewpoint, the purely bosonic Lagrangian utilized to con-
struct these solutions does not detect the periodic fermionic boundary conditions.
One option would be to use the aforementioned DO-brane probe [222]. It should
be emphasized however that this Zy arises from the necessary spin-structure and
not from the background D9-branes introducing the background gauge theory
and as already discussed above has to be combined with %2(355(32)) = Zs to

describe the full K-theoretic charges associated to the non-BPS D7-brane.

Finally, we can ask, if we can understand the transformation of these defects under
duality. In particular the Ss(32)-heterotic string is T-dual to the (Eg x Eg) X
Zs heterotic string. In particular it is known that the Ss(32)-string on a T-
compactification with nontrivial 25 is T-dual to the (Eg X Eg) % Zg heterotic
string, where the two Egs are exchanged, when going around one circle in the
2-torus [219]. Precisely this exchange symmetry is detected by Q™ (BZy) stem-
ming from the fibration Eg X Eg — (Eg X Eg) X Zy — Zs as explained in [162].
While we work at a different level of structural refinement, i.c. not yet incor-
porating the twisted string structure of the 58(32) heterotic string, these classes

would also be present, if one would work with Q3P ( B(( Eg x Eg) X Zs)) instead,

matching our level of refinement.

The T-duality between two NS5-branes and the non-supersymmetric heterotic 6-
brane proposed in [227] is not in reach at this level of refinement as the T-duality
appears to map defects breaking nontrivial cobordism groups. The NS5-brane
first shows up as a breaking defect at Sering-structure breaking Qgtrmg (pt) = Zoy
generated by a S3 with H-flux [113]. Therefore, we should expect to find the S3 as

the generator o ¢ cobordism with twisted string structure for the -strin
he g f the cobord th d g structure for the HO-string,

* We have not commented on the interval in the geometry created by the dynamical tadpole asso-
ciated to the non-BPS D8/D7-brane. However, it turns out, when properly accounting for the precise
topology, that only the boundary of the interval has a nontrivial cobordism group. Therefore, we can

think of the ETW-brane as the defect necessary to cap off the ST boundaries of the cylinder with disks.



6.2 The non-vanishing cobordism groups and string theory 171

probably even
Qgtmng—Ss(i’)Z) (pt) ) Qgtmng(pt)

« n = 4: The natural setup to look at here is type I/HO string compactifications
without vector structure on a four dimensional manifold. In particular the ori-
entifold of type IIB on the T4/Z2 orbifold limit of K3 studied in [228] comes to
mind. Tadpole cancellation requires us to introduce 8 dynamical D5-branes with
its corresponding collective Chan-Paton index value being 32 due the orientifold
and the orbifold. There are a multitude of different solutions based on the posi-
tion of the D5-branes, i.e. whether they reside at one of the 16 fixed points or not.
Now, does this orbifold construction impact our analysis as we are not working
with Zs equivariant ko—homo]ogy/spin cobordism necessary to properly take the

orbifold into account?

The answer turns out to be no. As demonstrated in [218] the fixed points of this
precise orbifold® can actually all be blown up and the spectra fully agree with
the smooth K3. More importantly for our discussion here, the fixed points were
shown to each carry a hidden instanton and when blown up the associated gauge
bundle supported on the S? replacing the singularity indeed stems from a Ss(32)-
bundle. This can be seen as follows: The construction in [228] necessitates a non-

trivial twist acting on the Chan-Paton label by a matrix M in 16 x 16 block form:

M = ( 0 [> . (6.46)
-1 0

Since this does not square to 1, it would be causing an inconsistency, if the gauge
group were SO(32). But we can take M? = w, where w € Z(Spin(32)) and
w = —1 in the vector and one spinor representation of Spin(32), but w = 1 in
the second spinor representation. So for the actual Ss(32) gauge group we have

exactly M 2 = 1and topologically trivial paths around the fixed point are well

defined.

Now, upon b]owing up the singu]arity the authors of [218] showed that the result-
ing two-sphere S with self-intersection —2 supports a gauge field obeying Dirac

quantization for the adjoint or spinor, but not for the vector. Subsequently the

first Chern number of the gauge bundle on S has to be normalized as fs % = %

> This does not hold true for other orbifold limits of K3 [229].
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After blowing up the singularities the final instanton number on the Eguchi-
Hanson space X° turns out to be precisely the one matching the requirement
that the 16 fixed points provide the missing 16 to the K3 tadpole cancellation
condition 24 = nps + 16. Therefore, the GP model after singularities have been

blown up can be understood from a non-equivariant cobordism perspective.

However, while this example is very instructive to construct an instanton ex-
hibiting the key physical feature of absence of vector structure as expected for
a Ss(32)-instanton, it is not yet what we should aim for. It turns out that the
“background" gauge group provided by the D9-branes is not Ss(32) anymore, but
broken to U(16)/Zs. Therefore, we will pivot to a setup, where the full Ss(32)-
group is preserved. A detailed account of this setup as the general F-theory con-
struction of type I/HO K3 compactifications with fully preserved 9-brane gauge
group is provided by [230]. It turns out that the instanton construction of [218]
has to be adapted just slightly. In general we can write the integral over the cur-

vature of the gauge bundle as

F 1
2 (@, C) 4k, 6.47
o 2m 2 (wy - C;) + (6.47)
where we adapted our notation to the one in [230], denoting with C; one of the

16 exceptional divisors associated to the 16 fixed points of the Zy orbifold limit
of K3 and wy € H?(C}, Zy) arising from the classifying map f : X — BSs(32).

[230] now argues that since the curvature of the instanton should arise from the
local geometry the “generalized” Stiefel-Whitney class ws has to be proportional
to C;. While the instanton of [218] is defined by wy = %Ci, the instanton in the
case of unbroken S's(32) is constructed through ws = C; [230]. Now, the ob-
struction can not be detected by C; itself, as C; - C; = 0 mod 2. Nevertheless,
we can consider a dual exceptional divisor C7, which can detect the obstruction,
ie. Cl - wy = C! - C; = 1. Therefore, this results in a contribution of four
per instanton to the instanton number on K3. Based on the dual description of
the type I/HO string on K3 in terms of F-theory compactified on a Calabi-Yau
threefold X with elliptic fibration f : X — F,,, where F,, denotes a Hirzebruch

surface, [230] further derived a precise correspondence between the number of

6 Here X is used to élppTOXi‘[TIZlEC I]’lC space C]OSC to S and can be El‘C}lth as the EOE&I space OFthC

line bundle O(—2), when we regard the two-sphere S as the complex space P.
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these unconventional instantons present and the integer n defining the Hirze-
bruch surfaces as F,, = P(Op, & Op, (n)), which are P;-fibrations over Py [196].

The tadpole cancellation on the K3 for the S's(32)-heterotic string then becomes
n
> ki+4(d—n)=24, (6.48)

where the first contribution comes from g groups of conventional heterotic in-
stantons and the second contributions from the special instantons of instanton
number 4 associated to the 4 — n collisions between the discriminant and the
zero section of F, in the F-theory description. Equally, we can phrase this as a
contribution from

through the w, correction to the integral over the curvature of the gauge bundle
(6.47). This entails that there are three succinct equivalence classes” of the type

I/HO string on K3 enumerated by elements in integral homology Hy(B*Zs,7Z),

namely
Wy =0, (6.50)
Wy #0and w3 =0 mod 4, (6.51)
Wy # 0and ws =2 mod 4. (6.52)

Now we will argue that the charge of the instanton can be understood from gaug-
ing Zy = QP (B2Zy) C Q5P™(BSs(32)), ie. the only physically acceptable
configurations are the ones with $P(22) = 0 mod 2, where 1P(x,) is the

cobordism invariant associated to the nontrivial Z.

By employing the associated Adams spectral sequence
Ey' = Ext’ (H*(B*Za, L), y) = Hy_(B*Zs, L) . (6.53)

we can examine the close connection between Hy(B?*Zy, Z) = Z4 and

%4(3222) = Zs, that both arise from the same dy cutting down the initial

7 To emphasize the difference between models “with" and “without vector structure”, the case
Wy = 0 is conventionally split off from the @3 = 0 mod 4 equivalence class. Alchough, just by

looking at @% we cannot detect this difference.



174

6. Spin cobordism and the gauge group of type I/heterotic string theory

ho tower going from the 2nd to the 3rd page in their respective Adams spectral

sequence.
8 8 ‘ }
7 7 L] ‘
6 6
) ) L] ‘
4 4
3 3 I\
2 2 ‘
1 1 °
0 L] 0 ° ‘
2 3 4 5 6 2 3 4 5 6

Figure 6.15: Second pages Es for Hy(B*Z,, Z)s and ]{:04(3222)5

We lose the class in filtration zero, when going from Hy(B?Zs, Z)5 to

?{:;4(3222)5, because of a non-trivial second Steenrod Square Sg? enforcing the
spin condition®. At this point we can exploit the fact that the two Zsg in degree 4
and fileration 0 and 1, let’s call them a and b, are connected by a hg and therefore
detect corresponding classes o, 3 € Hy(B?Zy,Z) with f = 2. This means
that b exactly detects the equivalence classes w3 = 0,2 mod 4 we are interested

in. Now, the map A; — Ay induces a map
¢ Bxt (H*(B*Z2, Zs), Zs) — Ext o (H*(B*Z3, Zs),Zs),  (6.54)

which is an isomorphism due to mapping a Zy to another Zs(see appendix D.
of [161] for a very similar map). Therefore, our cobordism invariant detects the

same equivalence classes as w3 = 0,2 mod 4. Invoking gauging the nontrivial

8This Sq? is the first non-trivial differential dp for the corresponding AHSS

H,(B*Zs, koy(pt)) = kopiq(B?Zs) and can be understood as an instability due to D-instantons
as discussed in [148].
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Zy C Q3P™(BSs(32)) we need even numbered magnetic charges 3P (z2) = 0
mod 2 carried by the NS5-branes/D5-branes in the respective descriptions of the
theory. Going backwards through the chain we can map this to w3 = 0 mod 4
or expressed differently the contribution of the NS5-branes/D5-branes, i.c. the

SemiSpin(32)-instantons in the full F-theory framework, to the instanton num-
ber measured within Hy(BSs(32), Z) has to be a multiple of 4, such that w3 = 0
mod 4. As we reviewed above this is exactly the charge such an instanton con-

tributes [230].

« n = 6: Additionally to fMe 13 € Zso we also encounter fMa ToYs € Zs, which
originates from the “x-y-part” in the Adams spectral sequence. Both stem from
a Zy in filtration zero and are therefore detected by their cohomological coun-
terparts. Curiously, we encounter a somewhat unexpected asymmetry between
QP (pt) = kog(pt) = 0 and Q5P (BSs(32)) = kog(BSs(32)) = 27Z,. We
have already seen generally and for koy(BS's(32)) in particular that the splitting
principle ko, (BSs(32)) = ko, (pt) EBE;”(BSS(BQ)) assorts the Abelian groups
into different open string sectors. Consequently, this suggests that our nontrivial
kog (BSs(32)) groups capture the charges of a non-BPS D3-brane arising because
of open fundamental strings connecting the D3-brane to the background stack of
32 D9-branes and an O9-plane.

Thus, our expectation is that this non-BPS D3-brane would only exist as a bound-
ary condition for DN strings supplying it with the necessary gauge degrees of free-
dom to stabilize it, while for the DD sector there is no topological obstruction for
a decay. [70] provides a general construction of the type I non-BPS l/)})—brzmcs as
type 1IB Dp-Dp-brane bound states, where the generic tachyon can be projected
out by the orientifold, which we introduced in chapter 2. By analyzing the DD
sector of the open string amplitude precisely this anticipated tachyonic instability

was found. One gets the following condition for the absence of tachyons
1y = 251n(%(9 —p) >0, (6.55)

which is only true for all the non-BPS @—branes classified by ko, (pt), i.c. p =
—1, 0, 7, 8. However, things change once we look at the DN sector. [70] also give
a criterion for tachyonic instability in the DN sector, namely:

1 v
=—-———=<0. 6.56
aNs =35~ 3 (6.56)
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Here, v is the number of Dirichlec-Neumann directions available to the open
string. Concretely, we see that our non-BPS D3-brane would be free of tachyons
in this sector. Interestingly, this is completely orthogonal to the non-BPS D7
and 15\8—branes, which are unstable in this sector while they are stable in the DD
sector. The consequences of this DN sector instability was explored in [71]. It
would be very interesting to further explore the DD instability in the presence of
the D9-branes/O9-plane background with fMe oYy OF st T3 non-trivial, saving
the configuration from completely decaying to the vacuum. In [219] the case of
Jps @3 # 0 realized as a type 1IB orientifold on T°/Z; was briefly mentioned.
Of course this raises the question if this charge is cancelled. This is a bit different
from the n = 4 case, where the cohomology class 23 does not detect the spin
cobordism class. In the aforementioned orientifold model there are 2 D3-brane
pairs present on the type IIB side. It scems reasonable to expect that the charge
J7s @3 can be associated to a non-BPS D3-brane on the type I side and triviality

is achieved by a tadpole cancelling configuration of them.

From the perspective of the cobordism conjecture one might reasonably expect
that the non-triviality is resolved by uplifting from spin-cobordism to a twisted
string structure by properly taking the Bianchi identity into account. It might
happen that both fMa x5 and fMe Z2Ys do not detect any cobordism classes after
the uplift. While this scenario provides a satisfying answer to the non-triviality
of the spin cobordism classes, we would naively violate K-theoretic charge can-
cellation in the DN-sector. In particular in accordance to the non-BPS D7-brane
case [220] we would expect some form of non-perturbative inconsistency for the
type I/HO dual of the aforementioned type IIB model. Besides the gauging of the
charge there is also the pathway of breaking the corresponding global symmetries

by suitable codimension 7 defects left to be explored.

So far we have not commented on the close connection between discrete flux
choices and the cohomology classes we have encountered up until this point. In
particular sz 9 # 0 and fM2 x3 # 0 are dual to type IIB orientifold config-
urations with discrete values for By flux (or BS respectively) [231-233]. Conse-
quently, one might be able to explore compactifications of type I with nontrivial
fMa x5 or fMe Toyy from a dual type IIB perspective corresponding to specific

discrete fluxes turned on. In [234] the authors explored a possible discrete 6-form
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flux and remarked the absence of a degree 6 “generalized” Stiefel-Whitney class in
the cohomology of BSs(32), i.c. there is no g, complicating the identification

of the discrete flux with a cohomology class.

« n=38: Alike the n = 6 case we attain a torsional cobordism group detected by a co-
homological invariant st x5, which can also be tracked from the ko-homological
viewpoint. It would be very interesting to investigate whether such compacti-
fications with nontrivial torsional K-theory charge arise from F-theory fivefold
compactifications [235], presumably alike the other type I/HO compactifications

“without vector structure” in its frozen phase [65,236,237].

6.2.3 The remaining torsional spin cobordism subgroups

Q5P (BSs(32))

n>8

As we have seen in table 6.3, the groups Qi’;ig(BSS(?)Z)) are crowded with tor-
sional subgroups, which makes it tough to decipher the physical meaning of each
one of them. Therefore, we will just make some general remarks. First let us men-
tion fom(BSS(?)Q)). Based on its non-triviality one would expect global anoma-
lies [146]. While the same calculation for the (Es X Eg) X Zsg heterotic string ap-
proximated to Q37" (BEg) lead to a vanishing group, this is not the end of the story
as the full computation has to take the Bianchi identity of the heterotic string into
account and results in a non-trivial group [162]. Still, by relying on the Segal-Stolz-
Teichner conjecture [238] the authors of [239] provide a general proof‘ for absence
of global symmetries in both supersymmetric heterotic string theories. Also, the ex-
pected absence of global anomalies in type I string theory has been confirmed in [240]
by utilizing KO-theory.

The ko-homology subsector of the cobordism groups of dimension 9 and 10 once
again can be linked to Dp-branes. In dimension 9 we expect a correspondence to
particle-like defects, whereas dimension 10 should classify instanton effects. Specif-
ically, we meet the gravitational and gauge-theoretic instanton of [241] classified
by koio(pt) C Q5P (BSs(32)) and mo(BSs(32)) € Q" (BSs(32)) respec-
tively. Those groups are detected by the mod 2 index of the Dirac operator and
fsw tr F® € Zs. The first one is argued to be gauged in [241] as this particular mod 2
index is always even in string theory. The latter one would lead to a similar anomaly

(in 9d) as the prime example 74(SU(2)) [242]. The corresponding heterotic instan-
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tons are instrumental to resolving the origin of Shenker’s 1/gs-effects in heterotic

string theory [36], which we detail in the next chaprter.

6.3 Conclusions

The conjectured incompatibility of quantum gravity with g]oba] symmetries leaves
distinct imprints in its topological sector. The Cobordism Conjecture is a recent
formalization of this general principle. In particular it relates non-trivial cobordism
groups to higher-form global symmetries in an effective field theory coupled to grav-
ity, whose physics gets encoded in both the tangential structure and the background
space of the relevant cobordism groups. In this work we specifically took a look at the
consequences of the Cobordism Conjecture for type I and its S-dual formulation as
the Spin(32)/Zs, i.e. Ss(32) in an unambiguous language, heterotic string theory.
To this end we computed the mod 2 cohomology of the classifying space for
Ss(32) H"(BSs(32), Zsy) via the Eilenberg-Moore spectral sequence in order to feed
the Adams Spectral sequence to reach our final goal of calculating Q7™ ( BSs(32)).
The physics behind the nontrivial spin cobordism groups can be nicely tracked through
its ko-homology building blocks. Here, we observe that the splitting principle
ko, (BSs(32)) = ko, (pt) & %N(BSSBQ)) divides the charges classified by the K-
theory groups into the ones arising from the Dirichlet-Dirichlet (Neumann-Neumann
for kog(pt)) sector and Dirichlet-Neumann sector respectively. It should be stressed
that at this level of refinement we specifically observe the open string sector of both
type I/HO string as we account for the objects the endpoint(s) of the type I funda-
mental open string and the HO D-string live on. This matches nicely with [93] and
will be explored further in the next chapter 7. The close relation to ko-homology
also carries over to the observation that the interpretation connects nicely to type
I/HO string compactifications known as compactifications without vector structure.
Furthermore, we have also seen that for string theory setups with multiple simulta-
neously non-trivial cobordism groups experience stronger constraints than just from
(K-theoretic) tadpole cancellation as it can only account for cancellation of a diag-
onal component of the groups. In the future, clearly the twisted string cobordism
groups encoding the Bianchi identity of type I/HO string theory directly in the tan-

gential structure have to be calculated. Also, extending the computations of [243] to
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Qgtrmg*((Spm(w)*smn(w))NZQ)() would be very interesting as it could shed some light

on non-perturbative objects of the unique non-supersymmetric heterotic string the-

ory.

7 (Spin(16)xSpin(16)) x Za was brought forward in [75] as the refinement to O(16) x O(16) to
account for one of the many subtleties involving the non-supersymmetric heterotic string. Concretely,
it is a cover for both (Ss(16) x Ss(16)) x Zz, which embeds into (Es x Eg) % Zg, and the other
quotient (W) X Zg, which embeds into S's(32). Hopefully, the calculation we have

detailed in this work can facilitate the computations for all three groups.
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Open Strings and Heterotic instantons

This chapter is close in spirit the previous one, in which we determined the spin
cobordism and ko-homology groups relevant to both type I and the HO string. Here,
we want to explore the domain left out in the last chapter, namely that of instantons
particularly in heterotic string theory. Endowed with the tools from algebraic topol-
ogy we present a resolution for a long-standing problem in string theory, Shenker’s
effects in heterotic string theory [33]. In a classic paper [33], Shenker argued that,
to make sense of the asymprotic series for amplitudes produced in closed string per-
turbation theory, there should be universal leading non-perturbative corrections of
order O (6_1/93).

This amp]itudes argument applies to all closed string theories, and hence in par-
ticular to the heterotic ones. However, since these lack D-branes, the possible origin
of their Shenker effects remains unclear. Early on, Silverstein argued for heterotic
O (6_1/95) effects as the S-duals of type I worldsheet instantons [244], but a funda-
mental understanding of the effects on the HO side is still absent. Moreover, Shenker
effects should be present already in the 10d heterotic theories, in which they cannot
be S-dual to type I worldsheet instantons.

One may be tempted to dismiss Shenker’s argument as perhaps only relevant for

a subset of theories, but the existence of the effects he predicted in the 10d HO the-
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ory has been demonstrated by Green and Rudra [245]. Via compactifications of 11D
supergravity, they computed the non-perturbative corrections to the HO R*-term,
concluding that its string coupling-dependent coefficient contains precisely a e 1/95
factor. Interestingly, they also found the Shenker effects in 10d type I, as required by
S-duality, but concluded that they are absent from the 10d HE R*-term; only after
compactifying on S* with an appropriate Wilson line do they find the relevant terms
in the HE theory. While the homotopy groups of the heterotic gauge groups hint at
the existence of some objects that could explain the results of Green and Rudra, these
remain mysterious, and it is not clear how the theory realizes them. Nevertheless, the
Shenker effects in the R*-term were recently found to be essential for the heterotic

theories to align with our expectations on the behavior of the quantum gravity cut-

off [246].

In this chapter, we seek to shed some light on the nature of heterotic Shenker ef-
fects by describing the existence of heterotic “D-instantons,” i.e. heterotic open disk
diagrams, by extending Polchinski’s idea for open heterotic strings [247]. These are
possible thanks to an inflow mechanism arising from fermion zero modes in space-
time, which is naturally captured by K -theory. We start in 7.1 by reviewing Shenker’s
argument and Polchinski’s explanation for open string theories in terms of disk am-
plitudes of D-instantons in 7.2. As an exemplary model of Shenker effects we will
look at the coefficient of the R* term in 10d string theory and thereby sharpen the

puzzle of Shenker effects in heterotic string theory.

In 7.3, we will then argue that the necessary heterotic objects are inherited from
type IIB by regarding the HO theory as its non-perturbative quotient, following
[92,93]. We continue in 7.4 by expounding their topological properties and integrat-
ing them into the previous, pertinent cobordism discussion, as well as connecting
them to concepts in the Swampland Program. Referring back to the disk amplitude
explanation we argue that such diagrams are also possible in the heterotic theories
thanks to the aforementioned inflow mechanism for space-time fermion zero modes.
While the preceding sections are mostly concerned with the HO theory, we apply
these ideas to the HE theory in 7.6, and briefly comment on other heterotic string

theories. Finally, we summarize and conclude in 7.7.
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7.1 Shenker’s effects

The reasoning begins at the general perturbative expansion of closed string amp]i—

tudes, where each amplitude contribution is weighed by ¢2:

93 Aclosed = Z An!]?n . (71)
n=0

Like for any perturbative expansion resurgence theory can provide crucial insights
into the non-perturbative objects we would expect (see for example [248] or [249]
for valuable introductions). The above perturbative series has a convergence radius
zero. So to obtain a physically sensible convergent amplitude non—perturbative ef-
fects have to contribute non-trivially such that the corrected result is finite. In line
with resurgence theory we first take the Borel transform

t2n

B(t) =) Anug" ) (72)

and then we recover g2 Aciosea by integrating the Borel transform over the auxiliary

variable ¢:

g? Aclosed = / dte”’ B(t) . (7.3)
0

Crucially, non—perturbative effects are in one-to-one correspondenee with singu-
larities of the Borel transform. Then, a singularity at some ¢y gives rise to non-

—t Based on a volume estimate of the moduli

perturbative effects weighed by e
space of once punctured Riemannian surfaces Shenker proposed a general scaling
of the first singularities

A, ~ C2(2n)]1, (7.4)

where C' is a constant. This entails that the leading non-perturbative effects are
weighed by e~ C/9 In superstring theories including an open string sector we have
an obvious suspect with such a scaling — Dp-branes — as their tensions behave as 7, ~
1/gs. On a flat, uncompactified background we would only expect D-instantons to
contribute. This is precisely the case studied by Polchinski in [250], where he worked
out the disk amplitudes of the 26-dimensional bosonic string corresponding to an
open string with both ends on a D-instanton. Moreover, this argument carries over

to the open superstring case.
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7.2 Disk amplitudes and D-instantons

D-instantons are a somewhat extreme case as all boundaries have to be Dirichlet in
a Euclidean space-time. The corresponding contribution to the path integral now

involves a sum of the following type [250]:

f: ﬁ [ / a'X, i] : (7.5)

Here, N denotes the number of D-instantons, a the Chan-Paton degrees of freedom,
X, the position of the D-instanton, which has a Chan-Paton dependence, and n,, the
number of worldsheets attaching to each D-instanton. We specify to the superstring
case d = 10. Now, we want to check the amplitude contribution of D-instantons.
To this end we further follow Polchinski by considering the simplest case, the one-
instanton amplitude A;. The key insight here is that we get a series of disconnected
worldsheet topologies with only Dirichlet boundaries. The leading such contribution
is a simple disk (1) p,, whose boundary is the D-instanton, with no strings attached.
For M such disks a 1/M! symmetry factor has to be included, which leads after

summing over it to an exponential [250]:
Ay =exp((L)p, + ... )Aiomemd ) (7.6)

Since a string worldsheet is weighed by a string coupling factor ¢7* ™% with m the
number of strings attached and x the Euler number of the worldsheet topology, (1) p,
gets a 1/gs factor. This is precisely the effect predicted by Shenker. However, only
in type II string theories such an argument appears to apply as we have D(-1)-branes
in type IIB and we could obtain D-instantons in lower dimensions by fully wrapping
(Euclidean) branes on some cycle. In 10d type I string theory such an effect only
appeared feasible with the discovery of the non-BPS D-instantons, whose charges are
classified by KO™19(pt) ~ Zs. We will come back to the type I case later on.

One may be tempted to dismiss Shenker’s argument as perhaps only relevant for
a subset of theories, but the existence of the effects he predicted in the 10d Ss(32)
heterotic string theory has been demonstrated by Green and Rudra [245]. In this
paper they extended earlier work on calculating non-perturbative corrections to the
R*-term in type I by using the duality to 11d supergravity [251]. By deploying the

Horava-Witten construction they computed the non-perturbative corrections to the
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R*-term of the N = 1 superstring theories, as well. Contrasting the story in type 11
with the one in heterotic/type I documents nicely the dualities and non-perturbative
objects involved. So let us first elaborate on the type IT side. In that case we start with
the one-loop four graviton scattering amplitude in 11d supergravity compactified on

an n-torus 1™, which takes the form:

Amzﬁk/)ﬁﬁ eIl (7.7)
: : >
{lr}
where £ = 1/t is the inverted worldline coordinate, K a kinematical factor, G the
metric on the 7™ and l} the Winding modes on the torus. Compactifying just the
11th dimension on an S! (with radius Ry;), one can read off the general type IIA

correction. Therefore we get forn = 1:

AV = CK + K¢(3) (7.8)

TR
The first term is technically divergent corresponding to the zero winding contribu-
tion, where C' = fooo dits. From duality considerations one can infer that C' = 2.
The second contribution can be converted to the type IIA frame by identifying the
string coupling grra = ngl matching the precise result that had been determined
carlier from type IIA tree-level computations [252,253]. As anticipated by the K-
theory classification there are no D-instanton contributions. Although, as we argue
later this result is expected to change on a non-trivial background topology. For type
1B we have to compactify on a 7% and then take an appropriate 10d decompactifi-

cation limit. For n = 2 we get the beautiful result:

Njw

Ty

~ 1 1.
AP V0K + —V, K 2
4 2 o 2 Z 0 |ll _|_127-|3

(I1,l2)#(0,

(7.9)

where V5 is the torus volume and the sum is nothing else than the non-holomorphic

Eisenstein series associated to SL(2,Z):

ESLCB () — % % (7.10)
(I1,12)#(0,0) i+ b

where we have s = % In the type IIB frame the torus variable are identified with:

1

Vo = RioRi = g/1575°

ol

(7.11)
T:Tl—l—iTg:C'O—i—ig;IlB.
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Taking the 10d limit, we get that only the second term proportional to EgL(Q’Z)(T).

This is a truly astounding result, since Eisenstein series appear as fundamental tools
in number theory and more specifically the Langlands Program, see for example
[254,255]. As we have mentioned earlier the fact that we run into the Langlands
Program is not a coincidence as it appears to be deeply linked with the notion of
S-duality (Montonen-Olive duality). Unsurprisingly, ESL@’Z) (1) is fully SL(2,Z)-
invarian, i.c. it reflects nicely the self-S-duality of type2 IIB. By taking the Fourier-
Bessel expansion of the Eisenstein series in the string coupling we can nicely dissect

it into perturbative and non-perturbative contributions:

Es (Co+igity) =2C(3);/ +2(2)y/ams + Y, 80 (|n))
neZ+ (712)

x exp(2minCy) exp(—2m|n|/grr5)(1 + O(g11B)) -

Here, we get Shenker’s predicted effects in form of a whole tower of || D-instantons.
Since type 1B D-instantons carry a charge K 0(pt) ~ Z, this was anticipated.
Now, a very similar calculation can be perfbrmed in the Horava-Witten setup,
where the compact dimension is an interval S /Zy between two 10d boundaries car-
rying Eg gauge degrees of freedom. To obtain the type 1/S5(32) heterotic string
correction we have to compactify on S* x S'/Zs,. This choice of geometry leads to

a crucial difference, namely the two compact directions with radii Ry and Ryq are

distinct: 9 9
oo 2y, (L p 2
A — iR / itz Y e (i) (7.13)
0

Then taking the proper limits [245] conclude that the string coupling-dependent
coefficient is given both in the type I and in the S's(32) heterotic case by the real-

analytic Eisenstein series on]y depending on g5, whose Fourier-Bessel expansion is

By (ig; ko) =20(3)97/1o + 20(2) /G170 + ;ﬁ 870 1(|n) -

x exp(—27|n|/g1/m0)(1 + O(g1/m0)) -

There are a couple of comments necessary here. First, the fact that we obtain the same
result for the coefficient encodes precisely the remaining S-duality after taking the
orientifold of type I as the Eisenstein series is complertely invariant under gr < g6,

We will detail the orientifold aspect of this further in the next section. While we
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would expect a D-instanton contribution on the type I side, a whole tower seems
surprising as their charge takes value in Zs. So how does it square with our under-
standing of D-instanton amplitudes? As reviewed in the previous section Polchinski
demonstrated that the contribution leading to precise e=95 " effects are disconnected
disk diagrams. However, the tachyon leading to the eventual decay of a pair of type
I D-instantons appears in the spectrum of an open string connecting two different
D-instantons [256], i.c. the associated diagram is that of an annulus. The Euler char-
acteristic y of the annulus is zero. Therefore, we would associate a 79 contribution
to such a worldsheet topology. Consistently, that contribution as opposed to type
I1B (7.12), where it is proportional to Cy, vanishes for the type R* coefficient (7.14).
That is in line with understanding type I as a type IIB orientifold, which projects
out Cy. This means that the amplitude contribution of D-instantons works coun-
terintuitively, in that a tower of n disk amplitudes contributes for any string theory
featuring a D-instanton that is stable on its own.

As a final comment for this section let us mention that the R?* coefficient in 10d
Es x Eg heterotic string theory does not exhibit a D-instanton contribution in the
Green and Rudra computation analogous to type ITA.

In the following section we would like to recapitulate Hull’s proposal for Ss(32)-
heterotic string theory as a non-perturbative orientifold of type I1B, which provides
some crucial intuition on the K -theoretic inflow mechanism we describe in the sub-

sequent chapter.

7.3 Branes in type 1IB quotients

As we reviewed earlier HO string theory can be regarded as a non-perturbative ori-
entifold of type IIB string theory [92,93]. Extended objects of a quotient theory can
be understood by studying how the ones of its cover theory, type 1B, are affected
by the relevant group action; in this section, we analyze the HO theory from this
perspective. Let us commence by recalling the most salient aspects of the two rele-
vant 10d quotients of‘type IIB string theory for our discussion, type I and HO string
theory.

Considering the quotient of type IIB by €2, the worldsheet parity symmetry, leads
to type I string theory. The F-string becomes unorientable, signaling the presence of a

space-time-filling O9-plane; an accompanying stack of 32 D9-branes ensures tadpole
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cancellation in the consistent background. The {2-even type IIB Dp-branes, i.e. those
with p € {1,5,9}, comprise the BPS spectrum of type I. The Dp-branes with p €
{—1,0} are non-BPS stable configurations, as can be seen from a K-theoretic [65]
or a BCFT [70, 257, 258] analysis. The type I D-instanton is of particular interest,
corresponding to a D(—1)-D(—1) superposition in type IIB, for which not only the
(—1)—(—1) tachyons are projected out under 2, but also those in the (—1)-9 &
9—(—1) sector, see [65,70,258]. The stability of the type I D-instanton is associated
with the K-theory charge KO(S'Y) = Z,, meaning that even numbers of them can
annihilate [65].

Having exhausted the perturbative quotient constructions descending from type
[IB, we turn our attention to the non-perturbative part of its duality group. In partic-
ular, following the works by Hull [92,93], we consider taking the quotient by the op-
erator  := SQSL. Since Q is obtained by the conjugation action of S-duality on €2,
quotienting the perturbative limit of type IIB by it leads, in view of heterotic/type I
duality [54, 85], to the HO theory. The type IIB D-string becomes unorientable, in-
dicating the presence of the S-dual pair of the O9-plane alongside 32 NS9-branes
canceling the tadpole. While the parallels with the type I construction are clear, the
role played by S-duality in this quotient construction means that we must abandon
the perturbative worldsheet paradigm and regard it as an orientifold of the complete,
space-time theory.

However, this picture can be connected to the perturbative HO frame as fol-
lows. Recall that in the type I frame, the F-string can extend between D-branes,
in particular between a D-string and the background stack of D9-branes. At finite
values of the string coupling ¢!, said non-BPS string becomes unstable, with a life-
time inversely proportional to \/g_}9 . Considering the HO theory at perturbative, but
finite values of the coupling g?o, an analogous picture arises through Hull’s orien-
tifold [92,93]: An unstable non-BPS HO “D-string” can extend between the F-string
and the background NS9-branes, the latter providing it with Chan-Paton factors.
This D-string tethers the gauge charges to the fundamental string and, in the strict
perturbative limit, completely retracts onto it; its massless spectrum provides 32 left-
handed Majorana-Weyl worldsheet fermions transforming under the gauge group, i.c.
the asymmetry in degrees of freedom of the heterotic worldsheet construction [93].
From the perspective of Hull’s orientifold, this inflow of degrees of freedom of the

D-string is what distinguishes the heterotic F-string.
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In those compactifications of the HO theory for which the internal space has non-
trivial 2-cycles, wrapped Euclidean HO D-strings will lead to instanton corrections
that can be identified with Shenker effects. The argument for HO Shenker effects as
the S-duals of type I worldsheet instantons [244] finds a natural explanation within
Hull’s orientifold picture, resolving one of the puzzles raised in the beginning of this
chapter. Note that the instability of these configurations does not prevent them from
contributing to the path integral; indeed, all saddle points must be summed over in
the quantum theory, and D-instantons with tachyonic modes can provide sensible
contributions [259-261].

Earlier, we reviewed how a tower of D-instantons descends from type IIB to
type I, as can be understood from the orientifold construction of the latter. Similarly,
Hull’s orientifold picture leads us to believe that the HO theory inherits a tower of
“D-instantons” from type IIB as well. These were not discussed in [92,93], and are, in
fact, more subtle to track in heterotic/type I duality than the strings we just exam-
ined. Since heterotic/type I duality stems from type IIB S-duality, we can appreciate
why in the cover theory. To regard 10d type IIB as an appropriate limit of M-theory
on T? we need to make a choice of F- and D-string, i.e. a marking of the 1-cycles
of T?. This determines a concrete type IIA dual frame and allows us to understand
the tower of D-instantons as wrapped DO-particles. S-duality then corresponds to a
different marking of the 1-cycles, and hence a different pair of type IIA/IIB frames
with its own tower of wrapped DO-particles/D-instantons. The resummed tower of
D-instantons of one type IIB frame reorganizes collectively into the one of its S-dual,
but the instantons cannot be individually tracked along the process. The appearance
of the Eisenstein series in the R*-term of type IIB showcases how this works: The re-
summed tower of instantons leads to the Eisenstein series, but individual instantons
are on]y identified after we perform its Fourier-Bessel expansion, i.e. after we make

a concrete choice of frame.

In spite of this, Hull’s orientifold allows us to gain a heuristic intuition about
the HO instantons. On the type [ side, we have a tower of Zy-charged D-instantons
probed by the F-string. Slightly deviating from the strict percurbative limit, the F-
String starts to retract into the instantons. At strong Coupling, we can take the per-
turbative HO point of view. While the instantons cannot be individually tracked, the
instanton tower of the HO frame can be thought of as a collective reorganization of

the type I instantons, onto which the HO “D-string” has completely retracted. Said
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D-string is also the object tethering the instantons to the background NS9-branes,
meaning that we should have Zs-charged HO instantons with a gauge profile. While
heuristic in nature, this argument points towards the properties of the HO instan-
tons that we will independently motivate in the upcoming sections. These are the
sources of Shenker effects that we propose are at play in the 10d HO theory and that,

in particular, explain the results of [245] for the R*-term.

74 From homotopy to K-theory, cobordism and the

Swampland

In the HO theory we have a perturbative SemiSpin(32)-bundle and associated to it

the non-trivial homotopy group
m10(BSemiSpin(32)) = me(SemiSpin(32)) = Z, . (7.15)

Based on the fact that such a topologically non-trivial gauge configuration is viable
in HO-theory, and simultancously 7g(Eg x Eg) =~ 0 [245] proposed that this gauge
instanton might be the relevant one responsible for the Shenker effect.

It is tempting to associate a pure]y gauge instanton with the non-trivial class
above, but this would be incorrect. An extension of Derrick’s theorem [262] implies
that a purely gauge configuration for the instanton, which would be characterized
by an action scaling like gyyy ~ (g?o)q, is untenable: the HO instanton must
be stringy in nature. As explained in the previous chapter we should really refine
the discussion to real K-theory because of the presence of Hull's D1-string in non-
perturbative HO theory.

We will return to the delicate interplay between the non-trivial gauge configura-
tion and the heterotic strings below, but for the moment let us further expound the
topological properties of the HO instanton. We will approach this topic from the
same angle as in the previous chapter by looking at the spin cobordism groups of the
classifying space of the HO gauge group that we just calculated. There are technically
two possibilities for the Cobordism Conjecture to require us to include instantons,

ie. (-1)-branes:

« First, there might be a need to include them to break a non-trivial group cor-

responding to a O-form global symmetry in degree 9, which requires a codi-
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mension 10 defect:
Q5™ (BSemiSpin(32)) ~ 5Z; . (7.16)

Ulcimately, this is not exactly what we want. To match with Green and Rudra’s
result in 10d flat space we don’t want to break the 10d isometry, which would

be necessary to take the 10th dimension to be the “nullbordant” direction.
« Therefore, we look at gauging the (—1)-form global symmetry
Q7" (BSemiSpin(32)) ~ 10Z; (7.17)
which, of course, parallels the type | side.

In addition to the information coming from applying the Cobordism Conjecture
to QP (BSemiSpin(32)) the group also informs us about a potentially non-trivial
Dai-Freed anomaly. A 9d theory of fermions charged under the group G = Ss(32)
will have a global anomaly characterized by the respective cobordism invariant, for
example an 7-invariant [263]. When the theory is defined over a sphere, the anomaly
reduces to being characterized by 79(58(32)) = Zs and is measured by the mod
2 Atiyah-Singer index theorem [264-266]. This is a variation of the quintessential
example of such a global anomaly, namely Witten’s SU(2) anomaly [242]. For us, it
is important because such an anomaly heralds, as explained by Witten for the SU(2)
case, the existence of fermion zero modes in one dimension higher, i.e. for the gauge
instanton background in the HO theory. These will play a crucial role in 7.5. As
the Atiyah-Singer index crucially is a K -theory invariant [267], the more general
statement involving the fermion zero modes will require us to rely on K-theory.

Secondly, some of the instantons required for gauging QY™ (BS's(32)) will also
carry K -theory charge. This due to the decomposition of Anderson-Brown-Peterson
[268], which we expounded on in chapter 6. We will argue that it is indeed not a
coincidence that some of the instantons we have to include because of the Cobordism
Conjecture in fact “carry” fermion zero modes as indicated by the AS index.

As we are familiar ko1o(BSs(32)) isomorphic to the direct sum koyo(pt) &
1;)10(358(32)). The HO instanton taking values in this group has indeed non-
trivial Zg-valued K-theory charge: A purely gravitational piece corresponding to
koyo(pt) = kNO(Slo) = Zs, that we study in 7.6, and a gauge piece associated with

Zsy C 1:()10(35’3(32)), to which we turn our attention in 7.5. Both groups actually
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signal a nontrivial mod 2 index counting the aforementioned fermion zero modes.
We should also recognize that this not disconnected from 719(BSs(32)) as the (gen-
cralized) Hurewicz homomorphism (see for example chapter I1. in [127]) maps this
charge into ko1o(BSs(32)). Therefore K -theory allows us to have the more nuanced

discussion.

7.5 Heterotic disks and D-instantons

We now argue that the instanton, captured by kojo(BSs(32)), gives rise to

@) (6_1/95) effects in the HO theory. In the previous sections we have established
that Shenker’s prediction amounts to the stacement that the type I and type II closed
string perturbation theories must be supplemented by an open string sector, which
includes strings with endpoints on a D(—1)-brane responsible for the O (e~1/9+)
effects in 10d. This conclusion relies on arguments agnostic to the amount of super-
symmetry, and therefore holds also for the 26d bosonic string.

We propose that this logic extends to the HO theory and its instanton — the
HO theory must contain a (—1)-brane with open HO strings ending on it. However,
at first glance, an open string sector appears antithetic to the very notion of heterotic
CFTs. The variation of the worldsheet action 2.76 for an heterotic string with open

boundary conditions is

o=/

0Sy, = S /dT (A% — PH9,,) . (7.18)
27 s
Here {A%}qeqi,...,32) constitute the left-moving current algebra and {¢*},cq0,... 0}
are the right-moving superpartners of the worldsheet bosons. The cancellation of
(7.18) requires that A= 4407 for all 7 at che endpoints of the string. However, this
condition cannor be satisfied in plain heterotic theories due to the asymmetric CFT
field content.

Despite this difficulty, open heterotic strings in the HO theory were shown to
exist in Lorentzian space-time [247]. The key to their consistency lies in the 0-branes
present at the endpoints of the HO string. Critically, the S® enclosing a 0-brane
supports a vector bundle with Ss(32)-structure in the adjoint representation and
associated with a non-trivial homotopy class of 77(5s(32)) = Z. We can choose

this vector bundle such that its structure group reduces to a subgroup of Ss(32)
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with §0(8) Lie algebra. In this background, the gauginos give rise to space-time zero
modes {Ab}be{l,...,24} that transform under the 24 dimensional representation of the
gauge subgroup with trivial bundle.! These zero modes can also be enumerated via the
Atiyah-Singer index theorem [267,270] applied to the twisted Dirac operator defined
on the enclosing sphere S8 The proposal of [247] is that these zero modes lacch onto
the endpoints of the HO string and satisfy A* = £Xb for b € {1,...,24}, with
the remaining 8 current algebra fermions matched to the 8 (physical gauge) fermions
{wﬂ}pe{z...,g}-

We now extend this logic to Euclidean space-time and propose that a similar
mechanism exists to ensure the consistency of HO endpoints on the (—1)-brane. As
described above, the HO instanton is characterized by a gauge profile associated with
the non-trivial class of m9(55(32)) = Zs. As in the case of the type I instanton dis-
cussed in [65], and in analogy with the preceding discussion, we can choose the vector
bundle such that its structure group reduces to a subgroup with 50(10) Lie algebra.
The mod 2 Atiyah-Singer index theorem [264-266] ensures that the number of gaug-
ino zero modes in such a background is 1 mod 2. Furthermore, each of these zero
modes {Ab/}b/€{17,,.722} transform as a 22 dimensional representation of the gauge
subgroup with trivial bundle.? We then patch up the inconsistency of the heterotic
CFT by demanding that A¥ = £X¥ for &’ € {1,...,22}, at the string endpoints.
The remaining 10 current algebra fermions are handled by all {1)*} ¢ 0,... 03, since
here we do not employ physical gauge.

The above suggests indeed that open HO strings can end on the instanton due to
a inflow of fermionic zero modes measured by K-theory from space-time onto the
worldsheet. Below we would like to illustrate the inflow and how it fits in wich Hull’s
proposal. As we have stated before the reason why real K-theory shows up for the
classification of branes in HO theory is Hull’s D1-string. Since it’s a D-object, its end-
points can take values in real K-theory and can serve as a conductor of fermionic zero
modes. At finite g5 we see an extended D1-string tethering the heterotic instanton

to the (open) fundamental string

"The 492 faichful representation of PSO(32) lifts to Ss(32). The embedding s0(32) D
50(8) & 50(24) leads to the branching rule 496 = (28,1) & (1,276) & (8, 24) (269], the rhas.
corresponding to a representation of (Spin(8) x Spin(24))/(Za X Zs), see [74,75] for details on the
global structure of the subgroups of Ss(32).

2 The same considerations as in 1 hold mutatis mutandis for this case.
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F1
HET(-1) p1

Figure 7.1: Heterotic instanton configuration at finite gs

In the g5 — 0 limit however, the D1-string becomes infinitely heavy and pulls
the instanton into the fundamental string, such that the Dl-string gets reduced to
a K-theoretic gluing condition between the zero mode carrying instanton and the

fundamental (open) heterotic string.

F1
HET(-1)
[ )

Figure 7.2: Heterotic instanton configuration at g5 — 0

Furthermore, the path integral argument by Polchinski ensures that disconnected
disks appear. As expected from S-duality we recognize a lot of similarities with type
L. Disk diagrams corresponding to an open string starting and ending on an instanton
are possible and moreover we can consider a whole tower of them. However, trying
to include two instantons will annihilate the zero modes as they can only exist mod
2 and open heterotic boundary conditions become impossible again. This parallels
the tachyon instability for the annulus diagram in type 1.

It is instructive to contrast the role of space-time zero modes and the (—1)-brane
in the type I and HO frames. In type I, the F-string can end on the (—1)-brane
without issue due to the symmetric worldsheet CFT field content, but the space-time
fermion zero modes were argued to be necessary in order to remove the disconnected
piece of the perturbative O(32) gauge group [65]. Instead, the HO frame knows the
correct gauge group at the perturbative level, but the fermion zero modes are required
for consistency of the F-string endpoints on the (—1)-brane.

The key question remaining is: What should the action of this instanton be? If we
consider an HO disk diagram with both endpoints on the instanton, the Euler num-
ber of the disk suggests that the action is proportional to g; . Such a scaling, paired

with the path integral argument, would provide a precise realization of Shenker’s
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prediction in the HO theory and an explanation to the instanton correction to the
R* term (7.14) demonstrated by Green and Rudra [245]. This inverse g scaling is
of course the universal feature of D-branes in the type I and type II theories. It is
tempting to conclude the same holds in heterotic theories, but our situation is far
more subtle — in matching the space-time fermion zero modes with the worldsheet
fields, we have gone beyond the usual paradigm of worldsheet (B)CFTs.
Nonetheless, we argue that this naive answer appears correct. First, it seems that
the g5 ! scaling is universal in the HO theory as well. The heterotic “D-string" from
7.3 has a tension proportional to g; ', which is necessary to match the S-duality ar-
guments of [244]. Furthermore, the tentative (gauge) 0-brane in the 9d HE theory,
discussed below, also follows this scaling relation. This suggests that HO disk dia-
grams, just like their type I and type II counterparts, should also be associated with a
95"
of [245] — if the HO instanton does indeed give rise to the Eisenstein series in (7.14),

scaling. Secondly, we can motivate the scaling by appealing to the known results

then its action must necessarily scale as g; .

While these arguments are quite suggestive, they are not a proof. To settle the
gs scaling, one must develop the tools necessary to calculate the effect of heterotic
disks. We leave this as a task for the future. For the present, we state that, provided
one accepts the above arguments, heterotic disks account for Shenker effects in the

HO theory.

7.6  Other heterotic theories

We have explained the origin of Shenker effects in the HO theory, but one 10d super-
string theory remains: the HE theory. Immediately we should recognize that there
is no plain gauge configuration, i.c. in flat space with a compact support, giving the
space-time fermion zero modes required for the consistency of HE disk diagrams as
79(Eg) = 0. This appears consistent with the absence of a tower of instanton cor-
rections to the HE R*-term in 10d flat space [245]: The non-trivial gauge profile
was crucial for the instantons we just identified as contributing to this term in the
HO theory, but these must disappear in the T-dual decompactification frame. A sim-
ilar statement was made in [247] forbidding the existence of open HE cosmic strings
in Minkowski space-time due to 7m7(Eg) = 0.

Nonetheless, Shenker’s argument applies to the HO and HE theories equally well;
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the lack of the effects it predicts for the latter appears problematic. A resolution
can be found by drawing an analogy with the type IIA theory, which has a non-
BPS, uncharged, and unstable D(—1)-brane. This object does not contribute to the
type IIA R*-term in 10d, but should contribute as an unstable saddle to some set of
processes [261].

This motivates us to consider gravitational configurations, that are potentially
unstable, to justify HE string endpoints. The inflow then occurs due to the combined
zero modes of the 10d gauginos, dilatino, and gravitino in the non-trivial space-time.

In Lorentzian space-time, we can consider an open HE cosmic string with end-
points on a 0-brane associated with a non-trivial gravitational charge. The 0-brane
exists in a space-time that supports fermionic zero modes for the gauginos, dilatino,
and gravitino. Applying the index theorems for the differential operators acting on
Weyl spinors and a Rarita-Schwinger field [271] supported on an 8-dimensional man-

ifold surrounding one of the HE string endpoints, consistency requires

+24n = % / {495 [A(Mg)]
Ms i (7.9)

+ [A(Mg) (cretf/2m — 1)]8} ,

wheren € Z and R is the Riemann tensor suitably contracted with SO(8) generators
in its fundamental representation. The required manifold Mg should lie in the coim-
age of the ABS map A Qgpm(pt) — KOg(pt) for st A(Mg) to be non-trivial.
The generator of this cobordism group is the Bott manifold B with [, A(B) = 1.
Since cobordism is defined to work additively under the disjoint union, we can either
use an appropriate number of Bott manifolds joined together or another manifold in
the same equivalence class. Due to Lichnerowicz’s and Hitchin's works [272,273] we
know that the scalar curvature of whichever closed manifold ends up supplying the
zero modes can not be positive. This is a general statement that A(M) = 0,if M has
positive scalar curvature. This also applies to the mod 2 case in dimensions 8k + 1
and 8k + 2.

We expect that a similar situation holds for gravitational instantons in the HE the-
ory arising from (—1)-branes. Endpoints of the HE string on this object are made
consistent by a Euclidean 10d analogue of (7.19), but with the zero modes adding up
to a multiple of 22. A potential source for such effects are the 10d Hitchin spheres

[273], the higher-dimensional cousins of Milnor’s exotic spheres [274]. Heterotic su-
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pergravity has an even number of fermionic zero modes on such manifolds [241],
making them candidates that could realize purely gravitational Shenker effects in
the 10d HE theory.

This completes our discussion of Shenker effects for the 10d superstring theories,
but does not exhaust the landscape of heterotic theories. First, upon compactiﬁcation
the situation appears significantly enriched thanks to the possibility of breaking the
heterotic gauge group or having Euclidean objects wrap the cycles of the compactifi-
cation variety. Indeed, the results of [245] indicate that, in the HE theory on St with
an appropriate Wilson line, a O-brane contributes Shenker effects to the 9d R*-term
via Euclidean worldlines wrapping the circle. This gauge profile is possible due to the
fact that the Wilson line breaks the HE theory gauge group from (Eg X Eg) X Zsg to
(Ss(16) x Ss(16)) x Zsg through the embedding Ss(16) C Eg, which has

7T9((SS(16) X 58(16)) X ZQ) = ZQ D ZQ . (720)

We leave the study of open heterotic strings in compactifications to future work.
Furthermore, Shenker’s argument should apply to other heterotic theories be-
yond the HO and HE theories and their supersymmetry. For example, in 10d we have
the non-supersymmetric tachyon-free SO(16) x SO(16) heterotic string [275,276],
whose global gauge group is [(Spin(16) x Spin(16))/Zs] X Zy [74,277]. Heterotic
instantons similar to the ones discussed for the HO theory should be possible. Study-
ing the lower-dimensional analogues of this theory [278] would also be of interest.
Another sector worth discussing is that populated by the non-critical string the-
ories. The analogue of Polchinski’s long string was considered in [279] for the 2d
non-critical heterotic strings, finding that it plays a role in the cancellation of the
gauge and gravitational anomalies of the twisted orbifold version of the HO theory.
It would be appealing to also discuss open heterotic strings and Shenker effects in
the context of the supercritical HO" and HO*/ theories [280]. These are closely re-
lated to the conventional HO theory, enabling, e.g., a K-theoretic description of its

NS5-brane via tachyon condensation [281].

7.7 Conclusions

Heterotic non-perturbative effects of order O (6*1/ gs) were predicted by Shenker

[33] and confirmed to exist by Green and Rudra [245], but an explanation of the ob-
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jects that give rise to them remained elusive. Here we have motivated that their ori-
gin is found in heterotic “D-instantons,” i.e. heterotic disk diagrams. These are highly
non-perturbative configurations, forcing us to go well beyond the usual worldsheet
(B)CFT paradigm by mixing worldsheet and space-time degrees of freedom, expand-
ing on the ideas of [247].

The above discussion reveals several key lessons. The first is that those heterotic
branes on which the F-string can end must feature an inflow mechanism for con-
sistency, as exemplified by the D-string in [92, 93], the 0-brane in [247] and the
(—1)—brane discussed in this work.

Second, while heterotic disks lie outside the purview of typical worldsheet
(B)CFTs, it appears one should nonetheless associate them with a scaling propor-
tional to g 1. This is required to match the contributions calculated in [245] arising
from the HO(—1)-brane and 9d HE (gauge) O-brane. The same scaling for the het-
crotic disks is required for the HO D-string to match the duality arguments of [244].
This scaling agrees nicely with our intuition from the Euler number of a disk.

Finally, the reciprocal picture of an old string theory adage arises: It is common
lore that a theory of open strings must contain closed strings due to the possibility
of endpoint reconnection. Our discussion above indicates that Shenker’s argument,
drawn to its natural conclusion, implies that a theory of closed strings must also
incorporate open strings.

The path to this conclusion involved a non-trivial confluence of several distinct
topics, inc]uding dualities between string theories and quotients thereof, K—theory,
fermion zero mode inflow arising from index theorems, and the theory of resurgence
applied to string amplitudes.

It would be desirable to establish a consistent framework to calculate the effects
of open heterotic strings from first principles, a question that merits future investi-
gation. A more fundamental treatment of such effects may rely on non-perturbative
approaches to quantum gravity, among which dualities, string field theory and ma-
trix models have proven to be very useful elsewhere. Indeed, there exist hints of a
connection between matrix models and heterotic Shenker effects [282].

Compactiﬁcations to lower dimensions and broken gauge groups may alter the
way in which the heterotic Shenker effects are concretely realized. In 4D compactifi-
cations they may play a role in moduli stabilization [283-288], cosmology [289] and

string phenomenology more broadly, making their study a crucial target.
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Marcel Proust

Closing Words

Finally, after a lot of very formal string theory and mathematics we would like to
take the opportunity to give some concluding thoughts on the results presented in
this thesis and also would like give some outlook on steps ahead. The bulk of this
thesis was dedicated to the very rich subfield of cobordism theory applied to string
theory. By now it has developed into the quintessential tool to understand topo-
logical, non-perturbative phenomena within the theory, specifically the detection of
possible global anomalies and the classification of defects and solitons. The latter is a
consequence of the Cobordism Conjecture, which poses that non-trivial cobordism
groups are in one-to-one correspondence with global symmetries and therefore all
cobordism groups with a tangential structure compatible with quantum gravity have

to vanish as a consequence of the No Global Symmetries Conjecture.

Often times the cobordism groups we encounter do not vanish, which means we
are missing crucial physics that we have to include. There is two branches of triv-
ializing cobordism groups (within quantum gravity), gauging, which amounts to a
tadpole cancellation condition or breaking, which is accomplished by including defects.
We started out by exploring the implications of introducing exemplary background
spaces commonly considered for string compactifications into the cobordism groups.

We observe that these background spaces indeed give rise to a multitude of lower di-
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mensional global symmetries, which matches with the expectation from dimensional
reduction, but the fact that we working with a generalized homology theory gives a
more refined result, including more complicated torsional groups.

Our primary computational tool for this part of the thesis was the Leray-Serre-
Atiyah-Hirzebruch spectral sequence, which has the excellent property that it takes
integral (co)homology as its input and eventually converges to a generalized
(co)homology. The LSAHSS offers a detailed answer on how good of an approxi-
mation for cobordism (or K-theory) ordinary (co)homology is. In the case of spin
cobordism of Calabi-Yau threefolds we have shown a prime example for when the
homology approximation fails. This means global symmetries in the uncompactified
theory can be significantly altered by the dimensional reduction. Thus it is essential
to calculate Q;?VG(X), when discussing dimensional reductions as it may contain a
lot of information that is not visible through just Q?Té (pt). One particular effect we
would like to study is the apparent fusion of global symmetries through non-trivial
extensions. For example we encountered Zy @ Zy — Z4 in appendix H relevant to
4- and 6-manifolds containing 2-torsion in their homology.

By utilizing the deep mathematical connection between cobordism and K-theory
we could further establish that a significant subset of cobordism groups are trivial-
ized by invoking tadpole cancellations of Dp-brane charges, which take values in
K -theory groups.

For low-dimensional cobordism groups, whose dimension is lower than the di-
mension of the background space, we saw that after the same map to K-theory gaug-
ing these groups would correspond to tadpole cancellations for Dp-branes with neg-
ative transversal dimensions understood by means of so-called imbeddings. Studying
whether these Dp-branes are physically realized would be very interesting.

In the subsequent Chapter we were primari]y focused on c]osing a particu]ar
gap in the string theory and math literature, concerning the classifying space of the
SemiSpin group. While it plays a main role in 10d superstring theory, from a math-
ematical point of view it is maybe the most obscure of the simple, connected Lie
groups. For practically all other simple and connected Lie groups the mod p co-
homology groups of their classifying spaces have been calculated in classic papers.
However, for the classifying space of the Semispin groups these results are missing,
By means of the Eilenberg-Moore spectral sequence we were able to compute the in-

tricate structure of the mod 2 cohomology of the classifying space of Ss(32) in the
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dimensions we require for our string theory applications (and also above to check
some more relations between cohomology invariants).

By solving the Adams spectral sequence at the prime 2 completely, which starts
from the data of the mod 2 cohomology of the classifying space we could fully de-
termine the spin cobordism groups of BSs(32) in the dimensions relevant to string
theory.

Extending the ideas from the previous chapter, we specifically scrutinize the ko-
homology subsector of the spin cobordism groups. We find that the full Dp-brane
classification actually requires us to take the classifying space into account, as this
enables us to describe the charges arising from open string connecting the Dp-brane
to the background D9-brane stack. For, these additional ko-homology groups reveal
a non-BPS D3-brane in type I that only carries charges in the DN sector, which was
missed before. It turns out to be consistent with the boundary state classification of
stable configurations as an open string with DN boundary conditions ending on a 3-
brane does not have a tachyon inits spectrum. Another important lesson is that there
are instances where satisfying the tadpole cancellation condition only gauges the di-
agonal component of the direct sum of two (or more) Abelian groups and needs to
be supplemented by breaking the remaining global symmetry. This should have some
major phenomenological implications, such as circumventing No-Go-Theorems for
de Sitter constructions. Hopefully, we can explore this phenomenon in the future.

Furthermore, our calculation of the mod 2 cohomology is a necessary step for
the calculation of the twisted string cobordism groups, which will reveal even more
about the intricacies of type I/HO theory. An aspect that has to be resolved first is
how the 2-torsion enters the Bianchi identity of type I/HO theory, i.c. the precise
twist of the string structure.

Furthermore, we have seen that our proposal for extending the K-theory de-
scription of type I/HO theory seems fully compatible with S-duality. So a natural
question would be, if we can find an S-duality compatible extension for the type II
string theories, as well. Just complex K -theory of the point does not achieve that (see
e.g. [116]).

Our final chapter 6 can be seen as a smooth extension of the previous one, where
we take a particular interest in the 10th dimensional cobordism group, which can
be gauged by instantons. More specifically, we looked at the simplest topological

configuration that gives rise to a non-trivial charge in Q°P""(BSs(32)), namely a
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ten-sphere furnished with a topologically non-trivial Ss(32)-principal-bundle. We
show that this instanton configuration provides zero modes that by inflow onto the
worldsheet allow for open string boundary conditions in HO-theory. Furthermore,
we argue that the inflow is the residue of Hull's D1-string (the S-dual of the open
fundamental string in type I) in the HO weak coupling limit. Since it is a D-object
it is allowed to carry K -theory charges, i.e. the zero modes, and serve as a conductor
between the heterotic instanton and the worldsheet. With this construction we can
answer a classic question in string theory, namely what the objects behind Shenker’s
exp (gs_l)—eﬁects in heterotic string theory are. As we discussed in the traditional
string theories containing an open string sector (type 11, type I, bosonic string the-
ory) these effects come from disk amplitudes, i.c. an open string with both ends on
a D-instanton (or a fully wrapped Euclidean D-brane). With this unconventional
inflow configuration disk amplitudes become possible in HO-theory, as well. How-
ever, this goes beyond this one specific instanton configuration, which we picked as
our prime example, because it could be matched to actual amplitude calculations on
flat, topologically trivial space-time backgrounds. The HE string in 10d provides a
nice contrast. Purely gauge zero modes do not work, but gravitational instantons
can supply the necessary zero modes and therefore account for Shenker effects in 10d
HE theory. Uncovering them in string amplitudes would require us to calculate the
amplitudes on gravitationally highly non-trivial backgrounds.

As we have demonstrated cobordism theory provides a holistic framework
to study topo]ogical solitons in string theory/quantum gravity non—perturbative]y.
Obstruction theory and the Cobordism Conjecture step by step reveal necessary
non-perturbative physics to achieve quantum gravitational consistency. This makes
cobordism theory a sharp tool to reexamine old problems in string theory and to push
for a deeper understanding of the non-perturbative sector of string theory.

Finally, we would like to mention a few avenues to proceed that we had no op-

portunity to present yet.

To actually macch with real world physics we technically have to change to Loren-
tzian signature, which is not nearly as well understood as the Euclidean case. For plain
Lorentzian spin cobordism it secems that the results should carry over, but the story
is already more subtle for X = pt. Especially, for more complicated background
spaces or higher structure this is very interesting to explore further. We might also

want to change another assumption of cobordism theory, namely that of considering
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just closed manifolds within the equivalence classes. Indeed, it is feasible to define
cobordism theory based on compact manifolds with boundaries. For M-theory com-
pactifications on open manifolds like S*/Zy or even non-oriented open manifolds
are probably the most well-understood cases of them appearing in string theory. Pre-
sumably, a more general understanding of these backgrounds should give us deeper
insight on string theories with broken supersymmetry, since such open background
are quite universal in non-supersymmetric string theory and in the M—theory case get
us from N = 2 to N/ = 1 supersymmetry.

The most ambitious step is to proceed to the realm of a]gebraic geometry and
study the algebraic siblings of cobordism and K -theory. Amazingly, much of the ma-
terial covered in this thesis like spectra, the LSAHSS, the Adams Spectral Sequence
cte. has a motivic analog in so-called Aj-homotopy theory. We expect to obrain a
direct access to periods valued within the algebraic analogs instead of topological
charges (see for example for periods valued in algebraic K-theory [290]). Moreover
string amplitudes in general seem to possess a motivic structure [291]. Matching this
from the A;-homotopy side motivated by an extension of the (topological) Cobor-
dism Conjecture would be a huge conceptual step.

I hope that this thesis has provided some insight on Why cobordism theory is
such an exciting tool for studying quantum gravity, whose capabilities we have not

yet exhausted. Hopefully I can return to some of the issues raised here.
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Generalized (co)homology theories —

The Eilenberg-Steenrod axioms

In this appendix we want to state the Eilenberg-Steenrod axioms defining a (general-
ized) (co)homology, introduced in the foundational work [122]. First, we pick some
Abelian group 7 and a pair of topological spaces (X, A). Thereby we define so-called
relative (co)homology groups, which are a more general version of what we are using
in the main text. It will reduce to the latter by picking the pair (X, 0)). For the precise
statement of the axioms, which we will propound in a categorical language, we will

rely on the concise discussion in [121]. First, we give the homology case:

Theorem A.0.1. For a given integer p there exist a functor H,(X, A; ), which we call
(relative) homology from the homotopy category of pairs of topological spaces to the category
of Abelian groups together with natural transformations 0 = H,(X, A;m) — Hp,_1(A; 7).
Further we denote by H,(X; ) the homology of the pair (X, 0): H,(X, @; 7). Then the
functor, including the natural transformations, satisfy and characterized by the following

axioms:
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A. Generalized (co)homology theories — The Eilenberg-Steenrod axioms

+ Dimension: For X = pt:

H,(X;7) = ™ forp =0, (A1)

0 forp#0.

[f this is axiom is violated, but all subsequent are obeyed we call this homology theory

a generalized homology theory.

« Exactness: The following sequence is exact, where the arrows are induced by the in-

clusions A — X and (X, 0) — (X, A), as well as the natural transformation 0

introduced above:

o= Hy(Asm) — Hy(Xsm) = Hy(X, Aym) — Hyp (X, Aym) — .
(A2)

« Excision: Suppose X is the union of the interior of spaces A and B, then the inclusion

(A, AN B) < (X, B) induces an isomorphism:

H.(A, AN B;7) ~ H.(X,B; 7). (A3)

« Additivity: Let the pair (X, A) be a disjoint union of a set of pairs (X;, A;) then the

inclusions (X;, A;) — (X, A) induce an isomorphism:

@H*(Xi, Apm) ~ Ho (X, Ay ). (A4)

« Weak Equivalence: If there exist weak equivalences X —Y and A — B (or on the

level of pairs (X, A) — (Y, B)), then there exists an isomorphism:
H.(X,A;7)~ H(Y,B;). (A.5)

We should remark that for pairs of CW-complexes the last axiom is turned into a defini-
tion of the homology theory of a CW-complex by choosing a CW-approximation func-
tor I, such that (X, A) — (X, 'A) is a weak equivalence and H,(I'’X,T'A; )

becomes the (relative) homology of a CW-pair.

The cohomology case is fairly similar, but contains a few subtle differences:
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Theorem A.0.2. For a given integer p there exists a functor H? (X, A; ), which we call
(relative) cohomology from the homotopy category of pairs of topological spaces to the category
of Abelian groups together with nacural transformations 6 : HP (A; ) — HPTH(X, A; 7).
Further we denote by HP(X; ) the cohomology of the pair (X, @): HP(X, @; 7). Then
the functor, including the natural transformations, satisfy and characterized by the following
axioms:
+ Dimension: For X = pt:

w forp=0,
0 forp#0.

If this is axiom is violated, but all subsequent are obeyed we call this homology theory

HP(X;7m) = (A.6)

a generalized homology theory.

« Exactness The following sequence is exact, where the arrows are induced by the in-
clusions A — X and (X, 0) — (X, A), as well as the natural transformation O
introduced above:

o= HP(X, Aymr) — HP(X ;1) — HP(A;m) — HPPY(X Aym) — ..
(A7)

« Excision: Suppose X is the union of the interior of spaces A and B, then the inclusion
(A, AN B) — (X, B) induces an isomorphism:
H*(X,B;7)~ H* (A, AN B;m). (A.8)
« Additivity: Let the pair (X, A) be a disjoint union of a set of pairs (X;, A;) then the
inclusions (X;, A;) < (X, A) induce an isomorphism:

H*(X, A; ) Z@H*(Xi,Ai;ﬂ'). (A9)

« Weak Equivalence: If there exist weak equivalences X — Y and A — B (or on the
level of pairs (X, A) — (Y, B)), then there exists an isomorphism:

H.(Y,B;7) ~ H (X, A;m). (A.10)
Again the last axiom can be turned into a definition of the cohomology theory of
a CW-complex by choosing a CW-approximation functor I, such that (X, A) —
(I'X,TA) is a weak equivalence and H*(I' X, ' A; ) becomes the (relative) ho-
mology of a CW-pair.
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Classifying Spaces

As mentioned in the main part of the thesis classifying spaces BG occupy an impor-
tant place in algebraic topology to classify G-principal bundles and are also central
to define characteristic classes. For this exposition we will rely heavily on the ex-
cellent [205]. The construction of classifying spaces for a topological group G goes
as follows: First, we construct the universal space EG through Milnor’s construc-

tion [292] as the join of a countably infinite number of copies of G
EG:=GxG*... (B.1)

The join of topological spaces Ay x - - - % A, is defined as follows: A point in the join

is specified by
« Real numbers tq, ..., t, witht; > 0, such thatt; +--- + ¢, = 1 and

« points a; € A; with non-vanishing ¢; then assemble to a point in the join as

tia1 @ - - - @ tyay, where a; can be chosen arbirtrarily, if ¢; = 0.
Then we construct coordinate maps:

ti: Ay x---x A, —[0,1] and a; i £;1]0,1] — A (B.2)
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Furthermore, the Milnor topology on Ay *- - -xA,, is defined as the strongest topology
for which both coordinate maps are continuous. Back to EG the join of infinitely
many topological spaces is defined the same, but we equire that all but a finite number
of t;s are vanishing. Finally, for Ay are right G-spaces we can still define a continuous

action of G on the join with the map:

((tiai), 9) = (tia:g) . (B.3)

EG turns out to be contractible, i.c. all homotopy groups vanish. Then we can define
the classifying space BG as the quotient EG /G and construct the universal bundle

bu:

Where this construction becomes particularly powerful for physics is that we can
classify G-principal bundles over some space X, since a G-principal bundle models
the topological structure of the gauge field of G| see for example [293]. Assigning
to the isomorphism classes of numerable G-principal bundles over X B(X, BG)
the homotopy classes of the classifying map X — BG [ X, BG| we get a bijection
between the two: B(X, BG) <+ [X, BG|. Then the inverse assigns to the classifying
mapb : X — BG thebundle E — X, where E is a numerable free G-space, induced
by the classifying map b from the universal bundle py.

Classifying spaces have a few nice further properties. By constructing the path fi-
brationp : P — BG with a contractible total space and fiber QBG, the (based) loop
space of BG we can turn the homotopy equivalence EG — P into a fiberwise homo-
topy equivalence. Since 2BG =~ G, we get the isomorphism 7, (BG) ~ m,_1(G).

Furthermore, one can show that the classifying space of a discrete group H is
nothing else than the Eilenberg-MacLane space K (H, 1). The two above statements
can be combined. An example important for the main part is B*Zy = B(BZ,),
which is isomorphic to K (Zs, 2).



The Steenrod algebra

In this appendix, we collect some useful facts about Steenrod squares and the Steen-
rod algebra. For a nice, pedagogica] review with a particular emphasis on the Adams
spectral sequence, we refer the reader to [145]. A very useful, general discussion on the
topic of cohomology operations and specifically the Steenrod algebra can be found
in [144]. Let's start with an axiomatic definition of the Steenrod squares. A cohomol-

ogy operation of degree 7 is a map
H"(X;Zy) — H" (X Zs). (C.1)

It is said to be stable if it commutes with the suspension isomorphism. Steenrod
squares, S¢', are stable cohomology operations of degree ¢ satisfying the following

properties, for any 7 > 0:
0. Sq' is a natural homomorphism H"(X; Zs) — H™(X: Zy);
1. Fori < j Sq'(z) =0, forall z € H/(X; Zy),
2. S¢i(x) =z Uz, forallw € H(X; Zs);

3. 8¢ =1d,;

)
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4. Sq' = B is the Bockstein homomorphism associated to the short exact se-

quence 0 — Zo — Zy — Lo — 0,

5. Cartan formula: S¢(z Uy) = Z Sq™ (x) U Sq"(y).

m-+n=i

li/2] .
‘ , —k-1 L
6. Adem relation: Sq¢" o S¢? = g J ‘ Sq R oS¢,
k=0 i—2k od 2

for0 < i< 2j.

Then the Steenrod algebra A is a Zy tensor algebra, whose elements are polynomials
in S¢" satisfying both S¢” = Id and the Adem relations. Importantly, A is generated
by just S¢?" withn > 0. Furthermore, even though the Steenrod algebra is infinitely
generated, in each degree it is ﬁnite]y generated. These suba]gebras, denoted A,,, are

then generated by Sq', ..., S¢*".

C.1  Some additional background on Steenrod squares

The map Sq' = fis an example of a Bockstein homomorphism. It is associated to

the short exact sequence
0—)Z2X—2>Z4£>ZQ—>0, (CZ)

where the first map is multiplication by 2 and the second (p) is the reduction modulo
2, which induces the long exact sequence
S HMX Z) S HY (X Z) D H™(XZ,) S HPY(XGZ) —
(C.3)
Here, B is the connecting homomorphism between cohomology groups of different
degree. Another Bockstein homomorphism, called 8 in the main text, can be con-

structed in association with the short exact sequence
X2 p.
0—~2Z=>7Z— Zy— 0, (CA4)
inducing in turn the long exact sequence

5 HNXZ) S HY X Z) B HY(X, Z,) 5 H (X, Z) — ... (C5)
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The two Bocksteins are related by

B=pop. (C.6)

At odd degree i = 2k 4 1, one can define an integral lift of the Steenrod squares,
Sgz" "t = B oS¢, (C7)

which is such that p o SgZ"™ = S¢*"*! and maps H"(X;Zy) — H"Y(X; 7).
One further gets a map between integral cohomology by first reducing modulo 2 and

then acting with Sqf,
Sq,op: H'(X;Z) — H" (X, Z). (C.8)

An integral lift of Sq’ for even i = 2m does not exist.!
Given an element x € H* (X Zs,), with k = dim(X), the action of the Steen-

rod squares can be defined as
Sq¢'(z) = v U, (C.9)

where v; € HY(X;Zs) is the i-th Wu class of X (more precisely, of a real vector
bundle over X of rank k, which we generically take to be the tangent bundle), such
that v; = 0if4 > k — 4. Since the total Wu class is the Steenrod square of the
total Stiefel-Whitney class, one can express each of the single Wu classes in terms of

Stiefel-Whitney classes. At lower degree, one has

vy = wsq,
Vg = Wo + Wy U w1, (ClO)

Vs = W1 U ws.

In certain cases, one can give an alternative action of S¢*, namely (see e.g. [148,

180])
Sq'(y) = t(wi(N)) Uy, (C.11)

"This can be proven as follows. Suppose it exists an integral lift for the even case, S¢*™ =
p o Sqg2™. Exactness of the sequence (C.5) means that ker 8 = Im p, implying in turn 8 o S¢*™ =
B(p(Sqg2™)) = 0. However, this is contradiction with the Adem relation Sg'0Sqg?™ = Sg*™+1 =£ 0

(recall Sg' = p o ). Thus, such an integral lift Sg2™ cannot exist.
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where y € H"(X;Zs), N is the normal bundle of the submanifold Y C X Poincaré
dual toy and ¢ : Y — X is the inclusion.? This is most convenient for physical pur-
poses, such as checking the absence of Freed-Witten anomalies for branes wrapping
Y, on which we comment in section 5.3.2 (there, following [148, 180], we directly

employ the integral lift W3(N) of ws(N') and omit the pushforward ¢,).

?In general, one can define an action Sq'(u) = m*(w;(€)) U u, with u € H*(E;Zy) and
w;(€) € HY(B; Zy), for any k-plane bundle ¢ : F — E 5 B of which the normal bundle N(B) is

a particular case [192].



Characteristic Numbers and Genera of

Polynomial Sequences

In this appendix we want to detail the construction of some very important topolog-
ical invariants that also appear as invariants of some cobordism groups.

We will initially follow [121] for defining Stiefel-Whitney, Chern and Pontryagin
classes and numbers. We define a characteristic number of a manifold M as a char-
acteristic class of the tangent bundle of M s(T'M)" evaluated with the fundamental
class p € H,(M; R)

sIM] = (s(TM), ), (D.1)

which we formally denote as the integration over M (s(T'M), u) = [, s(TM).

Stiefel-Whitney classes

We start off by defining Stiefel-Whitney classes axiomatically. Since they appear

in the main part of the thesis via obstruction theory we choose to define them as

"' One can also use the normal bundle of M to define it. Whenever we do use the characteristic

number of the normal bundle, we emphasize it explicitly.
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elements w; of H'BO(n); Zs with n > 1. With slightly different axioms they can

be defined for real vector bundles as well.
1. wyg = 1land w; = 0 for all i > n.
2. wy # 0whenn =1

3. For the classifying map i, : BO(n) — BO(n+1) we have under the pullback:

4. Under the pullback of the classifying map py, », : BO(m) x BO(n) —

BO(m + n) we have: py,,  (w;) = 23':0 Wi @ w;_j.

Then H'BO(n); Zs is generated as an polynomial algebra Zs[wy, . . ., w,].

Chern classes

For Chern classes we take a complex vector bundle E — M then the Chern classes

C}; are elements in Hi(M; Z) satisfying the properties [120]:
1. ¢; = 0foralli > dim(F).
2. ¢(f*(E)) = f*(ci(E)) for apullback f*(E)

3. ¢(E1 ® Ey) = c(E1) U c(Esy), where ¢(FE) is the total Chern class ¢(E) =
I+ +e+---€e H'M; Z

4. ¢y is the canonical generator of H*(BU(1); Z) (with BU(1) = CP™).

Pontryagin classes

The simplest definition of Pontryagin classes is through Chern classes. As opposed to
Chern classes they are based on real vector bundles. For a real vector bundle £ — M
we can take the complexification E€, which is defined by applying complex structure
on the fiber R @ R via the rule i(z,y) = (—y, ). Then the Pontryagin classes p;
living in H*(M;Z) are defined as:

pi = (—1)i02i(EC) : (D.2)
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The genera of multiplicative sequences

The three genera we are about to introduce play an important role in the main part of
the thesis as both cobordism invariants of cobordism with oriented, spin or spin®-
structure and charges of Dp-branes and Op-planes. We rely on [120,121,294] for this

brief introduction and refer to them for a thorough discussion. Generally, a genus

G/(M) of some manifold M is defined by three properties [294]:
1. G(M x N) = G(M) - G(N).
2. G(MUN) = G(M) + G(N).
3. G(M) = 0, if M bounds.

These properties already indicate that they should play a major role in cobordism

theory.

Chern character

Before we give definitions for the aforementioned genera we look at a similar object

defined as a polynomial of Chern classes, the Chern character of a vector bundle F:

1
ch(F) :=1k(F) + ) oy su(er(F), - en(F)), (D.3)
k>0
where s(71, ..., 7)) can be written recursively as:
Sp=T18k1 —Tospo+ -+ (D)2 _ 15+ (=1)" k7 (D.4)

The Chern character also satisfies some similar properties to that a genus, namely
1. ch(E X F) = ch(E) - ch(F).

2. G(E® F) = ch(E) + ch(F).

The A genus

The genera we want to look at next arise from characteristic classes defined as mul-
. ) . ) Spi A
tiplicative sequences. The first one is the cobordism invariant of €, (pt), the A-

genus. Taking the following formal power series, we define a characteristic class

)= VP2 LT
A = s~ et (D.5)
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Then, one can translate  into Pontryagin classes [91], which evaluates for the first

three terms to:

n 1
A = —ﬁph
n 1
Ay = ——(—4 2 D.6
2 5760< P2 + Tpy) (D.6)
= —1 44 — 31p3).
3 967680< 6ps + 44papr — 31py)

The A—genus of a manifold M is subsequently given by evaluating the character-
istic class on the manifold M: A(M). Interestingly, while A—genus does not give an

integer on every manifold, on spin manifolds it does.

The Todd genus

Very closely related to the A genus we have the Todd genus, which is based on Chern
instead of Pontryagin classes and whose class is given the Fo”owing formal power

series:

T 1 1
= =14 -—x+—a>+... D.7
e +2x+12x+ (D.7)

Converting 2 into Chern classes we get for the first three terms:

Td(x)

1
le = —561
1
ng = —(CQ + C%) (D8)
12
1
ng = ﬁ(c2cl) .

Again, the Todd genus is the Todd class evaluated on a manifold M. As we alluded
to the Todd genus is intimately related to the A—genus. For instance, on an almost

complex manifold M the Todd genus can be written as [62]
Td(M) = e“/?A . (D.9)

As a cobordism invariant it turns up for spin¢ cobordism.
P 14

The Hirzebruch genus

The final genus we would like to introduce in this appendix, an oriented cobordism

invariant, the Hirzebruch genus L(M), which is associated to the formal power se-
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ries:
VT 1 1,
L = =14+ -z— — . D.10
(z) tanh (/) + 3$ 4596 + ( )
Expressed in terms of Pontryagin classes we get for the first three terms:
1
L, = 3P
1
Lo = —(Tps — 12 (D.11)
5 45( P2 —p1)
1
Ly (62ps — 13pap1 + 2p}) .

~ 315
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Short exact sequences, extensions and

Ext

Consider the Abelian groups A, B and C'. A short sequence
0—B-5HC-54—0 (E.1)

is exact if the map 3 is injective and the map « surjective, i.e. if ker(a) = Im(f3). In

this case, we say that C' is an extension of A by B and we denote it as
C =e(A,B). (E.2)
The Splitting Lemma for abelian groups tells us that the extension is trivial,
C=A®B, (E.3)

iff there is a left inverse to B iff there is a right inverse to . In this case, one says that
the short exact sequence is split. In general, the extension might not be unique and
there can be more extensions besides the trivial one. Equivalence classes of extensions
of A'by B are in one-to-one correspondence with elements of the group Ext' (A, B),

with the trivial extension corresponding to 0 (see e.g. Theorem 3.4.3 of [295]).
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The definition and main properties of the groups Ext" (A, B) can be found e.g. in
[295], chapter 3. We recall some of them below. As stated in Lemma 3.3.1, if A and B
are Abelian (as we assume) we have that Ext" (A, B) = 0 for n > 2. Therefore, only
the groups associated to n = 0, 1 are relevant for us. We have that Ext?(A, B) =
Hom(A, B), while Ext'(A, B) classifies extensions of A by B, as anticipated above.

Two useful properties of these groups are

and we recall that for Abelian groups direct product and direct sum coincide. For

cyclic groups, we recall the results

Ext!'(Z,Z) =0, (E.6)
Ext'(Z,Z,) = 0, (E.7)
Ext'(Z,,Z) = Zy, (E.8)
Ext'(Z,, Z) = Zy, (E.9)

where k = GCD(m, n). All of this is used in the calculations of chapter 5, when we
have to resolve extension problems of the LSAHSS.
Let us give two simple examples to illustrate how everything works in a combined

Way. Let us COnSider the Short ¢xact Sequence
0— ZQ — Q(ZQ,ZQ) — ZQ — 0. (ElO)

Since Ext! (Zg, Zg) = Za, €(Za, Zs) is not split, instead we have two possible exten-

sions. Indeed, it is well-known that there are two short exact sequences

0— Zo — 2Ly — Zoy — 0, (E.11)
O%ZQ—)ZQ@ZQ%ZQ%O. (ElZ)

Instead, the short exact sequence
0 — Zs — Zg — Lo — 0, (E.13)

is split, since Ext'(Zy, Z3) = 0.



Wedge sum, smash product and

reduced suspension

Consider two pointed topological spaces (X, zo) and (Y, 3o). The wedge sum, X VY,
is defined as
XVY=XUY/~, (F.1)

where the equivalence relation identifies the two base points 2 and 3. The smash
product, X A 'Y is defined as the quotient of the Cartesian product by the wedge

sum

X xY
XAY = E2
XVY (E2)
[t satisfies the properties
XANY2YAX, (F.3)
(XAY)NZ=XANYANX), (F.4)

where the symbol = means homeomorphic as tOpOlOgiCﬂl spaces.

Consider then the n-sphere S™. The reduced suspension of X is defined as

YX 2 SUAX. (E5)
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The construction can be iterated
YPX = S"AX.
An important case is when X = S*, thus giving
yngk e grtk,
We also recall cthat
YOANX=2SOAX =X,

where S° 2 pt L pt. Another useful formula is

SX XY)ETXVIY VE(X AY).

(F.7)

(F.8)

(F.9)



Cobordism groups of spheres and tori

We can prove that for a generic structure € the cobordism groups of spheres (S*) and
tori (T*) have a simple decomposition in terms of the respective cobordism groups

of the point, namely

Q5,(5%) = Q5 (pt) @ Q5 (pt), (G.1)
k
k
E (kY — 13

where we implicitly assume the groups with negative index to be vanishing. This ex-
plains for example Why, when computing Spin and Spin© cobordism groups of spheres

in section 5.2, even if we found that in general

Q5P (pt) n <k,

. . G3
(O5P2(pt), O (pt)) 7> K, (G3)

agpn(s*) - {
e
(and similarly for Spin® cobordism), every time the information at our disposal was
enough to solve the extension problem, it turned out to be trivial. We now prove
(G.1) and (G.2) by induction. The proof only necessitate a generalized homology the-
ory G, (pt) like cobordism groups with tangential scructure & Q5 (pt) satisfying the
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Eilenberg-Steenrod axioms, but can also be straightforwardly extended to a general-
ized cohomology theory G™"(pt). If we choose the latter one, we can handily prove

the analogous results

G™(S*) = G™"(pt) & G *(pt), (G4)
k

¢TH =P (f) G~ (pt), (G.5)
1=0

which match our results in the main part.

We start from the cobordism groups of spheres, S*. For S1, we have

Ga(51) = Gulp) © G (1)
= Gu(pt) © Co(2(S") o
= G(pt) & G ()
= Gulpt) & G ()

In passing from the second to the third line we used the suspension axiom G%EX) =
Gpno1(X) A, while in the last step we employed that G, (S°) = G, (pt), which

follows from
Gn(S°) = Gu(pt Upt) = Gu(pt) & Gi(pt) = Gu(pt) @ Gu(S°).  (G7)

Then, we assume the formula to hold for S*¥ and we prove it for S¥*1. Using again

the Splitting Lemma (4.27) and the suspension axiom, we have

G (SFT1) = G(pt) ® G (S*H)
= Gn(pt) D én(2(5k>> (G.8)
= G,(pt) & anl(sk) |
= Go(pt) ® Gpp1(pt)

This proves (G.1) by induction.
Then, we look at the cobordism groups of tori, 7. The result for T = S is
already proven in (G.6). We thus assume the formula to hold for T* and we prove it

for T**1. To this purpose, using (F.9) we can write

Y(T* x SY) = X(TF) v B(SY) v (T" A SY) (G.9)
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and therefore

Gn(TH) = Gu(pt) & G (B(TH))
= Gu(pt) & Goa(B(TF x S1))
= Gn(pt) & G (B(TY)) & Gria(3(Sh)) & Gria (B(TH))
= Gu(pt) @ Gu(TY) @ Gu(SY) ® G (T)
= Go(T*) ® G, (T"),

(G.10)
where we used G, (X VY) = Go(X) @ G, (Y), valid for reduced generalized ho-

mology theories [165]. We can Fma]ly demonstrate that

Go(TM) = Gt (TY) ® Go(T")
_ é@ (k> ne1_i(pt) @Zé (k) Gni(pt)
:%'%(f ) ni(Pt) @é%(lj@“ (G.11)
— ’éz?l (z ]j 1) Go_i(pt) ® : (T) Gni(pt)

In passing from the third to the fourth line we just added zero to both terms, while in
the last step we used Pascal’s formula. This concludes our proof of (G.2) by induction.

An alternative proof can be given by exploiting some more advanced mathemat-
ical constructions. In particular, one can use that Spin and Spin® cobordism are gen-
eralized homology theories classified by Thom spectra M Spin and M Spin® respec-

tively. One can thus write
QS (X)) =[S, MSpin A X, (G.12)

where X is a generic topological space, and similarly for Spin®. Considering for ex-

ample X = S* by exploiting the properties of the smash product and the suspension
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given in appendix F, we have

QSin(SkY =[S, M Spin A S¥],,
=[S, M Spin],_x
= T (M Spin)
= Q75 (pt).

(G.13)

In passing from the first to the second line we used that [EX, Y] = [X, QY] and
then that QXX = X, with QX the loop space, while in the last step we used the
Pontryagin-Thom isomorphism. Combining this with the Splitting Lemma (4.27),

one gets (G.1).



Spin/Spin® cobordism and
K | K O-theory of Moore spaces

As demonstrated by the theorems (5.2.1) and (5.2.2) certain torsion pieces in the

(co)homology of 4- or 6-manifolds are captured by Moore spaces Pk (T'). As an ad-
dendum to the calculations demonstrated in the main part we are going to compute
the necessary cobordism and K-theory groups to get the most general result that the
aforementioned theorems allow for. We will use the LSAHSS with support from the
Adams Spectral Sequence for these calculations. Since Spin-cobordism and KO-
theory contains 2-torsion we need to compute the mod 2 (co)homology of Moore

spaces. This can be easily done by using the Universal Coefficient Theorem:
0— H,(P¥(T);Z)®A — H,(X;A) — Tory(H, (P*(T);Z),A) — 0. (H.1)
By definition the only non-trivial entries of H,,(P*(T); Z) are

7 =0
H,(PH(T); Z) = o (H2)
T forn=k.

Therefore, for A = Zy we get only non-trivial entries for n > 0, if T" contains 2-

torsion, because of Zy, ® Zy ~ ZLiged(m,ny and Tor1 (Zn,, Zy) ~ Zgei(mn)- Then one
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obtains:
Zoy forn=0
H,(PH(T);Zy) = Zy forn=k, (H23)
Zo torn=k+1.

The Spin®-cobordism case is pretty simple. It is very similar to the k-sphere case in

dimensions below 10 we can write'
QP (PM(T)) = 7™ (pt) @ (7 () ® T) . (H.4)
The Spin case is a lot more intricate. For n < 10 we obtain
QS (PH(T)) = Q57 (pt) @ A, i(T) (15)

where A,,_j(T), if T contains 2-torsion, is either given by

Zo for(n—k):1,9,
A1 (T) = (H.6)
Zy for(n—k)=2,10,
(Zy  for (n—k)=3
or if T' contains no 2-torsion
Ay o(T) =T for(n—Fk)=0,4,8. (H.7)

The Z4 piece in the 2-torsion case is the result of a nontrivial extension e(Z, Z,),
which can be determined from the Adams spectral sequence computing

k:o*(Ek]RPQ)Q (and by using the ABP decomposition (4.34) also spin cobordism),
since the result of the mod 2 contributions doesn’t depend on the precise torsion
group T" and we obtain the same result for these three groups by looking at just the
mod 2 Moore space P (Zs), which is equivalent YF*RP2. The A;-module for RP? is
simply two Zas one degree apart connected by an Sq'. The Adams chart looks just

as follows:

or higher dimensions one has to be caretul with torsion.
! For higher d h b ful with
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-
-
-

0o 1 2 3 4 5 6 7 8 9 10 11 12 13

Figure H.1: Adams chart for RPy-module extension including §

And the final product looks like, where we get the two non-trivial extensions

01 2 3 4 5 6 7 &8 9 10 11 12 13

Figure H.2: Final Adams chart for RPy-module extension

from running the extension with well-known A;-modules

0— X2RPy - Q — Zy — 0. (H.8)
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shown below:

Figure H.3: Alternative exact sequence for RP?

The Adams chart can be simply plugged into the ko-homology Adams spectral
sequence and there are no nontrivial differentials or extension. With the equivalence

we explained above
ko(n—k):l,Q,S modS(EkRP2) = kO(n—k):1,2,3 modS(Pk(T>) (H.9)

we get the aforementioned result (H.6). We see that the Zy4 piece is a result of the
nontrivial extension visible already on the A4;-module level (as a result of the S qb).

The complex K-theory is due to its lack of torsion completely straightforward, we

get:
K™(P*(T)) = K™"(pt) ® (K" (pt) ® T). (H.10)

For the LSAHSS computing K O-theory we need the mod 2 cohomology groups of

P*(T), which we get from the (cohomological) universal coefficient theorem:

0 — Exty,(H,_1(P*(T); Z), Zy) — H™(P*(T); Zy)

(H.11)
— Homy,(H, (P*(T); Z), Zy) — 0.

Since Ext,(Zp, Zn) = Liged(m,ny and Homy, (Zy,, Zy) = Liged(m,n), We get analogous

to the homological case provided T' contains 2-torsion:
Zoy form=0
HY(P*(T):Z9) = Zy forn=k, (H.12)
ZQ fOI’ n==k +1.
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For the subsequent LSAHSS we list in the result below. There is another non-trivial
extension €(Zg, Zy) = Z4, which we can determine by utilizing the fact that YFRP,
detects the 2-torsion information responsible for the bottom three groups in the list.
The results for K O-theory of the real projective spaces RP" are well-known [296],
including KO72(RP?) ~ Z,.

KO™(P*(T)) = KO™(pt) ® B™" (T, (H.13)
where A,,_(T), if T contains 2-torsion, is either given by

(T for (n+k) =0, 4, mod 8,
BT = Zy for(n+k)=1, mod8, (HL14)
Zy for (n+ k) =2, mod 8,

(Zy  for (n+ k) = 3mod 8.

or if T' contains no 2-torsion

B™"M(T)=T for(n—k)=0, —4, -8. (H.15)
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