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.I Introduction

1.1 Prehistory

The quest in physics has been historically dominated by unraveling the simplicity of
physical law, moving more and more toward the elementary. Although this approach is
not guaranteed to succeed indefinitely, it has been vindicated so far. The other organiz-
ing tendency of the human mind is toward unification: finding a unique framework for
describing seemingly disparate phenomena.

The physics of the late nineteenth and twentieth centuries is a series of discoveries and
unifications. Maxwell unified electricity and magnetism. Einstein developed the general
theory of relativity, which unified the principle of relativity and gravity. The late 1940s wit-
nessed a culmination of two decades’ efforts on the unification of electromagnetism and
quantum mechanics. In the 1960s and 1970s, the theories of weak and electromagnetic
interactions were also unified. Moreover, around the same period, a wider conceptual
unification also took place. Three of the four fundamental forces known were described
by gauge theories. The fourth, gravity, is also based on local invariance, albeit of a dif-
ferent type, and so far it stands apart.! The combined theory, containing the quantum
field theories (QFTS) of the electroweak and strong interactions together with the classi-
cal theory of gravity, formed the Standard Model (SM) of fundamental interactions. It is
based on the gauge group SU(3)xSU(2) x U(1). Its spin-1 gauge bosons mediate the strong
and electroweak interactions. The matter particles are quarks and leptons of spin % in
three copies (known as generations and differing widely in mass), and a spin-0 particle—
the Higgs boson—that is responsible for the spontaneous breaking of the electroweak
gauge symmetry.

1 Today we have some intriguing evidence that even gravity may be a strong-coupling facet of an extra
underlying four-dimensional gauge theory.
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The SM has been experimentally tested and has survived 45 years of accelerator
experiments.? This highly successful theory, however, is not satisfactory:

« A classical theory—namely, gravity, as described by general relativity—must be
added to the SM to agree with experimental data. This theory is not renormaliz-
able at the quantum level. In other words, new input is needed to understand its
high-energy behavior. This has been a challenge to the physics community since
the 1930s, and (apart from string theory) very little has been learned on this subject
since then.

The three SM interactions are not completely unified. The gauge group is semi-
simple. Gravity seems even further from unification with the gauge theories. A
related problem is that the SM contains many parameters thatlook a priori arbitrary.

The model is unstable as we increase the energy (known as the hierarchy problem of
mass scales), and the theory looses predictivity as one starts moving far from current
accelerator energies and closer to the Planck scale. Gauge bosons are protected from
destabilizing corrections because of gauge invariance. The fermions are equally
protected due to chiral symmetries. The real culprit is the Higgs boson.

Several attempts have been made to address the above problems.

The first attempts focused on improving unification. They gave rise to the grand uni-
fied theories (GUTS for short). All interactions were collected in a simple group, SU(5)
in the beginning, but also SO(10), Es, and others. The fermions of a given generation
were organized in the (larger) representations of the GUT group. There were successes in
this endeavor, including the prediction of sin? 6y and the prediction of light right-handed
neutrinos in some GUTs. However, the theories required that the Higgs bosons break the
GUT symmetry to the SM group, and the hierarchy problem took its toll by making it
technically impossible to engineer a light electroweak Higgs.

The physics community realized that the focus must be on bypassing the hierarchy
problem. An early idea attacked the problem at its root: it attempted to banish the Higgs
boson as an elementary state and to replace it with extra fermionic degrees of freedom. It
introduced a new gauge interaction (termed “technicolor”), which binds these fermions
strongly and one of the techni-hadrons, should have the right properties to replace the
elementary Higgs boson in its role as responsible for the electroweak symmetry breaking.
The negative side of this line of thought is that it relied on the nonperturbative physics
of the technicolor interaction. Realistic model building turned out to be difficult, and
eventually this line of thought was mostly abandoned.

A competing idea relied on a new type of symmetry—supersymmetry—that connected
bosons to fermions. This property turned out to be essential, since it could force the bad-
mannered spin-0 bosons to behave as well as their spin-% partners did. This works well,
but supersymmetry stipulated that each SM fermion must have a spin-0 superpartner with
equal mass. This being obviously false, supersymmetry must be spontaneously broken at

2 With the exception of the neutrino sector, which was suspected to be incomplete and is currently the source
of interesting discoveries.
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an energy scale not far away from today’s accelerator energies. Further analysis indicated
that the breaking of global supersymmetry produced superpartners whose masses were
correlated with those of the already known particles, in conflict with experimental data.

To avoid such constraints, global supersymmetry needed to be promoted to a local
symmetry. As supersymmetry transformations are in a sense the square root of trans-
lations, a theory of local supersymmetry must also incorporate gravity. This theory was
first constructed in the late 1970s, and was further generalized to make model building
possible. The flip side of this development was that the inclusion of gravity opened Pan-
dora’s box of nonrenormalizability of the theory. Hopes that (extended) supergravity might
be renormalizable soon vanished.?

In parallel with the developments outlined above, a part of the community resurrected
the old idea of Kaluza and Klein of unifying gravity with the other gauge interactions.
If one starts from a higher-dimensional theory of gravity and compactifies the theory to
four dimensions, the result is four-dimensional gravity plus extra gauge interactions.
Although gravity in higher dimensions is more singular in the ultraviolet (UV), physi-
cists hoped that, at least at the classical level, one would obtain a theory that is very close
to the SM. Although progress was made, a stumbling block turned out to be obtaining a
four-dimensional chiral spectrum of fermions as in the SM.

Although none of the directions described above resulted in a final and successful the-
ory, the ingredients were very interesting ideas that many felt would form part of the
successful theory.

1.2 The Case for String Theory

String theory has been the leading candidate over the past almost four decades for a the-
ory that consistently unifies all fundamental forces of nature, including gravity. It gained
popularity because it provides a theory that is UV finite.*

The basic characteristic of the theory is that its elementary constituents are extended
strings rather than pointlike particles as in QFT. This makes the theory much more
complicated than QFT, but at the same time it imparts some unique properties.

One of the key ingredients of string theory is that it provides a finite theory of quantum
gravity, at least in perturbation theory. To appreciate the difficulties with the quantization
of Einstein gravity, look at a single-graviton exchange between two particles (Figure 1.1a).
The amplitude is then proportional to E2/M32, where E is the energy of the process, and
Mp is the Planck mass: Mp ~ 10! GeV. It is related to Newton’s constant by

, 1
P™16x Gy

(1.2.1)

3 But recent progress in on-shell loop corrections have made some people hope again that it might still be
renormalizable.

# Although no rigorous proof to all orders establishes that the theory is UV finite, there are several all-orders
arguments as well as rigorous results at low-loop order. In closed-string theory, amplitudes must be carefully
defined via analytic continuation, standard in S-matrix theory. When open strings are present, divergences occur.
However, they are interpreted as infrared (IR) divergences (due to the exchange of massless states) in the dual
closed-string channel. They are subtracted in the “Wilsonian” S-matrix elements.
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a) b)

Figure 1.1. Gravitational interaction between two particles via graviton exchange.

Therefore, the gravitational interaction is irrelevant in the IR (E < Mp) but is strongly
relevant in the UV. In particular, this implies that the two-graviton exchange diagram
(Figure 1.1Db) is proportional to the dimensionless ratio

E2 A A2R2
— | dEE~ , (1.2.2)
Mg Jo M

where E is the outgoing particle energy, and E is the internal particle energy. This is
strongly UV divergent. It is known that Einstein gravity coupled to matter is nonrenor-
malizable in perturbation theory. Supersymmetry makes the UV divergence softer, but
the nonrenormalizability persists.

There are two ways out of this:

« It is possible that a nontrivial UV fixed point governs the high-energy behavior of
quantum gravity. To date, no credible example of this possibility has been offered.

- It is possible that new physics emerges at E~ Mp (or even lower), and Einstein
gravity is the IR limit of a more general theory, valid at and beyond the Planck
scale. You could consider the analogous situation with the Fermi theory of weak
interactions. There, one had a nonrenormalizable current—current interaction with
similar problems, but today we know that this is the IR limit of the standard weak
interaction mediated by the W+ and Z° gauge bosons. So far, no consistent field
theory has been found that makes sense at energies beyond Mp and contains gravity.
Good reviews of the ultraviolet problems of Einstein gravity can be found in [1, 2].

Strings provide a theory that induces new physics at the string scale M, which in per-
turbation theory (the string coupling g; being weak) is much lower than the Planck scale
Mp. Tt s still true, however, that string perturbation theory becomes uncontrollable when
the energies approach the Planck scale.

There are two important ingredients responsible for why closed-string theory does not
have UV divergences. One is the fact that string dynamics and interactions are inextrica-
bly linked to the geometry of two-dimensional surfaces. For example, for closed strings,
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Figure 1.2. Open (left) and closed (right) Riemann surfaces.

by decomposing the string Feynman diagrams, it is obvious that there is essentially a
universal three-point interaction in the theory. This interaction is dictated by the two-
dimensional geometry of closed Riemann surfaces, as is obvious from Figure 1.2. The
other related ingredient is the presence of the infinite tower of excitations with masses
in multiples of the string scale. Their interactions are carefully tuned to become soft at
distances larger than the string length ¢ but still longer than the Planck length £p.

For open strings, the situation is subtler. There, UV divergences are present, but are
interpreted as IR closed-string divergences in the dual closed-string channel. This UV-IR
open—closed-string duality is at the heart of many of the recent developments in the
field.

Another key ingredient of string theory is that it unifies gravity with gauge interac-
tions. It does this in several different ways. The simplest is via the traditional Kaluza-Klein
(KK) approach. Superstring theory typically is defined in ten dimensions. Standard four-
dimensional vacua can be obtained via compactification on a six-dimensional compact
manifold. However, gauge symmetry can also arise from D-branes that sometimes are
part of the vacuum (as in orientifolds). There is even gauge symmetry coming from a
nongeometrical part of the theory, as happens in the heterotic string. The unified origin
of gravity and gauge symmetry extends even further to other interactions. For example,
the Yukawa interactions, crucial for giving mass to the SM particles, are also intimately
related to the gauge interactions.

Unlike earlier KK approaches to unification, string theory is capable of providing, upon
appropriate compactifications, chiral matter in four dimensions. This happens via a subtle
interplay between anomaly-related interactions and the process of compactification.

Another characteristic ingredient of string theory is that the presence of spacetime
fermions in the theory imply the appearance of spacetime supersymmetry at least at high
energies. Consequently, high-energy supersymmetry is an important ingredient of the
theory.

For several decades, researchers hoped that the theory would prove to be unique,
although there are many possible vacua that could be stable. Further understanding of
nonperturbative dualities in the 1990s has strengthened the belief in the uniqueness of
this string theory structure. It has also pointed out other aspects of the overall theory, such
as M-theory, that are new.

The advent of the AdS/CFT correspondence over the past 20 years and the radical input
thatitinjected into an old suspected gauge-theory/string-theory correspondence has grad-
ually changed the way we view string theory. Flux compactifications of string theory, of the
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type relevant for the AdS/CFT correspondence, had already indicated that the number of
“vacua” of string theory is astronomical.

The AdS/CFT correspondence suggests that large numbers of vacua are dual to QFTs.
Many researchers believe today that this implies that string theory is not a unique theory,
but a theoretical framework similar to the framework of QFT. Moreover, the AdS/CFT
correspondence further suggests that these two distinct-looking frameworks are in fact
part of the same whole. Never in the past have string theory and QFT looked so close.

A big “hole” in string theory has been its perturbative (only) definition. With the
advent of nonperturbative dualities, it was hoped that this shortcoming can be bypassed.
Although the nonperturbative dualities have shed light in many obscure corners of string
theory (obscured by strong-coupling physics), they never managed to bypass the Planck
barrier. The Planck scale is always duality invariant, and any dual description is well
defined for energies well below that Planck scale. We have no clue from string theory what
happens near or above the Planck scale, as the relevant physics looks nonperturbative from
any point of view.

In contrast, the AdS/CFT correspondence has given an unexpected hope to being able
to define string theory nonperturbatively, in terms of dual UV-complete QFTs. This possi-
bility extends earlier proposals for a nonperturbative definition of string theory via matrix
models. All such definitions, however, although in principle nonperturbative, are valid on
patches of the traditional string theory landscape, exactly as QFTs are connected only to
those other QFTs emanating from them by relevant renormalization group (RG) flows.
Such nonperturbative definitions hold the promise of elucidating gravitational physics
beyond the Planck scale, although the relevant variables may not be the gravitational
ones. This topic is being actively explored today.

This shift of paradigm has put a new light on finding observable physics in string
theory or any of its siblings. Experimental confirmation still looks more complicated today
than in the 1980s, and not all researchers agree on what is the best way this can be
achieved.

Today string theory has a history of 50 years of active research, but the problems it has
been called on to solve have varied widely during these 50 years. This reflects the evolution
of our understanding of the theory. However, during all this period, it has been a source of
many fundamental theoretical advances that have deepened considerably our knowledge
of QFT and gravitational interactions.

It is fair to say that what was considered through the years as “string theory” has become
an ever-expanding body of problems. Today, string theory has become broad enough to
include a big part of QFT, gravitation, and conventional string theory/supergravity. We
are in a remarkable era, where all tools in QFT and string theory come together to
attack many varied problems that enter mathematics, condensed matter physics, quantum
chromodynamics (QCD), and quantum information theory.

Judging from past experience, it is a bad idea to speculate on what string theory will
be tomorrow, as almost certainly our guesses will be wrong. I can only say that many
interesting problems remain unsolved, and the young and smart physics practitioners of
today will push the barriers of knowledge further.
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1.3 A Stringy Historical Perspective

In the 1960s, physicists tried to make sense of a large amount of experimental data relevant
to the strong interaction. There were lots of particles (or “resonances"), and the situation
could best be described as chaotic. Some regularities were observed:

+ Almost linear Regge behavior. It was noticed that a relatively large number of reso-
nances could be nicely put on (almost) straight lines by plotting their mass—versus their

spin J,
m2:§+a0, (1.3.1)
with &’ ~ 1 GeV~2, and this relation was checked up to J=11/2.

- s-tduality. If we consider a scattering amplitude of two hadrons — two hadrons (1,2 —
3,4), then it can be described by the Mandelstam invariants,

s=—(p1+p2)% t=—(2+p3)> u=—(p1+p3)>, (1.3.2)

withs+t+u=>"; miz. We are using a metric with signature (— + 4++). Such an amplitude
depends on the flavor quantum numbers of hadrons (for example, SU(3)). Consider the
flavor part, which is cyclically symmetric in flavor space. For the full amplitude to be sym-
metric, it must also be cyclically symmetric in the momenta p;. This symmetry amounts
to the interchange t <> s. Therefore, the amplitude should satisfy A(s, t) = A(t, s). Consider
a t-channel contribution due to the exchange of a spin-J particle of mass M. Then, at high
energy,

Affs, ) ~ (M

g 1.3.3
M2 (1.3.3)

Therefore, this partial amplitude increases with s, and its behavior becomes worse for
large values of J. If one sews amplitudes of this form together to make a loop amplitude,
then there are uncontrollable UV divergences for | > 1. Any finite sum of amplitudes of
the form (1.3.3) has this bad UV behavior. Moreover, such a finite sum has no s-channel
poles. However, if one allows an infinite number of terms, then it is conceivable that the
UV behavior might be different.

A proposal for such a dual amplitude was made by Veneziano [3]:

Tz () (=)

Als,f) = , (1.3.4)
I'(—or(s) — ex(t))
where I is the standard Euler I"-function, and
a(s) =a(0) +a's. (1.3.5)

By using the standard properties of the I'-function, it can be checked that the amplitude
(1.3.4) has an infinite number of s, t-channel poles:

o0

... 1
Als, )= — ZO @) +1) - @) +n) i (1.3.6)
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In this expansion, the s <> t interchange symmetry of (1.3.4) is not manifest. The poles in
(n=2(0))
a/

and high spins. It can also be checked that the high-energy behavior of the Veneziano

(1.3.6) correspond to the exchange of an infinite number of particles of mass M? =

amplitude is softer than any local QFT amplitude, and the presence of an infinite number
of poles is crucial for this.

It was subsequently realized by Nambu, Goto, Nielsen, and Susskind that such ampli-
tudes came out of theories of relativistic strings. However, string theories had several
shortcomings in explaining the dynamics of strong interactions:

« All of them seemed to predict a particle with negative mass squared, the tachyon.

« Several of them seemed to contain a massless spin-2 particle that was impossible to
get rid of.

- All of them seemed to require a spacetime dimension of 26 to keep from breaking
Lorentz invariance at the quantum level.

+ All of them contained only bosons.

At the same time, experimental data from SLAC showed that at even higher energies,
hadrons have a pointlike structure; this opened the way for QCD as the correct theory to
describe strong interactions.

However, some work continued in the context of “dual models", and in the mid-1970s
several interesting breakthroughs were made.

+ It was understood by Neveu, Schwarz, and Ramond how to include spacetime
fermions in string theory.

- It was also understood by Gliozzi, Scherk, and Olive how to get rid of the omnipresent
tachyon. In the process, the constructed theory had spacetime supersymmetry.

+ Scherk and Schwarz, and independently Yoneya, proposed that closed-string theory,
always having a massless spin-2 particle, naturally describes gravity and that the scale
o should be related to the Planck scale. Moreover, the theory can be defined in four
dimensions using the KK idea, namely, considering the extra dimensions to be compact
and small.

However, the big new impetus for string theory came in 1984. After a general analy-
sis of gauge and gravitational anomalies [4], it was realized that anomaly-free theories in
higher dimensions are very restricted. Green and Schwarz [5] showed that open super-
strings in ten dimensions are anomaly free if the gauge group is O(32). The group Eg x Eg
is also anomaly free but could not appear in open-string theory. In [6] it was shown that
another supersymmetric string exists in ten dimensions, a hybrid of the superstring and
the bosonic string, which can realize the Eg x Eg or O(32) gauge symmetries.

Since the early 1980s, the field of string theory has been continuously developing. There
was a big rush on heterotic model building in the late 1980s, and the matrix model
approach to two-dimensional string theory was developed in the early 1990s, followed
by the study of stringy black holes. In the mid-1990s, nonperturbative dualities between
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different supersymmetric string theories were uncovered. This development gave rise to
the aspiration that the theory is unique, and the name M-theory was coined. D-branes were
discovered and studied. They turned out to be crucial for the construction of controllable
models for the identification of black-hole microstates and the microscopic explanation of
the black-hole entropy. Moreover, this led to the formulation of AdS/CFT correspondence
and its generalizations.

String theory is a continuously evolving subject, and this book gives only a brief intro-
duction to some of its best-understood topics.

1.4 Conventions

Unless otherwise stated, we use natural units in which i=c=1. The string length ¢,
is kept explicitly throughout the book. It is related to the Regge slope o', and the string
(mass) scale M by
1
b=V = —.
s (24 M,
In the literature, most of the time ¢’ =2 in closed-string theory, &’ =1/2 in open-string

theory, and sometimes o’ =1 in CFT.
1
2l

T, M5 the respective My and M brane tensions, and by Ts the NS5 brane tension.

The fundamental string tension is T = We denote by T, the D, brane tension, by

We use X* for the spacetime coordinates of the string and x* for their zero modes.
By convention, the left-moving part of the string is the holomorphic part, with conformal
dimensions (A, 0). The right-moving part is the antiholomorphic part with dimensions
(0, A). The right-moving part is taken as the nonsupersymmetric side of the heterotic
string.

Fi R is the worldsheet (left- or right-moving) fermion number. The operator that we
use is (—1)FLR, In the NS sector, it counts the number of fermion oscillators modulo 2.
Its action is explained in Sections 4.12 on page 76 and 7.7.1 on page 182. It should be
distinguished from the “spacetime fermion number” operators Fp r. FL =0 in the left-
moving NS sector and equals 1 in the left-moving Ramond sector. A similar definition
holds for Fg. Note that in the heterotic string, F} is indeed the spacetime fermion number.
In type-11 string the spacetime fermion number is Fy + Fr modulo 2.

We are using the “mostly plus” convention for the signature of the spacetime metric.
Our curvature conventions are such that the n-sphere S" has positive scalar curvature.
When there is no risk of confusion, we use for the element of the metric ,/— detg <
\/th <~ /g

Our conventions on the two-dimensional geometry are spelled out in Appendix A on
page 724. Those on differential forms, the e-density, the related E-tensor, and the Hodge
dual are found in Appendix B on page 726.

We use a unified notation for extended supersymmetry in diverse dimensions. Gener-
ically, n supersymmetries in d dimensions are denoted by A/ =ny. In two, six, and ten
dimensions, because of the existence of Majorana-Weyl (MW) spinors, we may define
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extended supersymmetries with p left-handed and g right-handed MW supercharges. In
this case, we use the notation N = (p, q)4. However, sometimes, even in such dimensions,
if the chirality of the supersymmetry is not important for our purposes, we might still use
the V' = ny notation.

For symplectic groups, we use the notation Sp(2N) with Sp(2)~ SU(2). For the groups
SO(2n), the subscript + on the spinor indicates its eigenvalue + 1 under the appropriate
generalization of y°.

We also call the heterotic string based on the Spin(32)/Z; lattice the “O(32) heterotic
string,” for simplicity.

1.5 A Brief Guide to the Literature

The guides to the associated literature, presented in this book, have been compiled with
pedagogy as their main motivation as well as to provide some benchmark points in the
literature, where the student can start searching. This book is intended as a textbook, and
an appropriately chosen bibliography is a crucial complement. Review articles have been
favored here, but also original papers, when they are deemed to have pedagogical value or
if they are good starting points in a bibliographical search.

Most of the papers and reviews after 1991 have appeared in the electronic physics
archives and are referred to as “[arXiv:...].” They are available from the central archive site
https://arXiv.org/

and its mirrors worldwide.

There are several books and lecture notes on string theory. The first benchmark is Green,
Schwarz, and Witten (alias GSW) [7]. It is a reference two-volume set. It summarizes the
older literature on string theory and describes in detail string compactifications up to the
mid-1980s. The best and most detailed exposition of the Green-Schwarz (GS) approach to
the superstring is given here in detail. There is a balance between covariant and light-cone
methods used in the quantization.

The second benchmark is J. Polchinski’s two-volume set [8]. It focuses on the modern
approach to string theory via covariant quantization and the use of CFT methods. It also
contains a description of D-branes and their roles in nonperturbative string dualities.

Becker, Becker, and Schwarz [9] came out around the same time as the first edition
of this book. It is an advanced and up-to-date book covering many important topics in
string theory. Blumenhagen, Liist, and Theisen [10] is the modern sequel of the very good
older lectures [11]. It gives a clear and up-to-date introduction to modern string theory,
including a detailed presentation of many compactifications that are interesting from the
phenomenological point of view.

An introduction to string theory, with emphasis on phenomenological aspects and com-
pactifications, can be found in Ibafiez and Uranga, [12]. M. Dine [13] also bridges the gap
between the SM, supersymmetry, and string theory, presenting all ex aequo. Freedman
and van Proeyen’s Supergravity [14] is very useful for understanding the structure of string
effective theories.
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Several other books have different specializations and characteristics. C. Johnson [15]
provides an in-depth look at D-branes and their effects on string theory, while at the
same time providing an introduction to the basics. Ortin [16] provides a coherent and
in-depth exposition of geometric aspects of the theory and its many interesting classical
solutions.

R. Szabo [17]is a short introduction to string theory (120 pages in all) that covers the very
basics. A recent book by V. Schomerus [18] also provides a quick introduction appropriate
for a semester course in string theory.

Last but not least is the recent book of B. Zwiebach [19], which is written at a more intro-
ductory level and is addressed to advanced undergraduates. It contains several interesting
topics in string theory at an accessible level.

Several books [20]-[23] have appeared over the past 10 years that expand on various
aspects of the AdS/CFT correspondence and its applications. Natsuume [20] provides
a pedestrian introduction to the holographic correspondence, with a list of different
applications to QCD, heavy ions, and condensed-matter problems. [21] is written by a com-
bination of experts from QCD and string theory; it treats the application of holographic
techniques to QCD and the physics of heavy-ion collisions. Nastase’s first book [22] gives
a general introduction to the holographic correspondence with a broad spectrum of appli-
cations from theoretical topics, such as integrability, to practical topics, like bottom-up
holographic theories and condensed-matter applications. His second book [23] focuses on
condensed-matter applications and presents both the famous condensed-matter problems
as well as the holographic frameworks that address them.

Ammon and Erdmenger [24] provides a broad introduction to string theory, gravity,
and the AdS/CFT correspondence and then treats essentially all holographic applications,
from integrability to flavor physics and QCD to condensed-matter applications. Finally, the
book of Zaanen et al. [25] is written by a combination of experts from condensed matter
and string theory and provides an excellent review of both sides, with a more in-depth
treatment of condensed-matter problems using holography.

A recent book by Baumann and McAllister treats inflation in string theory [26]. It
includes the basic cosmology of inflation, basic string theory, and string-theoretic models
of inflation.

Several other books and good reviews have appeared over the years [27]—[35]. Some may
be limited by their scope or date of appearance. There is, however, some merit in consult-
ing them since they may have other advantages, such as an in-depth description of special
subjects or a successful pedagogical description of certain topics.

Marolf’s resource letter [36] is an excellent source of various articles on and reviews of
string theory. It includes a wide spectrum of sources, from popular science to specialized
reviews. The review article of Seiberg and Schwarz [37] provides a useful overview of the
field, its achievements, and its goals.
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579

diagrams, see diagram, 't Hooft

double-line notation, 476

limit, see large-N expansion, 534
W14o00 Ssymmetry, 720

a-theorem, 671
ABJM entropy, 528
ABJM theory, 521, 535
action
D-brane, 610, 611, 615, 619
Einstein-Maxwell, 640
IIB supergravity, 379
nonabelian, 615
type-11B, 380
action (D-brane), 207-211
CP-odd, 208-209, 226e
Dy, 207, 225¢, 697
Do, 226e, 389¢
DBI, 207, 225, 226e, 387¢, 612, 684
instanton, 390e
non-abelian, 209-211
orientifold plane, 214, 303e
Super Yang-Mills, xxiv, 209-211, 226e, 482
tachyon, 620, 718
tachyon nonabelian, 620, 719
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freely-acting orbifold, 120, 247, 249
orbifold, 113
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reversal Q
space-time fermion parity, 82
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T-duality T, 192e, 211, 291
QT 1, 211

For general queries contact webmaster@press.princeton.edu.



© Copyright Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

840 | Index

action (of transformation) (continued)

world-sheet fermion parity, 78, 81, 164, 173, 182,

229e
7, orbifold, 113-118, 242, 263, 274, 303e
7 orientifold, 270-281
7 x 7 orbifold, 249, 301e
7, translation orbifold, 117
7y orbifold, 270, 302, 303e, 304
7y orientifold, 282-284
action (point-particle), 12
a la Polyakov, 13
charged, 30e, 198
curved space, 29e
action (space-time), 152, 399
Euclidean, 437, 438, 513, 514
heterotic 10d, see effective action, heterotic
10d
1IA 10d, see effective action, I1IA 10d
IIA on K3, see compactification, ITA on K3
in Einstein frame, 152, 233, 355
in string frame, 152
renormalized, 438, 498
Wilsonian, see effective action
action (string world-sheet), 16-18
a la Polyakov, 18, 41
bosonized ghosts, 112
bosons, 65, 99
cosmological constant, 156
curved space, 29e
equations of motion, 20
fermions, 67, 76
gauge-fixed, 44
ghosts, 90
heterotic, 737
in conformal gauge, 20, 42, 135
in curved space-time, 151
in magnetic field, 286-290
instanton, 99
linear dilaton, 87, 155
Liouville, see Liouville, action
N-torus, 104
Nambu-Goto, 16, 30e, 507f, 507
non-critical, 154
perturbed marginally, 103-104
superconformal, 82, 84, 128e
superstring, 161
symmetries of, 19, 67, 82, 162
tachyon potential, 156
WZW, 74, 127e
ADE classification, 123, 371
Adler-Bardeen non-renormalization theorem, 342,
494
Adler-Bardeen-Jackiw anomaly, 493
ADM mass, 216, 228¢, 510, 512, 682

AdS, 536-691e
-CFT correspondence, 473-576
anomaly, 493-494
amplitudes, 485, 500
asymptotic metric, 502, 531, 572
black-hole, 510-515, 532
boundary, 484, 495, 531
causal structure, 769-770
coordinates
global, 482, 768, 772
Poincaré, 482, 770, 772
effective action, 500
Euclidean, 513, 515, 772-773
geometry, 768-775
IR cutoff, 487
isometry, 481, 530, 531, 773
length, 483, 530
master field, see master field
metric, 487, 531, 768, 769
global, 769
Poincaré, 770
propagators, 775-780
space, 220, 401, 447, 457, 471e, 480
spectrum, 491
thermal, see AdS, Euclidean
volume, 501
AdS,, 644, 645, 650, 675
AdS-, 528
AdS/QCD, 673
affine
algebra, see current algebra (affine)
character, see character, affine
level, 75, 76, 86, 173, 222, 294, 299, 324
primary fields, 75-76, 77, 81, 91, 101, 106, 116,
128e
representation, see representation, affine algebra
ALE manifolds, 263, 371
analytic transformations, 55
annulus, see cylinder
anomalous dimension, 485, 492
anomalous U(1), see anomaly, U(1)
anomaly
o-model, 331
AdS/CFT, 493-494
BRST, 46, 48
conformal, 319, 641, 654
in four dimensions, 319, 500-505
in two dimensions, 57, 68-70, 88, 124
exagon, 185
form, 186
gauge, 8, 88, 89, 91, 184-190, 191, 251, 342, 362
gravitational, 8, 184-190, 191, 328, 342, 362
hydrodynamics, 674
inflow, 208-209
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mixed, 320
U(1), 258, 269, 284, 319-323, 332, 333, 334e,
761

area

boundary, 487

horizon, 217, 433, 435, 443, 445

law behavior, 510, 516, 518, 541e

partition function, 156
Arnowitt-Deser-Misner, xxiii
automorphism

affine, 157

external, 83, 85

internal, 85
axion, 320

0B, 719

heterotic, 233, 245, 320, 323, 372

1IB, 206, 226€, 262, 265, 482, 538¢e

open-string, 269, 304e, 323
axion-dilaton

instanton, 358

scalar, 234, 352, 380, 383, 495, 538e

background charge, 87-89, 91, 112, 129, 130e,
154-157, 175, 195e, 222, 316
BCFT, 124
Bekenstein bound, 441, 486, 488
Bekenstein-Hawking entropy, 335, 433, 464, 654, 657
Berkovits formulation (superstring), 191
Bertotti-Robertson, 746
Betti number, 251
BFSS, xxiii
BFSS matrix model, 695-698
Bjorken flow hydrodynamics, 674
black hole, 433462, 511, 592
absorption cross section, see black hole, greybody
factor
AdS, see AdS, black-hole, 637
angular momentum, 447
BPS, see BPS, black-hole
BTZ, see BTZ, black-hole
charge, 443, 444, 744
chemical potential, 436
entropy, see entropy, black-hole
Euclidean, 437-439
evaporation, see Hawking evaporation
extremal, see BPS, black-hole, 649
five-dimensional, 441-447, 468
four-dimensional, 744
Gibbs free energy, 437
greybody factor, 439, 447-451, 532-551
horizon, see horizon
information paradox, 434, 440441, 462, 468, 535
Kerr-Newman, see Kerr-Newman, black-hole
mass, 445, 447, 744
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microstates, 441, 456—461
near-extremal, 683
partition function, 439, 458
phase transition, 512-515
quasi-normal modes, see quasi-normal modes
radiation, see Hawking radiation
Reissner-Nordstrom, see Reissner-Nordstréom,
black-hole
remnant, 440
Schwarzschild, 436, 469, 470e, 512, 744
specific heat, 540e
surface gravity, 435
temperature, see Hawking temperature
thermodynamics, 435-439
three-dimensional, see BTZ, black-hole
black-fold formalism, 674
BLG theory, 535
BMN duality, 535
Bogoliubov transform, 439
Bogomolnyi bound, see BPS, bound
boundary states, 124
bozonization, 110-112
ghost, see ghost, bozonization
BPS, xxiii
-saturated effective couplings, 336, 341-344, 360
black-hole, 227e, 435, 436, 441444, 470e, 745
bound, 339-341, 344, 436, 745, 764-766
branes, 202, 203, 205, 218, 222, 340, 386e, 520e
equations, 573
helicity supertrace, see helicity supertrace
mass formula, 246, 350, 763
multiplets, 245, 342-343, 369, 378
near-extremal, 435, 444
opeartors, 490
states, 331, 334, 339-341, 342, 348, 360, 457, 734,
763, 764-766
states, charged, 370
brane cosmology, 429
Breitenlohner-Freedman bound, 644, 671, 777
Brink-Di Vecchia-Howe, 18f
Brout-Englert-Higgs effect, 105, 106, 209, 231, 358,
378
Brown-Henneaux diffeomorphism, 531, 541e
BRST, xxiii
charge, 46, 48, 163, 191e, 193e
current, 47, 52e, 129¢, 162, 193e
formalism, 44-46
particle quantization, 49, 52e
Siegel gauge, see Siegel gauge
string quantization, 46-50, 137, 175
transformations, 52e, 135
BTZ black-hole, 446-447, 456, 468, 471e, 532, 659
bulk-boundary correspondence, see AdS-CFT
correspondence
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bulk-boundary propagator, see propagator,
bulk-boundary
bulk-bulk propagator, see propagator, bulk-bulk

c-theorem, 124, 671
holographic, 553, 556, 671
central charge

CFT, 33, 52e, 62-63, 68, 72, 86, 88, 103, 123, 152,

154, 158e, 162, 454, 456, 531, 709

extended supersymmetry algebra, 235, 339, 340,

344, 698, 764
CFT, 53-124
Hilbert space, 58, 63-64
logarithmic, 124
Chan-Paton
factors, 37-41, 50, 119, 122, 168, 209, 212,
270-271, 274, 357, 359
projection, 273-275, 282, 284
trace, 142, 145, 276, 278
chaos (holographic), 675, 677
character
affine, 311
affine Eg, 324
affine O(N)1, 79-81, 110, 178, 278, 733
affine U(1), 101
conformal, 72-73, 127e
Mébius, 180, 278
superconformal, 83, 84
charge density, 641, 643
chemical potential, see black-hole, chemical
potential, 640, 643
Chern character, 209
Chern class, 254
Chern-Simons
diffusion rate, 633
form, 186
gravitational, 232, 321, 368, 390e, 758
term, 194e, 209, 261, 315, 367, 494, 522
chiral
asymmetry, 259, 343
boson, 111
conservation, 67, 75
current, see current, chiral
fermion, 68, 182, 184, 188, 249, 286, 293, 357
integral (superspace), 344
model, 74
multiplet, 157, 237, 573, 760
operator, 82, 488, 489, 492
projector, 67
representation, 187, 491, 493
ring, 86, 266, 267
spectrum, 249-251, 281-284, 293, 489
state, 86, 237, 266
superfield, 174

symmetry, 74, 118, 131e, 620
theory, 165, 174, 194e, 222, 251, 262, 750
chiral magnetic effect, 674
chiral model, 618
chiral symmetry breaking, 609
cohomology, 251
(T4 Q95 /5(Q1 05), 455
T*/Z;, 263
BRST, 46
CY manifold, see CY manifold, cohomology of
De Rham, 251
Dolbeault, 252
group, 251, 267, 455
K3, see K3 manifold, cohomology
compactification
ITA on K3, 259-262
complex manifold, 251-256, 302e
almost, 251
complex structure, 252, 259, 376, 724
almost, 251, 412
moduli, 96, 255, 256, 265-267, 350, 371, 374, 376,
763
conduction critical exponent, 675
conductivity, holographic, 676
confinement, 473, 509, 510, 515, 516, 582
conformal
anomaly, see anomaly, conformal, 18, 57, 68, 69,
88, 319, 500, 505, 641, 654
boundary, 773
character, see character, conformal
compactification, 768, 773
coupling, 481
dimension, 57, 62, 71, 101, 316
embedding, 775
factor, see Weyl, factor, 154
gauge, see action (string world-sheet), in
conformal gauge
group, 53, 54, 55, 481
restricted, 56
invariance, 18, 58, 152, 159, 550
Killing equation, 43
Killing group, 92
Killing vectors, 43, 132, 136
map, 92, 133,770
marginal perturbation, 103, 264
mode expansion, 61
primary fields, 56, 65
quasiprimary fields, 56, 72
representations, see Virasoro, representations
supersymmetry, see superconformal symmetry
symmetry, 96, 533
transformation, 19, 41, 53-56, 57, 68, 531
transformation, infinitesimal, 60
transformation, special, 54
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Ward identities, 57-58, 72
weight, see conformal dimension
conical deficit angle, 382
conifold, 300, 373-379, 426
deformed, 375
resolved, 375
singularity, 370-372
transition, 300, 378, 379, 385
continuum limit, 703-707, 714716, 722e
correlation function, 775
descendant operators, 72
disk, 93
factorization, see factorization (correlation
functions)
four-point, 58
holographic, 494-500, 628
large N, 476
non-equilibrium, 621
one-point, 503-505
protected, 493-494
R-current, 493
real time, 625, 673
retarded, 623, 674
thermal, 621, 631
three-point, 494, 499-500
twist fields, 116
two-point, 57, 496499
vertex operators, 66
Ward identity, 57, 58, 61, 72
coset
CFT, 123, 128e, 157
space, 234, 236, 261, 262, 352, 366, 369, 387¢,
492
cosmic strings, 430
cosmological constant, 394, 423
AdS, 513
boundary, 70
problem, 148, 178
space-time, 140, 447
world-sheet, 18, 30e, 156, 694, 701, 710, 714, 717
cosmology (string), 429
string gas, 429
Coulomb
branch, 452, 453, 468, 481
gas, see background charge
potential, 436, 508
covariant canonical quantization, 31, 31-34, 50
covariantly constant spinor, see Killing, spinor
CP", 302e, 375
Cremmer-Julia groups, 352
Cremmer-Julia-Scherk supergravity, see supergravity,
N=1y
critical
behavior, 703, 706, 714
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Ising model, 73
string exponent, 156, 703, 706
critical dimension (of string), 18, 36, 42, 70
crosscap, 95, 120, 121, 134
current
algebra (affine), 73-76, 123, 173, 192¢
algebra enhancement, 106
algebra, Eg x Eg, 173
algebra, SU(2)1 x SU(2)1, 244
algebra, 0(10)1, 176
algebra, O(32)1, 173
algebra, O(8)1, 240
algebra, O(N)1, 76-82, 236
algebra, SU(2), 159
algebra, SU(2)1, 106, 238, 239, 244
algebra, SU(2)y, 86
algebra, U(1), 101, 105, 112
BRST, see BRST, current
chiral, 73, 130, 157, 239
commutation relations, 74
conserved, 60, 268
Hermiticity, 89
holomorphic, see current, chiral
Lorentz, 268
modes, 75, 101, 173
non-conservation, 88, 91
OPE, 74
Poincaré, 22, 30e
R-symmetry, 491-494
torus correlator, 311
U(1), 67, 84, 90, 182, 267, 321
Ward identities, 128e
curvature, 751
constant, 220, 768-775
conventions, 9
extrinsic, 437, 538e
geodesic, 70
scalar, 217, 228e, 744
singularity, 217, 377
two-dimensional, 19, 69, 87, 151, 701, 725
two-form, 368
CY manifold, 86, 251-256, 300, 390e
cohomology of, 255
compactification, 256, 258-259, 264-265, 303e,
333e, 342, 364, 375
conifold limit, 374-375, 378, 379, 391e
mirror symmetry, see mirror symmetry
moduli space, 255-256
orbifold limit, 249-251, 303e
cylinder, 23, 58, 98, 118, 118-120
amplitude, 119-120, 142-144, 180, 203, 275-277,
290
boundary conditions, 78, 90
Hamiltonian, 119
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cylinder (continued)
mode expansion, 61, 78, 94
parametrization, 23
path integral, 119

D; string, 381, 681
D, brane, 523, 541
Higgs mechanism, 523
Dy brane, 529
Dy brane, 672
metric, 380
Dg brane, 608
D-brane
action, 207-209, see also action (D-brane)
black hole, 460
bound state, 445, 462
bound-state, 223, 226, 227e, 349, 354, 370,
389¢, 434, 442, 451, 452, 468, 470e,
530
boundary conditions, 225e
DD, 26, 27, 37, 93-95, 120, 121, 170, 201, 202,
275, 277-279, 284, 356, 357
DN, 26, 27, 37, 93-95, 122, 129¢, 275-277, 284,
357,453
NN, 25, 27, 37,93, 95, 119, 137, 142, 149¢, 170,
192e, 201, 275, 284, 356, 357, 359
embedding, 606, 612
extremal, 545
F-theory, 379-384
force, 203, 224, 225e
gauge symmetry, 200, 209, 224-226e, 280-281,
283, 358, 453, 478
instanton, 385
probe, 534, 610
tachyon, 609, 618, 619
tension, 9, 202-206, 213, 227e, 341, 346, 389e,
398, 419
unstable, 620
D-flatness condition, 378
DD (boundary conditions), see D-brane, DD
de Sitter space, 429, 535
decompactification, 103, 272, 324, 334e
problem, 300, 330
deconfined phase, 592
democratic formulation, 404
density matrix, 652
Deser-Zumino, 18f
diagram
't Hooft, 476, 536, 537e, 702
AdS, 500, 501, 540e
disk, 137, 207, 208
dual, 703
Dynkin, 352
hexagon, 185

one-loop, 118, 132, 136, 314, 390
cylinder, 118, 142-144, 180, 202, 275, 334e
Klein bottle, 120, 144, 179, 271
Mébius strip, 121, 145-146, 180, 278
torus, 140, 178, 310-329
Penrose-Carter, 535
planar, 477
projective plane, 137
square, 333e
tadpole, see tadpole
triangle, 185, 320, 493
two-graviton exchange, 4
two-loop, 122, 185
differential form, 726-727
dilatation, 56
dimensional reduction, 344, 740-743, 752753
dimensional regularization, 317
Dirac
-Born-Infeld action, see action (D-brane), DBI
equation, 164, 165, 167
index, 84, 286, 343
monopole, see monopole, Dirac
operator, 67, 165, 259
quantization condition, see DNT quantization
condition
spinor, 80, 90, 112
string, 197
direct channel, 142f
Dirichlet-Dirichlet (boundary conditions), see
D-brane, DD
Dirichlet-Neumann (boundary conditions), see
D-brane, DN
discrete gauge symmetry, 108
discrete Riemann surface, see Riemann, surface,
discrete
disk, 52e, 91-95, 134, 137, 143, 146, 149¢, 171f, 193e,
202, 355
propagator, see propagator, disk
DLCQ, 692, 695-698, 700, 720, 721e
DN (boundary conditions), see D-brane, DN
DNT quantization condition, 197, 205, 221, 223, 346,
348, 389¢, 405
domain wall, 552, 572, 671
dual Coxeter number, 75
dynamical exponent, see Lifshitz, exponent

Eddington-Finkelstein coordinates, 637
effective action, 153, 341, 740-743
D-branes, 214-220
Einstein-Maxwell 4d, 744
Einstein-Maxwell 5d, 437
electromagnetic 4d, 747
heterotic 10d, 232, 354
heterotic 11d, 363
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heterotic 4d, 373, 391e
heterotic 6d, 365, 390e
heterotic d < 10, 232-234
11 democratic, 755-757
1A 10d, 301e, 344, 752-753
ITA on K3, 261, 367, 390e
1B 10d, 348, 470e, 753-755
1B on T* x S1, 471e
KK reduction, 740-743
maximal gauged 5d supergravity, 493, 572
N =14 supergravity, 760-761
N =14 supergravity, 758-759
N =24 supergravity, 227, 762-763
N = (2,0)¢ supergravity, 302e
N =44 supergravity, 239, 301e
non-renormalization theorems, see
renormalization, non-renormalization
theorems
NSs branes, 220-222, 229¢
one-loop, 320, 321, 334e
R-R forms, 204, 205
renormalized, 438, 496, 498, 500-505, 534
supersymmetric, 183-184
symmetries of, 194e
type I 10d, 354
effective field theory, 150-153, 183, 190, 257,
308-318, 374, 378, 759
effective potential (holographic), 676
Eguchi-Hanson instanton, see instanton,
Eguchi-Hanson
eikonal approximation, 534
Einstein frame, see action (space-time), in Einstein
frame
Einstein static universe, 770
Einstein-Dilaton gravity, 553, 681
Einstein-Maxwell-Dilaton gravity, 646
Einstein-Maxwell-Proca-Dilaton gravity, 646
electric-magnetic duality, see S-duality
elliptic
fibration, 382, 384, 385
function, see -function
genus, 84, 86, 87, 124, 302¢, 322, 327, 343
entropy
Bekenstein-Hawking, see Bekenstein-Hawking
entropy
black-hole, 335, 433, 435-439, 444
bound, see Bekenstein bound
entaglement
phase transition, 661
entanglement, 440, 464, 651-664, 676
extremal, 528, 530
microscopic, 434, 456-459
strong subadditivity, 465, 653, 657
Super Yang-Mills, 487, 540e
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epsilon density, 9, 727
epsilon tensor, 9, 727
equation of state, 601
equivalence principle, 393
ER-EPR correspondence, 677
Euler
density, 504
number, 19, 52e, 88, 91, 92, 112, 133, 134,
151, 175, 251, 255, 259, 263, 477,
701
exterior derivative, 168, 196, 251, 252, 726

F-theorem, 655
F-theory, 379-384
factorization (correlation functions), 123
Faddeev-Popov
determinant, 41, 42, 136
method, 31, 42, 722e
Fayet-Iliopoulos terms, 319-323, 332, 453, 761
Fefferman-Graham expansion, 502
Fermi
energy, 713,717
sea, 709, 713
system, 112
theory, 4
fermion number
space-time, 9, 82, 168, 183, 389
world-sheet, 9, 79, 163, 173, 229
Fierz identity, 254
finite density, 676
thermalization, 675
thermodynamics, 675
firewall paradox, 462, 469
fixed scalar, 448, 468, 472¢
fixed-points, see orbifold, fixed-points
flavor branes, 604, 672
Dg — Dg, 607
D3-Dy, 605, 683
D3-Dp, 684
Dg-Da, 672
Dy, 672
D7-Dy, 673
Dg-Dg, 685
nonabelian, 615
V-QCD, 673
flavor symmetry, 605, 609
fluid dynamics, holographic, 638
fluid/gravity correspondence, 637, 674
flux compactifications, 392-429
antibranes, 429
F-theory, 429
large volume, 429
non-geometric, 429
fractional brane, 213, 274
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Freud-Rubin compactifications, 395
fuzz-ball proposal, 466, 469

G-structures, 407
Galilean boost, 647
gauge coupling
heterotic, 294, 298, 310, 314, 759
IR divergence, see IR-divergence, gauge coupling
normalization, 482
one-loop, 310-318, 323-329
renormalization, see renormalization, gauge
coupling
Standard Model, see Standard Model, gauge
couplings
type I, 298, 759
unification, 297-299, 329-331, 363-365
gauge symmetry enhancement, 105-106, 367, 377
gauged supergravity, 233f, 248, 423, 429, 492-493,
530, 534, 571-576
gaugino condensation, 295, 301, 331, 759
Gauss-Bonnet term, 18, 504
ghost, 42, 44-50, 52e, 136, 141, 145, 699
anti-, 44, 46
boundary conditions, 47
bozonization, 112-113
CFT of, 89-91
correlators, 136, 138, 148e
current, 90
Hilbert space, 48-49, 175
number anomaly, 91
Siegel gauge, see Siegel gauge
stress-energy tensor, 46, 52e, 90, 191e
stress-tensor, 129e
superconformal, 162
vacuum states, 48, 52e
Virasoro operators, 47
zero modes, 48, 322
Gibbons-Hawking term, 437, 501, 504, 514, 553,
578, 640, 642, 686
global symmetry, 38, 77, 262, 267-269, 322, 348, 366,
393, 481, 488, 530, 542e, 754
approximate, 269
glueball, 473, 477, 518-519, 534, 541e, 586, 681
spectrum, 600
gluon condensate, 602
grand canonical ensemble, 641
gravitino
eleven-dimensional, 751
four-dimensional, 227e, 234, 241, 247
KK, 248
six-dimensional, 261, 262
ten-dimensional, 164, 165, 169, 174, 177, 189,
361
two-dimensional, 161

Green-Schwarz
anomaly cancellation, 8, 186, 189, 191, 194e, 258,
269, 284, 304e, 390e
superstring quantization, 10, 190, 331
GSO projection, 8, 163, 164, 168, 172, 173, 178, 241,
272, 338, 349, 356, 357
Gubser bound, 584, 585, 650, 680
Gupta-Bleuler (approach), 31, 33
GUTs, 2, 297, 364

Hagedorn transition, 469
Halpern-Frenkel-Ka¢-Segal construction, 106
Hamiltonian
Dy brane, 225e¢, 697
CFT;, 59, 98
degeneration, 123
constraint, 21
cylinder, 123
discrete membrane, 695
form, 100, 102, 104, 113, 121, 142, 145, 272,
738
holographic, 534, 550
matrix quantum mechanics, 712, 716
membrane, 694
open string, 27, 28, 119, 142
point particle, 13, 198
string, 17, 27, 28, 30e
supermembrane, 695
hard-wall model, 672
Hawking evaporation, 439, 451, 459, 461, 472e,
512
Hawking radiation, 440, 446, 447, 452
Hawking temperature, 435, 437, 439, 445, 451, 471e,
511, 540e, 547
Hawking-Page transition, 515
heat capacity, 683
heavy quark energy loss, 672
heavy-ion
collisions, 672, 673
multiplicity, 672
thermalization, 675
viscosity, 673
helicity supertrace, 246, 301, 313, 327, 334, 340, 342,
343, 468, 766-767
hermitian
y-matrix, 80
conjugate, 43, 64, 235
matrix, 38, 39, 51e, 280, 695, 697, 702, 712, 719,
722e
metric, 252, 763
operator, 64
hermiticity condition, 32, 33, 89, 90, 288
heterotic compactifications, 429
heterotic M-theory, see M-theory, heterotic
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heterotic string, 171-174, 177-179, 183, 190,
230-234, 239-247, 249-251, 257-259,
294-295, 299, 310-331, 337-338, 354-373

Eg x Eg, 171-174, 194e
0(16) x O(16), 174, 194e
0(32), 171-174

hexagon diagram, see diagram, hexagon

hierarchy (problem), 2, 249, 295, 297, 309

Higgs branch, 452, 454, 458, 468

Higgs effect, see Brout-Englert-Higgs effect

Hilbert scheme, 468

Hilbert space, 31-33

CFT, see CFT, Hilbert space
decomposition, 267
extended, 48, 113, 175
physical, 46
Hodge
decomposition, 267
diamond, 255
star operator, 9, 251, 727
holographic
hypothesis, 440-441
non-conformal, 534
renormalization, 496, 497, 499, 500-505, 508, 534,
539
renormalization group, see renormalization, group
holographic
holonomy, 253-255, 258
quaternionic, 763
SU(2), 259
horizon, 216-217, 435, 439, 441, 443, 511, 535, 745
area, see area, horizon
exterior, 435, 445, 745
interior, 445, 446, 745
microscopic, 530
Poincaré coordinates, 487, 771
regularity, 519
hydrodynamics
anomalous, 674
derivative expansion, 674
Lifshitz, 674
non-relativistic, 674
superfluid, 674
hyperkihler
manifold, 300, 371, 390e, 454, 762f, 763
quotient, 454
two-form, 763

hypermultiplet, 195e, 222, 239, 244-247, 265, 275,
281f, 281, 303, 304e, 328, 358, 359, 376378,
389, 453, 457, 762-763

B-function, 323

moduli space, 245, 265, 379, 385
hyperscaling

violating solution, 649
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violation, 648, 650
critical exponent, 650

improved holographic QCD, 599, 672
bulk viscosity, 672
CS diffusion rate, 672
thermalization, 672
induced metric, 16, 207, 208, 501, 504,
665
infalling boundary condition, 628
infinite momentum frame, 696-697
instanton, 227e
5-brane, 342
action, see action, instanton
D-, 202, 206, 348, see also
Eguchi-Hanson, 263
moduli space, see moduli space, instanton
space-time, 222, 343, 384
sum, 102
world-sheet, see action (string world-sheet),
instanton
insulators, holographic, 676
interaction measure, 602
intersecting branes, 291-293, 300, 306e
intersection
form, 369, 370
number, 291, 293, 305e
oriented, 376, 377
IR-divergence, 312
cancellation, 66
CFT, 268, 481
closed string, 147, 309
gauge coupling, 313
in closed string, 143
string regularization, 315-317
IR-UV correspondence, see UV-IR
correspondence

j-function, 328, 381, 735
Jacobi
¥-function, see ¥-function
identity, 732733

K-theory, 223
K3 manifold, 87, 300
cohomology, 260
compactification, 259-262, 302e, 310, 336, 342,
365, 367, 385, 390, 391e
fibration, 342
geometry, 253, 259-261, 385
moduli space, 264, 369
orbifold limit, 242-247, 262-264, 270-273, 302,
303e
singularities, 264, 369-372, 374
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Kéhler large-N
deformation, 267 expansion, 475, 477, 475-478, 488, 495, 509, 525,
frame, 724 530, 533, 537e, 544, 606, 615, 692, 702, 704,
manifold, 252, 254, 258, 724, 760 714,719
Ricci-flat, 87, 259 phase transition, 509, 512-515
special, 256, 762 latent heat, 601
metric, 254, 377, 762 lattice
moduli, 256, 265-267, 373, 391e Eg x Eg, 172
singularities, 374 Spin(32)/Z,, 173, 246, 360
potential, 245, 252, 256, 341, 377, 760, 762 even selfdual, 172
structure, 256, 376 root, 106, 172, 173, 233
complexified, 265 sum, 108, 172, 231, 246, 272, 337, 737-739
transformation, 252 torroidal, 106, 172
transformations, 761 Lee-Yang edge singularity, 723e
two-form, 252, 260 Lichnerowicz equation, 260
Kahler potential, 422 Lifshitz
Ka¢-Moody algebra algebra, 647
affine, see current algebra exponent, 645
hyperbolic, 352 metric, 646, 649
Kaluza-Klein scaling symmetry, 645
compactification, 3, 5, 8, 230, 299, 301, solutions, 675
302e light-cone
mass, 198, 309, 330, 350, 492, 666 constraints, 34, 51e
momentum, 350, 434, 442, 443, 446 coordinates, 20, 34, 46
monopole, 347 discrete quantization, see DLCQ
reduction, 159, 471, 740-743 energy, 696
scale, 330, 364 gauge, 34, 47, 148, 163, 173, 191, 694
states, 198, 248, 294, 331, 338, 345, 350, 360, 366, Hamiltonian, 694
448, 452, 453, 460, 491, 493, 496, 530, 538e, partition function, 142
667, 668, 670, 691e quantization, 31, 34-36, 50
Kerr-Newman black hole, 470e linear dilaton background, see background
Kerr/CFT correspondence, 536 charge
Killing linear multiplet, 250, 760
conformal equation, see conformal, Killing linear response, 621
equation Liouville
conformal group, see conformal, Killing group action, 70, 126e, 153-156
conformal vector, see conformal, Killing little string theory, 536
vector localization, 536
coordinate, 435 long string, 455-460
horizon, 217
isometry, 157, 159, 481, 530 M, brane, 520, 522
metric, 74, 76 Mjs brane, 528
potential, 761 M-brane, 346, 363, 368, 386e, 442, 470e,
spinor, 175, 228e, 258, 447, 745, 746 520e, 528, 693
Klebanov-Strassler solution, 534, 670 tension, see tension, M-brane
Klein bottle, 120, 131e M-theory, 344-347, 520
amplitude, 120-121, 144, 179, 271-273 heterotic, 361-365
tadpole, 213, 273 Mobius strip, 119, 121-213
Knizhnik-Zamolodchikov equation, 128e amplitude, 121, 131e, 145-146, 180-181, 278-279
Kruskal diagram, 468 tadpole, 145, 181, 279
magnetic
Landau-Ginsburg models, 124 brane, 197
Langevin fluctuations, 672 charge, see monopole, 368, 369, 373, 763
large dimensions, 300, 331 dual, 221, 346, 347, 350, 357, 387e, 747-749
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field, 197, 207, 225e, 284-290, 292, 300, 305e, 317,
396
flux quantization, 405
Majorana representation, 166
Majorana spinor, 67, 73, 82, 90, 129, 162, 166, 233,
241, 243, 489, 505, 695, 697, 752, 760
Majorana-Weyl spinor, 9, 67, 76, 109, 111, 162, 164,
166f, 169, 174, 188, 202, 234, 349, 361, 753,
754,758
Maldacena-Nufiez solution, 534
Mandelstam variables, 7, 137, 139
marginal deformation, see conformal, marginal
perturbation
mass gap, 510, 518, 519, 582, 588, 589, 682
mass-shell condition, 34-36, 135, 167
master field, 478, 495, 513
matrix action
a la Polyakov, 720e
gauge-fixed, 699
matrix models, 704
matrix quantum mechanics, see matrix quantum
mechanics
membrane, 695
Nambu-Goto, 720e
supermembrane, 695
supersymmetry, 721
U(N)-invariant, 475
matrix models, 536
matrix quantum mechanics, 711-716
Maurer-Cartan equation, 751
membrane
action
a la Polyakov, 693
Nambu-Goto, 693
discretized Hamiltonian, see Hamiltonian,
discrete membrane
Hamiltonian, see Hamiltonian, membrane
matrix action, see matrix action, membrane
super
Hamiltonian, see Hamiltonian, supermembrane
matrix action, see matrix action,
supermembrane
meson spectrum (holographic), 613, 685
minimal scalar, 448, 449, 468, 471, 472e
mirror symmetry, 265-267, 300, 376
modular
form, 319, 327, 734-735
group, 98, 102
invariance, see torus, two-dimensional, modular
invariance
transformation, 96-97, 110, 115, 731-733, 739
moduli
scalar, 392
space, 392
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moduli space
instanton, 358, 452, 454, 458, 468
N-torus, 118
scalar, 118, 227e, 245, 248, 249, 255-256, 264, 265,
303e, 339, 358, 369, 371-374, 376, 390, 391e,
455, 488, 538, 762
torus, 97, 98f, 140, 322
momentum dissipation (holographic), 676
Monge-Ampére equation, 253
monodromy, 376
monodromy inflation, 429
monopole, 197, 285, 363, 540e
Dirac, 217, 224e
Kaluza-Klein, see Kaluza-Klein, monopole
Montonen-Olive duality, 350, 368, 372, 373, 387e,
482
multi-trace
deformation, 535
operator, 489, 491, 551
operators, 671

naked singularity, 218, 746
Nambu bracket, 721e
Nambu-Goto action, see action (string world-sheet),
Nambu-Goto
Nambu-Jona Lasinio model (holographic), 673
Narain compactification, 230-234
near-horizon
geometry, 218-220, 221, 386e, 446—447, 451, 462,
520e, 530, 544, 746
limit, 431, 446, 479-480, 481, 510-511, 520, 546,
671, 677
Neumann-Neumann (boundary conditions), see
D-brane, NN
Neveu-Schwarz (sector), 77-82
Newton-Cartan geometry, 676
Nielsen-Olesen instability, 286
Nijenhuis tensor, 251, 254, 256, 302e
NN (boundary conditions), see D-brane, NN
no-ghost theorem, 33, 50
non-critical string, 36, 154, 162, 477, 534, 693
non-relativistic
Dy brane, 697
point particle, 29
scaling theory, 645
string, 30
normal ordering, 33, 163
NS-NS
antisymmetric tensor, 169, 208, 222f, 344, 355,
470, 754
sector, 164, 165, 169, 178, 179, 203, 204, 261, 263,
265, 295, 296, 323, 356, 367, 531, 532
tachyon, 719
null states, 33, 46, 49, 72, 73, 127e, 127
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orientation reversal 2, 37, 39-41, 149¢, 168-171,
211, 270-271, 303e, 356
OPE, see Operator Product Expansion
Operator Product Expansion, 60-61, 65, 68, 235
coefficients, 116, 125e
currents, 74, 75, 77, 105, 112, 127e, 236
fermions, 81
stress-energy tensor, 65-68, 71, 74, 77, 82, 88, 91,
112, 126e, 129¢, 135
stress-energy tensor, 62
superconformal, 83, 84, 87, 238
orbifold, 113-118, 124, 131e, 273, 299, 301-307
AdS3, 447
blow-up, 264
branes at fixed points, 276, 277, 281-284
fixed-points, 263, 281, 370
fractional branes, 274
freely-acting, 116, 247
heterotic, 174, 194e, 242, 249, 325
M-theory, 336, 361
partition function, 115, 117, 249
permutation, 454-456, 458
plane, 274
RS, 665
singularity, see orbifold, fixed-points
supersymmetry reduction, 239, 242, 247, 249
twist field, 93, 264
type-1I, 262
world-sheet involution, 92, 119-121
orientifold, 211-214, 269-281, 292, 300, 359
73, see action (of transformation), Z, orientifold
7\, see action (of transformation), Zy orientifold
group, 270
plane, 182, 212, 213, 269, 292, 303e
action, see action (D-brane), orientifold plane
T-duality, 211-214
orientifold plane, 398, 430
action, 400
tension, 419
orthogonal polynomials, 704-706

Painlevé equation, 708
parity
fermion, see fermion number, world-sheet
space-time, 361, 389
world-sheet, see orientation reversal
path integral
Euclidean, 439
fermionic, 109, 110
gauge-fixed, 44, 52e
matrix, 704, 721e
measure, 41
normalization, 98
quantization, 14, 41-42, 98-100, 104, 129e

Pauli-Villars regularization, 184
Peccei-Quinn symmetry, 348, 760
permutation orbifold, see orbifold, permutation
perturbation
irrelevant, 551
marginal, 580
relevant, 551, 580
phase transition, 508, 512, 534, 596, 598—600, 661,
672
pictures (superstring), 174-177, 190, 193e, 224e, 321
planar diagram, see diagram, planar
Planck
constant, 714
length, 5, 345, 364
mass, 3, 4, 219, 294-296, 315, 319, 329, 345, 363,
364, 667, 668, 670, 691e
units, 433, 435
plasma balls, 535
Poincaré coordinates, 482, 484, 487, 507, 746, 770,
771,777
Poincaré duality, 255, 261, 264
Poincaré group, 53
Poincaré metric, 771, 772
point particle, 12-16
action, see action (point-particle)
charged, 30e, 198
geodesics, 29e
non-relativistic, 29e
propagator, 14
Poisson
bracket, 27, 28, 30e, 31, 694
resummation, 100, 104, 111, 736
Polyakov loop, 592
prepotential, 245, 256, 376, 377, 762
primary fields, see conformal, primary fields
primitive forms, 414
projective plane, 95-96, 137, 138
propagator
bulk-boundary, 497, 500, 778-779
bulk-bulk, 500, 539¢, 779-780
disk, 93-95
fermion, 130e
free fermion on the torus, 110, 311
massless scalar, 65, 88, 93, 96, 129, 130e, 204,
700
massless scalar on torus, 103, 149e, 313
on-shell, 144
one-dimensional, 711
point particle, see point particle, propagator
scalar, 16
sphere, see sphere, propagator
static, 668
string, 143
torus, see torus, propagator
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quark potential, 505-508, 516-518, 541e
quasi-normal modes, 674, 675
quasiprimary fields, see conformal, quasiprimary
fields
quaternion, 341
quaternionic
constraint, 379
dimension, 376
geometry, 385
manifold, 245, 762, 763

R-R sector, see Ramond-Ramond, sector
R-symmetry, 521, 529, 574, 639, 763
current, see current, R-symmetry
representations, see representations, R-symmetry
group
radial ordering, 60
radial quantization, 58-61
Ramond
sector, 77-82, 84, 86, 130e, 203
vacuum, 128
Ramond-Ramond
charge, 202-206, 214, 216, 227, 279, 545
forms, 165, 166-168, 181, 182, 190, 191, 192e,
195e, 196, 202-204, 207, 208, 215, 226e, 234,
261, 344e, 348, 355, 357, 368, 369, 443, 470,
752,753,755
one-point function, 224e
sector, 164, 166, 179, 204, 261, 263, 302e, 323, 753
vacuum, 169, 532
Randall-Sundrum, xxiv
brane, 665
geometry, 664-670, 690, 691e
KK states, 667, 691e
real projective plane, see projective plane
Regge
behavior, 7, 137
limit, 224
slope, 9, 16
trajectory, 36, 477
Reissner-Nordstréom black brane, 641
Reissner-Nordstrom black hole, 227, 228e, 435, 437,
641, 744-746
extremal, 643
renormalization, 2—4, 154, 310, 315, 319, 495-497,
499, 502, 53%¢, 717
cosmological constant, 156, 714
energy, 508, 517
finite, 154
gauge coupling, 310-318, 323-329, 334e
gravitational, 318-319, 327
group, 124, 297, 534, 550, 671, 678
group, holographic, 554, 550-576, 671
group, quantum, 671
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non-renormalization theorems, 341-344, 360,
374f, 384
of Planck mass, 319, 329
renormalized action, see effective action,
renormalized action
scale, 318
scheme, 153
string coupling, 329, 707, 714, 716, 717
wave-function, 319, 377, 496
replica method, 655
representations
affine algebra, 75-81, 101, 106, 123, 173
integrable, 76
Clifford algebra, 48, 52
conformal algebra, see Virasoro, representations
E(N,N,R), 352
R-symmetry group, 253, 491
rotation group, 35-36, 51e, 187
singleton, 481
Sp(N), 41
superconformal algebra, see superconformal,
representation
supersymmetric, 243-244, 261-262, 334e,
339-341, 455, 489-491, 751-753, 758,
764-767
U(16), 281
Riemann
¢-function, see ¢-function regularization
form, 254
sphere, 56, 122
surface, 50, 68, 122-123, 133, 701
annulus, see cylinder
cylinder, see cylinder
disk, see disk
Mébius strip, see Mébius strip
torus, see torus
surface, discrete, 701-703, 721e
tensor, 219, 228e, 253, 302, 635, 728, 751
RN black hole, see Reissner-Nordstrém black
hole
root lattice, see lattice, root
RP;, see projective plane
Ryu-Takayanagi prescription, 656, 676

s4 compactification, 401
s7 compactification, 403
S-duality, 336, 354, 363, 385, 387, 391e, 540e,
747-749
S-matrix, 132, 137, 153
AdS, 485, 495, 501, 532
matrix-model, 717
s-t channel duality, 7
Sakai-Sugimoto model, 607-609, 672
scalar potential, 422, 424
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scattering amplitude, 7, 132-146, 148-149¢, 224,
225e
high-energy, 148
one-loop, 139-146, 178-182, 203, 275-279,
308-331
sphere, see sphere, scattering amplitude
Scherk-Schwarz supersymmetry breaking, 247-249,
295
Schrédinger
algebra, 648
black holes, 675
symmetry, 675
Schwarzian derivative, 69
Schwinger-Keldysh formalism, 629, 673
Seiberg-Witten solution, 377, 385
self-duality, 107, 167, 215, 336, 348, 385, 420, 432,
753,756
semilocal geometry, 644, 650
Shapiro-Virasoro amplitude, 137
shear viscosity at finite density, 673
Siegel gauge, 48-49
single-trace operator, 477, 489, 491, 536e, 708, 717,
721e
singularity
conifold, see conifold, singularity
curvature, see curvature, singularity
K3, see K3, singularities
Kihler moduli space, see Kihler, moduli,
singularities
naked, see naked singularity
orbifold, see orbifold, fixed-points
Skyrme term, 618
soft-wall model, 672
soliton, 206, 214-222, 340, 341, 345, 358, 368, 384,
618, 746
operator, 522
string, 368
spatially modulated instability, 676
special geometry, see Kihler, manifold, special
specific heat
black hole, see black hole, specific heat
matrix model, 708
spectral flow, 85-86, 87, 237, 266, 267
sphere
correlator, 58
propagator, 65, 68, 88
scattering amplitude, 135
two-dimensional, 51e, 57, 132, 355, 536e, 703
spin connection, 253, 254, 259, 750
spin structures, 109-110
spurious states, 33, 135
Standard Model, xxiv, 2, 3, 293-299, 300, 306e
gauge couplings, 297, 298, 330, 363
static propagator, 667-670

Stokes” theorem, 727
strange metal (holographic), 676
stress (energy) tensor, 18, 135, 485, 538e
affine-Sugawara, 75, 76, 101, 105, 127, 128e
boundary condition, 93
conformal anomaly, see anomaly, conformal
conformal variation, 68, 126e
conservation, 59, 62, 184, 485
coset construction, 128e
free boson, 65, 125e
free fermion, 77
ghost, see ghost, stress-energy tensor
Hermiticity, 64
holomorphic, 59
in matrix theory, 698
light-cone components, 21
mode expansion, 61
OPEs, see Operator Product Expansion,
stress-energy tensor
scaling dimension, 125e
superconformal, 84
traceless, 19, 56, 151
vev, 502-504, 541e
Ward identities, 61
with background charge, 87, 112, 129¢
string
length, 5, 9, 16, 53, 205, 482, 537e
scale, 4, 16, 142, 1471, 295-297, 330, 355, 478, 483,
492,519
string field theory, 12, 50
string frame, see action (space-time), in string frame
string tension, 488, 513, 518, 550, 582, 677, 682
adjoint, 590
string unification, 297, 329, 363
strong-coupling limit, 335-379, 442
Super Yang-Mills, xxiv, see action (D-brane), Super
Yang-Mills, 209, 545
N= 11(), 226, 3876
N =3g, see ABJM theory
N =44, 544,571
correlators, 673
shear viscosity, 673
spectral density, 674
N =44, 385, 453, 481, 482, 491, 508, 540
Coulomb branch, 534
instantons, 534
integrability, 536
thermodynamics, 534
multiplet, 171, 181
ten-dimensional, see action (D-brane), Dg
superconformal
algebra, 83, 85, 124, 130e, 161, 237, 239, 490
character, see character, superconformal
dimension, 129

For general queries contact webmaster@press.princeton.edu.



© Copyright Princeton University Press. No part of this book may be
distributed, posted, or reproduced in any form by digital or mechanical
means without prior written permission of the publisher.

extended symmetry, 84-87
field theory, 266, 454, 459
gauge, 162
ghosts, 112, 162
representation, 83
symmetry, 82-87, 94, 124, 161, 162, 182, 190,
191e, 237, 239, 244, 259, 312, 455, 481, 491,
535
vertex operators, 174178
supercurrent, 84, 86, 165
internal, 235, 238, 241
modes, 83
zero mode, 321
superfluidity (holographic), 676
supergravity, 183-184, 750-763
N =(1,1)19, 752-753, 755-757
N =1(2,0)10, 753-757
N =14, 760-761
N =119, 758-759
N =1q1,751
N =24,762-763
N =44, 233-234
N =85 gauged, 492-493
massive IIA, 753
superpotential, 385, 422, 427, 573, 574, 576, 761
superspace, 84, 124, 268, 344
supersymmetry, 161-174, 181, 201, 230, 750-767
algebra, 235, 764
breaking, 239, 249, 257
gaugino condensation, see gaugino
condensation
notation, 9
space-time, 235-239
spontaneous breaking, 247-249
supercharges, 85, 176, 182, 202, 224e, 235, 241,
349
world-sheet, 162, 235-239
SYK model, 677
symmetry
Eg, 2, 250, 259, 325
Eg, 242, 250, 323-326
EgxEg, 8,172,179, 189, 194e, 222, 259, 336-338,
361, 363, 750
Eo, Eqg, 352
E(N,N,R), 352
0(2,2,Z), 108, 352
0(2,3)x0(8), 403
0(2,6)x0(5), 403
0O(4,20,R), 367
0(4,20,Z), 367
O(4,20;R), 261, 366, 367, 369, 370
0(6,22,R), 373
0(6,22;R), 234, 372, 373
0(6,22;Z), 749
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O(N,N,Z), 108, 160e, 351
O(p,p+16,R), 738, 739
O(p,p+16,Z), 739
0O(d,d,R), 118, 233
Poincaré invariance, 19, 22, 30e, 54, 572
SL(2,C), 55-56, 57, 58, 92, 135-137, 149
SL(2,R), 348, 373
SL(2,Z), 108, 142, 336, 348, 350-352, 373, 387,
388e, 482, 483, 488, 749
SL(2, C), 64,73
SL(3,7), 352, 388e
SO(10), 2
SU(5), 2, 297f
Weyl, see Weyl, symmetry
symmetry breaking (holographic), 676
Szegd kernel, see propagator, free fermion on the
torus

T-duality, 107-108, 116, 124, 130e, 157, 157, 159,
160e, 182-183, 192¢, 197-199, 201, 205, 207,
211-214, 223, 224, 225e, 227e, 233, 265, 285,
292, 300, 336, 351, 354, 367, 373, 383, 388,
442, 606, 720, 739

tachyon, 8, 34, 35, 37, 38, 49, 106, 136-139, 163, 164,
168, 172, 485, 718-719

amplitude, 136, 148, 149

closed string, 143

condensation, 223, 719

mass-shell condition, 135

open string, 142, 618

potential, 156, 620

vertex operator, see vertex operators,
tachyon

tadpole, 143-146, 149, 179, 181, 273, 277, 279,
303e, 306e, 314

cancellation, 37, 146, 148, 149, 168, 171, 182,
190, 192e, 213, 271, 279-280, 292, 303, 304e,
426
target space, 12, 16
Teichmiiller
parameter, 14, 43, 51e, 96, 119, 132
space, 97
tension
(p,q) string, 350
D-brane, see D-brane, tension, 346, 606
M-brane, 9, 346, 528
NSg brane, 221
orientifold plane, 182, 213
RS brane, 665
string, 9, 348, 518, 550, 582, 677

thermal AdS, see AdS, Euclidean

thermal gas, 591, 592, 594, 596, 597, 682

thermal phase diagram, 591, 672, 673, 675,

676
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thermalization type-11B string, 163-168, 178-179, 182-183,
heavy-ion, 675 202-206, 220-222, 234, 259-265, 295-296,
holographic, 671, 674 338, 348-354, 441-461, 478-533,
improved holographic QCD, 672 753-757
thermofield double, 466, 468
threshold correction, 308, 331, 332-334e, 385 U(1) 4 anomaly, 615
gauge coupling, 310-315, 317-318, 323-330 U-duality, 351-354
gravitational, 318, 327, 328 unitarity, 123, 136, 436, 441, 766
universal, 314, 320, 328, 329, 334e breakdown, 184, 745
throat geometry, see near-horizon, geometry in CFT (positivity), 73, 75f, 85
time reversal, 58, 64 unoriented strings, 37-41, 121, 144-146, 168-171,
torsion, 408 179-182, 269-281
classes, 408 Unrubh particles, 465
torus upper-half plane, 91-92, 97, 130e, 141, 234
Cartan, 80 UV-divergence, 4, 7
fundamental domain, 98, 136, 142, 308, 360 closed string, 4, 140, 142, 308
moduli space, see moduli space, torus entanglement entropy, 654
n-dimensional, 30e, 104, 205 field theory, 317
one-point function, 321, 333 holographic, 594, 663
partition function, 103, 140-142, 303e, 723, open string, 5, 142
737-739 UV-IR correspondence, 5, 143, 146-147
propagator
fermion, 110, 311 vacuum energy, 139-140, 148, 700, 714
scalar, 103 Vandermonde determinant, 704, 709, 712, 722e
target space, 230, 234, 242, 247, 249, 264, 285, 292, vanishing cycle, 264, 371, 376, 378, 391e
305e, 310, 330, 334, 350, 351, 454, 737-743, vector multiplet, 188, 195, 222, 233, 237, 239, 241,
749 244, 246, 261, 265, 280, 310, 325, 328, 357,
moduli, 233, 266, 303e, 310 359, 360, 362, 365, 366, 372, 375, 377, 389,
two-dimensional, 52e, 72, 96-98, 99, 536e, 707, 389, 453, 454, 489, 758-762
731-735 B-function, 323
modular invariance, 102, 147, 191, 327 couplings, 265
trace anomaly, 602 gauge symmetry enhancement, see gauge
transport coefficients, 673 symmetry enhancement
shear viscosity, 673 moduli space, 245, 265, 375, 376, 379, 762
transverse channel, 143f, 145 vector-tensor multiplet, 239, 244, 245
triangle diagram, see diagram, triangle Veneziano amplitude, 7, 138-139
triangulation, 701-703, 710 Veneziano limit, 621, 673
twist field, see orbifold, twist field Verma module, 71, 73
twisted vertex operator construction, see
algebra, 85 Halpern-Frenkel-Ka¢-Segal construction
blocks, 174 vertex operators, 66, 88, 101, 105, 134-136, 139, 147,
boundary condition, 117 149e, 190, 193e, 224e, 235, 241, 310
multiplet, 157 auxilliary D term, 322
sector, 114-117, 229e, 244, 247, 272, 277, 278, 361, gauge boson, 321
455 graviton, 318
state, 114 moduli, 310
tadpole, 274, 280, 283, 305e superconformal, see superconformal, vertex
type 0A,B strings, 191e, 719 operators
type I string, 168-171, 179-182, 197-199, 269-293, tachyon, 718, 723e
296-297, 354-361 Virasoro
type-I1A string, 163-168, 178-179, 182-183, algebra, 30e, 33, 47, 63, 71, 75, 90, 531
202-206, 220-222, 234, 259-265, 295-296, constraints, 21, 27-29, 34, 161
338, 344-347, 351-354, 365-373, 752-753, minimal models, 73, 709, 722
755-757 operators, 33, 47, 51e, 531
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representations, 71-73, 127e
degenerate, 73
viscosity
bulk, 625
shear, 625, 633, 673
universality, 636

warped compactifications, 429, 664—670
weak gravity conjecture, 269, 301, 430
Weierstrass function, 734
Wess-Zumino, xxiv

consistency condition, 70, 126e, 186

term, 74, 371
Weyl

anomaly, 70, 172

condition, 166

factor, 41, 42

reflection, 107

rescaling, 41, 42, 96, 153

spinor, 81, 188, 222, 235, 259, 261, 262, 281f, 283,

319, 573, 760
symmetry, 19, 20, 41, 42, 70, 183
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tensor, 504, 728
Weyl-Majorana spinot, see Majorana-Weyl spinor
Wilson
line, 197, 199, 200, 209, 212, 213, 224e, 227e, 232,
247, 337, 454
loop, 505-508, 509, 515, 516, 516-518, 534-536,
540e, 541, 582
loop, magnetic, 681
winding
integer, 24, 26, 102, 114, 118, 129, 275, 276, 291,
292, 354, 355, 455, 749
state, 107, 198, 354, 452
Witten index, 84
world-line, 12
world-sheet, 16
WZW model, xxiv, 75, 127, 128e, 157, 159, 222,
307e, 316, 317

Yang-Mills, see action (D-brane), Super
Yang-Mills

YM theory, 544, 548, 577

Yukawa potential, 691e
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