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21.5 The Sakai–Sugimoto model 342
21.6 Mass spectra in gravity duals from field eigenmodes; examples 343
21.7 Mass spectra in gravity duals from mode expansion on probe branes;

Sakai–Sugimoto example 347
21.8 Finite N? 349
Exercises 350

22 Holographic renormalization 352
22.1 Statement of the problem and expected results: renormalization of

infinities 352
22.2 Asymptotically AdS spaces and asymptotic expansion of the

fields 354
22.3 Method 355
22.4 Example: massive scalar 357
Exercises 361

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-08585-5 - Introduction to the AdS/CFT Correspondence
Horațiu Năstase
Frontmatter
More information

http://www.cambridge.org/9781107085855
http://www.cambridge.org
http://www.cambridge.org


xii Contents

23 RG flow between fixed points 363
23.1 N = 1 supersymmetric mass deformation of N = 4 SYM and an IR

fixed point 363
23.2 c-theorem 365
23.3 Holographic RG flow and c-theorem; kink ansatz 366
23.4 Supersymmetric flow 367
Exercises 369

24 Phenomenological gauge–gravity duality I: AdS/QCD 370
24.1 Extended “hard-wall” model for QCD 370
24.2 “Soft-wall” model for QCD 373
24.3 Improved holographic QCD 376
Exercises 380

25 Phenomenological gauge–gravity duality II: AdS/CMT 381
25.1 Lifshitz, Galilean, and Schrödinger symmetries and their

gravity duals 381
25.2 Spectral functions 385
25.3 Transport properties 388
25.4 Viscosity over entropy density from dual black holes 392
25.5 Gauge fields, complex scalars, and fermions in AdS space vs. CFTs 393
25.6 The holographic superconductor 394
25.7 The ABJM model, quantum critical systems, and compressible quantum

matter 399
25.8 Reducing the ABJM model to the Landau–Ginzburg model 403
Exercises 406

26 Gluon scattering: the Alday–Maldacena prescription 407
26.1 T-duality of closed strings and supergravity fields 407
26.2 T-duality of open strings and D-branes 409
26.3 T-duality on AdS space for scattering amplitudes 411
26.4 Scattering amplitude prescription 413
26.5 4-point amplitude 414
26.6 IR divergences 416
26.7 Fermionic T-duality 417
Exercises 419

27 Holographic entanglement entropy: the Ryu–Takayanagi prescription 420
27.1 Entanglement entropy 420
27.2 Application for black holes 421
27.3 Entanglement entropy in quantum field theory 422
27.4 Ryu–Takayanagi holographic prescription 424
27.5 Holographic entanglement entropy in two dimensions 425

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-08585-5 - Introduction to the AdS/CFT Correspondence
Horațiu Năstase
Frontmatter
More information

http://www.cambridge.org/9781107085855
http://www.cambridge.org
http://www.cambridge.org


xiii Contents

27.6 Holographic entanglement as order parameter and
confinement/deconfinement transition 426

Exercises 428

References 430
Index 434

www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-08585-5 - Introduction to the AdS/CFT Correspondence
Horațiu Năstase
Frontmatter
More information

http://www.cambridge.org/9781107085855
http://www.cambridge.org
http://www.cambridge.org


www.cambridge.org© in this web service Cambridge University Press

Cambridge University Press
978-1-107-08585-5 - Introduction to the AdS/CFT Correspondence
Horațiu Năstase
Frontmatter
More information

http://www.cambridge.org/9781107085855
http://www.cambridge.org
http://www.cambridge.org


Preface

This book is intended as a pedagogical introduction to the rapidly developing field of the
AdS/CFT correspondence. This subject has grown to the point where graduate students, as
well as researchers, from fields outside string theory or even particle theory, in particular
nuclear physics and condensed matter physics, want to learn about it. With this in mind,
the book endeavours to introduce AdS/CFT without assuming anything beyond an intro-
ductory course in quantum field theory. Some familiarity with the principles of general
relativity, supersymmetry or string theory would help the reader follow more easily, but is
not necessary, as I introduce all the necessary concepts. I do not overload the book with
unnecessary details about these fields, only what I need to give a simple, yet completely
rigorous, account of all the basic methods, tools, and applications of AdS/CFT. For more
details on these subjects, one can consult a number of good textbooks available for each,
which I suggest at the end of the corresponding chapters. When explaining AdS/CFT, I
try to give a simple introduction to each method, tool, or application, without aiming for
an in-depth or exhaustive treatment. The goal is to introduce most of the AdS/CFT meth-
ods, but for an in-depth treatment one should refer to research articles instead. Part I of
the book deals with the necessary background material, so someone familiar with this can
skip it. Part II describes the basics of AdS/CFT in the context of its best understood exam-
ple, N = 4 SYM vs. string theory in AdS5 × S5. Part III deals with more specialized
applications and other dualities, generalizing to the gauge–gravity dualities.
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Introduction

This book gives an introduction to the Anti-de Sitter/Conformal Field Theory correspon-
dence, or AdS/CFT, so it would be useful to first understand what it is about.

From the name, we see that it is a relation between a quantum field theory with con-
formal invariance (which is a generalization of scaling invariance), living in our flat
4-dimensional space, and string theory, which is a quantum theory of gravity and other
fields, living in the background solution of AdS5 × S5 (5-dimensional Anti-de Sitter space
times a 5-sphere), a curved space with the property that a light signal sent to infinity comes
back in a finite time.

The flat 4-dimensional space containing the field theory lives at the boundary (situated
at infinity) of the AdS5 × S5, thus the correspondence, or equivalence, is said to be an
example of holography, since it is similar to the way a 2-dimensional hologram encodes
the information about a 3-dimensional object. The background AdS5 × S5 solution is itself
a solution of string theory, as the relevant theory of quantum gravity.

From this description, it is obvious that before we describe AdS/CFT, we must first
introduce a number of topics, which is done in Part I of the book. First, we review some
relevant notions of quantum field theory, though I assume that the reader has a working
knowledge of quantum field theory. Then I describe some basic concepts of general rel-
ativity, supersymmetry, and supergravity, since string theory is a supersymmetric theory,
whose low energy limit is supergravity. After that, I introduce black holes and p-branes,
since the AdS5 × S5 string theory background appears as a limit of them. Finally, I intro-
duce string theory, elements of conformal field theory (4-dimensional flat space theories
with conformal invariance), and D-branes, which are objects in string theory on which the
relevant quantum field theories can be defined.

The AdS/CFT correspondence was put forward by Juan Maldacena in 1997, as a conjec-
tured duality based on a heuristic derivation which will be explained, and until now there
is no exact proof for it. However, there is an enormous amount of evidence in its favor in
the form of calculations matching on the two sides of the correspondence, turning it into
a virtual certainty, so while technically we should append the name “conjecture” to it, this
would be a pedantic point, and I shall refrain from doing so.

However, while this is true for all dualities which can be derived in the manner of
Maldacena, there are now applications to real-world physics, which I call “phenomenolog-
ical AdS/CFT,” where one uses some general lessons learned from AdS/CFT to engineer a
description in terms of quantum field theory that has the right properties to be relevant for
systems of interest, but without a microscopic derivation. In this category fall some appli-
cations to QCD, quark–gluon plasma, and condensed matter, which are described in detail
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xviii Introduction

in Part III of the book. In these cases it is therefore important to realize the conjectural
nature of the correspondence.

Another question that we should ask is why is the AdS/CFT correspondence interesting?
The reason is that it relates perturbative (weak coupling) string theory calculations in a
gravitational theory to nonperturbative (strong coupling) gauge theory calculations, which
would otherwise be very difficult to obtain. Of course, the reverse is also true, namely
nonperturbative (strong coupling) string theory in a gravitational background is related to
perturbative (weak coupling) gauge theory, allowing in principle an (otherwise unknown)
definition of the former through the latter, but the rules in this case are much less clear. The
strong–weak coupling relation means that AdS/CFT is an example of duality, in the sense
of the electric–magnetic duality of Maxwell theory.

The applications to QCD and condensed matter are, however, hampered by the fact that
the AdS/CFT duality becomes calculable in the limit of large rank of the gauge group, or
“number of colours” on the field theory side, Nc →∞. Also, the best understood example
of N = 4 SYM is very far from the real world, having both supersymmetry and confor-
mal invariance. When we move away from supersymmetry and conformal invariance, the
rules are less clear and we can calculate less, as we will see. Nevertheless, AdS/CFT is
a developing field, and we have already obtained many useful results and insights, so we
can hope that these methods will lead to solving interesting problems that cannot be solved
otherwise.
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