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Abstract

This is a study text for the “Selected topics in AdS/CFT correspondence” course
taught at Charles University in 2024/25. The text is based on a number of sources
stated below, as well as builds on similar courses delivered by Andrei Starinets, Veronika
Hubeny, and myself in previous years. I would like to thank Petr Lukes for useful com-
ments on previous versions of this text.

e Sources

— Gauge/gravity duality: Foundations and applications, M. Ammon and J.
Erdmenger, Cambridge University Press, 2015.

— AdS/CFT duality user guide, Makoto Natsuume, Lecture Notes in Physics
Vol. 903, Springer, 2015.

— Holographic entanglement entropy: An overview, T. Nishioka, S. Ryu, T.
Takayanagi, J. Phys. A 42 (2009) 504008; ArXiv:0905.0932.

— The entropy of Hawking radiation, A. Almheiri, T. Hartman, J. Malda-
cena, E. Shaghoulian, A. Tajdini, Rev. Mod. Phys. 93 (2021) 3, 035002;
ArXiv:2006.6872.
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Chapter 1: Prelude: Lessons from
black hole thermodynamics

1.1 Black hole thermodynamics

Characteristics of a BH
Let us study some properties of the Schwarzschild black hole:

2
ds? = — fdt? + d% + r2dO? f=1—"—,| dQ*=df*+sin®0dy*. (1.1)
T

e Asymptotic mass. It corresponds to a conserved energy associated with the
asymptotic time translation symmetry, encoded in the following Killing vector
field:

k=0, (1.2)

In asymptotically flat space, the “Gaussian type integral” for the mass is given

by the Komar integral:

1
M=—-— xdk =m. (1.3)
8 52

e Surface gravity. The black hole horizon is located at

fry)=0 = r=r, =2M. (1.4)

It is the so called Killing horizon: a null surface generated by Killing field k = 0;.

0

K ANGRY - 0ty
7

Wufoce g by
It can be shown that s reads

flry) 12M 1 1
2 271  4AM  2r,

K= (1.5)

1
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Note that this ‘coincides’ with Newtonian acceleration evaluated on the black hole
horizon:

M M 1
TR T M) M (1.6)

e Horizon area. Taking dt = 0 = dr, the induced spatial metric ‘on the horizon’ is
dy* = r2dQ?. The horizon area then reads

A= / v/ det ydOdp = /ri sin dfdp = 4mr? . (1.7)

e Observation: Calculating the following differentials:

d7“+

dM = - dA = 8nrdry , (1.8)
we find that
k dA
M= ——. 1.
d 21 4 ( 9)

Laws of Black Hole Mechanics

Bardeen, Carter and Hawking (1973) proved the following 4 laws of black hole mechanics.
For a stationary, charged, and rotating black hole with mass M, angular momentum
J, and charge @), we have:

e Zeroth law: The surface gravity x is constant on the black hole horizon.

e First law:

A
i =9 07+ wdg . (1.10)
2m 4 —_——

work terms

Here, ) is the angular velocity of the hole, and ® is its ‘electrostatic potential’.

e Second law: Classically, the area of the horizon never decreases (provided the

null energy condition holds).
)

e Third law: It is impossible to reduce x to zero in a finite number of steps.

We would like to compare these to the laws of thermodynamics. In particular, the

first law to
dE =TdS + work terms. (1.12)

However, there is a problem: Classical black holes act as ultimate sponges: no heat can
flow out, they are at absolute zero temperature. So we cannot have k o< T.
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Black hole thermodynamics

e Wheeler’s cup of tea: “If you throw a cup of tea to the black hole, where did its
entropy go?” Based on analyzing this question Bekenstein proposed

(1.13)

e Hawking 1974. When quantum effects are taken into account, black holes radiate
away as black body with (upon restoring the fundamental units)

k hc? A kg
r = ST Thay

= —— 1.14
2T k?B ( )

where the formula for entropy simply follows from the 1st law.

Hawking’s derivation was based on using the QFT in curved space (approximation
of fixed background metric). Hawking basically showed “stimulated emission”.
The problem with his derivation is that due to the bluehift near the horizon, the
test field approximation breaks down and we cannot really trust the result. How-
ever, since then the same result has been reproduced by many other approaches,
e.g: Euclidean path integral, tunneling, string theory, LQG.

Euclidean Trick

The simplest derivation of the black hole temperature is via the Euclidean trick. Let
us repeat it here. It employs the fact that thermal Green functions have periodicity in

imaginary Euclidean time :

G(r)=G(r+p), p=1/T. (1.15)

Conversely, periodicity of G defines a thermal state. (It can be shown that a thermome-
ter will register such temperature when interacting with the given field for a long time.)
Green functions of quantum fields in the vicinity of black holes have this property (as
seen by static observers).

What about gravitational field itself? Let us again focus on the Schwarzschild black
hole. First, consider the Euclideanized Schwarzschild (7 = it):

dr?
ds* = fdr* + - +72dQ? . (1.16)
Near the horizon we may expand
f=flr)+r—ry) fi(ry)+--=26Ar. (1.17)
— ———

0 Ar 2K
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Therefore, the near horizon limit of the ‘Euclidean Schwarzschild solution’ takes the
following form:

d 2
ds® = 2k Ardr® + ﬁ +r2dQ?. (1.18)

We can now introduce a new coordinate p by

dr? dr K
2 _ dp = Ar = —p? 1.19
2k Ar p < " o ( )

dp

getting
ds* = K*p*d7* + dp® + r2dV = p*de® +dp* + ... . (1.20)

upon introducing a new angle coordinate, ¢ = k7. This looks like a flat space written
in polar coordinates, provided the angle ¢ has a period 27, otherwise there is a conical
singularity at p = 0, which corresponds to the original black hole horizon. The reasoning
now goes as follows: since the black hole horizon was originally non-singular, we expect
it to be non-singular again (otherwise we no longer solve vacuum Einstein equations
there). This is achieved by setting (we want to avoid conical singularity)

p~p+2r & T~TH2T/E & |T=—, (1.21)
—~—— 2w
B

which is the Hawking temperature. In particular,

1

= — 1.22
8t M ( )

for the Schwarzschild solution.

Rindler space

As you will see in your tutorial, accelerated observers see a thermal bath at a temper-
ature proportional to their acceleration,

7=2, (1.23)

2T

which is the famous Unruh temperature. If you accelerate really fast, you can cook a
chicken. Using the Euclidean action, one can also calculate the entropy of the associated
Rindler horizon, yielding the Bekenstein result for this case as well.

Hawking evaporation

e The Hawking temperature for a Schwarzschild black hole reads

hed 1

T " 1.24
87kpGM M’ (1.24)



CHAPTER 1. PRELUDE: LESSONS FROM BLACK HOLE THERMODYNAMICS

smaller the black hole is the hotter it is. For a stellar mass black hole we get
about 6 x 1078K, which is much smaller than the CMB temperature — the effect
is not important for astrophysics.

We would need a black hole smaller than 4.5 x 10*?kg (size of the Moon) to reach
at least the CMB temperature 7'~ 2.7K.

Obviously, the evaporation accelerates and towards the end we can observe ‘black
hole explosions’ (CERN?)

The black hole looses mass according to the ‘effective’ Stefan-Boltzmann law

dM 4 1
so that it would completely evaporate in (Mg denoting the mass of the Sun)
M 3
tovap ~ (V@) x 107 5. (1.26)

e Since T ox 1/M, the Schwarzschild black hole has a negative specific heat:

o5 1
or  8xT?’

(It gets colder when mass is absorbed by a black hole and vice versa.)

Cc=T

(1.27)

This is very strange for ordinary matter, but it is quite typical for self-gravitating
systems. For example, a satellite as it falls it increases its kinetic energy; a
gravothermal catastrophe described by Lynden Bell.

It also means that the canonical ensemble is not well defined for Schwarschild
black hole (as no stable thermal equilibrium exists). One way to ‘stabilize the
black hole system’ is to place the black hole in a confining box. A natural such
box is provided by the AdS space.

e Hawking radiation is a kinematic effect. (One needs equivalence principle, vac-
uum fluctuations, but the Einstein equations are not required.) This opens a
possibility for observing this effect in ‘analogue systems’, e.g. surface water waves
(see Unruh’s talk about fishes with ears).

1.2 Black hole information paradox

e Information loss. Classically, black holes absorb interesting stuff (for example an
elephant, a star, and so on) but in response only get bigger — the only parameter
that changes is the black hole mass — information disappears inside the black hole.
(Only finite amount of information is radiated away during the in-fall.) Even
quantum mechanically, if Hawking radiation is perfectly thermal, information
must be lost inside a black hole.
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e More precisely, following Hawking, let us draw the Penrose diagram of a completely
evaporating black hole:

[NFORVATIO N PARA pox
_PARA PO

\K( Black wog 4

Cotrp
2 FETELY svArokaten

g{f ( Hixew TATE
ENTANCLEY

[(NTERID |0
VPARTNER

In this picture, Hawking radiation can be understood as originating from quantum
pair creation of particles. These are entangled and together form a pure state.
One of these remains trapped behind the horizon while the other one escapes to
infinity as Hawking radiation. From outside, we only see one of them and thence
a mixed (thermal) state, see [1] for recent advances on this picture:

AR CREATION PIcTURE

il — HOowrizo v
TTRACEE

| NSibE

Howizen N HAKIKIN G WAV (ATLO 1Y

(OUTSInE HorIZOKN)
Thus, as the black hole has evaporated we evolved from a pure state on ¥; to a

mixed one on Xy, violating unitarity of quantum mechanics. This is the famous
black hole information paradox (Hawking 76).

e Various proposals as to what might happen as black hole evaporates were in-
vented: black hole remnants, firewalls, final bursts, black holes do not exist,
‘leaking horizons’, fuzzballs,. . . Some of these are in favour of information loss (e.g.
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black hole remnants) some are in favour of restoring unitarity, e.g. AdS/CFT cor-
respondence (black hole evaporation is dual to the evolution of the CFT on the
boundary which is manifestly unitary).

If the unitarity is to be restored — information has to start coming out of the BH
in order to purify Hawking’s radiation. This has to happen quite early — around
the Page time. We shall return to this problem in later chapters.

1.3 Black hole entropy

e Formula for black hole entropy combines all of modern physics:

e It can also be written as

kg A Gh

S = p=1] =, (1.28)

4 c

that is, it is given by measuring the area of the black hole horizon in Planck units
— a huge entropy:

| PLANCIC Akgn,
h

I UMiTOF ENTROFY

e [t is holographic, hinting on a holographic duality with a lower-dimensional quan-
tum theory.
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e [t motivated the Bekenstein ’s universal bound on the amount of information con-
tained in a given spatial region with a boundary of area A:

S < %, (1.29)

as measured in Planck units (see tutorial for a simple derivation of the existence
of this bound).

e Generalized second law. During the black hole evaporation, the black hole entropy
(area) decreases — Hawking radiation violates the null energy condition. However,
the total entropy of the black hole and of the outside Universe should never
decrease:

‘STOT - SBH + Soutside Z 0. (130)

This is the content of the generalized second law of thermodynamics.

e Partition function. One can calculate the gravitational partition function at tem-
perature 7" in the WKB (semiclassical) approximation as

Z = /Dge_SE[g} ~ e 989 (1.31)

where g, stands for the metric(s) describing the classical solution(s), and the inte-
gral is over all metrics periodic in imaginary time with period § = 1/T. Note that
the Euclidean action Sg consists of three kinds of terms: the Einstein—Hilbert action,
the York—Gibbons-Hawking term, and counter terms:

d* R d? h
Sg = /Q % + /89 J;T—\é_IC + counter terms, (1.32)
where € = —1 for spacelike and ¢ = 1 for timelike boundary. The second (York—

Gibbons-Hawking) term is needed to ensure well-posed variational principle with
Dirichlet boundary conditions (it kills the unwanted boundary terms in the case
of a compact manifold), while the third one is used to ‘tune the value’ of the action
to make it finite and vanishing for the flat space. Here K stands for the extrinsic
curvature and the second and third integrals are boundary integrals (with hy, a
boundary metric). Once the partition function is determined for a given solution,
we can calculate the corresponding free energy

gz S

F=—log/~—, 1.33
3 5 (1.33)
which knows everything about thermodynamics. In particular, the entropy is
given by
OF
S=——. 1.34
aoT (1.34)

One can check that for black holes in Einstein gravity this confirms the area law.
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1.4 AdS black holes and their thermodynamics

e Let us now turn to the asymptotically AdS black holes, solutions of the Einstein
equations with negative cosmological constant:
3

G +Agy =87GT,,, A= 7 (1.35)

where ¢ is called the AdS radius.
e AdS action. In the AdS case one has a well defined local Euclidean action with

unique counter terms (c.f. vague background subtraction of Gibbons and Hawk-
ing). Namely, we have the following action:

S = 167TG/Md TR+ 5)
P N | (h) (1.36)
87TG oM € 2 ’ '

where K and R (h) are respectively the extrinsic curvature and Ricci scalar of
the boundary. In this expression we have included, apart from the Einstein—
Hilbert and York—Gibbons—Hawking pieces, also the standard AdS counter-terms
— constructed from the invariants on the boundary [2].

Varying this action yields the above Einstein equations, together with the follow-
ing boundary term:

1
5Sp = —= / P/ —hra6h (1.37)
2 Jago
where 5
87T7'ab = Khab — lCab -+ gGab(h) — _hab (138)

14

is (up to trivial infinite scaling) the holographic stress energy tensor. This gives
the expectation value for the energy momentum tensor of the dual CF'T5. Here,
the first two terms come from varying the York-Gibbons-Hawking term and you
may recognize them as left hand side of the Israel junction conditions. The latter
two terms are innate to AdS and come from the corresponding counter-terms.

Obviously, when 6h% vanishes, 6Sg = 0, and we have a well defined Dirichlet
principle (fixed boundary metric).!

L Alternatively, instead of considering Sg, (1.36), we may consider
~ 1
Sg = Sg + 5/ d®z/—hh®7y, . (1.39)
a0

This then yields a ‘Neumann-type’ variational principle [3], where §(v/—h7y) is to be held fixed on the
boundary, instead of §h®. However, as we shall see later, the holographic stress tensor is necessarily
traceless, and so really Sp = Sg. (In flat space, on the other hand, we return back to the Einstein—
Hilbert action — please check!)
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e Hawking—Page transition. As shown first by Hawking and Page in 1983, [4], ther-
modynamics of black holes in AdS space is not only (contrary to that of their
asymptotically flat cousins) well defined (can have positive specific heat) but it
is also rather interesting — for example it features a number of rather intriguing
phase transitions. Such phase transitions then correspond to the associated phase
transitions of the dual CFT.

Let us show this explicitly for the Schwarzschild-AdS metric (please see Homework
1 for more details):

dr? oM r?
2 _ 2 2 7092 _
dS——fdt—i-T—i-TdQ, f—l—T—i—g—Z. (1.40)
Using the Euclidan trick, one finds the following black hole temperature and free
energy
1 2+ 3r
T = —=_____ "+ 1.41
5 47T£2T+ ’ ( )
1 Sg (P —1r3)
G 3 og 5 7 ( )

Plotting this parametrically and comparing to the free energy of thermal AdS
G aqs (AdS filled with thermal radiation), we get the pictured displayed in Fig. 1.1.
The global minimum corresponds to the stable phase. Since Gags ~ 0, when G
becomes negative, the black hole phase dominates the thermal AdS. This approx-

imately happens at

1
T =Typ = — 1.43

the so called Hawking—Page temperature. At this temperature there is a first-order
phase transition from thermal AdS (which is stable for T < Typ) to large black
hole phase (which dominates above Typ), as displayed in figure 1.1:

Via the AdS/CFT correspondence, this phase transition has an interpretation of
the confinement/deconfinement phase transition of the dual quark—gluon plasma
[5]. Even more interesting phase transitions occur upon adding rotation and
charges to the black hole, see e.g. [6].
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Figure 1.1: Hawking—Page phase transition. We display the free energy G = G(T).
There is no black hole configuration possible for T < Ty = /3/(27f), while two
possible branches of black holes are possible for T" > Ty,;,. The upper branch corre-
sponds to unstable small AdS black holes (with negative heat capacity), whereas the
lower branch denotes large thermodynamically preferred black holes (with positive heat
capacity). Such black holes become globally stable when G becomes negative, i.e., for
T > Typ. Hence there is a thermal radiation/black hole transition in the system, called
the Hawking—Page transition. [Units were chosen such that Gy =1 and £ = 1]



Chapter 2: Motivating AdS/CFT

The best understood example of the holographic duality is the AdS; x S5/CFTy cor-
respondence. In this chapter we will see how this ‘emerges’ from the results of string
theory.

2.1 String theory cartoons

String theory is a quantum theory of interacting relativistic strings and higher-
dimensional objects.

Classical p-branes

e Let us start with a motion of a free particle. It is governed by the following action:

n v
S[at] = _mo/dr = —mg/ —nwddx)\ (f;\ A\ = /\/—det Yo)dA,  (2.1)

12 . .
where v\ = 1w df/\ ‘%\ is the ‘induced metric’ on the worldline, mg is particle’s

rest mass, and 7 is its proper time. Upon varying w.r.t. dz*, this yields the (flat
space) geodesic equation.

e Motion of p-branes. A higher-dimensional object which sweeps a (p+1)-dimensional
trajectory in the spacetime is called a p-brane. An example is a string, which is a
1-brane and sweeps a 2-dimensional worldsheet (or more generally p-dimensional
worldvolume), see Cartoon 1:

PARTICLE W

+ T XH(»)
/\/‘//WOWLDQHEET

N \WOELD LINE
[P Y

m XV—XWAG)

S/‘\
ez d :
EXTRENRZES LENGTH EXTREMIZES WORLD Syeer
(Vorvhg)

12



CHAPTER 2. MOTIVATING ADS/CFT 13

A world-volume of a p-brane is described by
x#:xﬂ(fA)’ A:O,l,...,p, (22)

where €4 are the internal coordinates. One can easily write down the action
for a free p-brane. It comes from the following observation. The above standard
particle action (2.1) has a very intuitive meaning: “the motion of a particle is such
that it extremizes its proper time”. It is then natural to expect that the motion of
a free p-brane is such that it maximizes the p-brane’s worldvolume. Actions like
this are called Nambu—Goto-type actions, generally they are of the form

Snalat] = T, / /= det (vas(m) . (2.3)

Here, v45(n) is the so called induced metric (metric on the worldvolume induced
from the metric of the Minkowski space):

ox* 0z"
’YAB(U) = agjag—BWu, (2-4)

and T}, is the p-brane tension. (Note that (2.3) reduces to (2.1) for p = 0.)

e Polyakov action. Looking again at the action (2.1), we find that it is pretty com-
plicated: it contains square root (and thence is difficult to quantize) and it does
not work for massless particles. To avoid the square root and to make it work
even for massless particles, let us consider instead a Polyakov-type action:

1 1 dz* dz¥
Stat ] = 5 [ G T — mimax. (25)

Here h = h()) is an ‘extra field’ (or more precisely a Lagrange multiplier). Vari-

ation w.r.t. h yields
1 dx* dxv
h=—\—-n,———. 2.6
mo VAN (2:6)

(Which is a constant provided we identify A = 7.) Plugging this back, we recover
the previous Nambu-Goto action — classically, and for my # 0, the actions are
equivalent. At the same time we can take the limit my — 0 and recover the action
for a massless point particle (definning d\ = hd\).

Polyakov-type actions can also be written for p-branes. In particular, for a
massless string we have (see tutorial)

1
4drad

S[xt, kAP =

/ d*e/—hh* By (2.7)
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where o/ is related to the string tension 7' and the fundamental string length I
(the only dimensionful parameter of string theory) as follows:

1
T=—, o=I*. (2.8)

oo’ s

Again, y4p is the induced metric (2.4) and h4p is an auxiliary worldsheet metric
(an analogue of h above).

Comparing this to the action of the massless scalar field ¢ coupled to gravitational
field hag : £ =+/—hh*BV 49V g, we see that the Polyakov action is nothing else
than massless scalar field theory (with several scalars z#) living in 2-dimensions.
This has (in 2-dimensions only) Weyl symmetry which is the cornerstone of string
theory.

Quantum superstrings

By quantizing the above string action (2.7) (supported by fermionic degrees of freedom
in a supersymmetric way) one finds:

e Depending on BC, 5 self-consistent theories (type ITA, IIB, type I, and 2 heterotic
ones). These are related by a web of various dualities.

e By requiring the fields with massless polarizations to have vanishing mass, fixes
the number of spacetime dimensions to

d=10. (2.9)

e Finite number of massless modes (including graviton for closed strings) and in-
finite tower of massive modes with m o 1/l;. This means that string theory is
a theory of quantum gravity:

CAkToon 2 [ot=10)
CLOSE — OwrEM
©.. Vitarow Ap .. VECTOR

%'4/\/ — - @KAV‘T‘ON
Vopv - IKALB - RAROND
=2 ATHEFory OoF QRL
Note the decomposition of a rank-2 tensor into its symmetric traceless part g,

with d(d+1)/2 — 1 dof, antisymmetric B, with d(d —1)/2 dof, and the trace ¢
with 1 dof.
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e The fundamental strings can be coupled to non-trivial background of the massless
closed string excitations (such as graviton g, dilaton ¢, Kalb-Ramond 2-form

B, ...):
CARTOON 34 PLACE
{/oéb < 13ACKEROUND
: ) Flewol
N

T0 pric CEUVE WETL CYMHETRY AT Q LEVEL

=> /5930:/)24,:ﬂ@ . EE

This is done by replacing in Eq. (2.7):!
WP yap(0w) = hWP7ap(g) + € P7ap(Bu) + o' Rud + ... . (2.10)

Moreover, by requiring the conformal symmetry to hold at the quantum level,
: : : g (1)

the corresponding SB-functions have to vanish (e.g. 37, o e 0 at 1-

loop). Consequently, the background fields have to satisfy a generalization of

Einstein equations. This is how Einstein equations emerge in string theory (in

the leading order of small ).

For example, for type IIB (theory of closed strings), the vanishing of the /3
functions can be (secondarily) derived from the following Lagrangian (for fields

Guvs ¢, Ao, B,uzn Auw A/wm\):

1 1, 1., 1 1
L= *(e—2¢ [R +4(9,0)% — §H§] —5F? - 5Fi - —Fg) — SALNHy A Fy,

2 4
(2.11)
plus fermions. This is the action of the type IIB, D = 10, N = 2 SUGRA.

e String interactions are controlled by g, related to the 10-dimensional gravita-
tional constant as:

167G = (2m)" g2 o< I3, (2.12)

S

see the following Cartoon 4:

!Please see D. Tong’s lectures, Chapter 7, for the explanation as to how the quantum modes of
individual strings give rise to the ‘classical background’ fields.
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Q/(/Mlg A anping Ww@@{ % g_c J?ms'(a(cg,,,p(ﬁ

~

A ‘Cj Lo
o 7
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9 :
Ué'ffl é;o = (er)g’tfe/e&g

[

J

2hL~-2

ge 1

b of beteg

gs is not really a free parameter, but rather an expectation value of the dilatonic
massless mode, g, = e®. However, effectively, string theory has 2 parameters:

(2.13)

D-branes

e Dp-branes are ‘topological defects’ (non-perturbative in g;) with (p+1)-dimensional
world-volume on which open strings can end (and move freely along the world
volume).

Fluctuations of a Dp-brane are determined by the quantum spectrum of open
strings attached to it. At low energy, only the massless modes are of interest. For
a single Dp-brane we have a (p + 1)-dimensional U(1) gauge field A,(z) living
on the world-volume of the brane (in the Neumann BC directions), and ¢‘(z)
scalars (corresponding to transverse directions to the brane — corresponding to

the Dirichlet BC):
CARTOON G

C HAKGED

L COUrLES T
AT oN THE eranE

TRANGVERLE NDREeTIONS 4>“' SCALAR §
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Au(z): p=0,...,p, d(x): i=1,....,9—p. (2.14)
These are goldstone modes associated with the spontaneous symmetry breaking
by the branes.

The motion of a single brane is governed by the Dirac-Born-Infeld action (a
generalization of the Nambu-Goto action):

Sper = _TDp/dp+1€e_¢\/_ det(vap(g9) + vap(B) + 2w/ Fap) , (2.15)

where the D-brane tension is Tp, = For weak EM fields in flat space,

_ 1
(2m)PItt -

setting B = 0 and e¢? = g,, we can then approximate (using det(1 + A) = 1 —
sTr(A%) +...)

T
Sper ~ —(2m’)24—D’” / dPEF g FAP 4 O(FY). (2.16)

S

Thence we can read off the Yang—Mills coupling constant as

2 Js ) -3
S E— VSN 2.17
9y M TDP(27TO/)2 ( 7T) Gstls ( )

e Multiple branes give rise to Cartoon 6:

M iﬁjmﬂm vty Ay

/
.Z:vasm'w ﬂwy{%% mity v g

In the coalescence limit, » — 0, non-Abelian gauge theory arises, (4,);. (Naively,
we have added another internal (geometrical) index indicating where the string
ends), see Zweibach [7] and Witten [8].

e N, coalescent D3-branes in type IIB then give rise to the N'=4 U(N,) SYM in
d = 4, with the following field content: A, and ¢' (i = 1,...,6) and 4 Weyl
fermions in adjoint representation of U(N,.), governed by the following action:

1 1 1 . . o
L=—— Tr(—F“”FH,, + =D,¢'D"¢" + [¢', ¢3]2) + fermions , | |gya, = 277 |-
Iy m 4 2

(2.18)
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e Alternatively we may view D-branes as BPS (extremal) massive solitons of d = 10
type IIB SUGRA. Let all fields except g, F5, and ¢ =const be zero. This is a
self-consistent truncation of the EOMs derived from (2.11), which now become:

1

Rlﬂ,:%

FopysF,2P° ) Fy = +F. (2.19)

(Note that d * F5 = 0 is satisfied as a consequence of Bianchi identity, dFs = 0
and self duality condition.)

In particular, we find the following near-extremal black brane solution:

dr2
dsy = H_lﬂ{‘fdt”dx”dy”df]+H1/2(%+r2d9§>,

402 .
Fs = T2 5\/To+€4(1—i—*)dt/\da:/\dy/\dz/\dr,

r

04 r

Here f is the so called blackening factor, and r» = rqy is the horizon. Setting
f=1, (2.21)

we recover the BPS solution describing the D3-brane. The length ¢ can be de-
termined from the flux of the F5 (which is quantized and ‘counts’ number of

D3-branes):
1

2Gho
as we have N, branes and p3 = Tps/gs, yielding

Q= / #F5 = Nepg o< M, (2.22)
S5

54

= 4mgsN, = 2g% 3, Ne = 2X, A= g&, Ne, (2.23)

the latter know as the ‘t Hooft coupling.? Obviously, it is this effective coupling
which ‘decides’ about the strength of gravitational interaction — whether gravity
(closed strings) are important or not. We thus have two opposite limits: that of
opens strings (for A < 1) and that of closed strings (for A > 1).

2That X is the coupling to consider can easily be seen by looking at the strength of gravitational
potential, which for a p-brane goes like (check Schw for d = 4 and p = 0):

4 4 4
L GoMroy  GiolNeps o b (L L
rd—p—3 A YsiNe' g A

¢

(2.24)

with the last two valid for the stack of N, D3 branes. Here we have used that G1g ~ g21%, us ~ 1/(gsl%).

S
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2.2 AdS/CFT conjecture

Two D-brane pictures

Let us consider a stack of N, D3-branes. We can look at them from two perspectives:
the ‘open string picture’ (reliable for A < 1) and the ‘closed string picture’ (for A > 1),
as displayed in the following picture (assuming low energy):

PEN TR IN¢
OPEN CTRING CLOSED ey

fant T

=y —
—_

9‘:3 n

5t fL INFINITE THKOAT

SU(Ne) Al 0obnes

o A
e
U

e open string picture. In this picture the strings are treated as perturbations — we
have A < 1. For low energies £/ < 1/l only the massless excitations are relevant
— this is how we recover the N'=4 SYM on the brane (plus decoupled SUGRA
modes in d = 10 Minkowski space). The two parameters describing SYM are:

N., A=gi,N.. (2.25)

e closed string picture. This picture is valid for strong coupling A > 1, the D-branes
are very massive and described by the SUGRA solution (2.20), (2.21) above:

ds?, = H*l/Zanx#d:cWHl/?(dr?+r2d9§>,

o o
H = 1+r_4’ l—4:2/\. (2.26)

S
We have two different low energy modes: SUGRA modes propagating in 10d
Minkowski background (r > ¢) and full stringy modes propagating deep in the
throat of the D-brane r < ¢ (whose energy is infinitely red-shifted as seen by
the asymptotic observer) — these two kinds of modes are completely decoupled.

Concentrating on the near horizon region

r<<{ (2.27)
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we recover the AdSs x S5 near horizon geometry:

2 52
ds* = Z—anda:“dx” + T_szQ + 240z (2.28)
AdSs of size ! 59 of sizet
or, upon setting z = (2 /r:
€2
ds® = = (udatda’ + dz*) + 2dQ; . (2.29)
E , N~
R S5 of sizel
AdSy of sizer

Note that the radius of both AdSs and S® is ¢; the metric is supported by the Fj
flux through both. Sometimes we can ‘smear out’ over the S° and consider only
the geometry of AdS5. On this side we have two dimensionless parameters:

gs,  C/ls, (2.30)

related to the two parameters in the open string picture as

A o
2y = Gyar = N O 4 gsNe = 2\ . (2.31)

s

AdS/CFT conjecture

In principle the two descriptions are valid for all values of A and N, but we do not really
know how to extend there:

A
AwgmNc
I O}M Y&/ N2
A O —
EM{({N (\-;)/IA/(,»
77

We have a conjecture that I and II describe the same object in different languages:

Conjecture (Maldacena 1997). Type IIB superstring theory on AdSs x S° is
dual to N' =4 SU(N,.) SYM in d = (3 + 1) dimensions.

A few remarks:

1. Duality means exact equivalence at the full quantum level (Hilbert spaces and
the dynamics of the two theories agree). For many dualities one can find a ‘change
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of variables’ in the partition function which directly maps dof of one theory to
the dof of the dual theory. Such a map is currently not known for the AdS/CFT.

Remarkably, this duality relates a theory of quantum gravity to a quantum field
theory in flat space.

Moreover, this duality is holographic: relates the dof of gravitational theory in

AdS to dof of QFT on its conformal boundary 0AdS.
2. Classical SUGRA is valid when

a) Stringy corrections are suppressed (strings are almost point like, classical
geometry valid):

(>, = A>1. (2.32)
b) Quantum gravity corrections (loops) are suppressed
1 g2 (2.33)
N,
Combining the two, we thus get
\1<<A<<Nc, (2.34)

for validity of classical gravity in the bulk. (For finite A and N. we can do
perturbations in 1/N and 1/)).

Note also that N, governs the ratio of £/lp. Namely, since G19 ~ ¢2® and L% =
G1oh/c®, we have
AR g N
Gy sl
Thus, requiring ¢ > [p requires N, > 1.

N.. (2.35)

3. Strong-weak duality. Taking into account the above, we see that AdS/CFT is an
example of strong-weak coupling duality: if the field theory is strongly coupled,
the dual gravity theory is classical and weak. This provides a tool for studying
strongly coupled QFTs.

The conjecture is supported by case by case evidence and as Veronika says: “it is
non-trivial and still holds water”.

4. We have SU(N,) rather than U(N,) = SU(N.) x U(1) SYM. U(1) can be de-
coupled — describes the motion of the center of mass of the system of N, branes,
which corresponds to singleton fields in the gravity theory (only located on the
boundary and cannot propagate into the bulk of AdSs)

5. Symmetries match. On the AdSs x S® we have SO(4,2) and SO(6). This corre-
sponds to the conformal group in d = 4: SO(4, 2) (with generators P,, L., D, K,,)
and additional R-symmetry SO(6)g.

We also have SL(2,7) duality on both sides (gy — —2-).

gy M
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6. Various versions. For example strong version restricts to classical string theory:
gs < 1 and ¢/ls =const., which implies A finite and N. — oo, known as ‘¢ Hooft
limit (planar limit of the gauge theory). 1/N. ~ g, expansion then corresponds
to genus expansion in string theory.

The above weak form is then obtained by taking A\ — oo and point-like strings
(Is < 0).

More generally, we have gauge/gravity duality. Can go to AdSq.1/CFTy, go be-
yond CF'T, or even go beyond asymptotically AdS.

2.3 Short CFT propaganda

e Conformal field theory is a field theory with additional spacetime symmetries. In
fact, we have the following theorem: Conformal (superconformal) symmetry is
the largest admissible symmetry of a non-trivial QFT.

CFT in d dimensions is invariant under conformal transformations SO(2, d):

o = M x) e — ()N (2.36)

These include the Poincare group, the ‘special conformal transformations’, and
the scaling transformation®

t— M, T — )\, (2.37)

under which the field transforms as

¢(z) = ¢'(a') = A"2o(x), (2.38)

where A is the scaling dimension (eigenvalue of the dilatation operator).

e We have the following CFTs in flat space:
rfrmadl sl typolions
) Miewdd W*M CuFI=Q
21 Hasslin Dhse sgpty.
3) ik AQY, - -y
) o'k v

Fapv=o §Cha5= 91
06= 35
Dufrv<o  apFt quﬁh Fr)e 0} M’“"”‘?

3 More generally, one can consider ¢ — \*t where z is called the dynamical critical exponent: z = 1
for relativistic theories; z = 2 for non-relativistic, e.g. Schrodinger eq. i0;1) = —%VQ@[J (or E ~ p?).
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Scale invariant theories have no dimensionful parameter. Usually theories that
are scale invariant are also conformal invariant. Conformal field theories have
traceless (upgraded) energy momentum tensor:

T, =0. (2.39)

e In QFT there are no coupling constants; they depend on energy scale, e.g. g =
g(E): we may define the corresponding /5 function:

__dg
~dlogE’

B(g) (2.40)

If the conformal symmetry is preserved even quantum mechanically we must have

5g) = 0. 2.41)
This is the case for the d =4 N =4 SYM.

e In the space of QFT we have RG flow: B;(97) = dg;/dlog E; fixed points are
described by interacting CFTs:

A 81 @éluécmw bnicon —Fleysm,
£ FIXE Pors

CF Tz

It is useful to think about QFT as a deformation of CFT (think of Higgs):

S = Scrr + /)\Oddaj. (2.42)

Moreover, CFTs induce an ordering in the space of QFTs by assigning a ‘height’
function ¢ to CFTs:
v e CcFTi + (X0 oot

LR e CFET1 2

Cov = Coglvil A@&WV“’“M
(WMM%Z@WM(>
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e Conformal symmetry restricts significantly the form of correlation functions. For
example, for a scalar conformal primary operator O of dimension A we have?

(2.43)

e Role of CFT's in nature:

— Describe critical phenomena (2nd-order PTs) in statistical physics (driven by
thermal fluctuations; critical exponents correspond to operator dimensions

of fields in CFT: {a, 3,...} < {A})

— Quantum critical phenomena (driven by quantum fluctuations at 7" = 0;
gapless phase described by CFT)

We also have applications to String theory: described by 2d CEFT (determines
Einstein equations, YM equations, ...) and AdS/CFT.

e A curved space “generalization” of the conformal symmetry is the Weyl symmetry.
Contrary to the conformal symmetry, this is an infinite dimensional symmetry. In
the flat space limit, the Weyl invariance implies conformal invariance (though not
necessarily with the same conformal weight). See tutorial for more information
on these two symmetries.

2.4 AdS primer

AdSy geometry is a maximally symmetric solution of Einstein equations with negative
cosmological constant. It has an O(d — 1,2) symmetry.

Embedding perspective: AdS as a maximally symmetric space

e One way to understand the AdSy space is as a (maximally symmetric) hyper-
surface in higher-dimensional space. Namely, consider the following (d + 1)-
dimensional metric in R>?~! and a d-dimensional hyperboloid in it:

ds* = —dY? —dY2 +dY2+dY2 + - 4+dY}, =055 dyAdy P,
— = Y2 YA+ Y =iy YR (2.44)

Solving the constraint for Y_; and plugging back to the metric, we obtain a
geometry of the AdS space in these coordinates (a,b=0,...,d —1):

_ . ld-1 YaY;)
oo =i~y yay,

4 In a given ‘class’, primary operator is the one with the lowest scaling dimension. Conformal
descendants of this operator are obtained by taking its derivatives.

(2.45)
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e Note that the constraint equations (2.44) are invariant under
4 = AMg2?  where 7731’%_1 = né’%_lACAADB . (2.46)

Group matrices A“ 5 form a representation of O (d— 1, 2) . Infinitesimally, we write
_ d+1
Mg = (5@ + Mg = \p= ni{g 1)\03 = —Ag4... ( 5 > generators .

Since this is the maximum number of symmetries one can have in d number of
dimensions, the spacetime is maximally symmetric.

e One can show that

1
Rapea = _é_g(gacgbd — GadGbc) - (2.47)
Thence we solve the Einstein equations Gy + Aga, = 87T, with T, = 0 and
(d—1)(d—-2)
AN=———"°+—= 2.4
e (2.48)

e Embedding picture. In this description the AdS,; can be understood as a hyper-

boloid embedded in a spacetime with two perpendicular timelike directions. For

example, for AdS; we have the following picture:
Sy spacsnne iy S

Ut CLOSEL Mnreyue CUR g™
<-I//

GO 0 COVERING LacE
R A AN A A

Global coordinates
e Let us now parametrize (solving automatically the constraint)
Y_, =/{coshpcost, Yy=~coshpsint, Y;={sinhpQ;, (2.49)
1

where ); are angular coordinates that parametrize the S92 sphere: ? =
(constraint). We then have the AdS in global coordinates:

ds? = (? (— cosh?pdf? + dp? + sinhQﬁdel_2> . (2.50)

If we do identify ¢ ~ £ + 27 and instead take ¢ € (—o0,c0), we have covered the
hyperboloid infinitely many times — obtaining so universal covering of AdS. This
is well motivated as we do not want to have closed timelike curves.
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e We may further compactify tan # = sinh p, upon which we recover

62
cos20

ds? = (—dF + do? + sinZGdelﬂ) , (2.51)

where 6 € [0,7/2). Stripping of the conformal factor, we get a (non-Euclidean)
cylinder.

e Conformal boundary of the above cylinder is located at 6 = 7/2 — it is identical

to the Einstein static universe R x S%2:

ds®|oq = —dt* +dQ5_, . (2.52)

This is where the field theory lives. The isometries of AdS act on the boundary:
send points on the boundary to points on the boundary. This action is simply
that of the conformal group in (d — 1) dimensions: SO(2,d — 1). Thus the field
theory is CFT. In particular, the rescaling symmetry (2.57) translates into a
dilatation on the boundary. The boundary theory is thus scale invariant and has
no dimensionful parameter.

e Setting finally
p={sinhp, 7=I1, (2.53)

we recover AdSy in the ‘usual’ global coordinates

2 o dp? 2 102 p?

dS :—de —|—7+p de_2, f:1—|—€—2 (254)

This is manifestly static and spherically symmetric, boundary is located at p —
00:

Poincare AdS
e Defining instead
1 2 5 oV 1 — 2 _ 5 oV
Y, = + 25+ nuate v _ Lu Y, = 27— Nt (2.55)

2z ’ K z’ 2z ’
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we recover the Poincare coordinates for AdSy:

62
ds? = — (—dtQ + di? —|—sz> . (2.56)
z —
Nuvdxtdz?

The boundary is now located at z = 0. Since z > 0, we only cover half of the
original hyperboloid. Obviously, the slices of constant z have Poincare symmetry:
Poincare AdS = volume filling slices of Minkowski:

POI NCARE Add
N — AT

— 2220 [VOINCARE IH0k)

Moreover, we clearly see an isometry
(t,7Z,2) — MNt, 7, z). (2.57)

In order to continue the metric to the boundary we have to ensure finiteness by
multiplying (2.56) by Q?(z, z#). For example, we may choose

2
z
0 = g—sz(x“) = ds’|paas = W (2" datdz” (2.58)
which is a class of boundary metrics that are related by conformal transforma-
tions. This is why we say that the boundary is conformal.

Poincare coordinates are in many respects similar to Rindler coordinates, with 0,
playing the role of the boost vector. In particular, we have a Poincare horizon
located at z — oo (where t — *+00):

GLOBAL AlS Ve, POINCAKZE ALS
/\/\—/\/‘—/‘/M—/\—A/\A/\/\'MW
QLOB AL
31 7. WA
T POINCARE
e el | Ad

 MOVE Bif.
S UKEACE EBY
K INDLER Ads TOTHE LeFT"
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Sometimes it is useful to consider Poincare disc obtained by setting 7=const. To-
gether with the relation between global and Poincare coordinates this is displayed
in the following figure:

Two more coordinate systems
e The following coordinate system is used in brane world scenarios:
ds?* = dr® + (2e*/*y,, datdz” (2.59)

which is obtained from Poincare by z = exp(—r/{). Here the conformal boundary
is at 7 — oo and the horizon at r — —oo.

e Fefferman-Graham metric is obtained by setting 22 = p, to get

2

dp 1
ds® = EZ(— +-n ,,dx“d:r;") . 2.60
4,02 0 I ( )

This will play a role for the holographic renormalization, and calculation of the
holographic stress tensor.

Geodesics

Due to the gravitational pull of AdS towards its origin, the timelike geodesics oscillate
with period 7 = 27 around the origin, as displayed in the following figure:
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Note that despite p and g being timelike separated, no geodesic connects them (one has
to accelerate to get to q).

Scale/radius duality: UV /IR correspondence

As obvious from the following picture: UV CFT (with huge energies able to probe small
distances on the boundary) corresponds to IR gravity (large distances from the origin
in AdS):

&<0

In other words UV cutoff in CFT corresponds to IR (large distance) cutoff in AdS: UV
CFT behavior is not sensitive to the interior of the bulk.
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