Introduction to AdS/CFT correspondence

1 Introduction

The goal of these lectures is to give a brief introduction to the AdS/CFT
correspondence. We will mainly follow famous review paper that was pub-
lished in 1999 soon after the formulation of given correspondence. Then the
subject has developed in many directions and it is not possible to give an
overview of all these directions.

As is well known string theories are well defined in strictly given number
of dimensions. In fact, 10 dimensional string theory is described by a string
with fermionic excitations on the world-sheet and the massless spectrum
of given theories gives supergravity field theories. It is important that all
closed string theories contain the graviton as the massless excitation and
hence it is believed that string theory could be a candidate for a quantum
theory of gravity. Since we know from every day experience that our world
is three dimensional we should find mechanism how string theory describes
phenomena in three dimensions. Usually we consider string theory on R* x
Mg, where Mg is some six dimensional compact manifold. Then, the low
energy interactions and physical content are determined by the geometry of
Mﬁ.

We also know that the strong interactions are described by Quantum
Chromodynamics (QCD), that is the gauge theory based on the group SU(3).
QCD possesses an asymptotic freedom which means that the effective coupling
constant decreases with increasing the energy scale. At low energies QCD is
strongly coupled which means that standard perturbative treatment is not
well suited. To overcome this difficulty it is possible to implement the numeri-
cal simulations when we defince QCD on the lattice. It was further suggested
by 'tHooft [2] that the theory could simplify when the number of colors N is
large, where N is the rank of the gauge group SU(N). It was believed that
we could solve exactly the theory with N = oo and then we could extrapolate
these results to the case 1/N = 1/3 in some way. It is also very interesting
that the diagrammatic expansion of the field theory resembles string theory
in the sense that the large N theory is a free string theory with the string
coupling constant 1/N. In this way the large N limit gives a connection
between gauge theories and string theories.

It is very important that the string theory is not consistent in four flat



dimensions. More precisely, it is possible to quantize string theory in four
dimensions at least in principle, but the prise is that the anomaly appears
that leads to the emergence of Liouville field. It is natural to interpret this
field on the world-sheet as an additional coordinate so that it is natural to
interpret string as moving in five dimensions.

It is also important to stress that the arguments that the gauge theories
in the large N limit are related to string theory are very general and are valid
for any gauge theory. Let us consider the gauge theory where the coupling
does not run with the energy scale. Given theory is conformally invariant.
A simple example is supersymmetric SU(N) or U(N) gauge theory in four
dimensions with four spinor supercharges N' = 4. This theory contains gauge
fields (gluons), four fermions and six scalar fields in the adjoint representation
of the gauge field. The Lagrangian of such theories is completely determined
by the supersymmetry. Further, this theory has a global SU(4) R-symmetry
that rotates the six scalar fields and the four fermions. The conformal group
in four dimensions is SO(4,2), that includes the Poincare transformations
as well as scale transformations and special conformal transformations. By
principle of duality we should expect that these symmetries should be sy-
mmetries of dual string theory. Natural idea is to find the five dimensional
geometry that has these symmetries. It turns out that there is only one space
with this isometry, five dimensional Anti-de-Sitter space (AdSs), which is the
maximally symmetric solution of Einstein’s equations with a negative cos-
mological constant. Clearly we have to add five more dimensions to get ten
dimensional space-time in order to have string theory defined in ten dimensi-
ons. As we said above the gauge theory has SU(4) ~ SO(6) global symmetry
we search for five dimensional space that possesses this symmetry. It turns
out that SO(6) global symmetry is the symmetry of the five sphere S°. In
other words we should expect the duality between N' = 4 U(N) Yang-Mills
theory and ten dimensional superstring theory on AdSs x S°. Of course, we
should be more precise with this statement.

The idea of the duality between these two theories was based on the
analysis of the extended objects in string theories, which are D-branes and
black holes. As we known D-branes are extended objects that are presented in
all string theories. We use notation Dp-brane which means that this brane is
extended in p— spatial dimensions. Tensions of these objects are proportional
to 1/gs, where g, is a string coupling constant and we see that in case when
the string coupling constant is small these objects are much heavier than
ordinary strings. It is very important that unlike of other extended objects



in string theories D-branes have very simple definitions: They are defined
in string perturbation theory as surfaces where open strings can end [3].
Clearly these strings have infinite number of excitations as ordinary string
theory but we are mainly interested in the massless modes that propagate on
the world-volume of Dp-branes. They are modes that describe the transverse
fluctutations of branes, gauge fields living on the world-volume of Dp-brane
and their fermionic partners so that resulting theory is supersymmetric with
16 supercharges. If we have N coincident Dp-branes, now open strings can
start and end on different branes so that it is natural that they carry indices
that run from 1 to N. As a result we find that the low energy dynamics
is described by U(N) gauge theory. Further, Dp-branes are charged under
p—+1-form gauge potencials known as Ramond-Ramond fields. These massless
modes are parts of closed string modes in corresponding closed string theory.
If we now add D-branes together then due to the fact that they couple to
Ramond-Ramond fields we find that they generate the flux of corresponding
field strength, that in the end contribute to the stress energy tensor and
consequently has an impact on the gravity so that the space is curved. More
precisely, we can find solutions of the equations of motions where Dp-branes
are sources and and they presence lead to the emergence of non-trivial gauge
fields and curved spacetime, for some review, see [4].

As we show below when we consider set of IV coincident D3-branes and
study the near horizon geometry we find that it has the form of AdSs xS%. On
the other hand we know that the low energy dynamics on their world-volume
is governed by N = 4 U(N) SYM theory. These two descriptions are valid for
different regimes in space of the coupling constants. Explicitly, perturbative
field theory is valid when g4/ is small while the low energy description is
valid when the radius of curvature is much larger than the string scale that
implies that g; N should be large. However then we can conjecture that SYM
at strong coupling is described by the near horizon region of the brane whose
geometry is AdSs x S°. The subject of this lecture is to give review of this
conjecture.

1.1 Large N Gauge Theories as String Theories

Let us consider U(N) Yang-Mills (YM) theory in four dimensions. The action
of given theory has the form
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where A, is hermitean field taking its value in the adjoin representation of
U(N). Explicitly, we have

A=A, Fl,=F, . (2)

We know that A, has mass dimension [A,] = M, where M is some mass scale.
Further, [0,] = M so that [F),,] = M?. As a result we find that [¢%,,] = M°
so that the coupling constant is dimensionless. On the other hand we know
that beta function for pure SU(N) YM theory is

dgym 11 gvum

= N O(gy 3
i 3V 16n2 + O(gyar) (3)
Solving this equation we obtain
24 1
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where A is some mass scale. and we see that the coupling constant decreases
with mass scale which is the property known as asymptotic freedom. On
the other hand we see that when the energy scale is decreases the coupling
constant increases and the perturbative calculations will not be valid. Agcp
is the scale where the coupling constant formally diverges.

Our goal is to understand the limit N — oo and its impact on the scaling
of the coupling gy . Let us consider the beta function for pure SU(N) YM
given above, when we introduce the parameter

A= Q%MN (5)

so that

- (6)

and we see that the left and right side are of the same order if we take the
large N limit while X\ is kept fixed. This limit is known as tHooft limit. This
limit is also valid when we include matter fields in the adjoint representation
on condition that given theory is still asymptotic free. In case of the conformal
theory as for example N' = 4 SYM theory we find that there is also possibility
to consider the limit A — oo.

Let us consider general theory with fields ®¢, where a is index in the
adjoint representation of SU(N) and [ is some label of field. We further
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presume that the 3—point vertices of all these fields ar proportional gy, the
4—point functions to ¢g%,,. In other words we presume that the Lagrangian
density has the form

L~ Tr(d®d®;) + gy’ /5 Tr(®r P Pk ) 4 g2 4 d KT (0D ;P dr) , (7)

where /75 dI7KL are constants. If we rescale the fields ar ®; = gy, ®; we

find that the Lagrangian density takes the form

£:
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We would like to see what happens to correlation functions in the limit of
large N when X is constant. Clearly we could thought that it corresponds to
the classical limit since by definition g3, = % — 0. On the other hand the
number of components of the fields goes to infinity as well so that we should
be more careful. It is isefull to write Feynman diagrams of the theory (8) in
the double line notation where the adjoint field ®* is represented as a direct
product of a fundamental and an anti-fundamental field <I>§ so that we have
for the propagator for SU(N) theory (we omit space-time dependence)

) ) 1 .
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We see that there is small mixing term proportional to % due to the fact that
for SU(N) theory we have the trace of the field to be equal to zero ®! = 0.
Then on the left side vanishes identically while the right side is equal to

) ) 1 .
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However this term is proportional to % so that it gives subleading contri-
bution and can be ignored. Then we can see that any Feynman diagram of
ajdoint fields has the form of the network of double lines. For example, in
case of the vacuum diagram these double lines form the edges in triangulation
of a surface. This surface is oriented since the lines have an orientation as
follows from the fact that fundamental index points in one direction while
anti-fundamental index in opposite direction. Further, when we compactify
space by adding a point at infinity each diagram corresponds to a compact,
closed, oriented surface.



The important question is the powers of N and )\ associated with such

a diagram. From (8) we see that the vertex has the factor 921 = & while

Y M A7
propagators are proportional to % as follows from the kinetic term in (8).
There is also additional powers of N from the sum over indices in the loops
which gives a factor of NV for each loop in the diagram. In other words we
find that a diagram with V vertices, E propagators corresponding F edges
in simpicial decomposition and F-loops , corresponding faces in simplicial
decomposition comes with following coefficient

NV*EJrF/\EfV — NX)\E*V ’ (11>

where Y =V — E + F'is the Euler character of the surface corresponding to
given diagram. On the other hand we know that for closed oriented surfaces
X = 2 — 2g where g is the genus of the surface. Finally we find that the
perturbative expansion of any diagram in the field theory may be written as
a double expansion

i N?29 i Cail = i N2729f,(N), (12)
g=0 =0 g=0

where f;(\) is some polynomial in A\. We see that in the large N limit the
dominant contribution will come from surfaces of maximal x that corre-
sponds surface with minimal genus, which are surfaces with topology of
sphere (plane) that will give contribution of N2, while all other diagrams
will come with powers of 1/N?. These leading order diagrams are known as
planar diagrams and come with factor N2.

It is remarkable that form of the expansion (12) has the form of the
expansion as in case of closed oriented strings when we identify 1/N as the
string coupling constant. This analogy is one of the strongest motivations for
the belief that the string theories and field theories are related and it also
suggests that this relation will be mostly easily seen in the large N limit
where the dual string theory is weakly coupled. It is also important to stress
that this analogy is based on the perturbative theory which generally does
not converge so that we have to be careful with definite conclusions. We
should rather consider this relation as the indication of this correspondence.
Further, we know that field theory has effects as instantons that are non-
perturbative in 1/N expansion. Then the exact matching will require that
there should be found corresponding string theory interpretation.
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It is also important to stress that this analogy can be extended in the di-
rection where we correspondence between additional insertion on the field
theory side and the vertex operators in the string theory interpretation.
Further, given theory could be easily generalized when we incorporate mat-
ter in the fundamental representations. Matter in the fundamental represen-
tation has a single-line propagators in the diagrams which can be interpreted
as the boundary of the corresponding surface. In other words now we have
to sum over surfaces with boundaries as in case of open string theories.

The previous discussion suggests that gauge theories are dual to string
theories with a coupling constant proportional to 1/N in the’t Hooft limit.
On the other there is no indication which string theory is dual to a particu-
lar gauge theory. It seems to be rather difficult to find corresponding string
theory directly due to the fact that it is very difficult to formulate string the-
ory in four dimensions or generally below the critical dimension. Explicitly,
we have to add additional field on the string world-sheet in order to ensure
consistency of given theory. This field is known as Liouville fied and can be
interpreted as a fifth space-time dimensions. The idea that five dimensional
string theory could be related to four dimensional gauge theories was firstly
proposed by Polyakov in [5, 6], where the coupling of Liouville field to the
other fields has some specific form. The AdS/CFT correspondence provides
concrete realization of this idea where five additional dimensions, together
with radial coordinate on AdS, leads to a standard ten dimensional string
theory.

1.2 Black p—Branes

The first hint of the relation between large N field theories and string theory
came from the study of p—branes in string theory. Originally the p—branes
were found as classical solutions in supergravity that, as is well known, is
the low energy limit of string theory. In 1995 J. Polchinski discovered that
D-branes have full string theory description [3]. Then by comparing these
two descriptions led to the discovery of AdS/CFT correspondence.

As we know, string theory has variety of classical solutions. We restrict
ourselves to the examples of parallel Dp-branes. Let us consider type II string
theory in ten dimensions. We search the solutions that carry electric charge
with respect to Ramond-Ramond (R-R) (p + 1) form A,;;, where p is even
in ITA theory while p is odd in IIB theory. It can be also shown that these
theories contain also magnetically charged (6 — p)-branes that are electrically
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charged under the dual dA;_, = xdA,., potential, where * is Hodge dual.
Then we find that R — R charges have to be quantized according to the Dirac
procedure.

In order to find explicit solution, let us consider low energy effective action
in the string frame

1 2

g_ (27r)7l§/d10x\/__g <e—2¢(R+4viu¢Vy¢) 5= )|F§+2) , (13)
where [, is the string length, F},45 is the field strength of the (p 4+ 1)—form
potential defined as Fj,; o = dA,;;. Note that for p = 3 we have xF' =
F and given case is known as self-dual. This case is also problematic due
to the lacking of the Lagrangian formulation as follows from the fact that
schematically the kinetic term for the gauge field has the form [ F A xF
which in case F' = «F gives [ F A F so that the equations of motion that
follow from this action are d « F = dF = d?A4 = 0.

Then we are trying to find solution corresponding to the electric source
of charge N for A,.. From the point of view of the transverse space we have
point object so that it is natural to require that the metric is spherically
symmetric in (9 — p) dimensions. Further, since Dp-brane is extended in p
dimensions we require SO(p) symmetry in these directions. In other words
we presume that the metric has the form

P
ds* = ds%o_p + e Z dz'dx; (14)

=1

where ds%o_p is a Lorentzian-signature metric in (10—p) dimensions. Further,
since this Dp-brane is source of the R-R field we have the condition

| tFa=n. (15)

where S®7P is (8 — p)—sphere surrounding the source. The resulting metric
in the string frame has the form

5—

ds” = — dev Zdwzdﬂf* (f)(;)7pdp+7’2f()5 g,
(16)
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with non-trivial profile of the dilaton field

e = g2 (p)"T (17)

where the functions fi(p) have the form

falp) =1- (7*)7 (18)

where g, is the asymptotic string coupling constant. The parameters r, and
r_ are expressed through the mass M (per unit volume) and the RR charge
N of the solution by

1 1

M = 8—p)ri P — TP N =———(r 7;77717, 19

(7 _ p)(Qﬂ-)?dpl% (( p) + ) dpgplzfp( + ) ( )

where [p = g;/ 4l3 is the 10— dimensional Planck length and d, is a numerical
factor .

d, = 23T (%) . (20)

The metric in the Einstein frame (gg),, is defined by multiplying the string

frame metric g, by the factor v/gse~? so that the action takes the standard
Einstein-Hilbert form with the canonical kinetic term

1
/dloa?\/ —JE (RE —

Cals

1
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This solution has the horizon at p = r, and curvature singularity at p =r_,
when we also presume that r,. > r_. On the other hand there is special
solution when r, = r_ and we find

1
M=—040©"_N 22
(27T)7gsl§+1 (22)

that is extremal p-brane Generally for r, > r_ we find

1

> 23
T (2m)Tg %)

that is known as non-extremal black p-brane. We call this brane black since
there is an event horizon for r, > r_ whose area goes to zero in the extremal
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limit r, = r_. It is important to stress that the extremal solution with p # 3
has a singularity we find that the supergravity description breaks down near
p = r, and hence the full description of given p-brane can be done in terms
of superstring theory.

Let us now consider more explicitly the extremal limit r, = r_ where the
line element has the form

p
ds® = v/ f+(p) (—dtz ) dl"ida?i> + 1 (p) AP PP fa(p) TR,
i=1
(24)
We see that the original Euclidean group of black p-brane that was SO(p)
was extended to the Poincare group SO(p,1). In order to investigate the
geometry of the extremal solution near the horizon we define new coordinate
r as
I R S (25)

and introduce the isotropic coordinates

rt=rf"a=1,...,9-p),» (0" =1. (26)

a

Then the metric has the form

1 S o
ds® = (—dt2 +) dx’da:i> +V/H(r) Y drtdr (27)
VH(r) i=1 a=1
where 3
e? = g, H(r) 1 b , (28)
and where -
1 ry?
Hr) )= —— =1+ 24— r7 P =dg,NI"P . 29
=10 i )

It is important to stress that previous solution is the solution of the supergra-
vity equations of motion for any function H(r) which is a harmonic function
in the (9 — p) dimensions that are transverse to the p—brane. As a result we
can consider more general solution

T’(l

_ N
1+Z|r—r1]7 = @4 (30)
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where

rint = dpgoNill P (31)

Physically this solution corresponds to the confinguration of parallel extremal
p-branes located at k different positions r = r;, where each carries N; units of
R — R charge. It is very important to stress that these extremal D-branes are
extremal. As a consequence of this fact it can be shown that when we have
two separated D-branes that the gravity attraction is exactly canceled with
the force of the gauge field since two D-branes repel. This is in sharp contrast
with the configuration D-brane-D-anti-brane which is famous example of the
unstable configuration. Returning back to D-branes the fact that there is
no force between them leads to the possibility that these D-branes can be
localized at different points r;.

Of course, the previous description of p-branes was given in terms of
supergravity approximation. Clearly this description is suitable on condition
when the curvature of p-brane geometry is small compared to the string scale
so that we can neglect the string theory corrections. In other words, we have
the condition r, > [,. Further, in order to supress string loop corrections we
have to demand that the effective string coupling e? should be small. In case
of interest p = 3 the dilaton is constant and clearly this coupling constant
could be small everywhere in the 3—brane geometry when we demand that
gs < 1 and hence lp < ;. In other words the supergravity approximation is
valid when

lp<l5<<7'+. (32)
Since we know that
ri P = d,g,NITP (33)

we find that this expression is equivalent to

_1
g/, < 1, < 4}/ TP N

1/4

1
g/t < 1< g7 " N™r =

7—p

gs* <1< gsN
(34)

7-p
Clearly 1 > gs* and clearly N > g,/N due to the fact that g, < 1 and hence
we can rewrite the upper non-equivality in the form

1< gN<N. (35)
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1.3 D-Branes

As we said previously extremal Dp-brane can be also defined as a D-brane
which is (p+1)—dimensional hyperplane in space-time where the open strings
can end. Clearly open string theory contains the loop diagram with topology
of cilinder that, from the closed string point of view corresponds to the pro-
pagation of the closed string. In other words loop diagram for the open string
that ends on different D-branes corresponds to the propagation of the clo-
sed string between these D-branes. Using this fact we obtain that D-brane
carry RR charge. Further, D-brane is invariant under half of the space-time
supersymmetry and it can be shown that in type IIA (IIB) string theory one
half of supersymmetry is preserved when p is even (odd). This fact is also
consistent with the R-R fields that appear in given theory. Say differently,
Dp-brane is BPS object that carries R-R charge.

We believe that the extremal p-brane in supergravity and Dp-brane are
different descriptions of the same object. More precisely, there are descripti-
ons that can be used in some specific situations. Explicitly, D-brane is defined
using string world-sheet which is a well defined object in the string pertu-
rbation theory. When we have N D-branes at the same position that the
effective loop expansion parameter for the open string is g,/N rather than g,
since each open string boundary curve that ends on D-branes has Chan-Paton
factor N and the string coupling gs. Then the perturbative treatment is good
on condition when g, N < 1. We immediately see that this is complementary
to the regime where the supergavity description can be used.

When we restrict to the massless modes in the spectrum of the states of
the open string ending on Dp-brane we find that it forms U(N) gauge theory
in (p+ 1)—dimensions with 16— supercharges. There are (9 — p) scalar fields
®% in the adjoint representation of U (V) that has following physical meaning.
Let us presume that the vacuum expectation value < ®' > has k different
eigenvalues with N; identical values ¢!, N, identical values with ¢,. Say
differently, in matrix notation

Silyxn, O 0 0
< (bz >—= 0 ¢QIN2><N2 0 0 (36)
0 1 A

This vacuum expectation value breaks the original symmetry of the theory
that is U (V) to the group that preserves (36) that is U (V) x- - -xU(N). Phy-
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sically this situation describes configuration when N; Dp-branes are localized
at xi = @412, Ny Dp-branes localized at =, = ¢4/ and so on. Then careful
analysis of the fluctuations around this vacuum state shows that there are
massive W-bosons in bi-fundamental representation of U(XN;) x U(N;) that
correspond to the open strings stretched between Dp-branes localized at 7}
and 7. In fact, analysis of the open string with the Dirrichlet boundary con-
ditions at X (o = 0) =7; , X(0 = 7) = 7; leads to the spectrum where the
mass of the lightest states is proportional to the Euclidean distance |r; — 75|

1.4 N =4 SYM theory

First of all we have to explain what means theory with A supersymetries. N’
is the number of irreducible spinors that are conserved charges that generate
supersymmetry transformations. It turns out that N' = 4 is the maximal
number that it is possible for interacting four dimensional field theory wi-
thout gravity. In four dimension general spinor has four complex componets.
Then the Weyl projection eliminates two of them so that Weyl spinor has
two complex Weyl spinors. Since N' = 4 we have 4 x 2 x 2 = 16 real su-
perchages, where the first 2 means number of complex components and the
second one means that one complex component has two real components.
Further, we consider the gauge group U(N) which means that all fields are
N x N hermitean matrices.

The simplest way how to derive N' = 4 four dimensional gauge theory is to
consider N/ =1 SYM theory in ten dimensions. (Note that in ten dimensions
the dimension of spinor space is 2% =32 complex components, however now
we can impose Majorana and Weyl projection so that irreducible spinor has
16 real components which is exactly equal to number of supersymmetries of
N =4 SYM theory in four dimensions.) This theory contains a ten-vector
field Ay, a Majorana-Weyl spinor ¥ that both are in adjoint representation
of the gauge group. Then we derive four dimensional theory by dimensional
reduction which means that we presume that all fileds do not depend on six
of the (Euclidean) spatial dimensions. As a result we obtain four dimensional
theory with four-vector A, six scalars ¢! and four Weyl spinors ¢4, This four
dimensional SYM theory has a global SO(6) ~ SU(4) global symmetry that
rotates six scalars. Due to this symmetry it also rotates four supercharges
Q4 and it is known as R—symmetry.
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Note About Kaluza-Klein compactification on a circle

Our goal is to compactify one space dimension on a circle S} with radius
R. Tt is convenient to decompose the coordinates ™ of R into a coordinate
y on the circle and the remaining coordinates x*. For simplicity we consider
the flat space-time metric so that the wave operator takes the form

1 0?
——ou[gMNoN] = 0,0 .
Ner mlg” " ON] = O 0,] + 0
We are interested how various fields behave in the limit R — 0.
We begin with a scalar field ¢(X*) that obeys periodic boundary condi-

tions on S% that has following Fourier decomposition

zn/R
o(at,y) = mnez;b v, (38)

Note that this field obeys the periodic boundary condition
¢ T y+277 Z¢ 27riny/R627rin _ ¢($) ) (39)

neZ

(37)

Then D—dimensional kinetic term of a scalar field with mass m then decom-
poses as follows

1
é/de(_g;Wﬁuﬂs* V¢+m2¢¢*) =
=g [ [ = 5 e o +
2m\” 9
+ (E) MNGy G + M ¢n¢m)] =

2
=D / AP a0, bun™ y¢n+( ””) &2+ m?¢l)
(40)
using the fact that

2R )
/ dye! "R — 0 n £ —m |
0

2R ]
/ dye'Crr/IRY — 97 R n=m .
0

(41)
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In other words in the process of compactiﬁcation we obtain infinite number
of scalar fields with masses m? = m? + (2””) . We also see that in the limit
R — 0 the massive modes decouple and hence the dynamical modes are the
zero modes only. Zero modes are modes ¢q that do not carry momentum in
y direction.

Situation is more involved in case of gauge theory. Let us consider the
action

27R
S =— / dPx / dyFynFMY = / dPx / y[F, F*™ + 2F,, F¥] .
0

(42)
Let us expand the gauge field as

1 . 1 )
- E m _iny/R — E iny/R
V21R < € Ay V21R < Pme ' (43)
Then we have

1 .
FV: 2 ) an_ayan 6zny/RE§ n my/R
8 \/ﬂn[uy d T

n

Fuun“pnyanJ — = R Z yT/ nuafm i(n—m)y/R 7

Fﬂy \/ﬁ Z p(bn - n) iny/R )
1 im m\ i(m—n
Foyn"*F,, = T Z( 0yun — — a1 (Db + o )ei(m—mu/R

(44)

However we should remember that gauge theory possesses U(1) symmetry.
Let us fix part of this symmetry by fixing

This gauge fixing can be achieved and fixed by the Fourier modes 0 (x), k # 0
when we perform the Fourier decomposition of the gauge function 0(x) =
\/2177%216 e*v/Lg, (x) where the gauge function #(z) appears in the gauge

transformations A), = A, + 9,0. Using this fixing of the gauge symmetry
we obtain the action in the form

n\ 2
/ dDwZ Fran?™n” [y + 20,0m" 0,6 + 2 <§) ayn"’ay]  (46)
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We see that there are infinite number of massive vector fields that again
decouple in the limit R — 0. Note that the zero mode of the gauge field a,
possesses the gauge symmetry under a;, = a, + d,6p, since the Fourier mode
0o(z) remained unfixed in the gauge fixing process given above.

Let us again return to the analysis of N’ =4 SYM theory. N' = 4 SYM
theories are conformally invariant which implies that they are ultraviolet
finite. If we combine space-time symmetries which are Lorentz invariance,
translation invariance, supersymmetry, scale invariance, conformal invari-
ance, R—symmetry gives the superconformal supergroup called PSU(2,2|4),
where supergroup has both bosonic and fermionic generators.

The parameters of N/ = 4 with the gauge group U(N) are Y M coupling
constant g, vacuum angle 6 and the rank of the gauge group N. As we
argued above for large N the natural parameter is 'tHooft parameter A =
g>N. Then for fixed A the theory has 1/N expanssion for N > 1. There
is remarkable symmetry of the leading term in the expanssion (the planar
approximation) that is known as a dual conformal invariance. It turns out
that this amount of symmetry is sufficient to make the theory completely
integrable. Unfortunately it is not known whether this is property of the
planar approximation or whether it can be extended to the complete theory.
If we further introduce the complex parameter

0 . Am
= — 11—

2r g%’
we find that U(NV) theory has an SL(2, Z) duality symmetry where 7 trans-
forms as

T

(47)

at +0b
—> Y
ct +d
Fora=0,b=1,¢c=—-1,d =0 we find 7 — —% which is known as S—duality.
For # = 0 this relation gives g — 4?” which implies the relation between the
strong coupling theory and weak coupling. It can be shown that S-duality is
an exact non-abelian electric-magnetic equivalence.

N SYM theory has closed relation with the Dp-branes, for very nice re-
view of this correspondence, see [7]. As we argued above a stack of coincident
flat D3-branes has a world-volume theory which is N' =4 SYM U(N) the-
ory. As we also shown above the configuration with D-branes at different
transverse positions is given by the vacuum expectation value (36) which
leads to the emergence of massive bosons with the mass

mg; = |77@ - 77]|T (49)

(48)
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where 7" is fundamental string tension. We see that this is the similar situation
as in case of Higgs mechanism. On the other hand there is a difference since
the gauge fields become massive when the scalar fields in the adjoint repre-
sentation of the original gauge group are eaten while in case of the Standard
model the SU(2) Higgs doublet is in the fundamental representation. This
difference between these two descriptions is emphasized in the names of these
two phenomena, Coulomb branch in case of our case while the second case
is known as Higgs branch.

Let us consider N' = 4,d = 4 SYM with the gauge group U(N). Usu-
ally we say that free U(1) multiplet decouples leading to interacting SU(N)
theory. In D3-brane intepretation this decoupling multiplet describes the dy-
namics of the center of mass of the collection of D3-branes.

1.4.1 The Probe Approximation

Let us consider a D3-brane embedded in ten dimensional target space-time.
The probe approximation means that we neglect the back reaction of the
brane on the geometry and the other background fields. Since the brane is
source for one unit of flux we have to require that the background flux N is
large so that NV + 1 =~ N. As we know the world-volume of a single D-brane
contains U(1) gauge field strength F,p = 0,43 — 03A,. Since we presume
that the action does not contain derivatives of F' we can say that these fields
vary sufficiently slowly so that their derivatives can be neglected. Similar
restriction we also apply for other world-volume fields.

In more details, the world-volume effective action for D3-brane is famous
Dirac-Born-Infeld action

S = —Tps / d*oe™® \/— det(Gap + 2ma’'Fop) + Scms (50)

where
Gag = gMNaaxMang (51)

where Chern-Simons term has the form
SCHS — M3/ P[Z C(n)eB]ezna/F : (52>
M

where >° C™ is sum over Ramond-Ramond fields where p3 is Ramond-
Ramond charge of given brane. Further PJ...]| means pullback of given field
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to the world-volume of D3-brane. Note that there are integrations of forms
over world-volume of D3-brane where the wedge products between forms is
implicitly presumed.

Now we would like to see how from DBI action the YM action can be
derived. Let us presume that D3-brane is embedded in the flat target space-
time gyny = nuny = diag(—1,1,...,1). Further we presume static gauge
where

t =0t 1u=0,1,2,3. (53)

Then we obtain
Jap = gw,aax“agx” + guﬁaxlagx‘] = Nag t+ 8a$lag$[ (54)

Then we obtain

\/— det(gap + 270/ Fop) = v/ — det ny/det(det (8 + Onpl0, ¢ + 2ma’ Fly) =

1 2 N2
= \/—detn(1+§8“¢fau¢1— ( Wf) F,F")

(55)

using the fact that

1 1
det(/ + M) = expTrin(f + M) ~ exp Tr(M — §M2 ~1+TrM — ETrl\/I2 .
(56)
In summary we find that the DBI action reduces to the YM action in the
limit of slowly varying fields. The generalization to non-abelian configuration
is given by non-abelian form of DBI action.

2 Conformal Field Theories and AdS Spaces

2.1 Conformal Field Theories

As we know symmetry plays fundamental role in the particle physics, where
Lorentz and Poincare symmetries are basic principles for the constructions of
corresponding actions. It is natural to ask the question whether there exists
non-trivial generalization of these symmetries. An interesting generalization
of Poincare invariance is the addition of a scale invariance symmetry that
implies that the physics on the different scales are the same. On the other
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hand this symmetry is non-consistent wit the existence of S-matrix since the
S-matrix is based on the definition of the asymptotic states that are defined at
far infinity. Clearly in theory, that is invariant under scaling transformation,
the meaning of asymptotic distance does not make sense. Many interesting
field theories, as for example Yang-Mills theory in four dimensions, are scale
invariant, at least classically. In fact, generally scale invariance is broken by
quantum theory, since it requires cutoff that breaks scale invariance explicitly.
On the other hand NV = 4 SYM theory in four dimension is well defined
quantum field theory where the scaling symmetry is not broken. We also
know that quantum field theories are characterized by renormalization group
flow from some scale invariant UV fixed point, that could be free theory, to
some scale invariant IR fixed point, that could be also free.

Very important question is whether unitary interacting scale-invariant
theories are also invariant under full conformal group. The definite answer to
this question exists in two dimensions where it was proved that scale invariant
theories are always conformaly invariant. In the case of four dimensions the
situation is more involved with recent extensive discussion of this point where
however no definitive conclusion has been reached yet. In any case we now
review the main properties of conformal group.

2.1.1 Conformal Group and Conformal Algebra

Conformal group is the group of transformations that preserve the form of
the metric up to scale factor

95 (2") = Q) gy (2) . (57)
The set of conformal transformations forms a group where the Poincare group
is subgroup of given group since it corresponds to the case A(z) = 1. In order
to investigate conformal group in more details let us consider an infinitesimal
transformation
o =2t +e(x) . (58)
Since this can be considered as a diffeomorphism transformation we find that
the metric transforms as

OxP 0x°
g;u(x/) = gpo’(l‘)wax/y (59)
that for (58) gives
Gy (T +€) = G + GupO€” + 0u€” Gy (60)
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Now the requirement that the transformations are conformal implies

G = Gu + F G = Gu + O G + Gup0r€” (61)
and hence
aﬂengV + gﬂpallep = fg;w (62)

where the factor f can be determined by the trace of given expression
2
[ = O (63)

In what follows we presume that the metric g, is flat g,, = 1,,. Then if we
apply additional derivative on (62) 0, we find

0,06, + 0,0,€,, = Op [N
(64)

At the same time taking partial derivative with 0, of equation (62) now with
indices p, v we find

00,6, + 0,0,€, = 0, f 10 (65)
If we combine these two equations we obtain

20,0u€, + 0[0p€ + Ou€p] = Op [Ny + Opf 1w =

2apau€u = pfmw + 3uf77pu - aufnup
(66)

where in the last step we again used e.q. (62) with p, p indices. Now con-
tracting this expression with n”* we obtain

20"0,€, = (2 —d)0,.f . (67)
Then we apply 0, on this expression and 92 on (62) we obtain

20°0,¢, = (2 — d)0,0,f =
20°0,6, = (2 — d)0,0,f =
0?06, + 0pe,) = (2 — d)0,0,f =
(2 - d)a,uauf = 77;w82f I

(68)
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where in the first step we used 9,0, f = 0,0, f and than the first equation
again. Finally we contract this expression with n* and we obtain

(d—1)0*f=0. (69)

Now using these equations we derive the explicit form of the conformal trans-
formations.

We see that for d = 1 there are no constraints on function f and hence
any smooth transformation is conformal in one dimension. Of course, this is
trivial result since the notion of angle does not exist in one dimension. The
case d = 2 corresponds to the two dimensional conformal field theory which
is analyzed in case of string theory so that it is not interesting for us. For that
reason we restrict ourselves to the case d > 3. In this case we find 9*f = 0
from (69) and then from (68) we find 9,0, f = 0, which however implies that
f is at most linear in the coordinates

flz) =A+ B,a" , A, B, = const . (70)

Now inserting this expression into (66) we find that 0,0,¢€, is constant which
means that €, is at most quadratic in coordinates, so that we can write

— v vV,.p _
€y = ay + b’ + cupr’x’ |y = Cupy - (71)

Since the constraints equations hold for all x we can treat each power of
coordinate separately. First of all it is clear that the constant term a, is not
restricted by these equations and it corresponds to the well known infinite-
simal translation. Focusing on the linear term we insert it into the equation
(62) and we obtain

2
b + Bl = SV

(72)

Since by, can be expressed as linear combination of the symmetric, antisy-
mmetric tensor and trace we find that the previous equation can be solved
with

b = QM + My, My = =My, (73)
since then b,,n"" = da(my,n™™ = 0) so that we really find that (72) is
obeyed by (73). Now the pure trace corresponds to the infinitesimal scale
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transformations while antisymmetric part is an infinitesimal rigid rotation.
Finally we consider the quadratic term. First of all we have

2 4 4
f= Eaue“ = ac“yp5zxp = ac“upxp . (74)
Then we obtain
Cuvp = n,upbl/ + 77,ul/bp - nupb,u ) (75>
where ]
bM = ECUO.M . (76)
Corresponding special conformal transformation has the form
' =t 4 2(aby)at — V' (2Vx,) . (77)

Now we would like to discuss how fields transform under these transformati-
ons. Let us consider general transformation in the form

oz

owy

2 =t 4w,

(78)

where w, are parameters of these transformations. Physical fields transform
under these transformations as

oF
dw,

O'(2') = ®(x) + we—(7) (79)
where the functional F follows from the transformation properties of these
fields. Let us define generator G, of symmetry transformation from following
relation

0,P(z) = @' (2) — P(x) = —iw,G,P(z) . (80)

Now from previous definitions we have

, oxt oOF
o (:L'+wa5wa) = @(:C)+wa§ - =
, dat OF
d'(x) + 8M<I>wa5—wa =®(x) + wa(s—a =
dz® OF
5wq)(37) = q)/(,’,lj‘) — q)(x) = _wa£8u® -+ wam
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and hence we have - SF
T
G, b= —0,p — — . 2
G, S o, S (82)

For simplicity we consider the case where F(®) = ®. Now we have e = a*
and the generator has the form

P, = —id, , (translation) (83)
In case of dilation we have ‘i;”—: = z# and hence the generator has the form
D = —ix"0, . (84)
In case of special conformal transformation we have
St
6ibV = 22"2" — 0L (2"x,) (85)

and hence the generator has the form
K, = —i(2z,2"0, — (2°x,)0,) (86)
In the same way we can determine the generator of Lorentz rotation
L, =i(x,0, —x,0,) (87)

Now we can calculate the algebra of these generators in the standard way as
the commutators of these operators acting on the test function and we find

D, P =iP,
D, K] = ik,
[Kw P, = 2@(77WD L)
(Ko, L] = iy — 1 P)

[va L,UV] = (npuPI/ — b))
Ly Lol = i(p Lo + MuoLup — NupLve — MvoLyp) -
(88)

Now we would like to show that this algebra is isomorphic to the algebra of
SO(d,2) and can have the standard form of SO(d,2) alegra with signature
(—,+,+,...,+,—). We define these generators as

1

1
~(Ky— Py) s Juasr) = §(Ku +P,) ,Jarnya =D . (89)

J;u/ = L/u/ aJud: 9
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These generators obey SO(d + 1, 1) commutation relations

[JaIn ch] = Z.(T/adt]bc + nchad - nachd - ndeac) . (90)

where 7,, = diag(—1,1,...,1,—1).

It is also very useful to consider conformal field theory in Euclidean space
where the conformal group is SO(d+1,1). Now R is conformally equivalent
to S and hence the field theory on R? (with appropriate boundary conditions
at infinity) is isomorphic to the theory on S¢.

2.1.2 Conformal Invariance in Classical Field Theory

We say that given field theory is conformal field theory at the classical level if
its action is invariant under conformal transformations. In order to formulate
such a theory we have to give a prescription of the conformal transformations
on the classical fields.

Let us now consider an infinitesimal conformal transformation parame-
terized by w,. We would like to find a matrix representation 7j such that a
multicomponent field ®(x) transforms as

(') = (1~ ito, T,) () . (01)

where the generator T, has to be added to the space-time part that was
given above in order to find the full generators of symmetry. In order to find
such a generator we consider a subgroup of the Poincare group that leaves
the point x = 0 invariant which is the Lorentz group. Then we introduce
a matrix representation S, in order to define the action of infinitesimal
Lorentz transformations on the field ®(0)

LMV(I)(O) = SMV(I)(O) ) (92>

where S, is spin operator whose explicit form is given by nature of the field
®. Then in order to calculate the action of this operator on the field at the
space-time point x we have to perform the translation of given operator as

eiprpLuyefl’:L‘pPP — S,ul/ _ x,LLPl/ + QZI/P,LL (93)
where we used the Hausdorff formula for two A and B operators

AB = B+ [B A+ B AL A+ (B ALALA . (94)
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so that we generally obtain

P,®(z) = —i0,®(x) ,
L,,®(z) =i(x,0, — x,0,)®(x) + S, P(x) .
(95)

In the same way we proceed with the conformal group. The subgroup that
leaves the origin x = 0 invariant is generated by rotations, dilations and
special conformal transformations. If we look on the algebra of generators of
corresponding symmetry we obtain an algebra that has similar structure as
Poincare algebra with the dilatation, where now K, play the similar roles
as P,. We denote S,,, A and K, as the respective values of the generators
L,,,D and K, at x = 0. Clearly they have to form a matrix representation
of the reduced algebra

[Aa S;w} =0,
[A,/—iu} = —iK, ,
Ky, ky) =0,

[Kps Sypw] = i(Mppkin — Mpukip)
[Syws Spol = 1(MupSpe + MuoSvp — NupSve — MuoSup) -
(96)

Then we translate given operators, or more precisely, calculate the action of
these operators on the field at the point x when we calculate

P —ixH
'@ P”De ix P”:D—F[IIVP,,,

e K em " = K, + 22,D — 22" L, + 2x,(z"P,) — 2*P

)
(97)
and hence we obtain the action of the operators on the physical fields
D®(x) = (—iz"d, + N)d(z)
K®(z) = (k, + 22,2 — 2¥S,, — 2ix,2"8, + i220,)®(z) .
(98)

Now we demand that ®(z) belong to an irreducible representation of the
Lorentz group and then by Schur’s lemma, any matrix that commutes with
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all the generators S, must be a multiple of the identity. Consequently the
matrix A is a multiple of the identity and from the algebra of the matrix we
find that x, has to vanish. A is then number equal to —i/A where A is the
scaling dimension of the field ® which is the scaling dimension of the field ®
defined as

¥ = v,
'(A\r) = Nd(x) .
(99)

It is important to stress that previous form of the operators correspond to
the conformal algebra realized on the space-time functions as differential
operators. On the other hand in the quantum field theories these generators
should correspond to the operators in Heisenberg picture, where they act on
the local fields (again, local operators) in form of the commutators

Y

[P, ®(z)] =i0,P(x)
[Lyw, ®(x)] = (i(x.00 — 2,04) + Sy ) ()
D, ®(x)] = i(—A + 2#0,)P(z) ,
[K,, ®(z)] = (i(2%0, — 22,2"0, + 2x,/\) — 22" 5,,)®(x) ,
(100)

where of course S, are matrices of the finite dimensional representation of
the Lorentz group that act on the indices of the field ®. Further, A is the
scaling dimension matrix that acts on the collection of the local operators ®
(with fixed spin) that may not be digagonalizable in general.

Further, the commutation relations given above imply that P, raises the
scaling dimension of the field while K, lowers it. In unitary field theories
there is a lower bound on the dimension of fields, for example in case of
the scalar field we have A > (d — 2)/2. Then clearly each representation of
the conformal group contains operators of lowest dimension that has to be
annihilated by K, at x = 0. These operators ar called as primary operators.
Then non-primary operators may be obtained by acting P, further.

We define the vacuum state as the state that obeys

P10) = J,.,10) = D[0) = K, [0) = 0. (101)

Space-time symmetry and energy-momentum tensor
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We introduced the symmetry of given system as an algebra of conserved
charges that act on the Hilbert space. On the other hand in field theories
we usually postulate that these symmetries are given as integrals of local
conserved charges. In other words, if the current is conserved

0,5" =0 (102)

then we can construct the conserved charge

Q= /dd_la:jo . (103)

Let us now presume that the action under infinitesimal translation z/# =
xt 4 e, e = const. Then the corresponding conserved current has the form

oL

y——
c T T AT 0%

0" ,0,T" =0 (104)

that by Noéether assumption obeys the conserved law
o'T;, =0. (105)

Generally the energy-momentum tensor that is derived by Noether procedure
is not symmetric

., #1;, (106)

but it can be made symmetric by Belinfante prescription.
Let us further presume that the action is invariant under scale transfor-
mation

r=>01+a)z,F(@)=(1-al)d. (107)
Note that for general variation we have following conserved current
oL ox” 0L OF
b= ———==0,02 - 'L — , 108
Ja (a(aucp) v ) dwa  00,P dw, (108)
where
s
P =gt —I—wadm ,
Ow,
oF
()= — () .
() = ®(@) + wa - (x)

(109)
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Then in case of the scale invariance we find

oL oL
i = —Lat Y0,P AP =
e R R TR
L
=THx" AD
T S
(110)
Since by presumption the current jf is conserved we find
0.jrn = 0,T'x" +T" + AO ok =0.
wJSD n= v ci H 5((9#@)
(111)
Let us now define virial of the field ¢
oL
Vi = PN + i SHP) P 112
50Pd (77 + 1S ) ) ( )

where S*¥ is the spin operator of the field ®. Let us also presume that virial
is the divergence of another tensor "#

VH = 0,07 (113)

where the last condition is obeyed in a large class of physical theories. Then
we define

y 1
A= 5 ).

2 1
X = ——— (Wai” — M o+ ——— (o — nA“np”)Uia) ,

d—2 d—1
(114)
and we consider the following modified energy-momentum tensor
" =T" + §,B" + %a@pxw” , (115)
where the first two terms constitute the Belinfante tensor defined as
Ty =T* + 0,B | B/ = —BHY | (116)
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Note that the presence of the tensor T7*” does not affect the conserved law
2,1y =90, T + 0,0,B™" = 0,T" . (117)

We search for B”* such that the new tensor 7%" is symmetric. Then we can
certainly construct another conserved current

JIM = 2T, — 2" Ty, (118)
so that
oI = 0P (e Th, — 2" Th,) =
=0Ty, — "' Th, + a*0°Th, — 2" 0°Th, =
=T —TH =0
(119)

Returning to (115) we claim that the last term is needed in order to make
TH traceless. Due to the symmetry properties of the tensor X we see that
it does not spoil the conserved property since

0,000, X1 =0 (120)

It can be also shown that it does not spoil the property of the Belinfante
tensor since

174 14 2 (e} 14 v
XA — XM — (d—2)(d— 1)U+a<77/\u77p - nA n’") (121)

that vanishes when contracted with 0,0,. Finally the trace of the new term
is

1
5@@){@7# = 040,00 = 9, V" .

(122)
From definition of B”*" we find
1 oL
BPF = —4 —_SHP 12
7 = 3 (5,85") (128)
and then from the definition of the virial we obtain the final result
T’L = 8%7'57 , (124)
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and therefore the scale invariance implies that the modified stress energy
tensor is traceless. Then we can construct the special conformal current

Kl = lpv® = 2, (poa”) T (125)
for constant vector p. Note that this current obeys the equation

aﬂK&) - [2pvxu - 277uu(pcfxa) - 2prM]TVM +

+lpp® — 22, (poa”)]0, T =0
(126)
where the expression in the first bracket vanished due to the symmetry of
T+ and also from the fact that 7" is traceless and where the last term
vanished due to the conservation of T#”. In this way we are able to construct
the current corresponding to the special conformal transformations. Note

however that we have to made crucial presumption about the existence of
the virial current.

3 Supersymmetry and Gauge Theories

In order to understand the spectrum of operators in the QFT living on the
boundary we have to say few basic facts considering SUSY. We start with
Supersymmetry algebra in 3 4+ 1 dimensions.

3.0.1 Supersymmetry Algebra in 3 + 1 dimensions

We know that the Poincare symmetry of the flat space-time is generated
by P, and L,,. Supersymmetry enlarges the Poincare algebra by including
spinor supercharges

a

o a =12 left Weyl spinor ,

Qaa = (Q)1 . right Weyl spinor ,
(127)
where N is the number of independent supersymmetries of the algebra. We
use two-component spinor notation a = 1, 2. The supercharges transform as

Weyl spinors of SO(1,3) and commute with translations. The remaining susy
structure relations are

{an Qﬁb} = QUZBP#(SI? ) {an QIZB} - Qeaﬁzab (128)
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By construction the generators Z are anti-symmetric in the indices a and b
and commute with all generators of the supersymmetry algebra. Sometimes
Z% are called as central charges so that we have

7% = zb [z% . ]=0. (129)

Clearly in case N' = 1 we have Z = 0. The supersymmetry algebra is inva-
riant under a global phase rotation of all supercharges )¢ which is a group
U(1)g. Further, in case N' > 1, the different supercharges may be rotated into
one another under the unitarity group SU(N)g. Thes symmetrise of the su-
persymmetry algebra are called R— symmetries. Generally these symmetries
could be broken by quantum mechanical effects.

We are mainly interested in N' = 4 SYM theory where the Lagrangian
density has the form

1 . N
L="Tr (—2—92FWFW +Y i DA — Y DX DX+

2

a i ~ Ya[vi oy g T

+DgCPN[X T M)+ D gCiap A X N + o) > X XJ]Q) ,
a,b,i a,b,i i,J

(130)
where
E, =0,A,—0,A, +i[A,, A) , D, X" =0,X"+i[A,, X], (131)

and where the constants C% and Cj are related to the Clifford Dirac mat-
rices for SO(6)g ~ SU(4)r which can shown when we consider A" =4 SYM
in four dimension as the dimensional reduction on 7° of D = 10 SYM. By
construction this Lagrangian is invariant under N' = 4 Poincare supersym-
metry.

It is instructive to determine the equations of motion that follows from
the Lagrangian density given above. For simplicity we restrict to the case of
the bosonic variables only. Varying with respect to X* we obtain

20,(D"X") + 2i(A, D" X" —iD'X'A,) +

+292(Xj[Xi7Xj] - [Xi7Xj]Xj) =

=2D,D"X" + 2¢°[X;, [ X', X7]] = 0
(132)

31



and varying the action with respect to A, we obtain
%[8,,F”“ +iA P —iFY A + 2i[ X, DFX] =
= %DVF”“ +2i[X;, D"X'| =0 .
! (133)
Note that A, X* belong to the adjoint representation of U(N) so that
Al =A (X)) = X", (134)

It is also useful to expand A,, X* with the help of the generators of the Lie
group Ty, T = T, so that

A, =AT,  X'=X"T, . (135)
so that
(X', X7] = X" XIPT,, Ty = X" X f 0T, |
D, X" = (0, X" +iA) X [T,
(136)
where fag are structure constants of U(n) algebra defined by the relation
[Te Ts] = fopTy > (fop)" = = o - (137)
Then the equations of motion have the form
D, (0" X + i AT X fONT, + [X;, (XX £.9T,)] =
= 0, (0" X" + i AP XY fUVT, + AT (O" XY +iAX S F.9) f,0T0 + XP XX £.9 F0T, =0
(138)

which has to be valid for all T}, and hence we obtain

0,0 X+ AMX 3 4 LAT(X A XISLS) £+ XPXTXPL S = 0
(139)
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In the same way we obtain the equation of motion for A7
0, (0" AFY — OF A 4 Z'AWA’“S]”M?)TQ +
X, (0" X + i AMTX f VT =
= 0,(0VA** — OH A + ZA””’A’““Sf N, +iX7 ("X + zA’”X“Sf 1,570 =0
(140)
and hence we again find
0, (0 AP — QI AV i AV AP £ ) +i X7 (O X P +iAM X f ) 9 = 0. (141)
Note that by definition we have
At =pv A, @' =0V, 0" =00, , (142)

where n** = diag(—1,1,1,1) , 6% = diag(1,1,1).
Given Lagrangian is also scale invariant. Explicitly, we assign the standard
mass dimensions to the fields and couplings

(A =[XT=1.[A] =3[9 =0 (143)
Clearly we see that the Lagrangian density has the scaling dimension [£] = 4
which, together with the scaling dimension [d%z] = —4 implies that the

action is invariant under scaling transformation. As we know this scaling sy-
mmetry combines with Poincare invariance into larger conformal symmetry
SO(2,4) ~ SU(2,2). This symmetry combines with N = 4 Poincare supersy-
mmetry into superconformal symmetry given by the supergroup SU(2,2[4).

It is very remarkable that this theory, upon perturbative quantization,
does not exhibit ultraviolet divergences in the correlation functions of its
canonical fields. Nonperturbatively there could be instanton corretions but
they give finite contributions too and hence it is believed that the theory is
UV finite. As a result the renormalization group S—function of the theory
vanishes identically which implies that the theory is exactly scale invariant
at the quantum level and the superconformal group SU(2,2/4) is symmetry
that is preserved in quantum theory too.

As we know there are various phases of given theory whose nature is
determined by the potential of the theory. The potential energy term in the
action of N' =4 SYM has the form

g Z / Tr[ X, X7)? (144)
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whose equations of motion have the form
(X [XY X)) =0 (145)
that has the solution
(X' X]=0,i,7=1,...,6. (146)
! Now we show that there are two solutions of the equations (146)

o The superconformal phase: This phase is characterized by the conditi-
ons

(X')=0,i=1,...,6. (147)

We see that the gauge algebra G is unbroken and the superconformal
symmetry SU(2,2[4) is also unbroken. The physical states and ope-
rators are gauge invariant (say differently, G—singlets) and transform
under unitarity representations of SU(2,2|4).

o The spontaneously broken or Coulomb phase that is characterized by
the condition '
(X") # Ofor at least onei (148)

The nature of the resulting theory depends on the degree of residual
symmetry. Generally we have G — U(1)" where r is the rank of the
group G and the low energy behavior is that of r copies of N' =4 U(1)
theory. Superconformal symmetry is spontaneously broken too due to
the non-zero vacuum expectation value of (X*) which also set the scale
of the theory.

3.0.2 Superconformall symmetry

The global continous symmetry group of N' = 4 SYM is given supergroup
SU(2,2|4) with following ingredients ? :

'We should also consider the solution that obeys [X*, X7/] = Iyxnk ,k = constant.
However this is not valid for any finite X? since taking the trace of this equation we find
that the left side vanishes identically while the right side implies that & = 0.

2We shall explain the meaning of the world supergroup. As the name suggests the
supergroup is generalization of ordinary group in the sense that it possesses the same group
structure. The Lie algebra of supergroups is superalgebra that is Zs—graded algebra. The

A B .
element of supergroup has the form ( C D ) , where A, B are Grassmann even matrices,

while B and C are Grassmann odd elements.
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e Conformal Symmetry forming the group SO(2,4) ~ SU(2,2) that is
generated by translations P*, Loretnz transformations L, dilatations
D and special conformal transformations K* |

e R— symmetry that forms the group SO(6)g ~ SU(4)r that is genera-
ted by T4, A=1,...,15

e Poincare supersymmetries generated by the supercharges Q7 and their
complex conjugates Q4q ,a@ = 1,...,4. These charges generate the N =
4 Poincare supersymmetry.

e Conformal symmetries that are generated by the supercharges S,, and
their complex conjugates S¢. The presence of these supercharges follows
from the fact that Poincare supersymmetries and the special conformal
transformations K, do not commute. Since both are symmetries their
commutator has to be also symmetry that we denote as S generators.

The two bosonic subalgebras SO(2,4) and SU(4) g commute. The superchar-
ges Q% and S¢ transform under 4 of SU(4)r while Qsa and S,, transform
under 4*. Then we can fit these generators in the the supermatrix that re-
presents the corresponding superalgebra

P, K, L, D Q%5
( Qda Saa TA (149>

To proceed further note that we have following natural grading of the algebra
that is given by the scaling dimension of the generators

[D] :[LMV]:[TA] =0 7[PM] =1 7[KM] =-1,
Q] =1/2,[5]=-1/2.
(150)

It is also important to stress that the superconformal algebras exist for d < 6
only. Schematically the comutation relations of the superconformal algebra
include in addition to the previous relations, the relations

[D7Q]:_%Q7[D78]:%S>[K7Q]257[P78]2Q7

{Q,Q} 2P {S,S}~K {Q,S}~M+D+R.
(151)
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The exact form of the commutation relations depend on the dimensions of
the space-time where given conformal field theory lives as follows from the
fact that the spinorial representations of the conformal group are different
for different space-time dimensions.

3.1 Superconformal Multiplets of Local Operators

We are interested in the construction of all local, gauge invariant operators
which are polynomial in the canonical fields. As we know that canonical fields
are X' A\, and A, that have classical dimensions 1,3/2 and 1, respectively.
It is clear that the gauge invariant operators can be constructed from the
covariant objects X%, \,, F lj'f, and the covariant derivative D, with following
canonical dimensions

X]=[D]=1.1F5]=2. =3 | (152)

where F) ;'f, are (anti) self-dual gauge field strength. We see that the classical
dimension of the composite operators is positive and that the number of
operators whose dimension is less than a given number is finite. The only
operator with dimension 0 is the unit operator.

Very important object in the theory are superconformal primary opera-
tors. Since the conformal supercharges S have dimension —1/2 we see that
successive application of S to any operator of definite dimension leads to
the operator of dimension 0. On the other hand we have to end there since
otherwise we would generate operators with negative dimension which is im-
possible in a unitary representation. Then we define a superconformal primary
operator O as a operator that is non-vanishing operator that obeys

S,0], =0 (153)

In other words we say that superconformal primary operator is the lowest
dimension operator in given superconformal mutiplet. We should stress that
there is an important difference from a conformal primary operator which
is the operator that is annihilated by special conformal generators K*. In
fact, every superconformal primary operator is conformal primary operator
as follows from the fact that

(K", 0] ~ [{S,S},0] =0 (154)
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since [S, O] = 0. Finally an operator O is called a superconformal descant
operator of an operator ', when it is of the form

0=1Q,07, (155)

for some well-defined local polynomial gauge invariant operator (0’. Clearly
if O is a descendant of (O’ then these two operators belong to the same
superconformal multiplet. As follows from the commutation relation above
we have

[D,0]=[D,[Q,0 =[Q.[D,0+[[D,Q], 0 =

= £0[Q.07+51Q.0=
= (Do +3)[2,0]=(bor+3)0
(156)

using the fact that
, 1

and we see that the dimension of the operator O is Ap = Apr + % Further
we see that the operator O cannot be a conformal primary operator because
there is in the same multiplet at least one operator O’ with dimension lower
than . In other words in given irreducible superconformal multiplet there
is a single superconformal primary operator which is the operator of lowest
dimension and all others are superconformal descendants of this primary.
Let us explicitly construct superconformal primary operator in N = 4
SYM. First of all we know that superconformal primary operator cannot be
given as (Q—commutator of another operator. In fact, let us presume that

we have an operator O = [Q, X] for some operator X and calculate the
commutator of this operator with S

where the last expression is non-zero since X has definite dimension and
R—charge. It turns out that we have to know how () transforms the canonical
fields. Schematically we have

{Q N =F"+[X,X], [Q X]=),
{Q,\} =DX , [Q,F]=Dx
(159)
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From these relations we see that local polynomial operator that contains
any of the elements on the right side of the above structure relations cannot
be primary since then it can be expressed as the commutator with ) with
another operator. In other words chiral primary operators cannot involve
neither the gauginos A nor the gauge field strengths F*. Since it has to
be function of the scalars X only it cannot involve neither derivatives nor
commutators of X. As a result we find that the superconformal primary
operators are gauge invariant scalars that involve X only in a symmetrized
way. The symplest operators are the single trace operators of the form

str(X X2 ... X™), (160)

where i;,j = 1,...,n are SO(6)r fundamental representation indices and
where str means the symmetrized trace over the gauge algebra so that the
resulting operator is totally symmetric in the SO(6)p indices i;. Generally
given operator transforms under a reducible representation of SO(6) which, in
our case, is the symmetrized product of fundamentals. Irreducible operators
may be obtained by isolating the traces over SO(6) indices. Since TrX? = 0
in SU(N) the simplest operators are

Z TrX'X,... Konishi multiplet

Tr(X'X7 + X7 X") ~ supergravity multiplet
(161)

These operators have own image in the AdS space as we will see in following
sections.

Of course, it is also possible to construct more complicated multiple trace
operators that are obtained as products of single trace operators.

3.1.1 N =4 Chiral or BPS Multiplets of Operators

It turns out that there are special representations that are very important
in the discussion of AdS/CFT correspondence. These representations corre-
spond the the situation when at least one supercharge () commutes with the
primary operator. Such representations are usually referred as chiral mul-
tiplets or BPS mutiplets. These representations are shortened and hence
their dimension cannot be renormalized or cannot receive quantum correcti-
ons. It turns out that these half-BPS operators play an important role in
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the AdS/CFT correpondence. The simplest series is given by single-trance
operators of the form

1 . .
O(x) = —str (X{“(x) . .X”“}(x)) , (162)
g
where {i1, ..., it} means SO(6)g traceless part of the tensor and nj means an
overall normalization of the operator that is fixed by normalizing its 2—point
function.

3.2 Anti-de Sitter Space
3.2.1 Geomery of Anti-de Sitter Space

In order to understand the AdS/CFT correspondence we have to know some
basic geometric facts about Anti-de Sitter space time. Very important is the
relation between conformal compactifications of AdS and of flat space. In
the case of the Euclidean signature metric we can compactify the flat space
R™ to the n—sphere S™ by adding a point at infinity so that the conformal
field theory is naturally defined on S™. On the other hand (n + 1) dimensi-
onal hyperbolic space which is the Euclidean version of AdS space can be
conformally mapped into the (n + 1) dimensional disk D, 1. Therefore the
boundary of compactified hyperbolic space is the compactified Euclid space.
It turns out that a similar correspondence holds in case of the Lorentizan
signature metric as well.

Let us say few words about Conformal Structure of Flat Space. Let
us start with the simplest case RY' which is two-dimensional Minkowski
space with the metric

ds® = —dt* + da* |, (—o0 < t,x < +00) (163)
Let us introduce two coordinates
ui:tim,x:u’tzw (164)
2 2
so that the line element has the form
ds® = —duydu_ . (165)

Finally we introduce two coordinates 7,6

+
ue = tan <T : ) (166)
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so that

1 1

= m((ﬁ'%— d@) , du_ =

(dr —do)  (167)

so that the line element has the form

1

B 4 cos? (TT“’) cos? (72;9)<

ds® —dr? +db?) | (168)

Now we see that the flat Minkowski space is conformally mapped into the
interior of the compact region

|T:|:9

| <m/2. (169)

This space has four corners. The corners at 7,0 = (0, £7) corresponds o the
points at spatial infinity £ = 4oo in the original coordinates. Since light
ray trajectories are invariant under a conformal rescaling of the metric this
mapping gives the causal structure of R*'. Note also that the new coordi-
nates (7,60) are well defined at the asymptotic regions of the flat space. In
other words the conformal compactification is useful for a rigorous defini-
tion of asymptotic flatness of space-time when we say that the space-time is
asymptotically flat if it has the same boundary structure as that of the flat
space after conformal transformation.

R p>?2

Let us consider higher dimensional Minkowski space-time

ds® = —dt* + dr® + r?d2_, |

(170)

where d2,_; is the line element on the unit sphere SP~!. Introduce variables
uy defined as
uy =txr , duy =dt £dr (171)

we find that the metric element has the form
1
ds® = —duydu_ + Z(u+ —u_ )2, . (172)

As the next step we introduce variables @4 defined as

uy = tanug ,dugy =

cos? U4
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so that

ds® = 1

cos? iy cos? U_

1
(—dmda +1 sin® (@, — a)daﬁ_l) (174)

Finally we introduce variables @y = (7 +6) so that we obtain the final form
of the metric

ds* = L
4 cos? iy cos? U_

(—d7* + df + sin® 0dQ2}_,) . (175)

Note that we have
T=tan '(t+7)+tan 't —7) ,0 =tan *(t +7) —tan"'(t — 7). (176)

Now the points (¢,r) = (00,0), (—00,0),(0,00) are mapped to the points
(1,0) = (m,0), (—m,0), (0, 7) so that the the original half-plane t € (—o0,0),r <
0 is mapped to the triangular region in 7,0 plane defined these three points.
However the conformally scaled metric

ds” = —dr* 4 df” sin® 6dQ2;_, (177)

can be analytically continued outside of the triangle and the maximally ex-
tended space with
0<f<m —-o0<T<+00 (178)

has the geometry R x SP which is Einstein static universe, where the points
0 = 0, 7 correspond to the north and south poles of S?.
Since

d 0 Ouy 0 Ou_
or " ou, or  ou_ or
0 1 0 1
~ Out 2cos? iy + Ou_ 2cos?u_

1 5, O 1 5, O
- 2(1+u+)aqu +2(1+u_)au_ :

(179)

L. Now note that in the original variables

using the fact that cos®a, = fE=)
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we have

(180)
Note that we have
P,=—io, ,K, =—i(2x,x2"0, — (z"x,)0,) (181)

as the generators of translations and special conformal transformations on
RYP. If we further identify —i% = H, where H is the Hamiltonian corre-
sponding to the evolution in 7—coordinate so that we have relation
1
H= §(P() + Ko) = J07p+2 . (182)
In other words the generator H = Jj 42 corresponds to the SO(2) part of
the maximally compact subgroup SO(2) x SO(p+ 1) of SO(2,p+ 1). Thus
the subgroup SO(2) x SO(p+ 1) of the conformal group SO(2,p+ 1) can be
identified with the isometry of the Einstein static universe R x SP.
Anti-de Sitter Space The (p + 2)-dimensional anti-de Sitter space
AdSy; 2 can be represented by the hyperboloid

p+1
X0+ X2,—Y X}=FR (183)
i=1
in the flat (p + 3)—dimensional space with the metric

p+1

ds® = —dX3 — dX2, + > dX} (184)
=1
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By construction we see that this space has an isometry SO(2,p + 1) and it
is homogeneous and isotropic. Equation (183) can be solved by setting

Xo = RcoshpcosT , X, o= RcoshpsinTt ,
X;=RsinhpQ; ,(i=1,....p+1;» Qf=1).

(185)
It is easy to see that this ansatz solves (183
p+1
Xg +X§+2 - ZXZQ =
i=1
p+1
= R%cosh? pcos® 7+ R? cosh? psin® 7 — Z R?sinh® pQ? =
i=1
= R?cosh? p — R?sinh? p = R?
(186)

Then with the help of these variables we find that the line element has the
form

p+1

ds’ = —dX§ —dXp,, + Y dX] =
i=1
= R?*(— cosh® pdr? + dp? + sinh® pdQ?) .
(187)

If we take p > 0 and 0 < 7 < 27 we find that the solution (185) covers the
whole hyperbolic space. Then (7, p, ;) are callet the global coordinates of
AdS. Since for p near 0 we have

cosh? p ~ 1 ,sinh? p ~ p*forp < 1 (188)
we find that the metric has the form in this region
ds® = R*(—dr* + dp* + p*dQ?) (189)

we see that hyperboloid has the topology S' x RPT!, where S! is paramete-
rized by 7 so that it is closed time-like curve, while RP*! is parameterized
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by p,€2;. In order to obtain causal space-time we simply unwrap the circle
S so that we take —0o < 7 < oo with no identification. In following when
we consider AdS,;, space we will implicitly presume its universal covering
space.

The isometry group SO(2,p + 1) of AdS,;» has the maximal compact
subgroup SO(2) x SO(p + 1) where it is clear that SO(2) represents the
constant translations in the 7—direction and SO(p + 1) gives rotation of SP.

For some purposes it is useful to introduce the coordinate 6 that is related
to p by tanf = sinhp ,0 < 6§ < 7/2 so that dp* = ngjg so that the line
element has the form

2

ds® =

— COSZQ(_dT2 + df* + sin® 0dQ?) . (190)

The causal structure of the space-time does not change by a conformal res-
caling on the metric. In other words multiplying the metric by R™2 cos? 0 it
becomes

ds* = —dr* + df® + sin® 0dQ* . (191)

This is the metric of the Einstein static universe that appeared with the
dimension lower by one in the conformal compactification of R'?. However
it is important to stress that now the coordinate takes value in 0 < 0 < 7/2
rather than 0 < # < 7 that appears in the compactification of R'?. In other
words AdS, 12 can be conformally mapped into one half of the Einstein static
universe. In general, if a space-time can be conformally compactified into a
region which has the same boundary structure as one half of the Einstein
static universe the space-time is called asymptotically AdS.

The boundary of AdS is extended in time-like direction 7 so that we need
to specify boundary condition on the R x SP at § = w/2 which defines the
boundary of space-time given as points at p — oco. It is really important
that the boundary of AdS,;2 or the boundary of the conformally compacti-
fied AdS, 2 is the same as the conformal compactification of the (p + 1)—
dimensional Minkowski space-time.

In addition to the global parametrization given above there is also another

44



set of coordinates (u,t,%)(0 < u,Z € RP) that are defined by

Xy = %(1 +u*R*(1+ 7 — %)) , X2 = Rut ,
X'=Rux',(i=1,...,p),
XPHl — %(1 —u?R*(1 -2 +17) .

(192)

so that

p+1

Xg +X§+2 - ZXE =
i=1

1
= —(1+2°R*(1+7 - ) +u'R' Q1+ 7 - °)°) +

4u?
+R%*u*t? — R*u?7% — m(1 —2uPR*(1 — 2% + %) +u'RY (1 — 2%+ tH)?) = R?
(193)
Then the metric has the form
ds®* = R? (d—uj + u?(—dt* + de)) : (194)
U

These coordinates cover one half of the hyperboloid. These coordinates are
called the Poincare coordinates. In this form of the metric the subgroup
ISO(1,p) and SO(1,1) of the SO(2,p + 1) isometry are manifest where
ISO(1,p) is the Poincare transformation on ¢(¢,Z) and SO(1,1) is

(t,%,u) = (ct,c,c ') ,e >0 (195)

In the AdS/CFT correspondence this is identified with the dilatation D in
the conformal symmetry group of R'P.

Consider again the metric (187) and (194). We clearly see that the norm
of the vector 0, is always non-zero in (187) and hence it is natural to call 7
as the global time coordinate of AdS. On the other hand the time-like vector
Oy in (194) becomes null at v = 0. This point is call as Killing horizon.

Euclidean Rotation As it is clear from the metric (187) the metric is
static with respect to the time coordinate 7 which is also global coordinate.
Then it is possible to perform Wick rotation in the quantum field theory on
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AdS, . Explicitly, we perform Wick rotation e™ — e~ which means
that 7 = —i7. Inserting this form to the relation between original variables
X and 7 we find

Xy = Rcoshpcoshty , X,19 =1Rcoshpsinh7g ,

(196)
Let us define coordinate Xy as
Xg = —iX,2 = Rcoshpsinh7g . (197)
Then the original metric has the form
p+1
ds® = —dX§ +dXp+ ) dX7 (198)
i=1
and the equation for the hyperboloid has the form
p+1
X§—Xp =) X?=0. (199)
i=1

Note also that the same space is obtained by rotating the time coordinate ¢ of
the Poincare coordiantes as tg = —it even though the Poincare coordinates
cover only a part of the entire AdS.

In the coordinates (p,7g,$2,) and (u,tg,Z) the Euclidean metric is ex-
pressed as

ds}, = R*(cosh? pdrf, + dp® + sinh? pd(22) =
5 du? 2/ 142 -2

(200)
It is also very convenient to use another form of the metric when we set
u=1/y ,du= —y%dy so that we obtain the metric in the form
dy? + da? + ... da?
ds® = R? ( Y — ”*1) (201)
Y

This Euclidean form of the metric is very useful for analysis of the correlation
functions in field theory. As we know from the standart textbook of quantum
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field theory the correlation functions < ¢; ... ¢, > defined on the Euclidean
space are related by the Wick rotation to the T-ordered correlation functions
< 0|T(¢1 ... ¢n]0 > in the Minkowski space. The same is true in the anti-de
Sitter space on condition when the theory has a positive definite Hamiltonian
with respect to the global time coordinate 7.

4 The Correspondence

4.1 The Maldacena limit

The space-time metric of N coincident D3-branes has following form

4N —1/2 A\ /2
ds® = (1 + E) Nudada” + (1 " E) (dy® +¢2d3) ,  (202)

where the radius L of the D3-brane is given by
L* = 4mg,N(a/)? . (203)

No we would like to analyze the geometry in more details. For y > L we
have that the metric has the form of the flat space-time R°. When y < L the
geometry is referred as the throat and naively we should say that it is singular
for y < L. However in this regime it is natural to perform redefinition

L2

u=—, 204
, (204)

where the limit y < L corresponds to the large v > L limit. Then we have
du = —i—jdu and the metric has the form

1 ut , du? 1
2 “w v 4 2
ds® = —\/mmﬂ,dz dr¥ +1/1+ _L4L (_u4 + —u2d§25) (u> L!
L4
1 du?
72 v 2
=L (ﬁ?’]w/d.fudl‘ + _u2 + dQ5>
(205)

that corresponds to the product geometry. Once component is the five-sphere
S% with the metric L?dQ2. The remaining component is the hyperbolic space
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AdSs5 with constant negative curvature metric

2

ds%as, = %(duQ + N dztdz”) . (206)
In other words, the geometry close the brane (y ~ 0,u ~ o0) is regular
na highly symmetrical and corresponds to the space AdSs x S° where both
components have identical radius L.

The Maldacena limit corresponds to keeping fixed g, and N as well as all
physical length scales while letting o — 0. It is very nice that this limit of
string theory exists and is very interesting. In this limit only AdSs x S° region
of the D3-brane geometry survives and contributes to tht string dynamics
of physical processes while the dynamics in the asymptotically flat region
decouples from the theory.

To see this more explicitly consider the Maldacena limit directly on the
string theory non-linear sigma model in the D3-brane background. We restrict
ourselves to the metric part only so that we ignore the contributions from the
tensor field F;". We denote D = 10 coordinates by ™, M = 0,1,...,9 and
the metric by Gy (z). The first 4 coordinates coincide with z* of the Poin-
care invariant D3-brane world-volume while the coordinates on the 5—sphere
are zM for M =5,...,9 and z* = u. The full D3-brane metric has the form

AN —1/2 LA\ /2
ds® — <1 + E) Nuwdrtde’ + (1 - F) (dy® + y?d%3) =

LA\ Y2 / du? ) LA\ V2 )
(1 + F) (? + dQ5> + <1 + F) Enm,dx”’dx =

L*Gun(x, L)dz™ da™

= L2

(207)
Let us consider non-linear sigma model
1
S = / 2o/ =P Gy (2)Our™ O (208)
Ao [y

where 7,5 is two dimensional world-sheet metric with inverse v** and where
0o = 3% where 0, = 0,1 are world-sheet coordinates. Finally 2 (o)
describe an embedding of the string-world sheet into the target space-time.
Now for the metric given in (207) we obtain

L? _
/ 2o/ =7 Gy (z, L) Ogz™ 0p2™ . (209)
2

4o/

S
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We see that the overall coupling for the sigma model dynamics is given by

L? A
/2 A=gN. 21
Ama A7’ g (210)

Keeping N and g, fixed but leting o/ — 0 implie L — 0 as follows from
previous expression. We also see that under this limit the sigma model action
has a smooth limit given by

A _
S = \/4—/dQJ\/—'wo‘ﬁGMN(x,O)@asz@ﬁxN . (211)
TJs
where the metric G,y (,0) is the metric on AdSs x S°
~ My N _ L y v’ 2
Gundr™dz” = —ndetds” + —- + dQs (212)
u u

where the metric has unit radius. We also see that the coupling 1/ VA replaced
o/. Now we proceed to the explicit statement of AdS/CFT correspondence.
This conjecture states the equivalence between the following theories

e Type IIB superstring theory on AdSsx S® where both AdSs and S® have
the same radius L, where the 5—form F;" has integer flux N = [ Fy',
where the string coupling is g

e N =4 SYM in 4—dimensions with the gauge group SU(N) and Yang-
Mills coupling gy s in its superconformal phase

with the following identifications between the parameters of both theories
9s = Gy » L' = dmg,N(a)? . (213)

We should carefully explain what the equivalence or duality means. Briefly,
equivalence includes a precise map between the states and fields on the su-
perstring side and the local gauge invariant operators on N' = 4 SYM side
as well as a correspondence between correlators in both theories.

We should also ask the question about validity of various approximations.
The loop diagrams in field theory can be trust when

4

(o)

Gy N = g N ~ <1. (214)
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On the other hand the classical gravity description can be used when the
radius of curvature L of AdS and S° becomes large compared to the string
length,
L4

(o)?
We see that the gravity regime and the perturbative field theory regime are
incompatible which is nice since we can avoid the clear contradiction since
these theories are very different. For that reason we call this correspondence
as duality in the sense that these two theories are conjectured that these
theories are the same but when one theory is weakly coupled while the second
one is strongly coupled. However this fact implies that it is really difficult to
prove this duality since all known calculations tools are defined in the weakly
perturbative regime. On the other hand it makes this duality very useful
since when we presume it validity we can calculate expressions, that cannot
be reached by the perturbative calculus in SYM theory, by calculations in
the weakly coupled dual theory.

The formulation of the conjecture given above is known as the strong
form since it is presumed that it holds for all values of N and of g; = ¢§ ;.
On the other hand string theory quantization on a general curved manifold
(including AdSs x S%) seems to be very difficult and for that reason it is not
completely clear what the strong equivalence means. On the other hand we
will see that AdSs x S° background has very special property which leading
to the integrability of the theory on given background. Before we proceed
to this fundamental property of the theory which was discovered four years
after original formulation of this conjecture we will follow original historical
development and discuss limits in which the Maldacena conjecture becomes
more tractable but still remains non-trivial.

~gsN~giyN>1. (215)

4.1.1 The ’t Hooft Limit

The 't Hooft limit consists in keeping the 't Hooft coupling A = ¢3-,,N = g;N
fixed and letting N — oo. As we know this limit is well defined in Yang-
Mills theory and corresponds to a topological expansion of the field theory’s
Feynman diagrams. In case of AdS space we can proceed as follows. The
string coupling can be expressed from the 't Hooft coupling as g, = A/N.
Since A is being kept fixed we see that 't Hooft limit corresponds to weak
coupling string perturbatiion theory.
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This form of the conjecture is weaker than the original version but still
provides powerful correspondence between classical string theory and the
large N limit of gauge theories.

4.1.2 The Large )\ limit

When we discussed 't Hooft limit we kept A\ = g,V fixed while N — oo.
Since N — oo we find that the only parameter that is left is A\. Quantum
field perturbation theory corresponds to A < 1. On the other side of the
correspondence it is natural to take A > 1 instead. Let us now discuss in
more details the meaning of the expanssion around A large. Let us perform
an expansion in powers of o the effective action so that we have

L=ac'R+ay(a))*R*+az(/ )R>+ ... . (216)

We are interested at distance scales that are typical of the throat whose scale
is set by the AdS radius L. In other words the scale of the Riemann tensor
is set by

1 (gsN)—l/Q /\—1/2
T o Y
and we see that the expansion of the effective action in powers of o effectively
corresponds in the expansion in powers of \~1/2

R

(217)

L=a )4 a) +az(of)PAP2 4 (218)

and we see that the expansion in the small o is effective replaced expansion
in large A where the parameter of expansion is A\™'/? < 1.

N =4 conformal SYM Full Quantum Type IIB string

all N, gy & | theory on AdSs x S°

0. = gou, o[t =4mwg,Na”

e 't Hooft limit of N =4 SYM e Classical Type IIB string theory
A= g¢yN fixed, N = oo & | on AdS; x S°

e1/N expansion eg, string loop expansion

e Large \ limit of N' =4 SYM e Classical Type IIB supergravity
(for N — o0 ) & | on AdS;s x S°

o)\~ 1/2 expansion e/ expansion

51



4.2 Relation between Global Symmetries

It is clear that in order to be duality between boundary theory and the bulk
theory to be valid the global unbroken symmetries of the two theories to
be identical. The continuous global symmetry of N' = 4 SYM in its confor-
mal phase (which is the phase where the vacuum expectation value of scalar
fields is zero) is superconformal group SU(2,2|4) with the maximal bosonic
subgroup SU(2,2) x SU(4)gr ~ SO(2,4) x SO(6)g, where SO(2,4) is con-
formal group in 4—dimensions while SU(4)g is automorphism group of the
N = 4 Poincare supersymmetry algebra. We clearly see that the bosonic
group corresponds to the isometry group of the AdSs x S® background. As
we argued before this group can be completed to the full supergroup in case
of SYM theory. In case of the AdS side we find that 16 of 32 Poincare super-
symmetries are preserved by the array of NV parallel D3-branes. Further when
we take the near horizon limit of this geometry we find that this AdS limit is
supplemented by another 16 conformal supersymmetries that are broken in
the full D3-brane geometry. Thus the global symmetry SU(2,2[4) matches
on both sides of the AdS/CFT correspondence.

N = 4 SYM theory also obeys Montonen-Olive or S-duality symmetry
that is realized on the complex constant 7 by Mobius transformations in
SL(2,7). On the other hand we known that this symmetry is a global discrete
symmetry of Type I1B string theory. This symmetry is unbroken by D3-brane
solution as well that it maps non-trivially the dilaton and axion values that
are constant for given type of solution. On the other hand S-duality is a useful
symmetry in case of the strongest for of the AdS/CFT correspondence only
since when we consider the 't Hooft limit N — oo while keeping A\? = ¢%,,N
fixed we find that S-duality does not have the right meaning. Explicitly, under
S-duality we have gy — gyﬁ and hence A — NTQ which means that in the
limit N — oo lambda is no longer fixed and goes to infinity as well.

4.3 Mapping Type IIB Fields and CFT Operators

Since we showed that the global symmetry groups on both sides of the duality
coincide we now have to show that the representations of the group SU(2, 2[4)
also coincide on both sides. We already made remarks considering operators
in SYM theory. We also shown that the significant role is played by the single
color trace operators since all higher trace operators can be construct from
these operators with the help of operator product expansion. Then we should
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expect that single trace operators correspond to single particle states on the
AdS side. Multiple trace operators should be interpreted as bound states of
these one particle states. Multiple trace BPS operators have the property
that their dimension on the AdS side is simply the sum of the dimensions of
the BPS components.

In order to identify the contents of irreducible representations of SU (2, 2|4)
on the AdS side, we describe all Type IIB massless supergravity and mas-
sive string degrees of freedom by fields ¢ living on AdSs x S°. We introduce
coordinates z#, = 0,1,...,4 for AdSs and y*,u = 1,...,5 and decompose
the metric as

ds® = gflflsdz“dz” + g5 dy“dy" . (219)

Then it is convenient to decompose the field ¢(z,y) in series on S°
$(zy) =D or(2)Vi(y) , (220)
k=0

where Y}, means the function that belongs to the basis of spherical harmonics
on S%. For scalars for example, Y}, are labelled by the rank k of the totally
symmetric traceless representations of SO(6).

4.3.1 Spherical Harmonics

Here we review few basic facts considering spherical harmonics. The set of
scalar functions on S” form a vector space that is an infinite dimensional
reducible representation of SO(D + 1). Scalar spherical harmonics form a
complete basis of this space.

It is convenient to regard a function on SP as a restriction of functions
on the RP*! in which S? is embedded. An arbitrary C* function on RP*!
may be expanded in polynomials in the Cartesian coordinates %, so that it
is sufficient to consider separately functions on RP*! that are homogeneous
in 2% of degree k. Clearly when we restrict these functions on S then these
functions are not all independent. Consider for example r?z% ... z% where
r? =SP4 2 This is a function of degree k +2 but when we restrict to the
sphere we find that it is identical to 2% ...z% (due to the fact that r? =1
on sphere) which is a function of degree k. Further, if we wish to restrict
ourselves to functions linearly independent of those of lower degree, we must
consider only functions
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where the coeficients C;, ;, obey the condition Cj, Zk&’m“’ =0 for any 1 <
m,n < k. It is also clear we could demand that C;, ;. is symmetricin ¢y, ... .
In other worlds each independent component of a totally symmetric tra-
celess tensor of rank k£ defines spherical harmonic by
[ i
=C 7t (222)
Now we would like to find the eigenvalues of (V)% on the sphere. Note that
harmonics as polynomials in RP*! obey the equation

(v2>D+1fk a ]ax ZO’U Zk

—k——§:Q1%@Z2”

=k(k = 1)) CirigiiyCir.oay 070725 2™ = k(k — 1) Cyy 6722 . 2

where we firstly used the symmetry of Cj, ;, and then the property that it
is a traceless tensor. Further note that we can write

1 1
Ear[rDar] + —(V¥gp . (224)

r2

(V)41 =

Note also that when we express all variables using spherical variables we find
that f;, has to depend on r through the overall prefactor r*. Then we find

1 1
(V) ps1fr =0= T—Dar[rD&.fk] + ﬁ(v2>Ska =
k 1
= T—D&r[TDflfk] + ﬁ(v2)Ska =
KD+ k—1)

D rP72 f 4 %(Vz)stk =0—
(V¥)so fr = —k(D+k—1)f;

r

(225)
The previous discussion was performed in case of the scalar spherical harmi-

onics. This discussion can be generalized to the case of the vector and tensor
spherical harmonics.
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Returning to our analysis we find that the field in the AdS receives con-
tribution from the momentum along S° since we can certainly decompose
10-dimensional Laplacian as

1
vV —9MN

1 1
= ——=0u[\/ 959150, + ——=
—g;:‘,fls V ggv

[0V =gunOn] =
Ou[V 95,9 0u] -

(226)

In the same way as in the case of Kaluza-Klein compactification we find that
the field compactified on S° receives contribution to the mass where the mass
term is given by the expression
2 1 S L uv
m° = ——Sau[ 929" 0] . (227)
guv

For the eigenvalues of the Laplacion on S® for various spins we find following
relations between mass and scaling dimension

scalars m? = k(k +4) ,
spinl/2,3/2 |m|=2+k,
p—form m?*=(4+k—p)(k+p),
spin 2 m? = (4 +k)k .
(228)

The question is how these modes are related to the operators on the dual
side.

4.4 The Field+ Operator Correspondence

As we said above conformal field theory does not have asymptotic states or an
S-matrix so that the natural objects that we have to consider are operators.
For example, in N' = 4 SYM we have marginal operator that changes the
values of the coupling constant. As we know the field theory coupling constant
is related to the coupling constant in string theory which, as we know, is
related to the expectation value of the dilaton, where the expectation value
of the dilaton is set by the boundary condition for the dilaton at infinity.
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In other words changing the gauge theory coupling constant corresponds to
the changing the boundary value of the dilaton. To be more explicitly, let us
denote by O the corresponding operator. Then we consider that we add the
additional term

/ d'3:60(2)O(x) (229)

to the Lagrangian. Let us presume that such a term was not present in the
original Lagrangian. In opposite situation we could consider ¢q(x) to be equal
to some coefficient of O(z) in the Lagrangian. Then it is natural to assume
that this will change the boundary condition of the dilaton at the boundary
of AdS, where in the Poincare coordinate system it is ¢(z, 2)|.—0 = ¢o(z).
To be more explicit, according to the famous paper by E. Witten [8], it is
natural to propose

<6fd4x¢0(z)(9(27)> = string[gb('r? Z)‘z:() = §b0(l’)] ) (23O>

CFT

where the left hand side is the generating function of correlation functions
in the field theory, ¢q is an arbitrary function , where we calculate the corre-
lation functions of / by taking the functional derivatives with respect to ¢
and then setting ¢g = 0. The right side is the full partition function of string
theory with the boundary condition that the field ¢ has the value ¢y on the
boundary AdS. It is also clear that ¢q is a function of the four variables that
parameterize the boundary of AdSs.

The expression (230) is general for any field ¢. In other words every field
propagating on AdSs is in a one to one correspondence with an operator
in the field theory. Clearly there should be a relation between the mass of
the field ¢ and the scaling dimension of the operator in the conformal field
theory. To see this more explicitly let us consider Euclidean AdSs or H =
{(20, %), 20 > 0, Z € R*} with Poincare metric

o _ R s s
ds* = ~ (dzg +dz") . (231)

with boundary OH = R*. It is convenient to represent this space graphically
as a disc whose boundary is a circle. The metric diverges at the boundary
zo = 0 where the overall scale factor blows up. This scale factor may be
removed by a Weyl rescaling of the metric but such a rescaling is not unique.
A unique well-defined limit to the boundary of AdSs can only exist if the
boundary theory is scale invariant. For finite values of zy > 0 the geometry
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the theory still have 4—dimensional Poincare invariance but it does not have
to be invariant.

We know that superconformal N' = 4 Yang-Mills theory is scale invariant
and so that we can say that it can live at the boundary of 0H. Further,
the dynamical observables of N'= 4 SYM are the local invariant polynomial
operators that we introduced in previous sections. These operators naturally
live on the boundary OH and are characterized by their dimension, Lorentz
group SO(1,3) and SU(4)r quantum numbers.

Following discussion given above we decompose all 10—dimensional fields
on Kaluza-Klein towers on S° so that effective all fields ¢ (z) propagate
on AdSs. We label these fields by their dimension A where other quantum
numbers are implicit. We also presume that these fields are asymptotically
free where of course there is a possibility that they interact in the bulk of
AdS. The free field than satisfy the equations

( Oulv/gaasghiasOvdn] — madn =0 (232)

1
\V9Ads

Let us now concentrate on the z—dependence so that the equation above
takes the form

1 d 2z d¢0
\/gAdSE [\/.%TSQ d_ZA} e =

(233)

where we also presume an asymptotic behavior gbOA ~ 2" for I' = const. Then
the equation above takes the form

%r(r —4)2" —m?¢% = (T[T —4) —m*RH)¢% =0 (234)

so that we have two roots of the equation above
'y =24+2v4+m2R? ,T_=2-2V4+m2R?. (235)

We see that these two solutions have different behavior when we approach
2o — 0

I Vi 2R2 .
7o~ ozt =2V normalizable |
— Ir_ —+/ 2 R2 .
by ~ 2 =z V™ non — normalizable .

(236)
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There is a relation between the mass of the field ¢ and the scaling dimension
of the operator in the conformal field theory. Let us be more general and
consider the AdSy,, space where the metric has the form

ds* = f—j(sz + (dz')? + ... (dz?)?) (237)

In this space the equation of motion takes the form

1 d ., do 2.
s dz |:\/gAdSQ dz} m ¢ =

Zd+1 d Rd—i—l 22 d¢

2
- Rd+l%[zd+1 ﬁa] —m¢=0
(238)
that for asymptotic ¢ ~ 2! implies
99 d d?
(239)

We see that the solution with I'_ is blowing up for z — 0 while field with be-

haves as 2! vanishes for z — 0. In other words the second mode corresponds

to the normalizable solution while the first one appears as the source in the
CFT action. In other words we find that the field that should be source in
CFT action has to have following asymptotic behavior

¢<f7 t) =€- ¢0(f) = 6d7A¢0(f) ) (24())

and eventually we take the limit ¢ — 0. Note that we wrote I'_ as

d d? d d?
r_ 5 \/4—|—Rm d (2+\/4+Rm)_d A . (241)

We presume that ¢ is dimensionless so that ¢, has dimension [length]="-
that implies, through the left side of the equation (230) that the dimension
of the operator O is

A+ [0l +d—A=0=[0]=A . (242)

It turns out that in the case of the interacting fields the solutions will
have the same asymptotic behaviors as in the free case. It was argued that
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the normalizable modes determine the vacuum expectation values of the ope-
rators of associated dimensions and quantum numbers. On the other hand
the non-normalizable solutions do not correspond to the bulk excitations due
to the fact that they are not square normalizable. In fact, they represent the
coupling of external sources to the superagravity or string theory.

5 Explicit Witten’s presentation

When we calculate the correlation functions it is conventient to use the Eucli-
dian signature of the metric which can be described at several different ways.
Consider a Euclidean space R with coordinates v, . .., y4 and let By, is
the open unit ball given by the condition

d

Yyl < R

i=0
. Then AdS can be identified with the unit ball with the metric

d 2

! dy
ds? = 434@ ) 243
(R — [y?[)? (243)

With this parameterization is easy to compactify given AdSgy1 when get the
closed unit ball B, defined by the equation

d
d <R (244)
=0

Its boundary is the sphere S that is defined by the condition

d

d =R (245)

1=0

S? is the Euclidean version of the conformal compactification of Minkowski
space. Since S is the boundary of By, we find that this statement is the
Euclidean version of the statement that Minkowski space is the boundary of
AdSgy1. We also see that the metric (243) that is defined on By, cannot be
extended on By, since the metric is singular at Z?:o y? = R?. In order to
find a metric that extends on B, we can take a function f on By, that is
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positive on Bg,; and has a first order zero on the boundary, as for example
f = R? — |y|>. Then we consider the line element as

ds* = f%ds* | (246)

then we can restrict the metric d3? on S?. Since there is not some prefered
choice of f we see that this metric is only well defined up to conformal
transformation. For example, if we consider the function f with another one

f— fe" (247)

where w is real function on By, we find that this replacement will induce
the conformal transformation

ds* — e*ds? (248)

in the metric of S¢.
In order to have contact with previous definitions let us write the metric
ds?® as

1
ds? = ————(dy? + %) , (249)
(1— %)
where d€)? is the metric on the unit sphere. Then we introduce variable 7 as
p R
Y atty 4y QCoshQ% P (250)

so that the line element has the form

sinh? 2

2 _
240) =
2

1
ds® = 4cosh® 2(RZ—— 4,2
§ o8 2( 4cosh4§ P ++cosh2

= R*(dp* + sinh® pdQ?) .

(251)

5.1 Massless Field Equations

As a simple example we consider the massless equations that allow to reach
the most nice result. In this case the equation of motion takes the form

1

gAdsS

Oulv/9ads9l4g50.0] = 0 . (252)
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The important property about AdSz,1 is that if we have function ¢(£2) on the
boundary S¢ then there is a unique extension of ¢ to a function on By, that
has given boundary values and obeys the field equation, where uniqueness
means that there is non non-zero square-integrable solution of the equation
above which, if it existed, could be added to any given solution above and
hence destroys the uniqueness.

Let us now presume that the boundary value ¢ is the source for the
operator O and we have to calculate the classical action for ¢ that obeys
the equation of motion with prescripted boundary conditions. To do this
we try to find Green function which we mean a solution K of the Laplace
equation on By whose boundary value is a delta function at a point P on
the boundary. It is convenient to use the representation of B, as the upper
half space with metric

9 d
ds* = us (dz")? | (253)

%

where the boundary is a copy of R? at 2° = 0 together with a single point
P at 2° = oo, where the point 2° = oo consists of a single point since the
metric in ¢ direction vanishes as xy — 0o. Note that without the point P
the boundary would consist the space R%. On the other hand we know that
the conformal compactification of R? is obtained by adding in a point P at
infinity which in the end gives the sphere S¢. Since we argued before the the
boundary of the Euclidean AdS is sphere it is natural to include the point
P.

Returning to our example we see that the boundary conditions and metric
are invariant under translations of the x; so that K should obey this sym-
metry and to be a function of xg only. Then the equation of motion has the
form

d _g41 d
—_— —K =0 254
dxg o dxg (o) (254)

with the solution
K(20) = call . (255)

where ¢ is a constant. This function grows at infinity so that there is some
sort of singularity at the boundary point P. Let us now consider SO(1,d+1)
transformation that maps P to a finite point. Explicitly we consider the
transformation .
1 .
— ,1=0,...,d (256)
d ) ) )
I(Q) + Zj:l Z’?
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that transforms the point x¢g = oo to the origin x; = 0,7 = 0,...,d. Under
these transformations the function K has the form

d
x
K@) =c———i— - (257)
(5 + Zj:l xj)
It is easy to see that for zo — 0 K vanishes except at ©1 = x5+ = x4 = 0.

Further, K is positive. In other words for xq K is a delta function with
support at x; = 0. Using this Green function the solution of the Laplace
equation on the upper half space with the boundary values ¢y has the form

d
Lo

(23 + [x —x'|?)

b(z0, 1) = ¢ / dx _bo(e) . (258)

where dx’ = da}dz)y. .. da, and |x — x'|? = 32 (z; — «,)%. Then we find

j=1
agb J}d_l
— =dec [ dx' & ) -
o = | M)
B a:ngl B
(@ + x —xP)™1
_ ged—1 x — x|
= dcxy /dx(xg ¥ x — X)L Po(X') .
(259)
In the limit xy — 0 we can neglect 3 in denominator and we obtain
. 09 _ 1
xlggloa—xo = dCZL’g ! /de¢0(X,) . (260)

Let us now determine the on-shell value of the action for the scalar field
1

5(6) = 5 [ v 0,60,6 =

= /dd“xau[gb\/ﬁg“”auqb] — /ddﬂxgbau[\/ﬁwﬁyqb] =

=lim [ dxVho(@i- Vo),

e—0 T.

(261)
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where in the first step we used integration by parts and in the second step
we used the fact that the second expression on the second line vanishes since
the field ¢ obeys the equation of motion. Finally the surface T, is the surface
ro = €,h is its induced metric and n is unit normal vector to T,. From
the definition of the metric we have that h;; = x—%diag(l, ...,1) and hence

Vh = z5% so that v/

7. = e 4. Further, since 7 has to obey the equation

2 L

0 0 0
n'n’ g, =1 = n'geon’ = (n°) 2
0

=1 (262)
we find that n® = x( that on the boundary has the value ny, = . Then we
obtain

9¢

nt 0,0 = n"0,,¢ = Tog — - (263)
0

Using the value of 0,,¢ determined above and the fact that ¢ — ¢, for

xo — 0 by definition we obtain that the on-shell value of the action has the
form

S(g) !l = lim dX\/Eqbno%)

e—0 T

: - _ 1
“ty (4 [ o) -
:Cd/dxdxl¢0(x)¢0(x)

x — x/|2
(264)
so that the two point function of the operator O is a multiple of |x — x/|~2¢
as expected for a field O of a conformal dimension d.
In what follows we will be more precise with the definition of the corre-
spondence. As we argued above the correspondence has the general form

exp {—T[¢a]} = <exp {/M &AOA}> (265)

where these expressions are underestood to hold order by order in a pertu-
rbative expansion in the number of fields ¢p. On the AdS side we assume
that we have an action S[¢a] that summarizes the dynamics of Type IIB
string theory on AdSs x S°. In the supergravity approximation, S[¢a] is just
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Type IIB supergravity action on AdSs x S°. Beyond the supergravity appro-
ximation, S[¢pa] will include o corrections due to the massive string effects.
In this case we have

F[QZ;A] = extrS[(bA] 3 (266)

where the extremum on the right side is taken over all fields ¢ that satisfy
the assymptotic behavior for the boundary fields ¢». These sources corre-
spond to the non normalizable modes and correspond to the sources of the
SYM operators On.

5.2 Quantum Expansion in 1/N—Witten Diagrams

The actions that we study have an overall coupling constant factor. For
example, in case of the part of Type IIB supergravity for the dilaton ® and
the acion C' in the presence of a metric GG, in the Einstein fame is given by

g — LQ / VG|-Rg+ A+ laucb(?“@ + 16”’3;103"0] (267)
265 Ju 2 2

Now the dimensional analysis gives that
5] = M2 [®] = [C] = M". (268)
We show later that 2 is equal to

TR3

Ky = INE (269)
and hence it implies that for large N k5 is small and then we can perform
small k5, or semi-classical expansion of the correlators generated by this
action. As a result we obtain set of rules that has similar form as Feynmann
diagrams which are known as Witten diagrams. The Witten diagram is re-
presented by a disc whose interior corresponds to the interior of AdS while
the boundary circle corresponds to the boundary of AdS. The graphical rules
are as follows:

e Bach external source to ¢ () is located at the boundary circle of the
Witten diagram at a point Z; .

e We include a propagator from the external source at Z; that points
either to another boundary point or to an interior interaction point.
This second propagator is known as boundary to bulk propagator.
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boundary AdS

DL ANIN0e

(a) (c) (e)
e The structure of the interior interaction points is determined from the
integration terms in the bulk action in the same way as in case of

Feynman diagrams.

e Two interior interaction points may be connected by bulk-to bulk pro-
pagators in the same way as in case of ordinary Feynman diagrams.

In the diagram below we see 2—,3— and 4— point function contributions.

5.3 AdS propagators

In the previous section we determined the propagator of the massless scalar
field. In given section we determine more general form of these propagators.
We work in Fuclidean AdS,,; space that we denote by H with the Poincare

metric )

R
ds* = = (dzg + dZ%) . (270)
0
Due to the fact that the space H has an isometry SO(1,d + 1) the Green
functions depend upon the SO(1, d+1) invariant distance between two points
in H. The geodetic distance is given by

d(z,w) = /Z dsIn (H— "<1_<2> (= 270Wo . (271)

w 22+ wi + (7 — )2

To see this it is instructive to solve the geodesic equation in this space. We
do it when we study motion of point particle in AdS that is governed by the
action

S = —m/dT\/—gMNaTXM(?TXN (272)
Varying given action we derive the equation of motion in the form

P [ gMNaTXN ] dgPR 0. Xto, X"

— =0 273
V—9prO-XTOXR | 0XM2\/—gppd XPO XT 27
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Note that the Minkowski form of AdS metric has the form
R2

ds® = (—dt* + da'dx; + d2?) (274)
so that we presume that there are no motion in the x; directions and the only
time dependent variable is zy = 2o(t). First of all the equation of motion for

XY = ¢ has the form

0
o, gu0r X —0 (275)
\/—ngaTXPaTXR

We take the ansatz t = 7 and hence then this equation implies the conserved

quantity
Gt

A - =C
\/_gtt - gzz(gTZ)2 — gijaTXzaTXj

on the other hand the equation of motion for X* has the form

. J
o, 959X ~0 (277)
\/_gPRaTXPaTXR

(276)

that can be solved by the ansatz X* = v't + X due to the equation (275).
Then instead of solving the equation of motion for z directly we use the
equation (275) to find the differential equation for 7

V(A=) 22 -1
s = o7

=

1
7 = (1—v*)(Ct + Cy)? :
(1= ?)(Ct+ Cof + ——
(278)
In Euclidean theory we have similar equation
92z =
\/gzz + gzozo (6220)2 + gijvzvj
1 dZ
(12 (%20
(279)
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that can be easily solved with the result

1
C2(1 + 0?)

that is an equation for ellipse. Note that for v = 0 we find the circle with
radius % and we see that the geodesic starts at z = —% — K, reaches the
turning point at z = — K and then returns back to the boundary that reaches
at z = % — K. It is also clear that we should generalize this equation to the
any point on the boundary performing S0(4) rotation. so that we have the
equation

=(z+ K>+ (1 +vH)(Z)* . (280)

1 L
=2 K)* + (Z)* . (281)
We could be also interested in the distance between two points in the bulk
of AdS. So that we should choose the initial condition that for given vector
Z; the point we are at the point Z and for given Z; we are at the point ZJQ

so that we find two equations

1 - -
o = 17— KPP+ (202,
1 - -
=12 K+ (27,
(282)
that gives
Ll o (2 (2
(0= 21+ =) (28

And then C' can be found from the expression above using K.

Generally, using this dependence we can find the geodetic distance be-
tween two points (29, 2) and (wp, ). However it is much more convenient
to proceed following way. We know that Euclidean Anti-De Sitter space is
described by the equation

d
X+ X5+ Y X =-R (284)
i=1
in the space time R%! with the metric

d
ds’ = —dX§ +dX7,, + > dX7 =0, (285)

i=1
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so that the metric is nyny = (—1,1,...,1). Let us introduce the action that
determines the evolution of the particle on given space

S = / dr (XM XY + T( XMy XN + R?)) (286)

where I is Lagrange multiplicator that imposes the constraint that the par-
ticle moves on anti-de Sitter space. Then the equation of motion has the
form

XN 417X =0, (287)

while variation with respect to I' we obtain the constraint X™ny X" =
—R?%. Lagrange multiplicator I' we derive from the first equation when we
multiply it 73,5 X" we obtain

S XMX A TXMX,y, =0= XMXy, —TR?=0=
1 ...
=T =—X"Xy

R2
(288)
where we used the fact that
d d .
E(—RQ) = %(XMWNXN) =0= XMy XV =0=
XMT]MNXN + XMXN =0
(289)
Then the equation of motion for X has the form
3} 1 ..
XM E(XNXN)XM =0 (290)

Further, using the equation of motion for X and multiply it with X,; we
obtain

N : d . .
—XMXy +TXM X)) =0= d—(XMXM) =0
T
that implies o
XM X, = const = K? (291)

Then the equation of motion for X™ has simple form
3 K2
XM ﬁXM =0 (292)

68



Let us presume an ansatz in the form
K K
XM = mMexp (E)\> +nMexp (—E ) : (293)
Then

K K
XM Xy =mMmy, exp <2§)\) +nMnyy exp (_2E)\) +2n¥my, = —R?

(294)
from which we derive the conditions on the vectors n and m
R2
nNnN:mMmM:O,anN:—7 ) (295)

Now it is easy to determine the geodesic distance between two points X (A;)
and X (A2) that is defined as

2 2
d= / ds = / AW XMX ) = KAy — \p) (296)
1 1

To proceed further we use following expression

XM (0g) Xar (A1) = mMnlexp (%(AQ _ /\1)) +exp (-%(AQ _ Al))]

(207)
from which we obtain
K 1
erMamM) = @(—X(Az)MXM(/\l) +V(XM(A)Xar(M))2 — RY)
(208)

from which we obtain

KA — A1) =Rln i(—X(Ag)MXM()\l) +V(XM(A) Xpr(A1))* — RY)

R2
(299)
Let us introduce coordinates u,tz, z° as
1
X, = ﬁu +u*(R* + 7 +13)) , Xap1 = Rutg |
X'=Rux' ;i=1,...,d—1,
1
X4 = Rutp , X% = 2—(1 —u}(R* - 7% —t}))
u
(300)
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that obeys the equation that defines an embedding of AdS

d—1
X0+ Xga + Y X+ X =

i=1

(301)
Finally we introduce zy = % so that
20 1 2 -2 2 1
Xo=-(1+5R+2°+1y) . Xgp1 = R—tp,
2 24 20
Xl:ﬁxi,z':L d—1,
<0
R 20 1
Xop=—tp , X'=2(1 - (R -2 - 13
d+1 P E 2( z§< B)
(302)
So that we finally obtain
1o (Wi + 25 + (2 — w)? R?
XM)Xy(2) = —-Rr* [ 22 =
(Xu(2) = - (1L 5
(303)
and hence the geodesic distance takes the form
14+ /1—¢&2
d=Rln 1tyvi-¢& ‘
3
(304)

Since we see that the geodesic distance depends on £ it is more natural to
work with ¢ than with the geodetic distance. Sometimes is also used the
notion chordal distance that is defined as

"= 17_5 | (305)

Then we can find an inverted relation

2e/ 1 1
= = =
1+ e2/E  coshd/R "

d
=cosh——1. 306
cosh - (306)
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Now we are ready to consider bulk to bulk propagator. Consider scalar field
with the mass m? = A(A — d). According to the discussion given previously
we know that

d d? 9 1
54‘ Z+R2m2:A:>m :ﬁA(A—d). (307)
Now the action for the massive field has the form
1 1
Sy, = / N [§g“V3M¢A3V¢A + §m?¢2A —ond (308)
H
The equation of motion for ¢, has the form
Oy +m*)pa =7, (309)
where the scalar Laplacian has the form
1 d
Oy = ——=0u[v/99" 0] = 2308 + (d — 1) 2000 — 20 » 0} . (310)

\/g i=1

Let us now presume that the field ¢ is given in response to the source by
the equation

ba(2) = /H 42 GV (2 )T () (311)

Inserting this equation to the equation of motion above and using the fact
that

J(z) = /dd+1z'5(z —2NJ(Z) (312)
which says that G(z, 2') obeys the equation
!/ 1 !/
(O, +m*)Galz,2) = ﬁd(z—z) . (313)

Now the Green function Ga(z,w) has the form

2780 A (D DN 1 d
_ _ 2 T — =A== 182 14
where F' is hypergeometric function and the overall normalization constant
is defined by

(315)



Since 0 < ¢ < 1 the hypergeometric function is defined by its Teylor series
for all £ except at the coincident point £ = 1,£ = w. The massive scalar
boundary to bulk propagator This propagator corresponds to the limit
when the source is on the boundary of H.

The action to linearized order is given by

1 1 T Ty
Sor = [ aevE S o0n0,0n + it - [ aaa@ie),
B (316)
where the bulk field ¢, is related to the boundary field ¢ by the limiting

relation B
oa(2) = lim 25 Yoa(z0,2) . (317)
20—00

The corresponding boundary-to-bulk propagator is the Poisson kernel

Kn(z,2) = Ca (QL)QA . (318)

Then the bulk field that is generated by the boundary source .J is given by
On(2) :/ d"TK (2, %) J(T) . (319)
OH

It is also possible to extract these results in slightly diffrent way. Let us
consider the scalar field that again obeys the equation of motion (J,—m?)¢ =
0 that has the form

1
200., [;ad)] + 250i[690;0) — m*p =0 . (320)
0
Let us presume an ansatz ¢ = e7?Z(pzg) so that 8%0 = L p, where p* =
p-p,m = zp. Then the equation above takes the form

d*Z az
2 2 212, _
mdzm—?)mdm—mZ—mRZ—O. (321)

There are two independent solutions of the equation above which are
Z(m) = u*In_o(m), Z(m) = m*Ka_s(m) , (322)
where I, K, are Bessel functions and where

A=2+Vi+mR2? . (323)
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When we demand the regularity at the interior when z — oo we have to

select the second solution since Ia_5(m) increases exponentially as m — oc.
Then the field has the form

(20, 2) = C(p20)* K a-a(pzo)e™? (324)
where the constant C' is determined by imposing the boundary conditions

Qb(g, Zo) = ¢O(Z) — eiﬁ-f — (Gp)ZKA,Q(pe)eiﬁ'fC =

1
=(C =
(€p)? K n—2(pe)

(325)
and hence if we define the bulk to boundary propagator as Kz(Z, zp) = @;5(0;;;)0)
we find the form of the boulk-to boundary propagator in the form

2
Kna_
K2, z) = WL Roalp?) (326)

 (pe)*Kp_s(pe)

As we argued above the boundary valules of string fields act as sources for
the gauge-invariant operators in the field theory. Genearlly we denote the
bulk fileds as ¢(Z, zp) with values ¢o(2) at zp = €. The true boundary of AdS
is at z = 0 and € # 0 serves as a cutoff that could be eventually removed.
When we restrict to the supergravity approximation we choose ¢q arbitrary
as the boundary conditions at z = € , while the bulk fields have to obey the
equations of motion. Then we evaluate the action on this classical solution
with fixed boundary valules. In other words we have

Woauge|Po] = In <ef d4z¢°(w)0(z)> = extremumIsyaral@lo|. =40 - (327)

In other words the generator of connected Green functions in the gauge theory
in the large A limit is the on-shell supergravity action.

It is important to stress that it is not clear whether the right side of the
correspondence above is independent on e. Instead we perform this calcu-
lation and then we eventually perform a wave-function renormalization on
either O ir ¢ so that the final answer is independent of the cutoff. Now we
explicitly the two point function. Note that the two point function can be
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calculated from the generator of connected Green functions when write
/ v o(2)O(z) =

/ddx/ddk/ddlezgfqbkerfO(f):

= /dquka(—E) .

(328)
On the other hand on the right side of the correspondence we have
Isugra = 1/ VR (7, 20)n" 0, 6(Z, 20) =
il / ds /dd /dl¢ elklazOKp@ iz _
=3 / dk / Ao (p +1)0.0 K,y -
(329)

To proceed further note that for small = the Bessel function has following

asymptotic behavior
1 T\
Ko~ () 330
[la+1) \2 (330)

and hence we can derive corresponding Green functions.

5.4 Wilson Loops
The Wilson loop is defined as

W(C) = Tr[P exp(i 7{ A)) (331)
c

depends on a loop C that is embedded in four dimensional space. This defi-

nition includes the path ordered integral of the gauge connection along the

contour. The trace is taken over some representation of the gauge group but

we consider the case when the gauge field is in the fundamental represen-

tation. From the exceptational value of the Wilson loop operator < W(C) >
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we can determine the quark-anti-guark potential. For that reason we consi-
der rectangular loop with sides of length 7" and L in Euclidean space. If we
interpret T" as the time direction it is clear that for large T' the expectation
value behaes as e"7* where F is the lowest possible energy of the quark-anti
quark configuration.

For example, consider U(1) gauge theory with the gauge transformation
given by

¢/(x) _ eia(r)¢(x) ’
AL(I) = Au(r) + Oua(z) .
(332)
Through these rules it is clear that the non-local operator ¢(x)¢*(y) is not

gauge invariant in general and hence cannot be considered as an observable.
On the other hand it can be shown that following quantity is gauge invariant

d(x)et fp 4" Mg (y) (333)

where P is an arbitrary path from point x to y. To see this note that the
object above transforms under gauge transformation as

Qb(x)el Ip d:cHANQS*(y) N ¢(x)6ia(x)eifp dxM(AM"’aua)e—iOé(y)gb* (y) _
_ ¢(x)ez’a(m)ei(cx(y)—a(z))ei Ip dWA“gb*(y) _
p(x)el e 4" Au g ()
(334)
We see that there is a natural object in the theory that is either Wilson line
WP(l'a y) =¢! Jpdat Ay (335)
or Wilson loop |
Wp(x,z) = et f 4= A (336)

The Wilson line represents the coupling of the gauge field to the test charge.
Let us consider a charge particle with world-line (). Then the corresponding
current has the form

T () = / dA%é(x — ) (337)
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For a given closed path, % can be both positive and negative so that we

have both a positive charge and a negative charge when we accept the fact

that the sign of the charge depends on the sign of j—f/\, where dy/d\ > 0 for a

positive charge. We can use J* as the coupling of the gauge field to the point

particle as

4 4 dy" dy"

59 — / A, — / dw A (x) ]f Ny (V) = f LA,
(338)

In other words the perturbation of the action corresponds to the exponent

of the Wilson loop and hence we can write that the Wilson loop represents

a partition function in the presence of a test charge

Z1J]
<Wp>= ——. 339
In fact, let us write the Euclidean partition function as
Z={fle"™i) (340)

where |i) , | f) are initial and the final states, respectively. Using the complete
set of energy eigenstates
Hn) = E, |n) (341)

we can write

Z = Y {fIn) (nle”MT |m) (mli) =Y (flm) e~ (mln) {nli) =

= > {flm)e "7 (mli)
" (342)
that in the limit 7 — oo gives
7 2% e b (343)

In other words in the limit 7 — oo the Euclidean partition function is domi-
nated by the ground state and gives the ground state energy. In case when we
can neglect the kinetic energy, it gives the quark-antiquark potential energy

(Wy) = e VI0T (344)
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where R is separation between quark-antiquark. When the quarks are con-
fined as in case of QCD then the potential grows with the separation R so
that V' ~ o R, where o is called the string tension. Then we obtain

(W) =~ e 70T = 774 (345)

where A is the area of the Wilson loop A = R7 when we consider rectangular
Wilson loop, where the spatial dimension is R while the temporal size has
length 7. This behavior is known as area low. In case of unconfined potential
we have different situation, as for example in case of the Coulomb potential
where the potential decays with the separation. Then in case when 7= R > 1

we find
(W,) ~ e OB (346)

In this way the Wilson loop provides a criterion for the confinement. Now
we are ready to proceed to the discussion of the Wilson loop in AdS/CFT
context. The matter fields in the N' = 4 SYM are all in the adjoint repre-
sentation. On the other hand quarks correspond to the matter fields in the
fundamental representation. We know that the adjoin representation on the
stack of N D3-branes has the origin in the open strings ending on different
D-branes in the stack. In order to describe probe in the fundamental repre-
sentation we consider an infinitely long string. In this case the string can end
on N different branes which means that the string transforms in the funda-
mental representation of SU(N) gauge theory. Such a long string represents
a quark. Such a string has an extension and tension so the string has a large
mass. In other words long string represents a heavy quark. This is the na-
tural object for the discussion of the Wilson loop in AdS/CFT. These open
strings couple to the Wilson loop operator. Then, following the case of the
expectation values of the local operators in QFT and the partition functions
for the supergravity modes on AdSs; x S® we see that it is natural to pro-
pose that the vacuum expectation value of the Wilson loop in the conformal
field theory is given by the partition function of the fundamental string on
AdSs x S° with the condition that we have a string world-sheet that ends
on the loop C. In the supergravity regime, when g;N is large, the leading
contribution to the partition function will be given by the area of the string
world-sheet. This area is measured by AdS metric.

However there is a subtlety in the calculation of this are. It turns out that
the area that is calculated is divergent which is a consequence of the fact that
the string is going all the way to the boundary of AdS. Then if we evaluate
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the area up to some radial distance U = r we find that for large r it diverges
as r|C|, where |C| is the length of the loop in the field theory. On the other
hand the perturbative computation in the field theory shows that < W > is
finite. Then the divergence in the Wilson loop would imply that there is a
mass renormalization of BPS particle which cannot be certainly true. This
apparent conflict between the divergence of the area of the minimum surface
in AdS and the finiteness of the field theory computation can be explained by
the fact that the appropriate action for the string world-sheet is not the area
itself but its Legendre transformation with respect to the radial coordinate
u. The reason for this procedure is the fact that these string coordinates obey
the Neumann boundary conditions rather than the Dirichlet ones that were
appropriate for the original one. The Legendre transformation subtracts the
divergent term 7|C| leaving the resulting action finite.

Using the supergravity approximation we can compute the quark-antiquark
potential in the supergravity approximation. We consider a quark at z =
—L/2 and anti-quark at x = L/2. We consider Nambu-Gotto action for fun-
damental string

2o

1
S = / drdo\/—aus ;a0 = GunOa XM XY | (347)

where gy is AdSs x S® metric. The equation of motion that follows from
this action has the form

1
§8M9KL6aXK85XL(a_1)5a\/ —deta — 0, [gMNﬁga:N(a_l)’Bo‘\/ —detal ,=0

(348)
where a,5 = Gun0, XM 95 X" and where we used the fact that
Vdeta = expTrina . (349)
Let us now consider the metric in the form
ds’ s = %(—dﬂ + dx?) + gdr2
(350)
Now we impose the static gauge in the form
T=t,oc=r,r=ux(0) (351)



Of course, strictly speaking there is a subtlety with this gauge since the string
has the turning point at » = r,,;, which means that our gauge is not well
defined. However this is not problem since we can consider only one half of
the string due to the symmetry. Of course, we could also impose the gauge
t =71 ,r = o0,r = r(x), but this would lead to slightly more complicated
result and also this gauge fixing cannot be used for the case of the string
stretched from the boundary to the bulk of AdS. With the help of this gauge

we obtain ) ) )
r R e

_ﬁ )aaozﬁ_kﬁ‘%. 7ach:0; (352)

Arr =

where ' = 0,x. Note that with this ansatz the equation of motion for ¢ are
obeyed while the equation of motion for x gives

Oal9ea0s X (@ 1)V — det a] =
O5[guzt’ (@7 1)77V/—deta] = 0 =

7"4 T

- _K
4
R 1+ 272

(353)
The question is how to determine the constant K. Recall that the boundary

is at 7 = oo and that the string has the turning point at r = r,,;,. At this
turning point, by definition

Do | o=r i = OO (354)

so that we obtain

rt ' r?

lim — = - — K (355)
T—=>"mi 4 / 2

Now we can solve the equation (357) for x and we obtain

R* 1
2 _
L2 = e (356)

min

In order to find the string configuration we can solve the equation above so
that we obtain (when we take the boundary condition © = 0,0 = 7y, so
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that the dependence of x on ¢ = r is given by the integral

/mdxzi/T (5)2 dr . (357)

For r — oo we demand the quark to be at x = L and hence we obtain

L - & /""L:
Tmin J1 y2 y4—1

R2 \/273/2

r%’w’n F(%)Z

(358)
Note that this equation gives
R2
min = 7 (359)
Further, for r > r,,;, we find from (357)
R2 /"'/Tmin dy
Tr = _—-
Tmin J1 y2 y4 -1
B R2 /oo dy B R2 /oo dy B
Tmin J1 - y?\/yt =1 Tmin Jr/r, vyt — 1
R? < d
=L — / —?Z =
Tmzn T/Tmin y
R2
x— L~ y‘3|;7rmm ~ —p?
(360)
using
%) r/Tmin %)
/ - / " / (361)
1 1 T/Tmin

and we used the fact that in the second integral r/r,,;, > 1 and hence y > 1
in the whole integration interval. We see that for large r the string quickly
approaches the point = = L.
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Now we evaluate the action for this string configuration in order to eva-
luate the quark potential. We obtain

dr R
— 1 + —IIQ —
27‘(& ,rm'L'n/
_ /dT/ Trrwn
2o i
Tmzn

(362)

Since

S=— / drV (363)

and since we have two half of the string we find

v ir *_dyy®
man \/yi_

This potential diverges which has natural physical interpretation since in this
case the quark is a probe with infinite heavy mass. On the other hand we
would like to separate the finite contribution by substracting this large mass
contribution. This string configuration is described by the ansatz =’ = 0 so
that the corresponding string action has the form

(364)

1
Ser = _27T0/ dr da\/_gtt(grr+gxxx/2> =
= dr dr— Tm/dT/dy—l—/ dy] =
27ra

= ———"Tm — d =—|d
27TO/T 27ra 1 v= /TVO

(365)
and hence the finite potential has the form
Vi =V = Vo =~y | / T - (366)
in — - = ——Tmin - - .
f 0 2wl 1 Y y4 —1
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We see that this potential is proportional to 7,,;, but r,,;, but we know that
Tonin = TQ so that we know that £ ~ l that has the form of the Coulomb
potential. In fact, explicit calculation glves

47.(.2 )\1/2

Vi = — 02~ 367
T 7

Let us outline given procedure:
e [t is very simple to add probe to the original system.

e The procedure how the Wilson loop is calculated using AdS/CFT corre-
spondence can be generalized to the more general background as for
example asymptotically AdS spacetimes.

e This probe analysis can be extended to the dynamical strings in given
background.

It is also very interesting to see how the confining phase can be described
using the dual geometry. Recall that confining phase is characterized by linear
dependence of the potential. More explicitly, the AdS/CFT correspondence
can be extended to the backgrounds that are dual to the field theories at finite
temperature. At finite temperature the large N and strong coupling limit of
d =4, N = 4 SYM is dual to the near-horizon geometry of near extremal D3-
branes in Type IIB string theory which is given by a Schwarzschild-anti-de
Sitter Type IIB supergravity compactification

U? 1 dU?
2 _ 2 2 2 702
ds R2< Hdt* +dx*) + R*— 5 + R%dQ)| (368)
where
Us , 27t

H=1-wp, Uy=— giffN27R2 VATGN . gepr = gyuN -
(369)

where the parameter p is interpreted as the free energy density on the near
extremal D3-brane and hence
4 2

N2 (370)

=5
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Note that in the field theory limit o/ — 0 p remains finite.

At finite critical temperature 7' = T, pure SU(N) theory exhibits a de-
confinement phase transition. It turns out that the relevant order parameter
is the Wilson-Polyakov loop

P(z) = %Tﬂ? exp (2 /oT Ao(x)dt> (371)

Below the critical temperature 1" < T, we find that < P >= 0 which means
that QCD confines. Above T' > T, we have < P > is non-zero and takes the
value in Zy which is the center of SU(N).

When we study the field theory at finite temperature we transform from
the Minkowski metric to the Euclidean one. First of all let us consider the
analytic continuation to Euclidean signature tgp = it where the metric has

the form
ds? = f(r)dt2 + dr®
P B fr)

Now we would like to analyse the region near the horizon r ~ ry, where by
definition f(ro) = 0. Introducing coordinate 7 as r = ry + 7 we can write

f(f + 7”0) = f(TQ) + f/(’f’())?: (373)

so that the metric has the form

ds% = f'(ro)Fdts +

T (372)

5 ( 5 di* + ... (374)

Finally we introduce the coordindate p defined as

r 1
p=2,]-— ,dp= —= 375
" UG o
so that the relevant part of the line element has the form
/
ds® = dp® + pd (f (TO)tE) . (376)

Now we see that the metric has the same form as a plane in polar coordinates
if f'(ro)tg/2 has the period 2w. Then the period of ¢g is equal to

47

f(ro)s/2=2r= = o)l

(377)
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On the other hand the compactified Euclidean time direction means that we
have the system at finite temperature which is equal to

=1 _ 1)
15} 4
For example, in case of Schwarzschild black hole we have f(r) = 1 — ™ so
that f' = 1§ = % and hence

1
T = . 379
471ry (379)
In our case the relevant part of the metric is
1% 2 1 dU* 2 R? R2 1
ds* = S (HAUZR = — = |U = —| = < [H(Y)dt}, + ——dY?] (380
where the horizon is localized at Y = and the function H(Y) is
Uy Ug Uy
HY)=1-28y* ()= 42t ROS UL (Y) =45 (38)
and hence (V) U
T=—Y- 2 2
4 T R? (382)
Let us now consider string as a probe in given background
S =— drvdeth ,h = gun0a XM s XN . (383)
2o/
We again impose the static gauge
tp=7,U=0,2=2() (384)
so that the equation of motion for = gives
/
au[ \/gttg:vxx ] _ 0 —
V g’LLU —"_ gxxxIZ
ZL’/Q — CQQuu —
GttGuu — 02
x/Q _ R4C2
UtH(%H — C2)
(385)
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As in previous case we determine the integration constant C' as the point

where 2/ = oo that gives
1

VitGzz|(Unin) = C = C* = R4(U§un —Up) -

Then we obtain

min

x/:RQ 1 — U(;l 1
V' U Jor - 09 - D)

and hence we obtain

2 U/Umin
. @ ___
Umin 1 \/(y4 — 1)(y4 -1+ 6)

where -
e=1- TO .
Umin
We can again find relation between U,,;, and L when as

I "
L_%mf[ VD119

(386)

(387)

(388)

(389)

(390)

We calculate potential in the same way as in case of zero energy however we
have to take into account that now ¢z coordinate is compactified with period
of . Further, we have to substract the contributions of two heavy strings
which however do not end at U = 0 but at the horizon U = Uy. In other

words, this contribution is equal to

1 0o
S = / dr / dU
271'0[, Uo

and hence the finite potential is equal to

N Ve U 2 /UmmdU 2
- 27! Unnin VUL =U, 21 Jy, 2o/

2ma!

VA1
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(391)
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This is the potential between quark and antiquark at finite temperature that
is function of L and T. However in order to find this we should eliminate
U,nin that appears in given expression and that can be determined from the
equation above. This can be done only numerically so that it is instructive
to analyze the behavior if given potential at different limits. First of all the
region € &~ 1 corresponds to Uy < 1 which means that 7" < 1 and hence
we are at the low temperature region. At the same way the case ¢ ~ 0
corresponds to the high temperature region T'L > 1. For small temperature
we can determine the dependence of L on 7,,;, as in the free zero temperature
case 12~ RTQ. Then we find that the lowest correction to the potential is
proportional to (T'L)*, where we have to take into account that the theory is
in conformal phase so that the temperature has to appear in the combination
TL. In principle we can calculate this energy from the result given above
however it is instructive to proceed in slightly different way. Let us consider
the pure AdS spacetime with the metric

ds? = (%)2 (—dt® +da® +...) (393)

where the line element comes with the factor 2. We also see that we measure
the gauge theory time and distance using ¢t and x which differs from the
proper time and distance of the AdS space-time.

Let us denote the quark-antiquark separation as Ax = 2L. The quark-
antiquark pair is represented by a string that connects the pair. As we know
string has tension which implies that the string wants to minimalize its length
so that naively we would say that the state with the lowest energy is the
straight string at » = oo, where we recall that the boundary is at r = oo.
However this is not true since we have to take into account the fact that the
metric comes with the factor r2. It turns out that state with less eneergy
corresponds to the string that goes inside the AdS space-time (r # oo) since
the line element has the factor r2 so that the string is shorther at the origin
where the line element is Azr?. In fact, we can roughly divide the string that
connects two quarks into two parts. The first one where the string extends
vertically and the part where the string extend horizontally. In other words
we can approximate the string by rectangular string where only the horizontal
string contributes to the quark potential since this part of the string changes
as we vary the separation of the quarks 2L, while the vertical part of the
string does not change very rapidly and it simply corresponds to the quark
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mass. As we also showed above the turning point occurs at

R2
maz ~ —— - 394
gz~ (394)
Now from the line element we find that the length of the horizontal string is

2L so that the string energy is approximately

r

E(r) ~ <E) L. (395)

It is also important to stress that given energy does not correspond to the
gauge theory energy which follows from the fact that the time-like direction
comes with the prefactor 12 too. In fact, the gauge theory time is the coordi-
nate time t since the proper time 7, defined as —dr? = ds? is related to the
gauge theory time by

,
==t 396
= (396)

so that we have an inverse relation between the proper energy and the gauge
theory energy as

B = (}%) E(r) . (397)

Then the potential in the gauge theory is given as

B, = (%”) E(r) = (%’)2 L~ sz . (398)

We see that in this picture we derived the Coulomb potential £ = % and

not the confining potential £ ~ L. We see that even if the quark-antiquark
are connected by string it still corresponds to the unconfinning potential.
We also see that this potential is proportional to R?, which, according to
AdS/CFT relations, means that R? ~ A2 which means that it represents
non-perturbative effect. In fact, this potential can be also calculated non-
perturbatively from the field theory point of view and it behaves as A!/2 at

strong coupling.
The previous discussion can be generalized to the more general form of

the metric where
ds® = goodt® + geedr® + ... . (399)

Now the proper time is related to the coordinate time through the relation
T = v/—goot and hence the gauge energy is related to the proper energy of
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the string as

1
2o

Ey = vV =900lrma. E(1) = V' =90092 |rmas L (400)
where the metric is again evaluated at r,,;,.

Confining Phase

We would like to see whether confining phase can be described using
AdS/CFT correspondence as well. As we know the pure AdS space-time
corresponds to the N' = 4 SYM which is not QCD. Further, N' = 4 SYM
is scale invariant and hence the confining phase does not exist even at zero
temperature. Then in order to describe theory that has similar properties ad
QCD we have to modify AdS geometry in some way.

In fact, there are number of models that deform the AdS space-time
with corresponding modification of the dual theory. Let us however consider
following model. The AdS spacetime extends from r = co to r = 0 but let us
presume that we cut off the AdS spacetime at » = r.. Let us also presume
that confinement occurs at some low energy phase A. As we argued above r—
coordinate has the interpretation as the gauge theory energy scale so that
the confinement means that the AdS space-time is modofied deep insider
AdS. Tt is also clear that there is no modification of the potential when the
string is far enough from the cutoff » = r.. In this case we find the pure AdS
space-time. On the other hand if the separation of the quarks is large enough
we find new effect. To see this note that in the AdS space-time the turning
point behaves as 7,4, ~ 1/L. But in the cutoff AdS space-time the string
reaches r = r. for large enough L. Since this is the end of the space-time
string cannot go further and hence the energy of the horizontal string is

E; = v/=g00|r=r, L ~ 2L (401)

that is really the energy of the confining potential.

The same arguments can be used in case of non-zero temperature AdS
space-time which is known as the plasma phase. As we argued above the dual
geometry is AdS black hole with the horizon at r = ry. Again, if the string
is far enough from the black hole the geometry is approximately the AdS
space-time with corresponding Coulomb potential. However when the string
reaches the horizon the new effect occurs. As we know the line element is

ds? = — (%)2 (1— (@>4)dt2 T (402)

r
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so that gopo = 0 at horizon r = 75. Then we however find that E; = 0
which means that the horizontal string has no contribution to the energy.
In other words there is no force where the quark separation is large enough.
This is known as the Debye screening in AdS/CFEFT. In other words we have
following picture. When the separation of the string is small we have standard
Coulomb like behavior while for large separations of the quarks we find that
these quarks become free due to the screening by the thermal bath.

Despite of this fact we would like to see how we can find simple model
that can describe the confinement. Let us consider AdS black hole with line
element in the form

2 (TN*/ . .2 2 2 2 Qd_7"2
ds® = (R> (~hdf? + da® + dy? + d=*) + R, (403)
where A
_q1_ (T
h=1 (r) . (404)

Let us now compactify z— direction so that 0 < z < [ so that we have solution
with asymptotic geometry R*? x S*. However there is another solution with
this asymptotic geometry. To see this we perform double Wick rotation

2 =itz =it (405)
of the black hole and we obtain the metric

dr?

= (406)

ds? = (}%)2 (—dt? + da? + dy? + hd2"?) + R?
that has the same asymptotic structure RY? x S!. This geometry is known
as AdS soliton. Clearly they are the same as Euclidean geometries but they
have different Lorentzian interpretation. The AdS solition is not a black hole
since due to the factor h in front of dz"? we should say that the space-time
ends at r = ry. Then from the analysis performed above we obtain the energy
of the quark-antiquark potential in the form

T 2
Et =V _gt’t’g:m:L = <ES) L (407>

that is confining potential.
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6 Thermal N =4SYM and AdS/CFT Corre-
spondence

In this section we discuss aspects of the AdS/CFT correspondence at finite
temperature. As we show in previous lecture the thermal field theory could
be dual to the background with thermal properties. In this lecture we will be
more precise with this statement.

We start with the Schwarzschild-AdS black hole (SAdS). It is possible to
consider either Schwarzschild black hole in AdS with spherical horizon or we
can consider AdS black hole with planar horizon known also as a AdS black
branes.

The S AdS; black hole is a solution of the Einstein equation with a nega-
tive cosmological spatime with the metric

2 (Vs — T OV (a2 kg 4 a2
ds; = <L) h(r)dt +(%)2h(r)+<[/) (dx* + dy” + dz7) ,

hr) = 1— (;0)4

The horizon is located at r = ry. The coordinates (z,y,z) represent R>

coordinates and we see that the horizon extends in (x, y, z)—directions. Note

that this is different from the case of Schwarzschild black hole where this line

element has the form r2dQ2%. Note that the presence of the black hole in the

AdS space-time means that now SAdSj5 is not the space-time with constant

curvature as opposite to the case of AdSs with curvature singularity at r = 0.
As we know AdS space-time is invariant under scaling

(408)

= axt Jr — z. (409)
a

Now under this scaling the relevant part of the metric element of SAdS scale

as
2 aroy 4

ds? — — <3> 1— <—°) dt? 410

85 — L r ( )

which means that we derive the same SAdS when we scale the horizon as

ro — %TO. In other words black holes with different horizon radii are all
equivalent. Further, we show previously that the temperature of the black
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hole is T" o< rgso that we see that we can change the temperature by scaling.
In other words all temperatures are equivalent and the physics is the same,
of course with exception of zero temperature. This also means that there is
no characteristic temperature which could correspond to a phase translation.
This is a consequence of the fact that N’ = 4 SYM is scale invariant and there
is no dimensionful quantity except the temperature. Of course, this is valid
for the SYM in flat space-time but the situation could be different when we
consider theory on S3.

In other words we see that the black hole metric in AdS is invariant under

the scaling

1 1
o —axt, r—-r, rg— -rg. (411)
a a

6.1 Thermodynamic quantities of AdS black hole

Here we determine thermodynamic quantities of the S AdS5 black hole that,
in the AdS/CFT correspondence they are interpreted as thermodynamic
quantities of dual N/ = 4 SYM at strong coupling. Recall that we have
the relation between SYM and the bulk theory:

,_mR R\
N_QGB,)\_<ZS) | (412)

As we know the temperature of the black hole is given by the relation

(o)

47

B 2r 1 T0\4 1 T 27“3 B
N R247r( <r> +47TR2(R) rd

C 4nR2?

(413)

Now since the black hole is infinite extended in all three spatial dimensions
its entropy is divergent and hence it is more appropriate to use the entropy
density s. Let us introduce infrared cutoff so that we impose upper limit on
spatial coordinates 0 < z,y,z < L,, L,, L., so that the gauge theory volume
is V3 = L,L,L,. Now it is known from the physics of the black hole that
the entropy of the black hole is proportional to the area of the horizon. Note
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that the spatial section of the black hole space-time in AdS is equal to (at
constant r)

2
do® = (%) (da? + dy? + dz?) (414)
so that area of the horizon is (evaluated at r = 1)
2
A= / do = (@> L.L,L. (415)
hor R
when we introduced an infrared cutoff. Then the entropy of the black hole is
equal to
A 1 To 3
S=2 - - (—) V. 416
AGs 4G5 \R/) (416)
and hence the entropy density is equal to
S 1 To 3
- = - (2 417
R TAR TR (R) (417)

If we now express ry using 7' and further using R3 = %N 2 we obtain

2

s = 7N2T3 : (418)
We will discuss the physical interpretation of this result in the dual theory
below. Finally the rest of the thermodynamical quantities can be determined
using thermodynamic relations. From the first law

de = Tds (419)
we obtain
3 9272 3 923 3 92
ds:iﬂNTdT,de:iﬂNTdT:>6:§7rNT. (420)
Finally from the Euler relation
e=Ts—P (421)
we obtain the pressure P as
1
P = g7r21\f2:r4 (422)
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that implies an important relation between the pressure and the energy

density

1

It is very interesting to discuss the dependence of the energy on temperature.
The dependence € oc 7% is manifestation of the Stefan-Boltzman law which
follows from the fact that N' = 4 SYM is scale invariant and there is no
dimensionfull quantity except of temperature. Then since the energy density
has a quantity of the mass dimension [¢] = M~ it is clear that it has to be
proportional to T%. However clearly this dimensional analysis cannot deter-
mine the numerical factor so that using this black hole calculation we derive
non-trivial result that should be compared with the calculation performed in
case of the free gas.

We should also stress that the fact that the black hole obeys the Stefan-
Boltzmann law is rather non-trivial. For example, in case of the five-dimensional
Schwarzschild black hole we find M % and hence the Stefan-Boltzmann
law is not reproduced.

Further, the Schwarzschild black hole has a negative heat capacity

AM 1

C=r 78

(424)
and hence there is no stable equilibrium. This is well known fact that Sch-
warzschild black hole in the flat assymptotic spacetime emits the Hawking
radiation which means that the black hole loses its mass due to the radiation.
This also leads to the growing of the temperature of the black hole and the
black hole does not reach an equilibrium.

However in case of SAdS the situation is very different. Let us be more
explicit and write

(5 — dimensional) Schwarzschild : M ~

G512’
3
(5 — dimensional) Schwarzschild — AdS: € = %T‘l .
5

(425)

We see that in case of Schwarzschild black hole we have two dimensionful
quantities G5 and T. On the other hand in case of AdS black hole there
is another dimensionful quantity which is the radius of AdS R that we can
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combine with G5 to give a dimensionless quantity V. Clearly this cannot be
done in case of Schwarzschild black hole and hence Stefan-Boltzmann law
cannot appear in this case.

N? dependence The entropy density is proportional to N2. The fact
that the entropy scales with N2 implies that the theory is in unconfinement
phase. More precisely, the entropy counts the number of degrees of freedom.
SU(N) theory is gauge theory with N x N hermitean matrices so that we
have N? degrees of freedom approximately. In unconfined phase these degrees
of freedom contribute to the entropy. In the confined phase only SU(N)
gauge singlets contribute to the entropy and consequently the entropy is not
proportional to N2,

Traceless stress energy tensor As we saw the energy density and the

pressure satisfies the relation
e=3P. (426)

that implies that the energy momentum tensor is traceless. In fact, this is
also consequence of the scale invariance of N' =4 SYM.

Free gas result It is instructive to compare these results with the free gas
calculation. Let us consider the partition function of free particles. Denote
the energy level as w; and n; as the number of particles that occupy the
energy level w;. The total energy of the microstate is determined by numbers
ni,ng, ... and is given by

E(nl,ng,...):Zniwi . (427)

The partition function is given by

7 — Z e—ﬁE(nl,ng,...) _ Z Z o 6—5(n1w1+n2w2+...) ) (428)

ni n

where 8 = 1/T. For bosons n; takes the value from 0 to oo so that

2, — (i e-ﬂmm) o ﬁ ﬁ (429)

n1=0 =1
using
o0 1
Ze—ﬁnw =1+ e—ﬁw + (6—5w>2 + ... = m . (430)
n=1
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Then the thermodynamic quantities are evaluated as

InZp=—> In(l—e ™)

i=1

d3
— —V/ d In(1 —e ™) =

(27)3
V [ee]
———4 dgq® In(1 — e P7) =
2n)? W/O qq” In(1 —e™"1)
Vo1l [*
———/ dra*In(l —e ™) =
212 33 J,
2
7
=V_—_—.
9033
(431)
In previous calculation we replaced the sum by integral and used the disper-
sion relation w = |g| that is valid for massless particles. We also used the
relation
/oo 2n(1 — e ) i (432)
d —e ) =——=
i zzr-In(l —e T

Now, with the help of the partition function we determine corresponding
thermodynamic quantities

10InZp 2

€ = —— —_—— —_—
BTV o8 3064

1 2m?
SBZVIHZB—FﬁEB:ZLSBS.

(433)
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In case of fermions we hav that n; takes the value either 0 or 1 so that

oo

ZF = (1 + C_ﬁwl)x = H(l + B_Bwi) s

=1

InZp = Zln(l + ) —

=1

d3
—>V/ L1 +e ) =

(2m)?
= Gyt /Oo dgq*In(1 +e %) =
(2m)? 0
— V7—7T2 ,
72083
(434)
where we used an integral
o0 4
/O dza?In(l + ) = % . (435)
Using this result we find
anF—ganB (436)

Using these results we can determine the entropy of the SYM at the free gas
approximation. Firstly, using the form of the entropy for the bosonic degree
of freedom we find the photon contribution to the entropy density

272
Sphoton = BTs X 2 3 (437>
where the last factor 2 comes from the polarization of photons. However this
is true for the photon gas only but in case of N = 4 SYM we have more
degress of freedom. In fact, the number of the bosonic degrees of freedom is
equal to

Nyos = (2+6) x (N? — 1), (438)

where the factor 2 corresponds two states of the gauge field and the factor 6
corresponds to the number of the scalar fields. Finally the factor (N? — 1) is
the number of degrees of freedom for the field in the adjoint representation
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of SU(N). In case of fermions we find that their number is the same as the
number of bosons due to the supersymmetry:

Np = Np . (439)

On the other hand we know that fermions contribute 7/8 of the bosons
entropy so that

7 15
Naog = Npos + gN er = (24 6) X g(N2 —1)=15(N*-1). (440)
Consequently the entropy density in the free gas is equal to
2 2 2 2 2 2
S free = 4—7;NdofT3 - %(N2 T8 ~ %NQTS . (441)

We see that this expression has the same functional form as in the case of
the entropy calculated using the black hole but the coeficients are different.
In fact, they are related by the formula

SBH — zsfree . (442)
Now we see that there is famous 3/4 discrepancy that has following origin.
The black hole computation corresponds to the strong coupling result that is
different from the free gas result. In other words AdS/CFT predicts that the
entropy of N' =4 SYM at strong coupling becomes 3/4 of the free gas result.
It is very difficult to check this prediction but it was shown that similar
behavior can be obtained in lattice simulations.

6.2 The AdS black hole with spherical horizon
The AdS black hole with spherical horizon is given by

2 4 2

2 r "o 2 dr 2 1002

d85__(ﬁ+1_R27“2> dt —f-ﬁ—l—T dQ3, (443)
R? +1-= R2r2

and we see that for ry = 0 the metric reduces to the metric in the global

coordinates. The horizon is located at r = r, where

2 4
=+ +1- =0=
R? R2r2

4 2.2 4 _
r.+Rrl —ry=0=

1
r¥ = 5(\/R4+4T§ — RY) .
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It turns out that spherical black holes with different horizon radii are not
equivalent. This has very important consequence for the phase structure of
the dual SYM theory where, however we have to presume that it is now
defined on the compact space. Such a theory has very rich physics as phase
transition.

7 Phase transition in AdS/CFT correspon-
dence

It is well known that when we change parameters of thermodynamic system,
as for example temperature, this system could perform a transition to a
macroscopically different state that is more stable. This phenomena is known
as phase transition. It turns out that in a phase transition a thermodynamic
potential such as free energy become non-analytic. More precisely, the nth
order phase transition is the transition when the analyticity is broken in the
n-th derivative of the thermodynamic potential. Explicitly

e First order phase transitino when F' is continuous and F” is disconinu-
ous. Note that F” means the derivative with resepct to any independent
variable of thermodynamic potential.

e Second-order phase transition F' and F’ are continuous but F” is dis-
continuous.

Very nice example of such a system is a ferromagnet that has sponaneous
magnetization M below te transition temperatur 7. and the magnetization
vanishes at T" = T,. Macroscopic variable such as M that characterizes two
phases is called the order parameter.

We introduce the free energy F' = F(T, M) for such a system. However it
turns out that it is useful to use magnetic field as the control parameter and
use the another thermodynamic potential which is Gibbs energy defined as
Legendre transformation of the free energy

G(T,H)=F — MH. (445)
so that 50
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It turns out that in case of ferromagnet M is coninuous at the transition point
that is defined as the point H = 0. This fact implies that given transition is
the second-order phase transition.

After this brief introduction to the process of the phase transition we will
study phase transitions in AdS/CFT case. We know that in N' = 4 there
is no characteristic temperature and hence there is no phase transition in
given theory. However it is interesting to consider theories and black holes
that have properties of the phase transitions from following reasons:

e There are gauge theories with rich phase structure, as for example
QCD. These phenomena can be nicely described using AdS/CFT corre-
spondence.

e This is even more useful in case of the strongly coupled systems where
the dual gravity description is very useful tool.

It is clear that it is very useful to study the phase space phenomena in
the AdS space and try to find their interpretations in the dual theory. We
start with the calculation of the black hole partition function that, in the
saddle-point approximation is given as the evaluation of the action on the
classical solution. Then we can interpret the exponential of given function as
the partition function of the dual gauge theory

Zgauge ~ eiSoEnshell , (447)

where SE . is on-shell action that we derive when we insert the solution
of the equation of motion into it. However it is important to stress that it is
possible to have two solutions corresponding to given boundary conditions.

Then we have to take these solutions so that
E E
Zgauge ~ e_Sonshelll + e_sonshellz (448)

where Sysnei, , are actions evaluated on the solutions 1, 2 respectively. Clearly
dominant contributions give the solution with lower free energy.

Let us consider compactified N’ = 4 SYM compactified on S with perio-
dicity I. The ' = 4 SYM on R* is scale invariant and there is no dimensionful
parameter except of temperature. Further, as we know, we can always change
the temperature by scaling and all temperatures are equivalent. However
introducing the scale [ has crucial consequence for given theory. It is not
possible to change the temperature by a scaling and it is paremeterized by
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a dimensionless parameter T'. It turns out that given theory possesses the
first order transition at 717 = 1.

As we showed previously there are two possible dual geometries that
approach R'? x S! asymptotically. The first one is the SAdSs black hole

2 2
dst = (55) (—hde? +da? + dy? + d=*) + R

hr?’
4
h:1—<%) 0<z<l.
(449)
The second solution is AdS soliton
ds? = (1)2 (—dt? + dz? + dy? + hd=?) + 22
> R hr?’
=T
To
(450)

that, as we know, is derived from the black hole by the double Wick rotation
2 =it ,z =it

The SAdS black hole describes the plasma phase wheras AdS soliton
describes the confining phase which we also saw when we analyzed Wilson
lines in these backgrounds. Explicitly, we found that Wilson loop describes
linear potential in the background of AdS soliton. Further, AdS soliton does
not have entropy due to the fact that it is not black hole.

At high temperature the AdS soliton undergoes a first-order phase tran-
sition to the SAdS black hole. This phase transition then describes a con-
finement /deconfinement transition in the dual gauge theory, where however
we should stress that this transition does not correspond to the usual con-
finement in QCD from following reason. We still work with the background
that is dual N =4 SYM which however is defined on compact space.

To see how the phase transition comes from let us evaluate the free energy
of these space-times. We start with the partition function of AdS black hole.
The gravitational action has following form

Sg = Seur + Scu + Ser (451)

where Spuk, Sag and Scr are bulk action, the Gibbons-Hawking action and
the counterterm action respectively. The bulk action is the five dimensional
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action that has the form

1 5
S = e /d zy/—g(R —2A)
12

(452)

The Gibbons-Hawking action is added to the EH action in order to have a
well-defined variational problem

2 4
e / o AK (453)

which is a surface term evaluated at u = 0. Further, is 4—dimensional metric
at the surface surface and K is the trace of the extrinsic curvature.

The surface term does not affect the equation of motion but its presence
determines the value of the on-shell action. In fact, in some cases there is no
bulk contribution to the cases so that the on-shell action is entirely determi-
ned by Gibbons-Hawking action.

Now we discuss these two actions evaluated on the classical solution corre-
sponding o the SAdS. Then we will discuss the meaning of the counterterm
action. Let us consider following background

2 dr? 4
ds? = (%) (hdt% + da® + dy? + d2?) + L2 h=1- (ﬁ) ,

hr?’

’
= (454)
Let us introduce coordinate
u="2h=1—u & =—"du (455)
r U

so that the line element takes the form

2

2 ro\?2 1 2 2 2 2 o du 4
ds5:(f) E(htheraz; + dy +dz)+RW,h=1—u . (456)

In the coordinate r the black hole horizon is located at r = ry and AdS
boundary is located at » = co. In the coordinate u the horizon is located at
u = 1 and the AdS boundary is located at u = 0.

101



Let us now return to the bulk action. The variation of the action with
respect to gy implies following equation of motion

1
RMN — EQ)MNR + AgMN = O . (457)
Taking the trace of given equation gives
5 10
R—§R+5A:0:>R:§A (458)
that for given A gives
20
R = I (459)
Then on-shell action is
1 4 1
Sputk = — d°r\/g=A = d° : 460
btk = T GG / Wigh = oG / g (460)
For the black hole spacetime we have
6 -8
- 5= o)
and hence we find
1 B 1 -4
Stk = — = dt | & du—2— =
Ptk T on Gy L2 /0 / :1:/0 YT
. BVarg (1 BVs 15 e
=1 =1 fumo = S S
w0 87GLA \ ut =0 = {g g, Tr otk
(462)

where V3 is the volume of the spatial section. The bulk action diverges as
u — 0 since it is proportional to the space-time volume.

Let us now perform the calculation in case of Gibbons-Hawking action.
Let us write the line element for the SAdS black hole in the form

dst = guudu® + 7y, datdz” . (463)

We see that the 4—dimensional metric defined on the surface u = const is
given by 7,,. Clearly the normal vector to this surface has the only one
non-zero component n*. If we require that its norm is one we find

1

n'n" gy, =1=n"'=— : (464)
Juu
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where we chosen the sign — in front of the square root since the normal
n* points in the direction od decreasing u. For diagonal metric the extrinsic
curvature is given by

1
K,, = §n“ Y - (465)

Its trace is defined as
1
K=K, = énuaﬂww ) (466)
Since det v = exp Trln~ we obtain
1 v,
Then comparing there two contributions we obtain
1
K =nl'—0,/7 . 468
¥l V7 (468)
For AdS black hole we have
L 41
= () —vn (469)

Guu = % Y = I Ul
and hence we obtain 8
}ng(l) VK = i 4 (470)
and hence we find that Sgy is equal to
1 praVs. 8
= —— +4)|u=0 - 471
Sau 167G L4 [ ut +4llu=o (471)

We see that the bulk action together with GH action diverges in the limit
u — 0. For that reason we add another surface term to the action known as
counterterm action.

In order to explain this notation note that in AdS/CFT correspondence
this divergence is interpreted as the ultraviolet divergence of the dual field
theory. The standard procedure how to deal with divergences in QFT is to
add a finite number of local counterterms to we add these terms to the gra-
vitational action in order to have finite partition function. This procedure is
known as the holographic renormalization. Explicitly, we choose the counter-
term action in the following way

103



e It is written in terms of boundary metric vy, and the quantities calcu-
lated from it, as for example Ricci scalar R.

e It consists only a finite number of terms.

e The coeficients of these terms are chosen n order to cancel divergences.

In case of 5— dimensional space-time the counterterm action is given b

1 y 6 L
50T = {626 / devy (z - §R)

(472)
so that for the black hole solution we find
1 BV6vVh 1 BV3/(6
S = y— e [ 473
or 167Gs LY u? fu=o = 167Gs L* \ u* (473)
In summary, we have following result
BVs 15 (2
St = o0 (2 2] Juco
"R 16mGs LA\ u lu=o
BV 1g 8
S = — | ——5 13 lu=0
G = TerGy 10\t T3 )l
BV 15 (6
Scr = — | —= =3 |u=o -
T 16nGy LY \ Ut =0
(474)
In summary we obtain
BVs 13
S — shell) = Sy, S, Scr = — — . 475
E(on — shell) bulk T OcH + Scr 167G, L7 (475)

The on-shell partition function is related to the partition function Z and the
free energy F' as

1 1
7 = e Selon=shel) '@ — _ ~1n 7 == —Sy(on — shell) . (476)
B B
so that the free energy of the black hole has the form
Vs 7"61 (nLT)* L 5o
Fpy = — — = — Vo= —=m*NT"V: 477
B = T167G, L5 16aGsL ° 8 el %0 (477)

104



using 7' = 5. In case of the AdS soliton we can proceed in the same way. In

fact, the AdS soliton has the same Euclidean geometry so the free energy for
the AdS soliton takes the same form with the important difference that now
7o is not related to the temperature T but it is related to the S! periodicity
l

Vs rd VaL3 7wt
Fsoion:_ T — TR 478
it 167G5 L> 167G I* (478)
using the relation between periodicity [ and rg
wL?
[ ——— 479
- (479)
Then the free energy difference is equal to
AF=F _Fsoion:_ T — —
B i 167TG57T ( l4)
(480)

and hence we have

e At low temperature T' < 1/l where Fyyi10n < Fppy the stable solution
is AdS soliton that describes confining phase.

e At high temperature T' > 1/1 we have Fpy < Fspiton and the stable
solution is the black hole that describes unconfining phase.

We also see one important point. Black hole has entropy while the AdS
soliton doesn’t we see that entropy is discontinuous at the point 7'/ = 1. Since
S = —0rF is discontinous we find that this is first-order phaselntransition.

The phase transition that was described above is generally called the
Hawking-Page transition. In fact, original Hawking-Page transition uses SAdS
with spherical horizon where the line element has the form

2 4 2
2 r "o 2 dr 2 1002

In the limit r — oo we find that the line element has the form

7“2

2 __
dS—L2

(—dt? + L*dQ3) (482)
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so that the dual gauge theory is N’ =4 SYM on S® with the radius L.

Since there is a characteristic scale L we see that the theory is parame-
terized by a dimensionless parameter T'L and the theory possesses the first
order transition. The horizon is located at r = r, that is solution of the
equation

SR Y N VP ¥ 483
ﬁ—l— _L2ri_ — Ty =71, +L7r]. (483)
and the temperature is given by
27’3 + L?
=" 484
2mr, L? (484)

For given value of T" we have two values of .

8 Advanced Topics: Gravity And Entaglement

Let us outline basic idea of AdS/CFT correspondence. The basic idea is that
certain non-gravitational system on fixed space-time is equivalent to quantum
gravitational theories whose states correspond to different spacetimes with
given asymptotic behavior. In other words, each sat in the non-gravitational
theory corresponds to the state in the dual gravitational theory and each
observable in non-gravitational theory corresponds to some observable in
the gravitatonal theory. Of course, the interpretation of these states and
observables can be completely different on both sides of the correspondence.
However there is one quantity that has the same interpretation wich is the
energy: Energy of a CF'T state corresponds to the total energy of the space-
time which is measured by the ADM mass. As we know from the previous
parts of this lecture such a classical example of the non-gravitational system
is a conformal field theory defined on some fixed space-time B where B is
either Minkowski space R4~1! or a sphere with a time direction S9! x R.
If we claim that C'F'T is holographic theory then there is a correspondence
between various quantum states of the CFT and states in the dual theory,
where these various states can describe different spacetime geometries. But
what is important is that the assymptotic behavior of these geometries is the
same. For example, for CFT on Minkowski space R?~1! the vacuum state of
the theory corresponds to (d 4+ 1)—dimensional AdS with a Minkowsi space
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boundary that can be described by the metric
L2
ds? = —

22

(dz* + dx,dz") | (485)

where the boundary is localized at z = 0. Then more general excited states
of the CFT are dual to different geometries that approach this geometry as
z — 0. This requirement implies that these geometries can be described as

22

L
ds* = — (dz® + T (z, 2)dz"dz") | (486)
z
where for small z we have
Ful/($7 z) = Muw + O(Zd) ) (487)

that implies that lim, o I',, (2, 2) = 71,, and really the space-time asymptoti-
cally approaches AdS space-time. For CFT defined on a more general space-
time B the definition is the same with the exception that 7, in (487) is
replaced with metric on B.

Let us now discuss various states of CFT and their relation to the dual
geometries. For small perturbations to the vacuum state of CFT the corre-
sponding geometries are represented by small perturbations to AdS and this
is well known from the previous parts of this lecture. On the other hand
high-energy excited states have corresponding dual space-times with diffe-
rent geometries and even topologies. One such a famous example is the case
of the thermal state of the CFT. As we know for the Minkowski-space CF'T
the geometry dual to a thermal state is the planar AdS black hole. The case
when the CFT is defined on the sphere is more interesting and was analyzed
in previous part of the lecture.

One can ask the question whether all CFT are holographic. It turns out
that we do not have set of necessary and sufficient conditions which tell us
whether any particular CFT is holographic. We believe that in order to have
gravity that looks like Einstein gravity coupled to matter requires that we
have a CF'T with a large number of degrees of freedom and strong coupling.

8.1 Entropy and Geometry

Now we return to the problem of the black holes in AdS space-time. As we
known AdS/CFT correspondence a Schwarzschild black hole in AdS space-
time can be identified with a high-energy therma state of the corresponding
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CFT on a sphere. Such a theory has a discrete spectrum of energy eingenva-
lues |E;) and the thermal state corresponds to the corresponding canonical
ensemble. However we can say more since we know that any CFT state is
dual to asymptotically AdS space-time with or without a black hole. Further,
for any subsystem of the CFT, entropy of the subsystem corresponds to a
area of a particular surface in the corresponding space-time. In order to un-
derstand this relation better it is useful to review description of quantum
subsystems.

8.2 Quantum Subsystems and Entaglement

Let us have a quantum system and imagine that it has its subsystem A. Let
us denote the complement of this subsystem as A. Then we can decompose
the Hilbert space as

H=HaQH; (488)

In other words the Hilbert space is given as a tensor product of Hilbert spaces
of corresponding subsystems.

Let us now consider a state |¥) € H of the full system. Then we can ask
the question, what is the state of the subsystem A? We could presume that
it is possible to find some state ’¢A> € H 4 that carries all information about
the subsystem. We could demand that for every operator O, that acts on
H 4 alone

(W Oa ") = (|04 @15 |¥) | (489)

where Ip is identity element acting on the subspace Hp. However it turns
out that for general |¥) there does not exist such a state |¢*). In other
words, the state of the subsystem is not described by any single state in the
Hilbert space H 4. In fact, previous formula is valid when we can express |¥)
as |U) = [ [¢?) since then

(W04 I|T) = (WP (W] (04 @ 1) [9) [07) =
= (Y|, Oal¥) 4, (¥B| Op [¥) g = brapaOa ) ,
(490)

8.2.1 Ensembles of quantum states

The right way how to describe given subsystem is to use an idea of an En-
semble of states that is known as a Mized state which is opposite to the pure
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state which is single Hilbert space vector. Explicitly, we consider a collection
{(¢s, pi)} of orthogonal states and corresponding probabilities. We define ex-
pectation value of an operator O in the ensemble to be the average of the
expectation values for the individual states weighted by the probabilities

(O ensermtie = _Pi (Uil O} (491)

For system consisting from more parts with state|¥) or more generally an
ensamble of states for the full system we can always find ensamble of states
for subsystem A such that all expectation values of 04 are reproduced

(U] (04 @ 1) | W) = sz Ui Ol (492)

Now p; represent classical uncertainty about system in the state [¢;). We
prove this prescription below.
Given such an ensemble we can define an operator

pa= Zpi i) (i (493)

that is known as Density matriz for subsystem. The density matrix is an
Hermitian operator with unit trace and non-negative eigenvalues p;. In fact,
it is easy to see that |1/1;-A> is eigenvector of this operator since

pa vty = pi o) (udty = pi o) (494)
J

using the fact that ’¢f> are orthogonal. In other words density matrix pro-
vides a mathematical description of ensamble of states.

In order to compute exceptation value of operator using density of matrix
wc calculate the trace this operator

(Oa) = Z (0| Oapa i) = Z (¥ Oa Zpk ) (Y wty =
Zwﬂmzmwél Zpl (6 O |0t

J

(495)
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Now we are ready to calculate density matrix for subsystem. Let W is the
state of the full system that, when {[¢,) } is basis of subsystem A and {|¢n)}
is basis for the complement of A that we denote as B. Then the state | V)
can be written as

) = Z CNn thn) ® |N) (496)

n,N

Since |¥) is normalized (V|¥) = 1 we obtain

(U|w) = ZZCNnCMm (¥n| @ (N | [thm) ® [Yu) =

Nmn Mmn
- S il = T o -
N, Mn
(497)
Then the operator
p=0) (Y| (498)

represents density matrix for the whole system. Then the expectation value
of operator O4 ® Iz on subsystem we have

Tr((Oa @ 1p)p) = Y (¥l © (Wil (04 ®1p)p) [¥) © |vox) =

k,K

= Z (U ® (Wk| (O @T5) Y D~ nwemr [Un) @ [9n) (U] © (Gar] [4) ®

n,N m,M

= Z (U] @ (Yar| (04 ®1p) ZC NCmM [Vn) @ [Yn) =

—ZZ & nCmn (n] Oa [00),, Z (Wl DD Ouln) (W [9) =

nm N nm N

= TI“(OApA) .

where the reduced density operator is defined as

pa= Y >  chnCmn [Um) (1l (500)

n,m N
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Note that it can be defined as partial trace over the subspace B

Trnlp) = 3 (Wil 30 3 6wt ) @ ) (Gl @ (Woar| [050) =

K n,N m,M

=3 ¢ v [1n) (Wl

n,N m,N

(501)

The previous result shows that quantum subsystem can be represented as
ensamble. We will say about ensamble below.

8.3 Thermodynamics ensambles and entropy

We firstly define microcanonical ensamble. This ensamble is defined as ensam-
ble of states with energy in the small region [E, E 4 dFE]. More explicitly, this
ensamble is collection of states

1
{lEi>ai:17'-->n>pi:_} (502)

n

This ensamble is used when we calculate expected values of quntities when
only the overall energy for some closed state is known. Then the ignorance
about microstate can be expressed by entropy which is given as

S=lan,(kg=1) (503)

where n is number of microstates with the total energy E. We can think
about each state to give individual contribution to entropy

1 1
Sstate =—Ilnn= _plnp D= =" (504)
n n
If we now presume that the individual contribution of the state is the same

for more general ensambles with different probability p; we can define the
total entropy as extensive quantity given as a sum of particular entropies

S = —Zpi Inp; = —Trpalnpy , (505)

which is valid for any ensamble. We can take this formula as general definition
of entropy for arbitrary ensamble that describes any quantum subsystem.
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As the second ensamble familiar from standard statistical physics is ther-
mal or canonical ensamble. This represents a system A which weakly interacts
with the thermal bath which we denote as B. Note that A with B consists
closed system. In terms of the energy eigenstates

|Ei)  HalE); = E;|E), (506)
this ensamble is given as collections of states and corresponding probabilities
{|E;) ,pi=e"" )2} (507)

where

Z=> e’ (508)

8.4 Entanglement

There are several possibilities how to define entanglement. One such a possi-
bility is to say that the state of system, which consists from subsystem and
complement cannot be write as product state in the sense that

() = [¢a) @ [¥B) (509)

Another possibility is to say that subsystem A is entangled with the rest of
the system if the ensamble that describes this subsystem has probabilities

pi# 1.

It is also important to say that entanglement is not the same for all
systems, in other words, some systems are more entangled than the others.
For example, let us consider two spins A, B where each spin is in the (1| or
(|- The Hilbert space of this system is

H=Hs®Mp (510)

where H 4, H p are Hilbert spaces of particle A and B, respectively. An ortho-
normal basis of this systems consists four elements

Ma@Np ,Mp@)p . Ma@Mp, Na®Np - (511)

Then the entangled state of two spins has the form
Al ® (512)
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