
Emergence and Correspondence of Hologra-
phy and AdS/CFT
Junaid Saif Khan1∗, Babar Ahmed Qureshi2
1Lahore University of Management Sciences (LUMS), Lahore;
2Abdus Salam School of Mathematical Sciences (AS-SMS), Lahore
∗junaidsaifkhan@gmail.com — +092 (321) 407 5939

Abstract
Despite the successes of string theory in describing perturbative

gravity, a non-perturbative description of quantum gravity is still elu-
sive and not understood. At the same time, non-perturbative, strong
coupling dynamics of gauge theories has not been amenable to direct
analytical methods. AdS/CFT duality connects gravity in AdS space
to gauge theories living on the boundary of this space via a strong to
weak coupling duality thus giving the strong coupling definition of ei-
ther theory in terms of the week coupling perturbative processes in the
other. This idea has got more general applicability as a concept called
holograph connecting gravitational theories to quantum theories in one
lower dimension.

Introduction
The framework of the holographic principle which comes
out of string/M-theory is known as AdS/CFT (anti-de Sit-
ter/conformal field theory) correspondence. One can quantita-
tively describe the space-time using AdS space in five dimensions.
The five-dimensional AdS model has a boundary with four di-
mensions that looks like flat space with three spatial directions
and one time dimension. The AdS/CFT correspondence involves
a duality that is between two types of theories:
• Five-dimensional gravity.
• Super Yang-Mills theory defined on the boundary.
The holographic principle comes out of the correspondence be-
tween these two theories because Yang-Mills theory, which is
happening on the boundary, is equivalent to the gravitational
physics happening in the five-dimensional AdS geometry. So the
Yang-Mills theory can be colloquially thought of as a hologram
on the boundary of the real five-dimensional space where the
five-dimensional gravitational physics is taking place.

ABC.

D-Branes & AdS/CFT Correspondence
D-Branes are multidimensional objects on which open strings
can end. Consider a stack of N parallel, coincident D3-branes
which are extended along a (3 + 1) dimensional plane in a 10
dimensional space-time. D-branes act as a curved background
where closed strings propagate. It implies that D-branes act as
a source in supergravity. Thus, these are described by super-
gravity solutions in 10 dimensions at low energy.
The metric is given by:

ds2 = H−1
2ηµνdx

µdxν +H
1
2(dr2 + r2dΩ2

5),

where

H = 1 +
R4

r4
, R4 = 4πgsNl4s.

Here R is the radius of the curvature of the AdS space and gs
is the string coupling.
• supergravity approximation: gsN >> 1.
• ‘New Horizon’ limit: z = R2/r.
Metric becomes:

dss = R2ηµνdx
µdxν + dz2

z2
+R2dΩ2

5,

which is the AdS5 metric times S5 metric. Hence, this describes
the space AdS5 × S5.
At low energy limit, the two decoupled systems; open string exci-
tations due to N D3-branes are described by N = 4, U(N) super
Yang-Mills theory in 4 dimensional minkowski space is equiva-
lent to the closed string excitations which are well described by
type IIB supergravity in AdS5 × S5 dimensional flat space.

(a) D-Branes Interaction.

(b) Gauge/Gravity Duality.

The ’t Hooft Large N Limit
• Gravity Picture: N and gs represents the number of D3-

branes and string coupling respectively. The more N means
the more D3-branes. Each D-brane has a corresponding gauge
field which implies that there would be lots of gauge fields for
large N .

• Gauge Picture: N and gYM represents the rank of SU(N)
and gauge coupling respectively. Larger N results in a larger
number of gluons. So, there would be strong interaction be-
tween gluon pairs (color and anti-color) as seen below.

(a) Gluons Interaction.

The two open strings splitting interaction gYM is equal to one
closed string splitting interaction governed by gs coupling as seen
below:

(b) Splitting interactions.

Thus,
4πgsN = g2YMN = λ

⇒ gsN >> 1, or g2YMN >> 1.

Gravity theory becomes weakly coupled as N approaches to ∞.
In gauge theories, ’t Hooft considered the perturbative expansion
in λ and make it fixed such that λ << 1. This is known as the
’t hooft limit. Hence, gauge theory is strongly coupled at large
N .
These two descriptions are valid in opposite regimes, λ >> 1
for supergravity in AdS5 × S5 and λ << 1 for gauge perturba-
tion theory in CFT , therefore we conclude that AdS/CFT is a
duality.

The Large λ Limit
Now the only parameter left is λ. So, it is instructive to estab-
lish the meaning of an expansion around large λ. Gravity picture
dominates for large λ.
String’s Polyakov action:

SP = −T0
2

∫
d2σ

√
−ggαβ∂αX

µ∂βX
νGµν.

Here T0 is the string’s tension, Gµν is the spacetime (AdS5×S5)
metric and gαβ is the worldsheet metric.
Experimentally, we don’t measure T0 but slope parameter; Regge
slope α′ which is related to string’s tension as:

α′ =
1

2πT0~c
and T0 =

1

2πα′
=

1

2πl2s
.

Hence, metric becomes:

SP = − R2

4πα′

∫
d2σ

√
−ggαβ∂αX

µ∂βX
νGµν,

For correspondence, let us apply low energy limit as:
E → 0 ⇒ ls → 0 ⇒ α′ → 0

The overall coupling constant becomes:
R2

4πα′
=

√
gsN

4π
=

√
λ

4π
.

So, action becomes:

SP = −
√

λ

4π

∫
d2σ

√
−ggαβ∂αX

µ∂βX
νGµν,

It is clear that role of α′ in string theory has been exchanged by
1/
√
λ.

Emergence of Holography
A quantum gravity system in a bulk ((d+1)-dimensional space-
time) can be fully described by the degrees of freedom living
on the d-dimensional boundary of this spacetime. This is the
holographic principle.

Holographic Principle.

AdS/CFT Approach
If the bulk is AdS then the holographic correspondence would
be AdS/CFT correspondence.

Zg[Φ|∂AdS] = e−N 2SC[ϕ] × (QC) = ZCFT [ϕ] =

⟨
e
∫
ddxϕi

0(x)Oi(x)
⟩
.

This implies that the AdS/CFT correspondence is a realization
of the holographic principle.

Bekenstein-Hawking’s Entropy Formula:

SBH =
A

4GN
(in natural units)

In CFT, Nd.o.f ∝ square of gauge fields described by U(N)
gauge theory.

Ndof ≈ N2, ⇒ SBH ≈ N2.

In AdS, bulk area can be calculated from Einstein-Hilbert action
as ∫ R

d3x
√
g ≈ L3, (dt = 0, dz = 0)

From this, we get:

N2 =
L3

4GN
.

Area of the boundary = Volume of the space.

Bulk information encoded on the boundary of AdS space.

Conclusions
The strong-weak duality proposed by the AdS/CFT correspon-
dence offers a tractableway to study strongly coupled gauge the-
ories just by studying weakly coupled bulk theory which is easy
to understand within semi-classical limits, thus demonstrating
the power of the AdS/CFT conjecture.
Using the correspondence and the correlation functions of these
two theories which turn out to be the same, holographic principle
can be studied.
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