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Abstract

We try to analyze the experimental results on the quark-gluon
plasma(QGP) in the strong interaction by using the string theory.
It is expected that phenomena, that the perturbative quantum
chromodynamics(QCD) or the lattice gauge theory cannot be applied to,
can be analyzed by using the duality of the superstring theory. According
to this the strong coupling region corresponds to the superstring theory
compactified on a five-dimensional manifold. In this paper we review
the discussion on deriving the drag force in the plasma state from the
action of the superstring theory compactified on five-dimensional anti de

Sitter(AdS) space. We also discuss another compactified space.
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1. Introduction

The string theory has been expected to explain all the four interactions in Nature in
one theory, and successful to show some evidence from a theoretical point of view.
The four interactions are eléctromagnetié, weak, strong and gravitational interactions.
Gravity always caused a problem in unifying all the interactions*. The str'ing theory
has been attractive as it includes all the features of gravity as well as of other three
interactions in one. It has been successful as for the completeness of the theory for the
Nature, but agreement with experimental facts has been searched for a long time,

On the other hand, physics implied by experiments has been studied both in
theoretically and in phenomenologically. A remarkable achievement is a numerical
simulation in a study of the strong interaction: there are a couple of on-going
experiments,a technique for analyzing supersymmetry is achieved in the lattice gauge
theory, and the power of computers is being increased day by day. In the weak coupling
region the lattice gauge theory and the analysis by quantum chromodynamics (QCD)
are quite successful,

One of the experimental results being obtained is from the Relativistic Heavy Ion
Collider (RHIC) in the Brockhaven National Laboratory (BNL), New York,U.S.A. [4,
5]. It is an experiment of studying behaviors of colliding nuclei of Au.The collision
is in the strong coupling region according to the data fitting, The strong interaction
theory has been successful for problems like high energy collision of electrons and
protons, for which the coupling becomes weak due to the asymptotic freedom and
the perturbative calculations are available. However, the analysis of the data at RHIC
showed the situation is totally different from the previous expectation.It also showed
that escaped particles from the beam called the jet become slower as they go through
the beam [6]. This energy loss of the jets is difficult to understand from the perturbative
picture.

The last decade has been the era of studying the string duality. Especially the

*To see more, see [1, 2, 3] and references therein.
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duality between the strong coupling region and the weak coupling region, or the
duality between the gravity and the field theory has been studied extensively.We apply
this duality to the above new phenomena since it is an approach that can treat non-
perturbative effects, We first summarize the string theory literary in the following
section, describe what is the strong interaction, and explain the experiment of RHIC.
Then, we come back to the string duality and explain the drag force. Finally, we will
briefly mention our conjecture using the idea of the D-brane configuration with colors

and flavors [7, 8, 9] on the AdS space.

2. The dungeons of the siring theory

The string theory had three remarkable evolution eras in its history so far, and we are
now in the third stage. The string theory was first developed in an attempt to construct
a model of particles with an inner structure. It is described by a twodimensional field
theory on a worldsheet with not only the time direction but also the space direction,
and therefore has a siring picture. It actually describes higher spin states without
anomaly. However, the spacetime dimension must be twenty-six for the bosonic string
theory and ten for the supersymmetric string theory. The supersymmetry is a symmetry
between two kinds of particles, bosons and fermions.

Although the string theory requires either twenty-six or ten dimensions, we know
that our spacetime looks only four-dimensional at least for the present possible energy
scale. It is necessary to know how to reduce the spacetime dimensions in the string
theory. Thus, the second development of the string theory was how we derive an
effective field theory in four dimensions. It is called the compactification that gives
a reduced spacetime, and the geometry of the compactified manifold in the extra
dimensions has an important role in the effective theory. The geometry of the extra
dimension determines the gauge group of the effective field theory. The effective field
theories in problem should have the same gauge group as the electroweak theory or
QCD. Compactified manifolds can be orbifolds, torus, Kéhler manifelds or Calabi-

Yau (CY) manifolds. This direction of research brought the non-perturbative analysis
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for the & = 2 super Yan—Mills theory, with a lot of duality relations for effective field
theories. At the same time the moduli space of the string theory was studied, and the
conformal field theory (CFT) was well developed.

The third development of the string theory has started with the discovery of non-
perturbative objects in the string theory. The non-perturbative objects called “D-branes”
were originally found from a relation between open strings with the Dirichletboundary
condition and the Neumann boundary condition. Introduction of the D-branes brought
a drastic revolution to the string theory and ficld theories. All the effective field theories
are interpreted by piling up D-branes, and the gauge groups are represented by the
number of D-branes. At some specific situation the geometry of the D-branes generate
around them is found, and therefore the gravity on that geometry is also investigated.

The D-brane has the T-duality, which can change the dimension easily, and the
web of the string' theories have been established, as well as the duality among
compactifications of the spacetime. The study of D-branes itself opened yet
another dimension to the spacetime of the supersymmetric string theory. To derive
four-dimensional spacetime from the type II superstring, which has two sets of
supersymmetries, DO-branes for the type IIA string theory and D(-1)-branes for the
type IIB siring theory have been considered. The action is called the Matrix Model.
The matrix model for the type IIA superstring showed that all the five string theories
can be treated in one theory, called the M-theory in eleven-dimensional spacetime.

Recently, according to the development in differential geometry a compactiﬁbation
on non-compact manifolds is also defined, and the &/ = 1 gauge field theory is revealed
by a compactification of the M-theory to the G, manifold. It is related to the flux
compactification, where the flux can sustain the space to be stable. The geometfy
generated by D-branes is also studied focusing on the counting of the string micro
states. This gives the black hole entropy, which was previously studied invoking the
idea of the thermodynamics in general relativity.

The survey of field theories and finding soliton solutions were any more independent
research after the conjecture on a relation between the gravity induced by the D-branes

and the effective field theory on the D-branes. And also the string theory attracts more
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attention for more realistic physics after the discovery of the relation. The first example
of such a relation was the AdS/CFT correspondence, which is the most beautiful
ébrrespondence in the theoretical approach[10, 11, 12]*. It stands for the specific case:
the geometry is anti de Sitter space (AdS) and the corresponding effective field theory
is a conformal field theory with infinite number of colors and SU(4) R-symmetry.
In four-dimensional spacetime the theory is called the super Yang-Mills (SYM)
theory. CFT is not a favorable theory from a phenomenological point of view, but the
conjecture itself was supported by much evidence for this case. CFT has a feature that
the coupling in the theory never runs from the weak to the strong, whereas QCD runs
and especially shows the confinement and the asymptotic freedom. After the proposal
of the AdS/CFT conjecture and the following works supporting the conjecture by
concrete examples, most of the interests by physicists including experimentalists have
moved to explanations of phenomena in realistic models brought by the AdS/CFT
correspondence. Some of the field theorists are interested in the analysis of a field
theory coupled to SYM to achieve the fiuid dynamics for example. Independently the
extension of the AdS/CFT correspondence to the generic case has been searched for,
like a generalization of the geometry from AdS to others.

To find a realistic model from the string theory yields other possibility to answer
the long standing questions in the effective field theories: why the number of the
generations is three, what the origin of mass is, what the dark matter is, how we believe
the supersymmetry, and how it is broken if it exists. All of these questions have not
been answered by ordinary field theories'.

On the other hand, the experiments in the hadronic collider showed phenomena,
which are hard to be explained by the perturbative appreach of the field theory,
although it explained successfully most of the phenomena in the weak coupling region.

Some string theorists claim the phenomena in the quark-gluon plasma is brought by

* To see more, see [1, 2, 3] and references therein.

T Like the special relativity it might happen that the theory that brings the idea never answers |
the problem; we still do not answer to the existence of the ether.
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the string theory, as the data of the plasma is analyzed in the strong coupling region.
Therefore, field theorists who study higher loop corrections or the lattice gauge theory
focus now on the conjecture. Therefore the string theory is actively being studied to

. investigate the real physics.

3. Introduction to hadron physics

Hadrons such as neutrons and protons were found after the discovery of photons
and electrons, Hadrons are a class of particles made of quarks, Three quark states are
called baryons and two quark states as mesons. Electrons and neutrinos are classified as
[eptons as they are lighter than hadrons. Leptons do not have any further fine structure
like hadrons. Leptons interact via the weak and electromagnetic interactions, while
hadrons via the strong interaction in addition to them.

The electromagnetic interaction has been familiar since the Ancient Greek, and the
gravity since the discovery by Newton after the invention of telescopes. The weak
interaction alnd the strong interaction, however, were found only by the last century
after the radiation from radioactive matters was found.

There are three kinds of radiations according to emitted particles: the a-particle
which is known to be a helium nuclei, the 8 -particle which is an electron, and the
¥ -particle which is a photon. The photon was discovered in experiments such as the
photo-electric effect and is a particle representing electromagnetic wave or light. Still
the words like « , 8 and y -decay are used in the nuclear physics even after all the

emitted particles were identified.

3.1 Discovery of the structure of atom

Let us see first how we detect particles inside of matters. Informations of those
particles are found by looking at signals coming from a collision process, which occurs
by interactions between accelerated incident particles and a target matter. Among the
four interactions the gravitational interaction is the weakest, the weak interaction is the

second, the electromagnetic interaction is the third, and the strong interaction is the
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most strongest at the energy scale of the present accelerators.

The inner structure of atoms was found by collider experiments: it is seen by
colliding electrons to Au nuclei in a thinly spread gold sheet. The result of the
scattering of electrons indicated that a positively charged particle, which cancels the
negative charge of the electrons in the atom, is located only at the center of the atom.
Such a model of the structure of atoms is called the Rutherford model. It is based on
the following facts. Electron is known to be a much lighter particle than a nuclei. The
electromagnetic interaction is working to the nuclei and electrons around the nuclei. By
observing the scattering angle of incident electrons, scattered by the electrons and the
nuclei in the atom, the inner structure of the atom was found. The result indicated that
the atom has the structure of electrons moving along orbits far away from the nuclei at
the center of the atom, rather than a mixture of electrons and nuclei.

A hydrogen atom contains an electron and a positively charged particle called a

proton. The mass of a proton is
m,=938.272 MeVic’ (3.1)
Neutron is a electrically neutral particle. The mass of a neutron is
m, = 939.566 MeV/c’ (3.2)

Nuclei other than the hydrogen are bound states of protons and neutrons, which are
collectively called nucleens.

By the study of chemical interactions in the development of the chemistry orbits of
electrons around a nuclei have been discovered. However, a question has appeared:
what interaction binds nucleons to form nuclei against repulsive electromagnetic
interactions among protons? Therefore we discovered there exists some interaction
which only works at short distance, is stronger than the electromagnetism, and further
works to protons and neutrons at the same time to glue them into a nuclei. As it is

stronger than other interactions, this interaction is called the strong interaction.
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3.2 Quark model

Nowadays the strong interaction is well described by a quantum field theory called
quantum chromodynamics or QCD in short. This theory of the strong interaction
explains behaviors of hadrons. Hadrons are particles subject to the strong interaction
and are divided into two types: mesons and baryons. Baryons are particies with half-
integer spins, Protons and neutrons are baryons. Mesons are particles with integer
spins. Pion is a meson. These particles are composite states made of two or three
quarks. Various combinations of different types of quarks give various hadrons. \

Quarks were suggested from a number of decay processes of unstable hadrons. A
couple of discoveries of (partially) conserved quantities such as the isospin, baryon
number and strangeneés (or hypercharge, equal to the sum of isospin and strangeness)
brought the idea of the quark model that hadrons are made of more fundamental
particles called quarks. At present six kinds of quarks are known. These six quarks are
distinguished by the “flavor” u, d, ¢, s, ¢ b. Flavors of quarks are not changed in the
strong interaction process. On the other hand there is an interaction called the weak
interaction which changes flavors. It work also to leptons. The weak interaction was
found in the neutron S-decay, by which neutrino was discovered. The weak interaction

will not be explained in the present paper.

3.3 Deep Inelastic Scattering

Scattering process in particle physics looks a bit like a black box problem. We know
the target nucleon and the incident particle, and we observe the energy and the direction
of the scattered particle. We do not know about the process during the scattering
because of the limitation of quantum mechanics.

Deep inelastic scattering is different from elastic scattering in which only energy
and momentum of the particles are changed; it changes states of the particles afier the
scattering as well besides its motion. Some of them keep the kind of the parti cles and
only changes them to excited states. Some others produce many hadrons instead. The

final state of the target nucleon is various enough, and we have to count all the states in
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Figure 1: Feynman diagram of the deep inelastic scattering

the black box according to the quantum dynamics.

At low energy collision these are mainly one photon process in Fig. 1. In this
diagram we denote the four-dimensional mementum p* for the incoming electron, P*
for the target nucleon, p* for the scattered electron, ¢" for the virtual photon, and the

effective mass W for the produced hadron with

=4+ m’c, 0,0, p), (3.3)
7= (Me, 0,0, 0). (3.4)

Here we have denoted the indices of four-dimensional spacetime as g, v={(}, x, , 2).
According to the experimental data of collisions by the accelerator, all the hadrens
are composite quark states. Mesons are combinations of quark and antiquark, while

baryons are three quark states.

3.4 Hadron jet process
Accelerators are constructed in various places in the world, for verifying theoretical
predictions at each energy level and for obtaining more results which are key to
new physics. Linear accelerators are easy to accelerate particles and are suitable

for experiments of higher energy processes. Circular accelerators use a booster to
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accelerate particles in the tunnel of magnetic field to high energy, and collide them
to particles accelerated in the opposite direction in the detector region. This circular
system is called cyclotron, synchrotron or synchrocyclotron according to the technics
for the acceleration.

What do we observe at the accelerators? We observe the energy of scattered electrons
and scattered angle of the jet. The Feynman diagram in Fig. 2 shows the process with
the time evolving from the left to the right, where the particle is identified from the
measurementis of energy and the angle at which the heat comes from the source. The
experimental data consists of the energy of incoming and outgoing particles and the
scattering cross section.

In this process there appears a virtual photon in an intermediate state, We apply the
uncertainty principle to this photon. According to the uncertainty principle the product
of uncertainties of two independent variables in the phase space of the Hamiltonian
formalism is always greater than 7. For example, if we observe the position of a

particle with an error Ax, we only observe the momentum with an error Ap satisfying
AxAp > A, (3.5)
where h is the quantum unit of the action defined from the Planck constant / as

h=%r (3.6)

Or, if we observe the decay time with an error Az, we only observe its energy with an

error / satisfying
AtAE > h. . (3.7

Here we sec the existence of the photon, therefore it is impossible to know the
energy, meaning that its mass 1s not necessarily vanishing. As the photon is massive,

so there exists the longitudinal mode as well as the transverse modes. So the total cross
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section of the scattering between the imaginary photon and the nucleon is formed with

the ones for both direction. The total cross section for each particle is related to the

Incoming Electron Hadron Jet
Virtual Photon quark
antiquark
Hadron Jet

| 1
f i

Target Positron

Figure 2: Feynman diagram of the jet process

structure function. The present process is consists of the observation quantities £, £,
8, energy of incoming electron, energy of the scattered electron and the scattering
angle. The total cross section should depend on the function of the solid angle and
the energy of the final state. The differential cross section with these variable is the
desirable quantity to discuss the physics. To treat this kind of quantum mechanics we
use the quantum field theory. In the quantum field theory the dimension of the theory
is measured by the mass dimension. And we often scale the observed quantity to
dimensionless.

The structure functions of nucleons probed by photons depend on the difference of
the energies of the incoming electron and the outgoing electron, and the squared four-

momentum of the virtual photon:

1

i ' _ I ‘E‘JE:III 9
v=Blep g e gg=aE o G 69

The conservation law of the scattering process yields

(%I:-) =P+ gV =P +p" - p"Y = (M) = Q7+ 2My, (3.9)
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where W is the effective mass of the hadron,

If we take the dimensionless variable

y=2 (3.10)

the two structure functions depends only on x at high energy O° > 1 GeV/ic’, W> 2
GeV:

MWD, v) ~ F(x), vWAQD, V)~ Filx). (3.1

The cross section for the deep inelastic scattering is obtained as

_d_zi — & Vil 1 5
dedy ™ ( 4;'r€0hc) EM 2 [2 (I-y) Fix)+ 2y xF(_x)], (3.12)

where €, is the vacuum permittivity and the variable y is given by

y=LEL. (3.13)

y

In the parton model with large enough P a quark in the target nucleon has four
momentum P ~ (P, 0, 0, P). The energy-momentum conservation law with the

longitudinal momentum & P* yields

0=(EP"+ " )P+ 4,) ~ My~ 0. G.149

Therefore, &can be identified with the scaling variable x. We conclude that the
point-like parton is identified with the quark with a half-integer spin, as the structure
functions are the delta function of v. If the parton is a Dirac particle, the two structure

functions satisfy the relation

Fyx) = 2xF(x), 3. 15)'
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which actually agrees with the experimental result. The parton model was also checked
by the neutrino scattering process, and the existence of the quark was established.

The data of the electron-positron scattering showed that quark has three internal
degrees of freedom, which is now called colors. Actually these degrees of freedom
are responsible for the strong interaction. Gluons couple to them as in the same way
photons couple to electric charges. There are six kinds of quarks in all, which are
distinguished by flavors: up, down, charm, strange, to and bottom. Each quark with
the electric charge % is paired with a quark with the electric charge "% . The first
pair is the up quark and the down quark, which constitute nucleons. The second and
the third pairs are the charm and the strange, and the top and the bottom. These three
pairs belong to the first, the second and the third generations, respectively. The weak

interaction actually mixes the generations. The generation mixing is being studied, for

instance, by a neutrino experiment at the neutrino detector, Super Kamiokande, Japan.

4. Recombination of quarks in the history of Universe

Hadrons are combinations of quarks, and the gluon enters to the process of scattering.
By the strong interaction it is difficult to take out quarks from hadrons. However, at
higher energy scale it is believed that quarks can exist not only as hadrons but also as
as plasma. Plasma of quarks means a phase of free quarks and gluons. It existed at a
certain era at the beginning of the universe, so-called the radiation dominated era of the
big-bang cosmology. According to the Big-bang theory the temperature of the universe
gets colder and colder, and the electromagnetic intéraction rarely occurs. The end of the
electromagnetic interaction process yields the hadronic phase of the universe.

The phase transition happened everywhere in the universe, as the universe is
homogeneous and isotropic. A number of small bubbles of the hadronic phase
expanded, and finally the hadronic phase fill everywhere. Perhaps a few regions in the
quark phase could survive in the hadron gas finally. These regions in the quark phase

have been thought to be filled by a gas of strange quarks, and it is conjectured that
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they disappear by the evaporation at the temperature of 50 MeV to 1 MeV. However,
neutrons can expand to everywhere while proton stay around the bubbles by the
gvaporation, as Ineutrons have a longer mean free path than electrons. This phenomena
is called “the era of recombination”, where the Big-bang universe is cleared up from
the cloud of QGP.

The conclusion is that the ratio of the densities of neutrons and protons in the
space 1s not homogeneous enough. It conflicts with the assumption of the standard
model of the particle physics, in which it is successful to describe the field theoretical
interactions in one theory. According to the discussion of the baryon density of the
universe £2; ~ 1, and it is actually seems true by the recent observation. However it is
hard to explain the measurement ratio of Lithium and Helium.

Although the possibility of the existence of strange matter in the big—bang model
is eliminated, aside the name of the QGP*, the behavior of QGP at experiments
looks totally different from the free gas model as was thought just like above. QGP
is theoretically guaranteed by the Bjorken picture and higher loop simulations of the
quark sea with the chemical potential as they fit to the data of the experiments in the
region of the weak coupling. However, at the experiment of RHIC new phenomena in

the strong coupling region were discovered. An interpretation of them are needed.

4.1 Purpose of the Experiment at RHIC |

To know about properties of QGP itself, like the control effect of higher transverse
momentum and the phase transition to the hadron phase, it is necessary to observe the
state of QGP at experiments. It should be seen by the nucleon—nucleon collision at high
energy. It is also observed as the fire ball effect of the cosmic ray, but it is better to
have the state at laboratory.

Relativistic Heavy Ton Collider (RHIC) in the Brookhaven National Laboratory
(BNL), U.S.A, was founded for that purpose. QGP was actually well observed, and it

showed the phase behaves as a perfect fluid rather than a fluid with viscosity predicted

*For more detailed discussions, see [4, 5].
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by the perturbative QCD in 2006 April. The perturbative QCD describes the asymptotic
freedom, the property that the effective coupling constant vanishes in the high energy
limit. At limited energy it also predicts a correction and this result agrees with the
experiments.

On the other hand, to find qualitative behavior of the confinement, a nonperturbative
treatment is required. So the qualitative picture of the confinement is well
understood by the lattice gauge theory, and simulated by the numerical calculations.
Analytically, quarks are confined in hadrons as the color gluon has the asymptotic
freedom. The confinement is discussed in a similar way to the Meissner effect in the
superconductivity, and even in the condensed matter physics, the fractional charge is
found.

The discovery of the suppressed (n’-)production at large transverse momentum in

central Au—Au collisions [14] has not explained by the theory.

4.2 Fireball from the nucleon-nucleon scattering

Even in the electron—positron collisions there exists a boosted nucleon forward and
backward at the center of mass system, which is called a leading particie. Therefore
many baryons in nuclei just pass by the target nucleon. The heat energy is only from
the released energy by the deceleration of the nucleon.

Second, although the width of the nuclei vanishes by the Lorentz contraction,
the experiment tells that slow quarks are produced inside of the proton. Therefore
the uncertainty principlé tells that the width never vanishes, and according to the
experiment the width is kept to be 1x 107 m or 1 fin.

QGP should have enough energy density and local thermal equilibrium states, and it
is possible to describe the fireball by a perfect fluid dynamics. The perturbative QCD
predicts that QGP is a free gas of quarks and gluons. However the experimental data
showed an enormous number of unexpected trajectories, which happens to a fiuid.
Fluid dynamics for a perfect fluid should explain the behavior of QGP.

On the other hand, other experiment already showed that the states of QGP is beyond
the frame of the perturbative QCD. By the jet quenching gluons and hadrons lose their
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speed while crossing the fireball. So there exisfs some force dragging a jet, and it is
expected that the QGP fluid is denser than the nucleus sea we have observed.

Since the large momentum suppression happens anyways, a certain drag force should
exist. But the problem is that to derive it we need to study the strong coupling region
of the theory; all the known approaches to describe QGP so far was the effective theory
in the weak coupling region. Drag force is therefore discussed not by the field theorists
but by the string theorists, as the string theory is expected to describe the effective field
theory in the strong coupling region according to the AdS/CFT conjecture.

b. String theoretical approach to QGP

Here we will describe the string theory on AdS; space and its dual field theory. If we
admit the supersymmetry, a symmetry between fermions and bosons, the string theory
gives the /' = 4 supersymmetry to the dual CFT. In four dimensions the most well-
known CFT is the /' = 4 supersymmetric Yang-Mills (SYM) theory. String theory on
AdS; space has the D-brane picture originally. The D-brane is a non-perturbative object
in the string theory. It corresponds to a soliton in an effective gravitational theory. If the
number of D-branes is large enough, and if one looks at its geometry near the horizon,
the geometry looks like AdS space. We obtain the SYM as a dual field theory in the

same linmt.

5.1 # = 4 SYM theory and QGP

Using the AdS/CFT conjecture hydrodynamics features of ¥ = 4 SYM have
been studied by field theorists [15, 16]. In the four-dimensional fluid dynamics the
interaction goes through the medium with a flow velocity u,, pressure p, shear viscosity

1 and bulk viscosity ¢ The stress tensor is written as

Ty= b1 (G-t Gu—% &9}~ (8,0, (5.1)

where i, /, & run the three-dimensional space only. It describes a plasma slightly out of
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equilibrium, and therefore the temperature and the mean velocity vary in space. We
have imposed the condition Tj; = 0 in the local rest frame, where 0 is the time direction,
For the /'=4 SYM theory the energy-momentum tensor is traceless 7' = 0, Therefore,
we obtain the energy density as € = Ty = 3p, and the bulk viscosity identically
vanishes {= 0. The shear viscosity is obtained from correlators of the stress tensors by

computing the Green functions.

5.2 Non-Abelian gauge field theory and QCD

From experimental results the wave functions of quarks are known to have the
symmetry of gauge group, which is non-Abelian. Therefore, QCD, the theory which
describes dynamics of quarks, is SU(3) non-Abelian gauge field theory, where the
number 3 comes from the number of colors.

On the other hand, the color symmetry in the string theory is determined by the
number of D-branes which stack on three-dimensional space. The end points of open
strings, which represent gauge particles, should be always on one of the D-branes. The
combinatorics tells us that the gauge group should be SU(N) group for N D-branes.
Therefore the setup for QCD, an SU(3) gauge theory, is to have three D-branes.
However, to make use of the duality to the string theory we need a large number of
D-branes and take a large N limit. In this limit open strings do not affect the position of

the D-branes by their vibrations.

5.3 Drag force from the AdS/CFT correspondence
The string theory describes particles in the string picture rather than in the point

particle picture. The action of a string is

S= f [dzaJ—_gg“baaX*'abX, + ] (5.2)

where a, b run the worldsheet, the position of the string, #, v run the target spacetime,
in which the string is embedded. X" denote bosonic degrees of freedom of the string,

and dots represent terms depending on fermionic degrees of freedom.
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The siring theory exists now in spacetime in the presence of large N D-branes.
However, it is difficult to construct the string theory on a compactified manifold in
general, especially the formulation so far has not been well established. In the Green-
Schwarz formalism the action in the generic background is known for twenty years, but
a concrete expression for a specific background was rarely known. One of the partially
known backgrounds is AdS; space [18, 19]. According to the AdS/CFT conjecture
the geometry of a bunch of D-branes gives AdS; by taking the near horizon limit.
Therefore, it is a good challenge to think about physics brought by the string theory on
AdS; space.

5.4 String duality

Gubser conjectured recently [20] that the drag force has an interpretation in the
string theory compactified on AdS;. It is motivated by the previous discussions of the
micro state counting of black holes in the string theory. A problem in QGP is that the
non-equilibrium thermodynamics is not well described by the quantum field theory. It
looks like the information loss problem of black holes [21, 22].

Black hole is well described by the approach used in the thermodynamics. The
main idea is that the information of quanta absorbed by the black hole is not counted
by increasing the mass but by the area. Once bne admits the area law for the entropy,
the black hole entropy agrees with the information entropy. We call such a kind of
similarity in two different theories as the duality. The naming was often used after the
second revolution of the string theery, mainly for field theories, and then in quite recent

years for conformal field theories and gravity.

5.5 Lagrangian and the drag force

Drag force is thought to explain a phenomena of the jet quenching. This is a
phenomenon that a charged particle loses its energy as it goes through the QGP. It is
difficult to describe the jet quenching in the weakiy coupled QCD. However, the fluid
dynamics is believed to describe the non-thermal state.

The AdS/CFT correspondence conjectured that the dual gravity in five dimensions
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describes the strong coupling regime of a field theory. Thus, the fourdimensional &
=4 SYM physics has been studied in terms of the geometry of AdS;. By using this
correspondence it is attempted to derive the drag force from the string theory.

The geometry of AdS; blackhole is obtained from the D3-brane geometry

, .
dst =H" (—hdi® +dx®) + H'™ (dT" + dni), (5.3)

where X = (x, y, z) are the spatial coordinates along which the D3-branes extend and
dQ; is the metric of five-sphere S° with unit radius. H, 4 are harmonic functions

L4 rz
H=1+%, n=1- 4 . (5.4)

In the near horizon limit we obtain the metric of AdS; blackhole

ds? =G, d"d’ = T s (~hdf +d5%) +L L d"z 5.5)

times five-sphere with a radius L.

String in this geometry is described by the Nambu-Goto action

=~ [0~ det G, Gu= G XX (5.6)
The equation of motion is
v.p,=0, P=- m G,.0°X", (5.7)

where V., is the covariant derivative with respect to g,,. Taking the static gauge 0" = (,r)

the Lagrangian becomes
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=__1_ S I B |
S=gag[dtdr, L=—[1+0 52X, (5.8)

where X, x' are the time derivative and space derivative in the worldsheet, respectively.

We assume that the string coordinate takes a form
xX'(&r) = vt +&() +--, (5.9)

which means a steady state behavior is achieved at late time. From the Lagrangian

with the above form of the string coordinate we define conjugate momentum

Hazg—g : (5.10)

Solving this equation for &' we obtain

\ H -V
e=en il [y 5.1

To remove the sign ambiguity we assume that a string trails behind the external
quark, therefore & is positive as 7, is chosen to be positive. To avoid imaginary square

root in eq. (5.11) we need the condition

i .
W= T (5.12)
Solving eq. (5.12) for & we obtain
— L? -1 ¥ o
&= 2, v ( tan P .-!-log ——“r_ " ) (5.13)

Let us calculate the flow of momentum from the external quark into infrared

dissipation. It is given by
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AP, = ﬁ dt)=gP =y (5.14)

where the integral is over some interval [ of length At. The radius should not affect the
integral as P% is conserved. This means actually the force is negative, and the drag

force is born from it. The drag force is therefore obtained as

o _ apr, - Y Y . R
VEgPu == Gvg O X =~y Y (5.15)

From the definitions of the radius and the temperature of the geometry

L'=gtyNa®, T=- (5.16)

we obtain

7 5 Jiev (5.17)

The last factor can be expressed in terms of the external quark momentum and mass as

v _P
T _Wf (5.18)
Then, eq. (5.17) can be solved as
_ _L -2 - m
p!(f) —‘pf(o) exp( to )’ lo T ’gg{MN T2 (5‘19)

6. Deriving the jet quenching parameter

Klebanov-Tseytlin geometry [23] is slightly different from the AdS;x 8°, for
which the dual gauge theory is unconfined [24]. It is dual to a /" = 1 SYM in which
confinement is realized. Since the suppression happens only for the Au—Au collision,

and not for the Au—d collision, the theory should be in the strong coupling region with
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full of high dense matter. Therefore, the Klebanov-Tseytlin model is a rather realistic
Ione among the models that use a geometry. The jet quenching parameter is generated
by the Coulomb interaction (electromagnetic interaction), and therefore the Bethe-
Bloch formula can be applied.

Also, from a theoretical point of view it is interesting to see what role the
compactified isometry plays in the real physics; if it looks like the Randall-Sundrum
model, then it is another possibility that QGP can show the fifth dimension as well as a

new mechanism of hadron generations.

7. Summary and Conclusion

We reviewed how we describe the perturbative picture in terms of the Feynman
diagrams, and introduced the recent results from the RHIC experiment, on which we
might see any string theoretical effects, The experiment showed that the hadronic
matter behaves as a perfect fluid. This result could be described by the /' =4 SYM
theory, which is brought by the AdS/CFT correspondence. The drag force between
gluons and quarks could be interpreted by a variant of the string action compactified on
the AdS; geometry.

Although the superstring theory has supersymmetry, we do not see superpartners of
the known particles yet at our energy scale. The AdS/CFT correspondence, however,
seems to give some answers to the observation at the experiment, A key to solve the
puzzles from the AdS/CFT point of view is to extend the string theory on the AdS; .
geometry or to find an exact geometry which is dual to QCD.

The RHIC experiment also gives further insights to the picture of the Early Universe
at the transition point from the radiation domilnant era to the matter dominant era. It is

also interesting to see the transition in the language of the superstring theory.
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