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• Two most basic questions in physics are 

1. What is the Atom?  

2. What Forces glue them together  
    to make the visible world?    
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Greeks called  indivisible Building block 	

of the universe  Atom���



Modern Theory of Atom 
Dalton’s story was not the end… 
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Force=exchange of glue particles  
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Two levels of strong force. (QCD,meson)	

Gravity is very special and not included here	




QCD:  today’s theme 
• For High E: g<<1:  Asymptotic freedom  
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• For Low E:  QCD is still difficult 
              interaction strong, fluctuation large 

     High E     v.s            Low E  of Strong int. ���

For strong int. Not clear even what is particle	
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Asymptotic freedom and 
confinement 
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General Idea for strong int.  

• Reformulate theory in terms of  
    new degree of freedom 
whose interactions are weak.  

Duality 
8 



 An idea from string theory 
• Replace strong nuclear force   
by classical gravity(geometry).  

•  What is the string theory?    
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Old String theory   

• Regge trajectory spectrum of string  
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Difficulty of old string theory 

• Hard to explain the quark’s free behavior.  
•   abandoned and re-incardnated as  

a quantum gravity, which is a BIG deal!   
• Why? qm gravity is difficult! puzzle  
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Specialty of Quantum gravity 

• Force =  - grad (potential Energy) 

• Einstein: gravity is not a force but a curvature.  

         Curvature =  k (Energy (mass))  

• Quantum fluctuation of any field generate 
infinite Energy infinite gravity 
  essential difficulty   
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Origin of the vacuum energy 

• Uncertainty principle. 

•   in a particle theory, any large energy is 
possible (Delta x0)  13 

∆p ∼ �
∆x



Finiteness of String theory 

•   stringy uncertainty principle 

energy of the string per unit length is 
constant E up means length up  

• Minimal length 
  UV divergence disappear  
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Open – closed duality  

• Open String : gauge theory  
Theory of Matter   

• Closed string: gravity 
Theory of space-time 
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•  Two are dual to each other through 
D-brane:   



      D-branes 
• Closed string soliton  
•  That this object has dual 

description by dynamics of open 
string ending on it, is the major 
discovery of 90’. (Polchinski) 

•  vibration of D brane 

=The low energy 
dynamics SU(N) SYM 

=string theory at warped 
geometry.  
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D-brane & gravity 
• Stack of D-brane 
   space time warp 

due to the tension.  
(AdS). 
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Eschers’s “Angels and devils"	




AdS/CFT duality 

– String in AdS5  is dual to SYM in 4d. 

– 5d v.s 4d  Holographic corr. 

– For large  coupling,                   ,     
 AdS/CFT  gravity/gauge dualtiy 
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Consequence of duality 

• Gluon dynamics is replaced by ads gravity.  
• For large N_c, gravity is weakly coupled. 
• Correlation function in 4d can be 

calculated by the classical dynamics at the 
ads bulk.  
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AdS/CFT at finite T 
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II. String theory in RHIC/LHC 
collider 
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Relativistic Heavy Ion Collider 
(Brookhaven N.L) 

•  Au-Au  collision  
•  E~200 GeV/nucleon 
•  Seek quark-gluon plasma(QGP)   
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Detectors 
  star                   phenix 
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Some Puzzles (my contributions) 

• Elliptic flow (hep-th/0610113) *  

• Perfect fluid : (0806.4460 , 0901.0610 ) 
• Jet quenching (hep-th/0607123)  
• Early thermalization (hep-th/0511199  )   

QGP is strongly interacting	


24 



Liquid than Gas
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Jet-Quenching 

•  Energy Loss Problem. 	
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Elliptic flow v2 

Interactions among the 
produced particles: 	

Pressure gradients 
generate positive 	

elliptic flow  v2	


Early observation at RHIC: 	

v2 as large as predicted by perfect fluid dynamics!	
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Perfect fluid 

     While perturbative evaluation ~1/g^4 

Exp: 

ads/cft : Universal value 
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Transport Coeff.  

• Linear response theory: causal Green 
function T.C  

• Ads/cft can calculate <JJ>, <TT> easily. 

X.Ge, Y.Matsuo, F.Shu, SJS,Takuya Tsukioka , arXiv:0806.4460 	

Y. Matsuo, SJS. S.Takeuchi, T. Tsukioka, C.Yoo (APCTP), archiv:0901.0610 ���
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III. String theory and Nuclear 
Symmetry Energy.   

• There will be a heavy ion collider constructed 
in Korea in 5 year with ~billion dollar.   

30 



KoR(are)I(sotope)A	




•  Valley of stability:   Pauli v.s Coulomb	




Symmetry Energy	

•  Liquid Drop Model ���

Bethe-Weizsäcker formula (1935): ���

It determines the curvature of valley of Stability. ���
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the energy density per nucleon E(ρ, α̃) as

E(ρ, α̃) ! E(ρ, 0) + S2(ρ)α̃
2 , (2)

where ρ is the nucleon number density and S2(ρ) =
1
2
∂2E
∂α̃2 |α̃=0 is the symmetry energy.

Now we study the symmetry energy in the D4/D6/D6
model with baryon vertices which consist of D4 branes
and fundamental strings [16]. The gluon dynamics is re-
placed by the gravity sourced by the Nc color D4 branes,
and two probe D6 branes are used to describe the up and
down quarks. The bare quark masses are the distances
between the D4 and two D6’s in the absence of the string
coupling.
We can write the metric of the confining D4 back-

ground as

ds2 = (U/R)3/2
(

−dt2 + d#x2 + f(U)dx2
4

)

(3)

+ (R/U)3/2 (U/ξ)2
(

dξ2 + ξ2dΩ2
4

)

,

where f(U) = 1− (UKK/U)3 and (U/UKK)3/2 = (ξ3/2+
ξ−3/2)/2 ≡ ξ3/2ω+/2.
We wrap the D4 brane on S4 which is transverse to

the original D4 brane. Due to the Chern-Simons inter-
action with RR-field, U(1) gauge field is induced on the
D4 brane world volume. The source of gauge field is in-
terpreted as the end point of fundamental strings. Sub-
stituting the equation of motion for gauge field to the
Dirac-Born-Infeld action of D4 brane with the Chern-
Simons, we get ‘Hamiltonian’ for D4 brane as

HD4 = τ4

∫

dθ
√

ω4/3
+ (ξ2 + ξ′2)

√

D(θ)2 + sin6 θ , (4)

where τ4 = 1
22/3

µ4Ω3g−1
s R3UKK , D(θ) = −2 + 3 cos θ −

cos3 θ and the prime denotes the derivative with respect
to θ. We assume that the radial coordinate ξ depends
only on the polar angle θ of S4.
Now, the other end points of fundamental strings are

attached to two D6 branes and they provide the source of
U(1) gauge field on the D6 brane. By taking the Legendre
transformation for the gauge field, we get ‘Hamiltonian’
which controls the brane configuration with fixed charge.

HD6 = τ6

∫

dρ
√

1 + ẏ2
√

ω4/3
+

(

Q̃2 + ρ4ω8/3
+

)

, (5)

where τ6 = 1
4µ6V3Ω2g−1

s U3
KK . Q̃ is dimensionless and

related to the number of fundamental strings Q by
Q̃ = UKKQ

2·22/3πα′τ6
. Baryons are represented by compact

D4 branes, each of which has Nc fundamental strings at-
tached. Such configuration of compact D brane plus fun-
damental strings are called baryon vertex [12] . The other
ends of fundamental strings are attached to D6 branes.
Therefore, D6 branes are pulled down and compact D4
brane is pulled up. As discussed in [15], the length of
the fundamental strings becomes zero since the tension
of the fundamental strings is always larger than that of
D-branes. Finally, the position of the cusp of D6 branes

should be joined to that of D4 brane. We consider Q1

fundamental strings attached to one D6 brane and Q2

strings to the other D6 brane. The final configuration is
drawn in Fig. (2).
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FIG. 2. (Color online) Embedding of D-branes with α != 0.5.
The asymptotic heights of two branes are the same (m1 =
m2 = 0.1). The two branes meet at infinity since m1 = m2.
Red curve denotes to the position of UKK .

We denote the slope at the cusp of each brane as ẏ(1)c

and ẏ(2)c . The force at the cusp of D6 branes can be
calculated to give

FD6 =
∂H(Q1)D6

∂Uc

∣

∣

∣

∣

∣

∂

+
∂H(Q2)D6

∂Uc

∣

∣

∣

∣

∣

∂

≡ F (1)
D6 (Q1) + F (2)

D6 (Q2). (6)

To make the system stable, followin force balancing con-
dition should be satisfied;

Q

Nc
FD4 = F (1)

D6 (Q1) + F (2)
D6 (Q2), (7)

where Q1 = (1−α)Q and Q2 = αQ with 0 ≤ α ≤ 1, and
FD4 is the force at the cusp due to the D4 brane.
To find the ground state of our system, we need to

consider the energy minimization together with the force
balancing condition. The total energy of our system is

Etot =
Q

Nc
HD4 +HD6(Q1) +HD6(Q2) . (8)

With given Q and α we can calculate the configuration
satisfying the force balancing condition. For symmetry
energy we can stop here. The energy density per nucleon
E(ρ,α) is given by Etot in Eq. (8) divided by Q/Nc,
the total baryon number. The symmetry energy is the
coefficient of leading term of α̃ and is a function of Q.
Since Q is proportional to the density of the quark or
baryon, this process calculate the the symmetry energy
as function of density. If we further impose minimiza-
tion of the total energy, we can determine the value of
α as a function of Q. For m2/m1 %= 1, there exists a
transition from a matter with α = 0 to α %= 0 at a fi-
nite value of Q. This is identified as a transition from
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We study the nuclear symmetry energy of dense matter using holographic QCD. To this end, we
consider two flavor branes with equal quark masses in a D4/D6/D6 model. We find that at high
density the symmetry energy monotonically increases without softening. For small density, it shows
power law behavior Esym ∼ ρ1/2.

Nuclear symmetry energy is one of key words in nuclear
physics as well as in astrophysics. Its density dependence
is a core quantity of asymmetric nuclear matter which has
important effects on heavy nuclei and is essential to un-
derstand neutron star properties. Although much efforts
have been given, it is still very poorly understood espe-
cially in the supra-saturation density regime, see [1–6] for
a review and for a recent discussion.
From experimental side, the available data do not con-

strain much the value of the symmetry energy at supra-
saturation densities. Recently, using the FOPI data on
π−/π+ ratio in central heavy ion collisions, Xiao et al. [7]
obtained a circumstantial evidence for a soft nuclear sym-
metry energy at ρ ≥ 2ρ0, where the nuclear symmetry
energy increases with the density up to the saturation
density ρ0 and then starts to decrease afterwards. Theo-
retically, almost all possible tools were employed to study
the density dependence of the symmetry energy. While
they showed similar behaviors up to the nuclear satu-
ration density, at supra-saturation densities, all possible
results one can imagine were predicted and no consensus
could be reached: some showed stiff dependence (increas-
ing monotonically with density), while others showed soft
one, see Fig. 1 for a typical example. See also [3] for a
review. Given this situation, it would be very interesting
if we can examine the behavior of the nuclear symme-
try energy at high densities with a theory with a reliable
calculational tool.

FIG. 1. (Color online) Example of density dependence of the
nuclear symmetry energy, taken from [8]. Depending on the
value of the parameter x, various high density behaviors are
possible.

The gauge/gravity duality [9–11] provides a new tool
to study strongly interacting dense matter, and a few
models for QCD [13, 14] based on the duality were con-
structed. Although the true holographic dual of QCD
is yet to be constructed, it is worthwhile to find out
what the new tool says about QCD using available mod-
els mimicking the dual of QCD. The way to treat the
dense matter in confined phase was suggested in [15], a
model for transition from nuclear matter to strange mat-
ter was proposed in [16]. The purpose of this paper is
to calculate the symmetry energy of nuclear matter in
this model. We will find that the symmetry energy is
increasing with the total charge Q, showing that symme-
try energy of our system has a stiff dependence on the
density. It will also show that the scaling of symmetry
energy at low density is square root in density.

The nuclear symmetry energy is defined as the energy
per nucleon required to change isospin symmetric nuclear
matter to pure neutron matter. In the Bethe-Weizsäcker
mass formula for the nuclear binding energy, it repre-
sents the amount of binding energy that a nucleus has to
lose when the numbers of protons and neutrons are not
equal. The semi-empirical mass formula based on the
liquid drop model has the form:

EB = avA− aa(N − Z)2/A− acZ
2/A1/3

− asA
2/3 ± aδ/A

3/4 . (1)

Here Z (N) is the number of protons (neutrons) in a nu-
cleus. The first term is called the volume energy since the
volume of a nucleus is proportional to A, total nucleon
number. The origin of this volume term is the strong
nuclear force. The second is known as the asymmetry
term, which defines the symmetry energy. If there were
no Coulomb repulsions between protons, we would expect
to have equal number of neutrons and protons in nuclei
in general. The term with ac accounts for the Coulomb
interaction of all pairs of protons in the nucleus. The last
two terms represent the surface energy and pairing effect,
respectively. Using data for nucleus binding energies, one
can determine a set of coefficients in Eq. (1).
Due to the invariance of nuclear forces under neutron-

proton interchange, iso-scalar quantities in a nuclear sys-
tem are function of only even powers of the asymmetry
factor α̃ defined by α̃ ≡ (N−Z)/A. Then we can express



  Es and Pauli principle  

 Asymmetry term Es(N-Z)^2  is the consequence 
of Pauli principle.  Pauli term  	




       Es(N-Z)^2 : 	


If   Es0, pure neutron star is possible. 	


If   Esinfinity: N=P  	




Importance of Es 	


•  Structure of Neutron Star���
 the mass and width of neutron-star crusts. 

•  Properties of Exotic Nuclei ���

• Nucleo-Synthesis during the supernova 
explosion. 	




non-interacting fermi gas	

Ek =

3

5
(Np�Fp +Nn�Fn)

Esym =
�F
3

∼ ρ2/3 Non-relativistic	


∼ ρ1/3 Relativistic	




Contribution of Pot.	
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Figure 1. Density dependence of the symmetry energies used in the simulations
presented here: Asy-soft (solid) and Asy-stiff (dashed).

consists in the implementation of stochastic spatial density fluctuations. The nuclear

EoS, directly linked to the mean-field Hamiltonian H , can be written as:

E

A
(ρ, I) =

E

A
(ρ) + Esym(ρ)I

2 +O(I4) (2)

We adopt a soft isoscalar EOS, E/A(ρ), with compressibility modulus K = 220 MeV ,

which is favored from monopole oscillations in stable nuclei as well as from flow studies

[22].

We will always test the sensitivity of our simulation results to different choices of

the density and momentum dependence of the Isovector part of the Equation of State

(Iso − EoS). In the non-relativistic frame the potential part of the symmetry energy,
Csym(ρ), [1]:

Esym = Esym(kin) + Esym(pot) ≡
εF
3

+ Csym(ρ) (3)

is tested by employing three different density parametrizations of the symmetry

potentials [1, 23, 38], one with a rapidly increasing behaviour with density, roughly

proportional to ρ2 (Asy − superstiff), one with a linear increase of the potential part

of the symmetry energy with density (Asy − stiff) and one with a kind of saturation

around normal density (Asy − soft), even decreasing at higher densities.
In particular, for the symmetry term with the stronger density dependence,

Esym (ρ) = a ·
(

ρ

ρ0

)2/3

+ b ·
2 (ρ/ρ0)

2

1 + (ρ/ρ0)
, (4)

where ρ0 is the saturation density, a=12.7 MeV (fixed by the kinetic contribution Eq.3)

and b=19 MeV, to give a saturation value of 31.7 MeV . The linear density dependence

is simply given by:

Esym (ρ) = a ·
(

ρ

ρ0

)2/3

+ b · (ρ/ρ0), (5)
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For the symmetry term with weaker density dependence around saturation

Esym (ρ) = a ·
(

ρ

ρ0

)2/3

+ 240.9ρ− 819.1ρ2, (6)

where a=12.7 MeV.

The three parameterizations cross at normal density at the empirically known

symmetry energy coefficient of the Bethe-Weizsäcker formula. As shown in Fig.1 the
symmetry energy at densities below the normal value is larger in the Asysoft case, while

above saturation it is higher in the Asystiff cases. Hence in the low-density regime, that

is the region of interest for our analysis in heavy ion collisions at Fermi energies, isospin

effects are expected to be stronger in the Asysoft case. Opposite expectations can be

derived for relativistic collisions, where high density regions will be probed in the early

stage of the collision. In any case, for mechanisms sensitive to the density derivative of
the symmetry energy an Asystiff-like behavior is more effective.

2.1. Momentum Dependence of the Symmetry Potentials

A particular attention is devoted to the isospin effects on the momentum dependence

of the symmetry potentials, i.e. to observables sensitive to a different neutron/proton
effective mass in asymmetric matter. The problem of Momentum Dependence in the

Isovector channel (Iso − MD) is still very controversial and it would be extremely

important to get more definite experimental information, see the refs. [1, 13, 39, 40].

Exotic beams at intermediate energies are of interest in order to have high momentum

particles and to test regions of high baryon (isoscalar) and isospin (isovector) density

during the reaction dynamics.
Our transport code has been implemented with a generalized form of the effective

interactions, which can be easily reduced to Skyrme-like forces, with momentum

dependent terms also in the isovector channel [40, 41, 42, 43], i.e. with a different

(n, p) mean field momentum dependence. The general structure of the isoscalar

and isovector Momentum Dependent (MD) effective fields is derived via an isospin

asymmetric extension of the Gale-Bertsch-DasGupta (GBD) force [44, 45, 46, 47, 48],
which corresponds to a Yukawian non-locality. The isovector momentum dependence

implies different effective masses for protons and neutrons given as m∗

τ

m = (1+ m
h̄2p

∂Uτ

∂p )−1,

for p = pF,τ , at fixed density. Thus our approach will allow to follow the dynamical effect

of opposite n/p effective mass splitting while keeping the same density dependence of

the symmetry energy [43, 49].

In fact when we use momentum-dependent interactions we have also contributions
to the symmetry energy from the non-local terms. This is hown in Fig.2 where we plot

the density dependence of the potential part of the symmetry energy, in the Asy-stiff

case, for the two choices of the n/p mass splitting (solid lines, upper panels). We also

separately report the contributions from the momentum-dependent, E(ρ, p), and the

density dependent, E(ρ), part of the EoS, whose sum gives the total Epot
sym (the Csym(ρ)

of Eq.(3)). A change in the sign of the mass splitting is related to opposite behaviors of
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We will always test the sensitivity of our simulation results to different choices of

the density and momentum dependence of the Isovector part of the Equation of State

(Iso − EoS). In the non-relativistic frame the potential part of the symmetry energy,
Csym(ρ), [1]:

Esym = Esym(kin) + Esym(pot) ≡
εF
3

+ Csym(ρ) (3)

is tested by employing three different density parametrizations of the symmetry

potentials [1, 23, 38], one with a rapidly increasing behaviour with density, roughly

proportional to ρ2 (Asy − superstiff), one with a linear increase of the potential part

of the symmetry energy with density (Asy − stiff) and one with a kind of saturation

around normal density (Asy − soft), even decreasing at higher densities.
In particular, for the symmetry term with the stronger density dependence,

Esym (ρ) = a ·
(

ρ

ρ0

)2/3

+ b ·
2 (ρ/ρ0)

2

1 + (ρ/ρ0)
, (4)

where ρ0 is the saturation density, a=12.7 MeV (fixed by the kinetic contribution Eq.3)

and b=19 MeV, to give a saturation value of 31.7 MeV . The linear density dependence

is simply given by:

Esym (ρ) = a ·
(

ρ

ρ0

)2/3

+ b · (ρ/ρ0), (5)



What is known for      ?  	

•  Little is known for high density.  ���

not Exp.  nor theoretical. ���



Even for the low density	


•  The separation of free part and potential 
part may not be valid. 	


So both  low as well as high density regime is 
to be trusted. 	




Why difficult? 

1. Strongly interacting. ���
No good calculational tool in this regime. 	


2. Density effect: Even lattice qcd does not 
help much.	




Repeat: ���
String theory idea is ���

•  Replace Nuclear force by classical gravity	




Gluon dynamics Geometry. ���

Confinement or deconfinement���
depends on geometry. ���

Flavor dynamics by classical fields���
in warped geometry. ���



Result   ���
arXiv:1011.0868 to appear in JHEP  ���

by Y.Kim, Y.Seo, I. Shin, SJS ���

stiffness 
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How to detect Es ? 

• Asymmetry in N-P is  
~ that in π- π+ 

• π-/π+ yields are sensitive to  
the stiffness of the symmetry energy 
near threshold energy. 
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Experiment stiff   	


40Ca+40Ca, 96Ru+ 96Ru, 96Zr+96Zr and 197Au+197Au, and also plotted 
the ratios of N/Z and (N/Z)2 
as a function of N/Z at incident energy 0.4A GeV and 1.5A GeV, 
respectively.  



Pauli principle in hQCD. 	


•  DBI action[Q1,Q2]=f(Q)+S2(Q1-Q2)^2+ … ���
Positivity of S2 is equivalent to the Pauli principle in hqcd 	


•  Parallel to “Driving force of Z=N is Pauli principle”	


•  Dual of fermion number is the local U(1) in 5d. 	


•  Coulomb repulsion of the dual E&M  is responsible for the Es. 	




Why	


•  analytic expression for symmetry energy. ���

•  For the flat embedding approximation. ���

•  Have confidence on 	




Dispersion relation���
for non-fermi-Liquid	


Esym ∼ ρ1/2 → E = p3/2

Esym ∼ ρ2/3 comes from E = p2

Esym ∼ ρ1/3 from E = p



Why interesting?	

•  The anomaly in dispersion relation is closely 

related to the fermi surface structure. 	


•  For strongly interacting system, fermi surface 
is fuzzy and its implication is a big and 
interesting issue. 	


•  Entire Thermodynamics as well as 
hydrodynamics of the strongly interacting 
Non-fermi liquid system will be a hot issue. 	




Non-fermi Liquid in 
Nuclear system?	


•  ���
•  If we choose  ���

we get ���

ν <
1
2: non-Fermi liquid

GR(ω, k) =
h1

k⊥ − 1
vF

ω − h2ω
2νkF

if νkF
<

1

2
, ω"(k) ∼ kz

⊥, z =
1

2νkF

> 1

Α"
Α#k!$0

k!%0

Γ(k)

ω"(k)
k⊥→0→ const, Z ∝ k

1−2νkF
2νkF

⊥
k⊥→0→ 0.

Not a stable quasiparticle.

νkF =
1

3
,

E = p3/2 → Esym = ρ1/2

Liu et. al ���
0903.2477	

0907.2694	




Conclusion	

•  String theory is useful as well as interesting.	


•  Symmetry Energy can be calculated using 
the holographic principle.  	


•  Physics of fermi surface for strongly 
interacting system  will be Interesting issue. 	


•  It can make the KoRIA  more interesting 
project. ���


