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1 Introduction

★ Top down approach of holographic QCD

Idea:

① realize QCD in string theory using D-branes.
② replace some of the D-branes with the corresponding

curved background to get a holographic description.

Advantages: (compared with the bottom up apporach)

It is clear that we are dealing with QCD.

Though our set up is not exactly the realistic QCD,
we know (in principle) how much it is different and
how to improve it.

The holographic description of QCD is a string theory.
Mesons are open strings!
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★ Evidence: Regge trajectory

The top down holographic QCD naturally predicts the existence
of high spin mesons and this linear behavior!

Ｊ （ｓｐｉｎ）
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★ Difficulties in the old days

Consistent in 10 dim space-time

∃ massless particles with  J=1 (open) and J=2 (closed)

⇒ String theory cannot be a realistic theory of hadrons??

★ Gauge/string duality suggests

10 dim string theory
( in a curved space-time )

massless particles
in 10 dim

massive particles
in 4 dim

4 dim gauge theory
dual

dual

⇒ The above problems are solved !!
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The above D4 system  + D8-D8 pair [Sakai-S.S. 2004]

D8

D8

★ QCD realized in string theory

D4-brane           on        with

SUSY

acquire mass

4 dim pure Yang-Mills (at low energy)

[Witten 1998]

(at low energy)

U(Nc) QCD with Nf massless quarks

D4
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2 Mesons in holographic QCD



D8

D8
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★ More precisely,

4 dim QCD + KK modes

D4

In principle, we should take 
some function’t Hooft coupling

to get rid of the KK modes.

However, this is difficult in the holographic description,
since we only know the leading terms in the 1/λ expansion:

(for large λ)

⇒ We keep MKK finite (around 1 GeV) in our analysis

(these quantities are expected to be finite in the MKK→∞ limit)
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★ Getting rid of the artifacts

: QCD mesons

: non-QCD artifactsetc.

Non-QCD states are expected to decouple in the MKK→∞ limit.

Can we tell which states are non-QCD before taking this limit?

Note that our brane config. is invariant under
SO(5) rotating {x5,…,x9} and Z2 acting on the S1.

The quarks and gluons are invariant under these SO(5) and Z2.

SO(5) or Z2 non-invariant states are the artifacts.

Consider                     invariant states 

(KK modes)
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Comments:

We are not able to get rid of all the artifacts in this way.

Low lying mesons are likely to be QCD-mesons,
because the non-QCD mesons contain heavy ingredients.

We rely on the expectation that the KK-modes do not 
contribute much to the spectrum of QCD-mesons

cf)  Lattice calculations in 3 flavor QCD (ignoring charm quark)
predict hadron spectrum very close to the experimental data.

Actually, it has been observed that the quench approximation
(ignoring all the quark loops) works well.

In any case, it is better to have more evidence that
we are correctly extracting the QCD hadrons.
⇒ I’ll show very non-trivial evidences on Friday

at least for low lying states.
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★ Holographic description [Sakai-S.S. 2004]

Here we assume                  and use “probe approximation”.

D8-D8 pairs are treated as probes.

D4-branes are replaced with the corresponding background.
[Karch-Katz 2002]

D4-brane on
String theory in

the D4 background

+        D8-branes

D8
D4

D8

D8

+        D8-D8 pairs

“Holographic QCD”

space-time:                      (topologically)

D8-brane:

radial direction
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★ How to get meson spectrum
Mesons are open strings on the D8-brane.

⇒ For large λ,  the curvature of the space-time is small.

In general, it is difficult to quantize strings in a curved background.

Note:

② Pick up                 invariant states.

Strategy:

① Consider flat space-time and quantize the open strings. 

③ Take into account the effect of curvature (perturbatively). 

space-time ～

⇒ reduced to 5 dim :

In the flat space-time limit:
S4 ⇒ R4 ,    SO(5) ⇒ rotation and translation of this R4

D8-brane:

only bosonic states survives
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★ Ground state

not inv. under SO(5)
Z2 odd

Ｘ Ｘ ⇒
5 dim gauge field

⇒

KK decomposition along z direction
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★ 1st excited massive modes [Imoto-Sakai-S.S. 2010]

(physical states in NSR formalism
in the light cone gauge)
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KK decomposition along z direction

etc.

★ 2nd excited massive modes

mass formula:

for Nth excited states

correction due to curvature
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highest spin

Regge trajectory

curve with

If we use                 to fix                 , we get

This is unfortunately too small.

Note:

not a straight line,
but seems to work

subleading term



16

★ Comparison with experimental data

Observed mesons (Nf = 2, Isovector)

mass (MeV) △ ... not established
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★ Massless mode
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★ 1st excited massive modes
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★ 2st excited massive modes



20

3 Equation of state

(Lattice result from Borsanyi et. al.  PLB730, 99 (2014)
Figure taken from Vovchenko et al. arXiv:1412.5478) 

energy density/T4

3 pressure/T4

Stefan-Boltzman limit
(free quark-gluon gas)

No phase transition, but a rapid raise around T～ 160 MeV
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★ Equation of State in Large N QCD

phase transition at

Hagedorn

free gas
of mesons
& glueballs

large Nc
（Schematic picture）

today we focus on
this behavior

free gas of
quarks & gluons
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★ Hadron Resonance Gas (HRG) model

HRG model = Free gas of hadrons listed in PDG tables

Taken from
Bazavov et. al. (HotQCD)
arXiv:1407.6387

Recent lattice result compared with HRG
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★ EoS from our meson spectrum

our mesons (Nf = 2) up to
3rd excited states

PDG mesons
with s=0

(π, η are massless) (π, η are massless)

(π, η masses 
adjusted to exp. values)

(π, η masses 
adjusted to exp. values)
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4 Outlook
We analyzed the meson spectrum including stringy excited
states, and applied the result to calculate the energy density
and pressure in the confining phase.

Though there are some subtleties, the results look encouraging.

To proceed, we should know

‐ how to get rid of all the artifacts of the model.
‐ the nature of phase transition ⇒ talks by Mandal and Morita
‐ a better description above Tc. (tomorrow)



25

Thanks !


