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Holographic QCD

Quantum ChromoDynamics
: Theory of Strong Interaction
⇒ Usual tools such as perturbation are not valid

Holography

(d+ 1) - dim. (bulk) gravity ∼ d - dim. (boundary) field theory

ex) AdS/CFT J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998)

N =4 SYM on 4 dim. ←→ Type IIB SUGRA on AdS5 × S5

AdS/CFT dictionary

Gauge theory (boundary) Gravity (bulk)
operator O field φ

source J non-normalizable mode φ0

expectation value 〈O〉 normalizable mode
· · · · · ·
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Holographic QCD

Toward to QCD ??

* ∃ ΛQCD ⇒ Not conformal
* No SUSY
* Fermions in fundamental representation

⇒ To find an appropriate dual geometry to real QCD !!

Holographic QCD

* Bottom-up approach :
Looking at QCD, gathering field contents
→ constructing (DBI) action

:: Hard-wall model, Soft-wall model, ...
* Top-down approach :

From string theory, setting brane configuration with DBI action
→ reproducing QCD-like theory

:: D3/D7, D4/D6, Sakai-Sugimoto (D4/D8/D8), ...
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From String to D-brane

String

* one-dimensional object

Xµ(τ, σ) = Xµ(σ0, σ1)

* Nambu-Goto action

SNG = −T
∫
dA = −T

∫
dτdσ

√
(Ẋ ·X ′)2 − Ẋ2X ′2

using an induced metric γab on the world-sheet

γab = ηµν
∂Xµ

∂σa
∂Xν

∂σb

in the reparametrization invariant form

SNG = −T
∫
d2σ
√
−γ where γ = det (γab)
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From String to D-brane

Dp-brane

* multi-dimensional object

Xµ(σ0, σ1) → Xµ(σ0, σ1, · · · , σp)

* DBI action

SDp = −Tp
∫
dp+1σ

√
−detP [g]

using a pull-back metric P [g]ab on the world-volume

P [g]ab = gµν
∂Xµ

∂σa
∂Xν

∂σb

including a gauge field Aa on the world-volume

SDBI = −Tp
∫
dp+1σ

√
−det (P [g] + 2πα′F )
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Configuration

background D4 + probe D6

D6

x

ρ

mq

D4

y

quark

meson
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Configuration

confining D4 background

D6

x

ρ

mq

y
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Configuration

add compact D4 branes ⇒ Baryon

D6

x

ρ

mq

D4

y
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D4/D6

background D4 + probe D6

t 1 2 3 (τ) ρ ψ1 ψ2 y φ
D4 • • • • •
D6 • • • • • • •

The brane configurations : the background D4 and the probe D6

ds2 =
(U
L

)3/2(
dx2

1,3 + f(U)dτ2
)

+
(L
U

)3/2( dU2

f(U)
+ U2dΩ2

4

)
eφ = gs

(U
L

)3/4

, F4 = dC3 =
2πNcε4

Ω4

where f(U) = 1− (U/UKK)3
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D4/D6

background D4 + probe D6

* DBI action for D6 brane

SD6 = −µ6

∫
d7σ e−φ

√
−det(P[g] + 2πα′F )

= −τ6
∫
dtdρ ρ2(1 + 1/ξ3)4/3

√
(1 + 1/ξ3)4/3(1 + y′2)− F̃ 2

* equation of motion with respect to Ãt

∂LD6

∂F̃
=

ρ2(1 + 1/ξ3)4/3F̃√
(1 + 1/ξ3)4/3(1 + y′2)− F̃ 2

≡ Q̃

* through Legendre transformation

HD6 = τ6

∫
dρ
√

(1 + 1/ξ3)4/3
[
ρ4(1 + 1/ξ3)8/3 + Q̃2

]
(1 + y′2)
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D4/D6

confining D4 background

D6

x

ρ

mq

y

lim
ρ→∞

y(ρ) ∼ mq +
c

ρ
+ · · ·
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Finite density

background D4 + probe D6 + compact D4

t 1 2 3 (τ) ρ ψ1 ψ2 y φ
D4 • • • • •
D6 • • • • • • •

t 1 2 3 (τ) U Ω4

cD4 • • • • •

The brane configurations : the compact D4

* baryon ∼ compact D4 transverse to Nc D4 branes
on which Nc fundamental strings are attached

Ik Jae Shin Equations of state for cold dense matter in D4/D6 model



Introduction D-brane D4/D6 model Holographic EoS Summary

Finite density

compact D4

* DBI action for compact D4 brane

SD4 = −µ4

∫
d5σ e−φ

√
−det(P[g] + 2πα′F )

= −τ4
∫
dtdρ ρ2(1 + 1/ξ3)4/3

√
(1 + 1/ξ3)4/3(1 + y′2)− F̃ 2

* equation of motion with respect to Ãt

∂LD4

∂F̃
=

sin3 θF̃√
(1 + 1/ξ3)4/3(ξ2 + ξ̇2)− F̃ 2

≡ D̃

* through Legendre transformation

HD4 = τ4

∫
dθ

√
(1 + 1/ξ3)4/3(ξ2 + ξ̇2)

√
D̃2 + sin6 θ
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Finite density

add compact D4 branes ⇒ Baryon

D6

x

ρ

mq

D4

y

lim
ρ→∞

At(ρ) ∼ µ− Q

ρ
+ · · ·
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Force balancing condition

confining D4 background

Nc

f ≡ ∂H

∂ξc

∣∣∣
fixed other values
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Force balancing condition

confining D4 background

mq

Q

Nc
fD4 = fD6

Ik Jae Shin Equations of state for cold dense matter in D4/D6 model



Introduction D-brane D4/D6 model Holographic EoS Summary

Energy density ε and pressure p

Gibbs relation:
Ω = U−TS − µN = −pV

The grand potential is identified with thet on-shell DBI action:

Ω = SDBI |on-shell

Finally we can get the thermodynamic quantities:

ε =
1

V3
H |on-shell

p = − 1

V3
SDBI |on-shell
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Holographic EoS

Equation of States, ε(ρ) and p(ρ), are given from D4/D6 model.
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Compact star with Holographic EoS

TOV equation

dP (r)

dr
= −

GN
(
ε(r) + P (r)

)(
m(r) + 4πr3P (r)

)
r
(
r − 2GNm(r)

)
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Mass-Radius relation using holographic EoS
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Summary

There is a restriction to deal with strongly coupled system
perturbatively.

AdS/CFT correspondence is a powerful theoretical tool to study
strongly-coupled gauge theories.

Here equation of states are obtained from D4/D6 model as an
example.
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If needed

Holographic EoS

 0

 2

 4

 6

 8

 10

 12

-5 -4 -3 -2 -1  0  1  2

lo
g
(p
(M

eV
4
))

log(ρ/ρ0)

D4/D6 (λ=6)
D4/D6/D6 (λ=6)

D4/D6/D6/D6 (λ=6)
D4/D6 (λ=17)

D4/D6/D6 (λ=17)
D4/D6/D6/D6 (λ=17)

APR
FPS
Sly4

Ik Jae Shin Equations of state for cold dense matter in D4/D6 model



Introduction D-brane D4/D6 model Holographic EoS Summary

If needed

Holographic EoS
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If needed

Holographic EoS

1.10

1.15

1.20

1.25

1.30

1.35

1.40

1.45

1.50

1.55

 0  1  2  3  4  5  6  7  8  9

γ

ρ/ρ
0

D4/D6 (λ=6)
D4/D6/D6 (λ=6)

D4/D6/D6/D6 (λ=6)
D4/D6 (λ=17)

D4/D6/D6 (λ=17)
D4/D6/D6/D6 (λ=17)

γ ≡ c2s(ε/p)

Ik Jae Shin Equations of state for cold dense matter in D4/D6 model


	Introduction
	D-brane
	D4/D6 model
	Holographic EoS
	Summary

