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Motivation

We are interested in understanding of QCD diagram

Strongly coupled system → breakdown of perturbative calculation

QCD with finite density is very hard to understand even in lattice theory
Chiral symmetry breaking ↔ confinement breaking?
What’s the density dependence of hadronic properties? (B-R scaling...)

Holographic QCD based on AdS/CFT may help to understand strongly
interacting system with finite density
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AdS/CFT correspondence

String theory

Open Strings Closed Strings

massless excitation massless excitation
Gauge Filed Aµ Graviton Gµν

D-branes Curved spacetime

low energy limit low energy limit
N = 4, D = 4 SYM 10d Supergravity

Large N limit Near horizon limit
Super conformal Theory AdS5 × S5

There is Open-Closed string duality
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AdS/CFT correspondence

Weak coupling limit (λ << 1): N = 4, D = 4, SU(NC ) SYM

Strong coupling limit (λ >> 1): Classical gravity in AdS5 × S5

From calculating classical gravity, we can obtain some quantities in gauge
theory with strong coupling.

Yunseok Seo Heavy Ion Meeting 2011-02, Muju, Korea



AdS/CFT correspondence

AdS/CFT dictionary

Gauge Theory(boundary) Gravity(bulk)

Operator O Field φ

(Energy momentum tensor Tµν) (Graviton gµν )

Source J Non-normailzable mode φo

Expectation value < O > Normalizable mode

Conformal dimension ∆φ mass of field mφ

Flavor degrees Probe brane

Global symmetry Gauge symmetry

· · · · · ·
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AdS/CFT correspondence

AdS/CFT dictionary

Gauge Theory(boundary) Gravity(bulk)

Operator O Field φ

(Energy momentum tensor Tµν) (Graviton gµν )

Source J Non-normailzable mode φo

Expectation value < O > Normalizable mode

Conformal dimension ∆φ mass of field mφ

Flavor degrees Probe brane

Global symmetry Gauge symmetry

· · · · · ·

In asymptotic region (r → ∞)

φ ∼ J +
< O >

rα
+ · · ·
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AdS/CFT correspondence

Adding flavor ! " # $ % & ' ( ) * + , � . / 0 1 2 3 4 5 6 7 8 9 : ; < = > ? @ A B C D E F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q r s t u v w x y z { | } ~
N c D 3 ' s

P r o b e b r a n eQ u a r k s M q
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AdS/CFT correspondence

Adding flavor ! " # $ % & ' ( ) * + , è . / 0 1 2 3 4 5 6 7 8 9 : ; < = > ? @ A B C D E F G H I J K L M N O P Q R S T U V W X Y Z [ \ ] ^ _ ` a b c d e f g h i j k l m n o p q r s t u v w x y z { | } ~ P r o b e b r a n e M qG e o m e t r y y ρ
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ρ2 + · · ·
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AdS/CFT correspondence
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Background Geometry (D4 brane)

Black hole geometry of D4 brane

ds2 =

„

U

R

«3/2
`

f (U)dt2 + d~x2 + dx2
4

´

+

„

R

U

«3/2 „

dU2

f (U)
+ U2dΩ2

4

«

eφ = gs

„

U

R

«3/4

, F4 =
2πNc
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“UT
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D6 Probe: Massive Quark Model

Putting D6 brane as probe

x0 x1 x2 x3 x4 x5 x6 x7 x8 x9

D4 • • • • •

D6 • • • • • • •

Two transverse direction to probe brane (x8, x9) → Mq
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D6 Probe: Massive Quark Model

Density dependence of mass of baryon JHEP 0804:010: YS, Sang-Jin Sin
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D6 Probe: Massive Quark Model

Two flavor system JHEP 1003:074: Youngman Kim, YS, Sang-Jin Sin
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Background Geometry (D3/D-instanton

D4 brane background
Black hole geometry → deconfined phase
Double Wicked geometry → confined phase
Confine/deconfinement transition → geometrical transition?
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Background Geometry (D3/D-instanton

D4 brane background
Black hole geometry → deconfined phase
Double Wicked geometry → confined phase
Confine/deconfinement transition → geometrical transition?

Finite temperature extension of D3/D-intanton geometry Ghoroku
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Background Geometry (D3/D-instanton

D4 brane background
Black hole geometry → deconfined phase
Double Wicked geometry → confined phase
Confine/deconfinement transition → geometrical transition?

Finite temperature extension of D3/D-intanton geometry Ghoroku
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, χ = −e−Φ + χ0, f (r) =
q
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` rT
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´4

Black hole horizon at r = rT → Finite temperature
q is proportional to value of gluon condensation < F 2 >
Baryon vertex(spherical D5 with Nc fundamental strings) can exist
D7 brane used as flavor brane
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Phase transition

Quark phase
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Phase transition
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Fundamental strings connect black hole horizon and probe brane
Physical object is freely moving quark
Deconfined phase
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Phase transition
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Fundamental strings connect spherical D5 brane and probe D7 brane
Physical object is baryon vertex(bound state of Nc quark)
Confined phase

Comparing free energy, we can determine which phase is physical for given
temperature and density
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Phase transition

In grand canonical ensemble On going work: Bogeun Gwak, Minkyoo Kim, Bum-Hoon Lee, YS, Sang-Jin Sin
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Phase transition

In grand canonical ensemble On going work: Bogeun Gwak, Minkyoo Kim, Bum-Hoon Lee, YS, Sang-Jin Sin
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Chiral transition = confinement/deconfinement transition
Relation between chiral condensation and gluon condensation
Fluctuation spectrum
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Conclusion and Discussion

We construct simple model with finite baryon density in holographic QCD
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Conclusion and Discussion

We construct simple model with finite baryon density in holographic QCD

Interaction between baryon vertex and probe brane gives medium effect

We can calculate various quantities with finite density by solving classical
equation of motion

Baryon spectrum

Application to condensed matter physic

Beyond probe limit?
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Conclusion and Discussion

Thank you !!!
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