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@ We are interested in understanding of QCD diagram
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@ We are interested in understanding of QCD diagram

@ Strongly coupled syst
@ QCD with finite dens

em — breakdown of perturbative calculation
ity is very hard to understand even in lattice theory

o Chiral symmetry breaking < confinement breaking?
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@ 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
o 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

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



AdS/CFT correspondence

@ String theory

Open Strings || Closed Strings

massless excitation

massless excitation
Gauge Filed A,

Graviton G,
D-branes Curved spacetime

low energy limit

low energy limit
N =4 D=4SYM

10d Supergravity

Large N limit

Near horizon limit
Super conformal Theory

Ad55 X 55

@ There is Open-Closed string duality
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AdS/CFT correspondence

]

AdS. x §°

N. D3 branes

@ Weak coupling limit (A << 1): N =4, D =4, SU(Nc) SYM
@ Strong coupling limit (A >> 1): Classical gravity in AdSs x S°

@ From calculating classical gravity, we can obtain some quantities in gauge
theory with strong coupling.
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AdS/CFT correspondence

@ AdS/CFT dictionary

Gauge Theory(boundary) I Gravity(bulk)
Operator O Field ¢
(Energy momentum tensor T, ) (Graviton gu )
Source J Non-normailzable mode ¢,
Expectation value < O > Normalizable mode
Conformal dimension A, mass of field my
Flavor degrees Probe brane
Global symmetry Gauge symmetry

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



AdS/CFT correspondence

@ AdS/CFT dictionary

Gauge Theory(boundary) ||

Gravity(bulk)

Operator O

(Energy momentum tensor T, )

Source J

Expectation value < O >

Conformal dimension A,

Flavor degrees

Global symmetry

Field ¢
(Graviton gu )

Non-normailzable mode ¢,
Normalizable mode
mass of field my
Probe brane

Gauge symmetry

@ In asymptotic region (r — o0)

¢~ J+

<O >

ro
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AdS/CFT correspondence

9 Adding flavor

Probe brane

%

Quarks

[Snis)
Nc D3's
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AdS/CFT correspondence

f : Probe brane : /
y
Mq
Geometry
p

@ Adding flavor
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AdS/CFT correspondence

f : Probe brane : /
y
Mq
Geometry
p

° y(p)NMqﬁ_%_k...

@ Adding flavor
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AdS/CFT correspondence

@ Adding flavor
o y(p) ~ Mg+ ==+
@ Adding density (or chemical potential)
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AdS/CFT correspondence

@ Adding flavor
° y(p)~’\/’q+<f,#+'“
@ Adding density (or chemical potential)
o Gauge symmetry on probe brane < Global symmetry
o U(1) on brane A, « Global current < J¥ > = < yHeh >
o Ay = <P > = < T > = < Q >(number density)
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AdS/CFT correspondence

@ Adding flavor
° y(p)~’\/’q+<f,#+'“
@ Adding density (or chemical potential)
o Gauge symmetry on probe brane < Global symmetry
U(1) on brane A, «> Global current < J¥ > = < yHeh >
Ag = < PP > = < T > = < Q >(number density)

<

<

i
gAtNuJ,_%_i_...
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AdS/CFT correspondence

@ Adding flavor
o y(p)~Mq+<zf,#+"'
@ Adding density (or chemical potential)
o Gauge symmetry on probe brane < Global symmetry
U(1) on brane A, «> Global current < J¥ > = < yHeh >
o Ay = <P > = < T > = < Q >(number density)

<
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@ Sources
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AdS/CFT correspondence

@ Adding flavor
o y(p)~Mq+<zf,#+"'
@ Adding density (or chemical potential)
o Gauge symmetry on probe brane < Global symmetry
U(1) on brane A, «> Global current < J¥ > = < yHeh >
o Ay = <P > = < T > = < Q >(number density)

<

t
° At"‘ﬂ'ﬁ'%'ﬁ'"'
@ Sources

o End points of fundamental strings (quarks)

@ Baryon vertex

h O NgD3's

¥ N

RR field
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AdS/CFT correspondence

9 Adding flavor

o y(p) ~ Mg+ <03 ...

@ Adding density (or chemical potential)

o Gauge symmetry on probe brane < Global symmetry
o U(1) on brane A, < Global current < J# > = < yteh >
o Ay = <Py > = < YT > = < Q >(number density)
i
o At~ o+ % 4+
@ Sources

o End points of fundamental strings (quarks)

@ Baryon vertex
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AdS/CFT correspondence

@ Adding flavor
o y(p) ~ Mg+ <232 .
@ Adding density (or chemical potential)

o Gauge symmetry on probe brane < Global symmetry
U(1) on brane A, «> Global current < J¥ > = < pyHeh >

o Ay = < Py% > = < T > = < Q >(number density)

<

!
° At"‘ﬂ'ﬁ'%'ﬁ'"'
@ Sources

o End points of fundamental strings (quarks)

o Baryon vertex

N, fundamental strings
—

D5

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



Background Geometry (D4 brane)

9 Black hole geometry of D4 brane

U 3/2 R 3/2 dU2
ds® = = F(U)dt? + dx? + dx? (7) ( U2dQ2)
s (R) (F(U)dt* + d=° + dxj) + U f(U)+ 7
AN 27N Ur\3
= w(R) AT 0= () R et
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Background Geometry (D4 brane)

9 Black hole geometry of D4 brane

U 3/2 R 3/2 dU2
ds® = = F(U)dt? + dx? + dx? (7) ( U2dQ2)
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Background Geometry (D4 brane)

9 Black hole geometry of D4 brane

U\*? R\ ( dU?
ds? = (= f(U)dt? 4 dx2 + dx? (7) ( U2dQ2)
s (R) (() +x+x4)+ U f(U)+ y)
AN 27N Ur\3
= w(R) o A=l 0= () R e
o t=t+0 x4 =x4+27Ry
o Black hole horizon at U = Ut ~ T (temperature)
@ Deconfined phase
@ Double Wick rotation t < ixa, x4 < IiT
U\ 3/2 R\3/2 / qu2
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U\ 3/4 Uki\ 3
e = g (E) , f(U)=1- <T> , R®= Tng/Vc/S
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Background Geometry (D4 brane)

9 Black hole geometry of D4 brane

U\*? R\ ( dU?
ds? = (= f(U)dt? 4 dx2 + dx? (7) ( U2dQ2)
s (R) (() +x+x4)+ U f(U)+ y)
AN 27N Ur\3
= w(R) o A=l 0= () R e
o t=t+0 x4 =x4+27Ry
o Black hole horizon at U = Ut ~ T (temperature)
@ Deconfined phase
@ Double Wick rotation t < ixa, x4 < IiT
U\ 3/2 R\3/2 / qu2
= (5) (warsr+rwad)+ (5) (fig+vand)
U\ 3/4 Uki\ 3
e = g (E) , f(U)=1- <T> , R®= Tng/Vc/S

o Arbitrary radius of time circle (zero temperature)
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9 Black hole geometry of D4 brane
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Background Geometry (D4 brane)

9 Black hole geometry of D4 brane

U\*? R\ ( dU?
ds? = (= f(U)dt? 4 dx2 + dx? (7) ( U2dQ2)
s (R) (() +x+x4)+ U f(U)+ y)
AN 27N Ur\3
= w(R) o A=l 0= () R e
o t=t+0 x4 =x4+27Ry
o Black hole horizon at U = Ut ~ T (temperature)
@ Deconfined phase
@ Double Wick rotation t < ixa, x4 < IiT
U\ 3/2 R\3/2 / qu2
= (5) (warsr+rwad)+ (5) (fig+vand)
U\ 3/4 Uki\ 3
e = g (E) , f(U)=1- <T> , R®= Tng/Vc/S

o Arbitrary radius of time circle (zero temperature)
o Geometry end at U = Uky (scale in the theory)

@ confined phase
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ound Geometry (D4 brane)

@ Blackhole geometry

0] — A —h

Urf— — — — M
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Bac

ound Geometry (D4 brane)

@ Blackhole geometry

t X4
0] —h —h
U b —— N _ _ —
@ Doulbe Wick'ed geometry
y T X4
U —h — A
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D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

S S S I P I O O

8|X

D4 . . . . °
D6 . . . .
o Two transverse direction to probe brane (x8, x%) — M,
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D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

[ S S o O N N O
D4 . . . . .
D6 . . . . . . .
D4(baryon) . . . . .
@ Two transverse direction to probe brane (x®

x°, X9) — My
o Adding baryon charge — quarks or baryon vertices(D4)

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



D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

[ X0 [t [ [ oF | xF [ x® | X0 | xT | x® | x°
D4 ° ° . . °
D6 ° ° . . . ° °
D4(baryon) ° . . . .
o Two transverse direction to probe brane (x®

xS, xg) — My
o Adding baryon charge — quarks or baryon vertices(D4)

Dé

\

N, D4

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



D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

[ P S o O N P O
D4 . . . . .
D6 . . . . . . .
D4(baryon) . . . . .
¢ Two transverse direction to probe brane (

x8, x9) — My
@ Adding baryon charge — quarks or baryon vertices

Dé
=
o ® A
e —
o —p
°* —»

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



D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

[ X [t [ 2 |3 [ [ [ X0 | xT | X8 | X
D4 . ° ° ° °
D6 . ° ° ° ° ° °
D4(baryon) D . . . .

o Two transverse direction to probe brane (x8, x%) — M,
@ Adding baryon charge — quarks or baryon vertices

? l'—k%%—r» A‘

NCD4E
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D6 Probe: Massive Quark Model

@ Putting D6 brane as probe

[ X [t [ 2 |3 [ [ [ X0 | xT | X8 | X
D4 . ° ° ° °
D6 . ° ° ° ° ° °
D4(baryon) D . . . .

o Two transverse direction to probe brane (x8, x%) — M,
@ Adding baryon charge — quarks or baryon vertices

D6 D6
% %-T’ A —— A
* f—k%

? R-ﬁ.
Mq Mq
D4
N, D4 N D4 D4

Yunseok Seo
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D6 Probe: Massive Quark Model

@ Black hole background

@ Finite temperature
@ Deconfined phase
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D6 Probe: Massive Quark Model

@ Black hole background

@ Finite temperature
@ Deconfined phase

@ Zero density
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D6 Probe: Massive Quark Model

@ Black hole background
@ Finite temperature
@ Deconfined phase

@ Zero density
3 ér=1,0=0
c
2.5 \ 05 o 1‘5//"2"6’" 25 ™
\ [
2 -o0sf \ ﬂ/
\\
1.5 -o10f 1\ |
\ Ji
1 015 [
/’ .
0.5 -020 /
4 6 8 10 -025 —7/

@ Finite density(no baryon vertex solution)
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D6 Probe: Massive Quark Model

@ Double Wicked geometry
@ Zero temperature
o Confined phase

@ Zero density
3

ogt

5 10 15 20
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D6 Probe: Massive Quark Model

@ Double Wicked geometry

@ Zero temperature
o Confined phase

@ Zero density

3 c
06
2.5
05
2
04
1.5
¥ 03
g 02
ofs 01
5 10 15 20 t 1 2 3 4 s ™

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



D6 Probe: Massive Quark Model

@ Double Wicked geometry

@ Zero temperature
o Confined phase

@ Zero density

3 c
06
2.5
05
2
04
1.5
¥ 03
g 02
ofs 01
5 10 15 20 t 1 2 3 4 s ™

@ Finite density (baryon vertex)

0.5

0.5 15 2 2.5 3 35 4
-0.5
-1
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D6 Probe: Massive Quark Model

@ Double Wicked geometry

@ Zero temperature
o Confined phase

@ Zero density

3 c
06
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05
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04
1.5
¥ 03
g 02
ofs 01
5 10 15 20 t 1 2 3 4 s ™

@ Finite density (baryon vertex)

0.5

0.5 15 2 2.5 3 35 4
-0.5
-1
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D6 Probe: Massive Quark Model

9 Density dependence of mass of baryon JHep 0s0s:010: ¥s, Sang-Jin Sin

M
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D6 Probe: Massive Quark Model

9 Density dependence of mass of baryon JHep 0s0s:010: ¥s, Sang-Jin Sin

M

@ Meson spectrum on going work: Kwanghyun Jo, YS, Sang-Jin Sin

' 05 10 15 20 25 30 35 ™
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D6 Probe: Massive Quark Model

@ Two flavor system JHEep 1003:074: Youngman Kim, YS, Sang-Jin Sin

@=0, =0, £,=1.03 @=0.307, B=18.73, £,=1.05
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ound 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 choroku

2 R2
ds?y = e®/? [% (f(r)2dt? + d=?) + r—2dr2 + R3d§2§} ,

1
F(r)?

_ 4
=1t flos e x=-e 10 F)=y\1-(7)°
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Bac

ound 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 choroku

2 R2
ds?y = e®/? [% (f(r)2dt? + d=?) + r—2dr2 + R3d§2§} ,

1
77

— rry4
=1t flos e x=-e 10 F)=y\1-(7)°

Black hole horizon at r = r — Finite temperature

q is proportional to value of gluon condensation < F2 >

Baryon vertex(spherical D5 with N fundamental strings) can exist
D7 brane used as flavor brane

¢ ¢ ¢ ¢
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Phase transition

@ Quark phase

£=05
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Phase transition

@ Quark phase

£=05

@ Fundamental strings connect black hole horizon and probe brane
o Physical object is freely moving quark
@ Deconfined phase
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Phase transition

@ Quark phase

£=05

@ Fundamental strings connect black hole horizon and probe brane
o Physical object is freely moving quark
@ Deconfined phase

@ Baryon phase

£=05

o Fundamental strings connect spherical D5 brane and probe D7 brane
o Physical object is baryon vertex(bound state of N¢ quark)
@ Confined phase
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Phase transition

@ Quark phase

£=05

@ Fundamental strings connect black hole horizon and probe brane
o Physical object is freely moving quark
@ Deconfined phase

@ Baryon phase

£=05

o Fundamental strings connect spherical D5 brane and probe D7 brane
o Physical object is baryon vertex(bound state of N¢ quark)
@ Confined phase

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

@ In gra nd canonical ensemble on going work: Bogeun Gwak, Minkyoo Kim, Bum-Hoon Lee, YS, Sang-Jin Sin

2 020
10 Quark Phase
omf
08 Quark Phase ~_
016
06
0a 014
Q=0 _ Q=0 Baryon Phase
02 T 012
“Baryon Phas
o 1
5 10 15 " 11 12 13 14 15 16"
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Phase transiti

@ In gra nd canonical ensemble on going work: Bogeun Gwak, Minkyoo Kim, Bum-Hoon Lee, YS, Sang-Jin Sin

08 Quark Phase ~_

Q=0 - Q=0 Baryon Phase

~ Baryon Phas
u o ”
5 10 15 1 12 1 1 15 16

@ Chiral transition = confinement/deconfinement transition
o Relation between chiral condensation and gluon condensation
@ Fluctuation spectrum
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Conclusion and Discussion

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

9@ We construct simple model with finite baryon density in holographic QCD
9 Interaction between baryon vertex and probe brane gives medium effect

@ We can calculate various quantities with finite density by solving classical
equation of motion
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Conclusion and Discussion

9@ We construct simple model with finite baryon density in holographic QCD
9 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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