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. Introduction : Motivation & Basics

- AdS—-CFT Holography : Useful tool for strongly interacting system

such as QCD, Condensed Matter, etc.

Holography idea of AdS/CFT applied to QCD is called AdS/QCD
With AdS—-QCD, how to explain properties such as

confinement, | |
x—-symm breaking, \ /\ = AT Exists holographic
phases ’ model studies

etc. ?

Main idea on holography through the Dp branes

* Dp branes carry tension (energy) and charge (source for p+2 form)
> Gravity in AdS space (dim = ((p+1)+1) )

* Dp brane’s low energy dynamics by fluctuating open strings
- Yang—Mills in (p+1) dim. (CFT)




(Closed string picture) : Dp branes carry energy =AdS ((p+1)+1) dim)

and RR-charge = source for p+2 form flux H
1

1
Sup = Py VGe (2R + 89, 0" D — |Hs|?) Ax/ﬂ“ (IF )+ B + S \FI +Cy A Hy N Fy
"b + fermions

ds’ =fj:1*’r":"[—dt2 +dr? + -+ ff;rf,] + f;*m(d;riﬂ 4+ -4 dxd)
o4 pE _ 10 T— . .
= 4 e =fp" , fp=1+4+mnc;”/r"""  (harmonic function)
1
—*‘:1|:|nrp == — §[fp L - 1] b

'T‘4
® = constant (conformal symmetry)

The near horizon limit gives AdS x S5 o 0. U= {i—f — fixed

Ex) D3 brane : {132 _ f—1/2d$|2| Y2 (dr? £ r2d02) F=14 drgNa”

: [/2 : )
ds® = o A7 TroN Q2 [ the radius of S
L/ dmg! "-f 9 E 2 | v E' = the radius of AdSs

AdS5 X 35 Rz, /o' = \/ATgN

. Isometry : S0O(4,2) x SO (6)
. gN>1 = SUGRA approach is reliable




(open string picture of Dp branes ) Low Energy Dynamics
——> p+1 dim. SUSY SU(Nc) YM Theories

Neumann boundary condition #Dp-branes = Nc = 9s — N

2
/ A 9yvu
Aﬂ,,u=0,1 ..... p

(0,1, ..., p)
prd ( X,,1=p+1,...,q
1
// / * BPS state Tension=Charge (= |p+1)

[ gS S
/\ (p+1 9) * Preserves 1/2 of 2x16 SUSY — brane

EQ +E,+Q;,R =41 1F
Dirichlet boundary condition LQL R QR E'— .U ER

* dynamical . Anti brane
10 dim. N=1 SYM L=- 12 TrF, F™ +L,,
. 40 o Ex) # Nc D3 branes
_ , W
reduction G = G177 @' = 12 %P\qﬁ)‘\ 1, ..., 6
s 0,1,...,3 7"
(p+1) dim. SYM (#SUSY = 16 =32/2) : Nc X Nc matirices, adj. repn. of U(Nc)
L=-— 12 Tr(—1 F.F* +1p o'pro + > [®',®’]*) + Fermions
49y 4 2 7 1J :
rotation
Conformal symmetry R-symmetry : # perpendicular
- global symmetry :  SO(4,2) X SU(4) = SO(6) to D3 branes

2
o« If A=gy34V. << 1, then perturbative




Ex) D3-D7 —> 3+1 dim. N=2 SU(Nc) YM theory with Nf hypermultiplets

\a CPX

89 Strings
4 4567 -3 : Ap, @, A, x
/ 1,2,3
#N S —— 123 (N=2 Vector multiplet)
/ % Adjoint representation
#M - _
0 1 3-7 Q! Q ’ ¢)! 4
#N D3 — = (N=2 hyper multiplet)
M- br = = Matter in Fundamental
rotatlons
N =2 components | spin |[SU(2)g x SU(2 Ul)g|| A | U(Ng) | U(1) -7
(@, 0;) | XLXXC X7 0 {IM D S Note : 7-7 strings
hyper )q Ag 5 (1,0 —1 s 1 0 decouples
(Dg, W) — (X5 X9 0 (0,0) 2 1] 1 0
vector Ag A4 % (0, %] +1 % 1 0
Uy 1 (0,0) 0 1 1 0
(@, Q) " =1gq || 0 (0,3) 0 | L] N +1
fund. hvper | oy = (1, 17) % (0,0) F1 % N +1
L£=Im [T f e (T-l‘{‘:ﬁft?‘”’@’fe_‘”f} + QleV Q" + QIE_VQT) 4 S | A2 Nf\
.-'.'3‘,1,-‘:2 = 4'1\' ,A'L.,_ =2 = o I N
+7 / 6(tr (WW,) + W) —|—c.cw , Nf/Nc << 1 0 '
) | - | uenchin
W =tr(ergjg®r®;Px) + Qr(my + $3)Q" N (q 9) J




N D3 Figure from Erdmenger et.al, EPJA (2008)
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89

conventional

open/closed string duality

flavour open/open
string duality

N/ probe D7

AdS,

brane

R4

“Boundary” QFT < > “Bulk” Gravity

/—=7 open strings : Low energy dynamics for D7 branzes (DBl action)
Spr = —#7/‘185 v —det (PG + 2w/ Fpy) + (zﬂ;) I /P[C(4)] ANFAF
pr = [(2m)7gsa] 7!




xag,ﬂm HO‘OQI’&D”Y . smp‘es! examp‘e

 N=4SU(Nc) SYM " SUGRA on AdS5 x S5 |

4D QFT (CFT) (open string)
on D-brane at the“boundary”

_ | Classical Gravity(closed string)

in “bulk”,

Conformal x R—-symmetry | N Isometries of AdS x S5
SO(4,2) x SO(6) S0(4,2) x SO(6)

2, N R _pal| (% R
Parameters (Jyn , V) | 4mg,N= —5= =gy, 9s
Q

Extension of the AdS/CFT

e with 3(¢°)—0 (asym. freedom ) in asymptotic AdS
 less SUSY
* Finite T QFT Black Hole b.g.
« Chemical potential bulk gauge field
 Fundamental matters  flavor brane

- quenched approx. — w/o back reaction

. QCD ? (phases, etc.) in ??



AdS/CFT Dictionary | Witen s

Gubser,Klebanov,Polyakov 98

Partition function of bulk Generating functional of bdry
(gravity] theory (semi—classial) QFT for operator (")
q = { exp d%r g ®
Z / P ﬁ"?"il:' [ ) Z" < l Lﬂtmdm'u 0 >
o(t.x; u = 00) = u?" 1Py (t, x) = fexp{'i._%—|—if|:_.-‘}{|{;1?}(9} |
$o bdry value of the bulk field ¢ ®p: source of the bdry op. O

. {;‘j scalar> S= / d*xdu\/—g (gabc‘i‘a@@b@— -??z..zr,_.-'}?) o) ~ ut” AOU + uf (O)

0" Z.Latrin;r,
dpo(t1,x1) - 00 (tn, Xn)

 Radial coord. r in the bulk is proportional to the energy scale E of QFT

« Correlation functions by <1 O(t1,x1) -+ Otn, Xy >

field theory

. 5D bulk field @ €>  Operator (V)
w/ 5D mass m; &> w/ Operator dimesion A
« 5D gauge symmetry <> Current (global symmetry)

« Larger (small z) &> Large Q



) (Operator in QFT) <—> ¢ (p—form Field in 5D)

AN o\ (/ A — g2 A : Conformal dimension
(A—=p)(A+p—4) s m? . mass (squared)

Note : the fluctuation field ” on the bulk space corresponds to
a source for the QCD Operator (.

-

Ex) 4D: O(x) 5D: ¢(x, 2) p A (ms )2

g, y*iq, Af, 1 3 0

qrY"1°qg '1?':# l 3 0

%4, (2/2)XP 0 3 —3

_*?'Tff}z?'(“luon cond. dilaton 0 4 0

qr.7y"qy

q‘:,,qpf” baryon density vector w/ U(1) 1 3 0
fields in gravity operators of QCD

gluon condensation  (11G7)
chiral condensation 4rqrL

mesons in the

 massless dilaton
- scalar field with 7 - 73

« m=0 vector field A in the

SU(Ny) gQauge group SU(Ny) flavor group



Temperatue o
£. Witten (1998 —
o Black hole gemometry 1 1 / \therma Qco
ds? = = ( F2(z)dt* — (d)? — dzz),

_ T — |
@ | = p 12(2) | Q/
- AdS.
Flavor degrees of freedom  s2)=1- (=) ,__L \_@BH

T Tz

@ Adding probe brane
o ¥(p) =Mg+=55=+--- (p>>1)
Chemical potential or Density

@ Turning on U(1) gauge field on probe brane
@ Ay o< JH S>=1YyHyY
oAt:,Lt.+§;—|--°° (p>>1)

Source of gauge field

9 End point of fundamental strings

@ Physical object which carry U(1) baryon charge

9@ Fundamental strings which connect probe brane and black hole
— Quarks

9@ Fundamental strings which connect probe brane and baryon vertex
— Baryons



AdS/QCD

Goal : Try to understand QCD using the 5 dimensional dual
gravity theory (AdS/CFT correspondence)

N
o
(=}

Quarks and Gluons

Critical point?
DS
m e)
/;,;;’e
| 4
OQ

> Hadrons

sioAIuN AjJeg

Need the dual geometry of QCD.
1. Approaches :
Top—down Approach : o
rooted in string theory ) /“$

Temperature T [MeV]
:

(‘,5,;
,

ryi
7/

Net Baryon Density

Neutron stars conductor?
Find brane config. for the gravity dual o

Bottom—up Approach : phenomenological
Introduce fields, etc. as needed based on the AdS/CFT
* Hard Wall Model — Introduce IR brane for confinement
* Soft Wall Model — dilaton running

Light—Front : radial direction of AdS <-> Parton momenta
(Brodsky, de Teramond, 2006)



Top—Down Approach

Observation :
* Nc of D3 branes : AdS5 x S5 <-> N=4 SUSY YM
« Nc of D3/ orbifold, etc. : AdS5x X <->N=2,1YM

QFT with Asymptotic AdS SUGRA Duals

* N=1* Polchinski & Strassler,hep—th/0003136
« (Cascading Gauge Theory Klebanov & Strassler, JHEP 2000

* Nc of D3 & N; of D7 Kruczenski ,Mateos, Myers, Winters 2004
N=2 SYM with quarks massive (in general): m,
Probe approximation (N.>>N;) (~ quenched approx. )

(No back reaction to the bulk gometry from the flavor branes.)
Free energy ~ Flavor—brane action

« Nc of D4 b.g. (Witten) + N; of D8 system Sakai & Sugimoto 2005
Topology : R(1,3) x R2 x S4 DS
The Effective Action : 5D U(Nf) YM CS theory

Ssdim =~ Sym + Scs
—> closely related to QCD

o etc. 5~9




Bottom—-Up Approach Karch,Katz,Son,Stephanov, PRD(2006)

Introduce the contents (fields, etc.) as needed based on the AdS/CFT
— Phenomenological

« Kaluza—Klein modes - radial excitations of hadrons
identified by the symmetry properties of the modes

* Confinement realized in
* Soft Wall Model — by dilaton running
* Hard Wall Model — by introducing IR brane for confinement

Ex) Confinement —Deconfinement

boundary

/ infrared
~ wall

'_horizon

Figure from
- Erdmenger et.al,

conformal confining deconfining

AdS AdS black hole EPJA (2008)




Ex) Hard wall Model

Erlich, Katz, Son, Stephanov, PRL (2005)
Da Rold, Pomarol, NPB (2005)

L1, Loy L3, Ty
Infrared Brane at 2= 2y N
—— Confinement ¢o(z) Az, 2)
Metric — Slice of AdS metric ] "
l At
ds®> = ?(—dzz +dx*dx,), 0<z=2z, .,—_—._0 y =2
5D action (Nf=2) UV bulk IR
- 1
S = / d>x\/—g (—ﬁTr (v L™ + RynRM™) + Tr (| Dy X |2 +m§,\xﬁ))
] 8%
_}{U(;_jj —t ilf;: _|_ izzg 4D (’){;I.‘j 5D: {I.-")[:;I.'_,‘:,}I P A ('??35}2
2 2 {IL“,r"’ufa(jL £ (}EH 1 3 0
Measured : {IR?;?"&(I n ARy 1 3 0
—_—y | SN mox 3 : ‘
Observable (MeV) Trds (2/2)4 0 ’ 7
M 139.6=£0.0004 [8] 139.6" 141
m, 775.840.5 [8] 775.8" 832 Parameters
Ma, 123040 [8] 1363 1220
fr 02.440.35 [8] 92.4* 84.0 m, 0 2y
E)? 34548 [15] 329 353 , 1277
E,? 433413 [6, 16] 486 440 95 = 7N
Jpmr 6.0340.07 [8] 4.48 5.29 :




Witten ‘98
2. The Dual Geometry

(for the pure Yang—Mills theory without quark matters)

1) Low T (confining phase ) . tAdS
(thermal) AdS space, no stable AdS black hole

2) High T (deconfining phase) : AdS BH
Schwarzschild—type AdS black hole

This geometry is described by the following action

1 R )
S=5 / /g (R + 2A) A = —o: cosmological constant

R : AdS radius

“confinement” phase “de—confinement” phase
Thermal AdS (Low T) <{Z———>  AdS-BH (HighT)

Hawking—Page transition
Transition of bulk geometry at temperature B(=1/T).

Herzog [hep—-th/0608151]



1) tAdS w/o IR cutoff = no confinement

5,  R? : . ;
AdS metric : ds” = — (—di* +d7” + d=*}<__ with the topology ~  x I’

the boundary located at z=0

Wick rotation

The periodicity of 7: s=1/7

tAdS : 2 _ , ,.
a ‘4\ i (ci-r2 + di* +d” ) S x R

2 b7
ds® = 3

%, the Coulomb potential , = !

0<:<o00 | 2 —> no confining potential.'
Open [Maldacena, Phys.Rev.Lett. 80 (1998) 4859 ]
q IV string

tAdS with IR cut—off (hard wall model) = confinement

(1‘_\7\
< — ZIR 1

*In region |, the Coulomb-like potential. £~ ——

TL ‘ * In region Il, the confining potential. F~7.L




?) AdS BH = deconfining phase

/ \herma QCD

dsE—RE ({l—m? )dt* + dT° )
1— ﬂ1?4 \ V
bulk

ié

q @

z=(0
(Boundary)

black hole
horizon

» Forz<< z,, AdS5 (x S5)
. aneventhorizonat =z, =m '/’ =
smooth geometry if t periodic with T
h
1
« The Hawking temperature : %=

identified with the temperature of the
boundary gauge theory.

« This black hole geometry corresponds
to the deconfining phase of the boundary
gauge theory, since there is no confining
potential.




3) Hawking—Page phase transitior [ Herzog . Phys.Rev.Lett.98:091601,2007 1

Low T B(=1/Tc) High T
QCD Phase transition confinement de—confinement
dual T
Dual Geometry tAdS w/ IR cutoff AdS BH
Hawking—Page transition =Transition of bulk geometry at Tc

To investigate the Hawking—Page transition, we should calculate the
free energy, which is proportional to the gravity on—shell action.

The regularized on—shell action 4 . arbitrany 0
3 X
1) for the tAdS, 5,0 — ﬂ [ it f on®
495 o W e -
2) for the AdS BH Sadspr = fff - Xo‘e((\o\l ea\)\I oV
Que
.\(\\(O

the period in the t—direction of tAdS ¥
= the period in t—direction of AdS BH at z €

= ' = w2,/ f(€)

Using this, the difference of two actions : P 7 1 1
AS = hm(SadsBH — Stads) = hh. ( - _)
e—0 K2 =4 2”:"
~IH “h




» The Hawking—Page (or deconfinement) transition occurs at

. _ *~IR 21/4
""IIE - '_|l1'-'1 or TC =

MZIR

* At the low temperature 7 - T,
the tAdS space is stable (confining phase) .

« At the high temperature 7T > T.
the AdS BH is more stable (deconfining phase)

Note : Phenomenology such as meson spectrum, etc. can be studied
by embedding D7, etc.

We (0)
2 m=2.0, ¢=—0.005

m=18, c=—0.000 Minkowski — p3 . R4 gl
m=1.6, c=—0.016 cmbeddings

1.5 1
: - I m=1.4, c=—0.034 c. =0.060
— _ m_=1.3, *_ '
e e ST ¢4 =-0.092

- m=1.0, c=0.242

- m=0.6, ¢c=—0.230
——— m=0.4, ¢=—0.169
— — m=0.2, c=—0.091

: - P
2 2.5 3,(

3 3 2
embeddings B x5"xB




Dual geometry for finite chemical potential

bulk boundary

field 4, =y qual operator v = v
( quark number density )

Chamblin—Emparan—-Johnson—Myers, 1999
Cvetic—Gubser,1999

5—-dimensional action dual to the gauge theory with quark matters

- E — 1 . ]. A RAT H
o — \/f.‘.!mJ"l.,-"{? [fjr I{—R —+ 2;"'!..] + .__]:—E.F:?l._”-.,rF'Uh] Euclidean

-2 . ) .
&R g Wick rotation £ — —ir

e

Equations of motion
= (E’LJF‘E{T - %G,’LJ,E’FPQFPQ)

o . 1., .
1) Einstein equation Rav — 5GunR + GuvA = —

=

2) Maxwell equation — 4, V=GP GNPy,

2
{ffﬁ = i (f (z)dt* + di* + ﬁm’:g)

Ap = A(z) and other are zero.

Ansatz :



Solutions S.-J. Sin, 2007
® most general solution, which is RNAdS BH (RN AdS black hole)

flz)=1- mz* + ffg 2 m black hole mass
Alz) =1 (p — -ITL').:E] q black charge

. :, . .
corresponds to the deconfining H quark chemical potential

phase (quark—gluon plasma) Q= \;—fz , auark number density

ai

Note
1) The value of 4s  at the boundary (: =0 ) corresponds to the

quark chemical potential ;+ of QCD.
2) The dual operator of Ay isdenotedby @ , which is the
quark (or baryon) number density operator.

3) Weuse 1 _ N 1 _ NN
262 8miR? g> An*R




® What is the dual geometry of the confining (or hadronic) phase ?

find non-black hole solution (BHL, Park ,Sin JHEP 0907,(2009))
f(z) =14 ¢*2°
Alz) = ( 1 — (22] * baryonic chemlqal potential
1B = 3
We call it tcAdS (thermal * baryon number density
charged AdS space) Qp=0Q/3

Note : Solutions in both phases are valid for arbitrary densities



1 2
~6{.,:.

RNAdS BH (QGP)

‘ R?
2 _ 2_6 2
ds® = 1 —mz* 4 ¢%2°%)dr? + di? + - .
22 ( =) 1 —mzt + g2z
. " b Ij
black hole horizon *+ 0=flz4)=1—mz +¢°=5
1 1
1 — —td,r‘E -
JAG)| = 9774, A,

Hawking temperature 75, —
For the norm of Ao at the black hole horizon
to be regular, we should impose the Dirichlet boundary condition
Alzy ) =0
and M

.2 i
Q==
24
+ as a function of and 7,

L

 From this, we can obtain a relation between @

Using these relations, can rewrite
202 R2 " A2y

3¢ o2 Ko ,

T Try + 322 TR’W)

 2k2p2 (\.‘




tcAdS ( Hadronic phase )

e Impose the Dirichlet boundary condition at the IR cut—off

A(zir) = 1ap,
where , is an arbitrary constant and will be determined later.

® Using this, we can find the relation between p and ()
0= (1 :2*-’1']#-_
~“IR

® After imposing the Dirichlet B.C at the UV cut-off, the

renormalized on—shell action for the tcAdS
VaR? 1 ( 1 2k (1 — a-)z,ug)
39'2}32 3?1{

D
te 5 T\ 7
h-z te ZIR



® From this renormalized action, the particle number is reduced to

2. 2R
N = 5(1 — Ll)?QIE.

® Using the Legendre transformation, /N should satisfy
the following relation ulN = Syl
where the boundary action for the tcAdS is given by
i 2R

Sy = —Z_QV.
=T QQQ 3

® So, we see that @ should be —1/2 for the consistency.

Then, the renormalized on—shell action for the tcAdS

5D — _1»-’}_3.3 1 ( 1 N 3.&3 ,u-?')
‘ k? Tie \21p  20°R* 2ip

2 .
with £ = §Q3§H'



Hawking—Page transition

e The difference of the on—shell actions for RN AdS BH and tcAdS

ACQC _ gD [)
AS = bfi’h" o ‘Si.c

- VR 1 ( 1 1 N 3% p? K2 ,1.-:2)
k2 Try \zjp 224 2¢°R?zj, 3¢%R?:%

e Wher AS =10 , Hawking—Page transition occurs

® Suppose that AS=0 ata critical point 2z = Z
1) For Zzp < 2., AS becomes negative. deconfining phase

2) For z.< zy < zrr, tcAdS is stable. confining phase



e Introducing new dimensionless variables

— o
ZE f—

IR

= HZIR

fe
Tc = Tc ZIR;

_[3N, (1-23)
the Hawking—Page transition occurs at { e Ny 22(922-2)°
1

: ' | — 23!
TC — - (J. — T;) .
T[GeV] e e

0.14f For the fixed chemical potential

0.12]

::}.1?
0.08}
0.06}
0.04}

0.02}

0.25 0.5 0.75 1 1.25 1.5 1.75



® After the Legendre transformation, the Hawking—Page transition in

the fixed quark number density case occurs at
X 3N, (1— 234

2N, Z1(532 — 2)

7o 1 1_5@1—%3
© 7z 2 (522 —2)
T [GeV]
0. 14l For the fixed number density
O.lzlﬁ;—:—‘—'—‘ —e + +
'*.* .
Gl.l' *\.\. o L ‘:."IJF"*:."Ic:ﬂ
"k ‘ e ) _
0.08; AN * N,./N.=1/3
PR U ~
0.06} ‘%\ N W N, /N.=2/3
A» N x
0.0 VoY A N, /N =3/3
0.02} NN
! 5\
- Q[GeV™3]

0.05 0.1 0.15 0.2 0.25 0.3 0.35



Light meson spectra in the hadronic phase

Turn on the fluctuation in bulk corresponding the meson spectra in QCD

_ I o 3 o 1o .
AS = /d'ﬁr\/G Tr [|m;|‘2 — E'A 2 + 1 (Ff + F3) ]

1. Vector meson

Mym
4 5t

4t
3.5}
2 74}




2. Axial vector meson

3. pion

m
250

1501

100

Ll

Hy



B. Gwak, M. Kim, BHL,Y.Seo,
II. AdS/QCD based on 5 - sin. arXiv 1105000

the D7 embedding in black D3/D-instanton geometry

Motivation

« Alternative to the Geometrical phase Transition for in AdS/CFT ?

- Baryon Vertex (phase) and confinement at finite T (Black Hole
Background) ?

Finite Temperature with Dilaton background (Solution of Type 11B SUGRA)

1 R
dqm = ¥/? [Rz (fL szfg + dr ) F(r)2 72 Rﬂdﬂfﬂ RY = 4rx th\ta
i} q —
. — ].—l_ _]. PEE—— — —«¢C —|_ 1 °
¢ AR T T Hawking Temperature

f(r) = \/1— (f) , T =rp/7R?

Zero Temperature Limit : becomes near horizon geometry of D3-D(-1)

ds? — o2 [Ri (4t + d?) + Rj (ar? szﬁz)} ~ (Liu & Tseytlin 9903091)

4
<,

EiI} =1 + T X = _E_'I} + S:vu

« AdSxS5 at UV Flat at IR (w/ dilaton singular)
« N=2 (with gluon condensation)




Ex) Zero Temperature and without density

Background Metric by D3 & D-instantons f AdSxS5 at UV
2 /2 r’ 2 ) R 2 2 12 F!at at IR. (w/
ds = e A (dr + dXx ) + = (dr +r d§25) ,  dilaton singular)
r « N=2 (with gluon
e’ = 1+ rii“ Y= —e T+ | \_ condensation)
D7 Brane as a PI’Obe(Llu & Tseytlin 9903091) {?; (dp* + p°d2; + dw: + dwg)
2 _ 2 2
Induced metric on D7 pT =Wyt oy
r . R? , r? = p* +wi +wg
ds?, = e®/? [ﬁ (dr2 + dxz) + = ((1 +y"?)dp® + QZQ%)] e °

DBl action of D7

(2ma’)?

‘S'DT — —/17/(1'\.5 \/— (l(’t (P[C;](zb -+ 2ma!’ ab) -+ : H7 /p[('(‘”] AN F AN F
becomes ( D7 wraps S3 of S5) ey = [(27)7gea]?

Sp7 = — 717 / dtd p eq)pgw 1+ y’?

7 = 117 Va$) o Rho—>infty, AdS5xS3
T HTYSRES “5"% _ Rho->0, rad (3)->0
O E—

NS

\

Embedding solution :

y(p) = Mg+ =5=+ - (p>>1

0



9 solution of D7 brane embeddings

Mg =20

LZps
1.0 \\ x\.

0.8 \ A\ N

.

]

2 4 g P T

9 g dependence of chiral condensation

mg =0
C
A5 E -

aof e
25 — .
20
15F

10

05 f

= q

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
* 2 4 B 8 10

@ In large quark mass limit, < 1) >= 1';

UE\\:\H Y \
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Ex) Finite Temperature and without density

Finite Temperature (Black Hole geometry) of D3/D—instanton system

r2 o . 1 RE . o]
ds?, = e¥/ 3{ rV2dE2 + d7?) + + R¥AOZ|T
Sio = € R? (f(r) , ©) f ('f‘) ’ uark-Gluon
=1+ —l . >+ vo.
2 i e f(r)? A X0
T =rr/7R%
=1 (2)" T
y I
Rewrite in terms of dimensionless parameter de2  ar?
€2 T PIf(y)
P /2 r 2 1,2 s R? 2 2 132
ds®* = e [ﬁ (f(r)=dt + dz ) £2 (de= +£2dQz) |
or
P /2 r? 2 7,2 ~ R? 2 2 7.2
ds®* = e 3 (f(r)=dt + di? ) + £2 (d,{) + p*Q) —I—d-y + y~do ) .
where E=p+y

(?_)21(5 S—I) and f = (15}1/5,4) _ W
rT 2 £1 {2 ’ 1_|_£}l/£_1 _L:J_|_'



Induced metric on D7

,}.,2 ~ RZ
ds?- = e®/? [ﬁ (f(r)?dt* + dz?) + = (1 +y*)dp* + p*Q3)
DBl action of DY
Spr =717 / dtdpe® pPwiw_ /1 + y? T7 = 5%;&71/393
Minkowski and Black Hole embedding
Er=0.T, my=1

‘Repulsion’ by q > ‘attraction’ by BH

Phase transition temperature /

increases as g increases




@ Finite temperature without density

@ Chiral condensation
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Finite Temperature and with finite density

Turn on U(1) gauge field on D7 brane
DBl action of DY

2

&l ¥ P llllr 3 -".12 } s w_
Spr = —TT/dI‘-dppSeDf 2w+f \/E‘Ifz— (1 +

Wt

=,

2) 2 .— /dtdpﬁgﬁ

. . . Tr = puiVyQs, F =2md'F,
Minkowski and Black Hole embedding

@ Legendre transformation

; ~ 0L p7 .
Hor = F—m — Lp,
aF
- Wl | Q2
g "TTII' / dpqllh:'l E:I:' __{l _|_J:l'2] I-I _2 _I_ Pﬁe¢w|-3|-~
5 ! 'u-:-r:'-l- Illill TT

@ Source of U(1) gauge field on D7 brane is endpoint of fundamental strings
@ There are two way to attaching fundamental strings on D7 brane



Quark Phase

Regularity condition ¥(pmin) = tané

 As g increases, the repulsion effect on D7 also increases.

 F1 strings connect BH horizon and probe brane

* Physical object is freely moving quark



In me— O limit, we have two phases

£7=1.0724, q=20, Q=1

- P
6

(Note : If g=0, then the trivial flat
embedding is the unique solution
for mg— 0.)
Finite quark mass mq * O1

, 6T :

l.S:' q_;ﬁ[}

L6 * q=30

b T =15

F g=10
1.2;__, _s
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Baryon Phase

Background mgtric Fiy # 0 ,

: 5 |7 5 » 5 [ d
ds? = ®/2 [? (f(-:r')zaft‘2 + d;}:z) + R? ( 2

+ df? + sin® Qdﬁi)]

Induced metric on D5 .
dshy = ®/? [%fi'dti + R? (5—2 + 1) d6? + R*sin® edﬁg]

DBl action

Sps = — U5 /.E_d)\/—det(g + QTF-‘_’EIF) + ps /A(U A\ G{E,}

w? - ~
= T5 / dtdf sin® Be® l\/eq’—(fi + &%) - F?2 + 4At]

W

D7 brane at the tip of D5 with force balance condition

£7=0.8, q=15, m;=0, Q=5 £r=0.8, q=15, m=1, Q=5

F1’s connect
spherical D5
& probe D7
Phys. Ob. =
baryon vix
(bd state of
Nc quarks)

X—symm.
broken




@ Phase transition

o for give mg and g, there are two kind of embeddings in same temperature

2 we have to choose physical embedding by comparing free energy
@ free energy for quark phase

;Fqua.rk'l:a}} = T7 / dﬁﬁm{&—']

B quark phase

2 free energy for baryon phase

.Y ) F. Q ) .Y
Fraron(Q) = 71 / dpHor(Q) s / d6% s
. .

barvon phase

!J:I,?=|:|. Lr=0.16

bBlack: baryon phase

purple: quark phase without chiral symmetry, red: quark phass with chiral symmetry



Density dependence of free energy (for mqe= 0 and g=15)
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Phase Diagram

Zero quark mass
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V. Summary

 Holographic Principles :
(d+1 dim.) (classical) Sugra < (d dim.) (quantum) YM theories
« AdS/QCD - Top—down Approach & Bottom—up Approach

« QCD using Holographic dual Geometry

— w/o chemical potential —
phase : confined phase < deconfined phase transition
Geometry : thermal AdS < AdS BH

Hawking—Page transition

— in dense matter — (U(1) chemical potential> baryon density )
deconfined phase by RNAdS BH < hadronic phase by tcAdS
Hawking—Page phase transition

 |In the hadronic phase, the quark density dependence of the light
meson masses has been investigated.



V. Summary — continued

Holographic QCD model in D3/D-instanton background
Two phases and phase transitions : for given T and density
quark phase : physical objects : quarks

baryon phase : baryon (vertex) as a physical object

We study phase structure with and without quark mass

We also study density dependence of chemical potential (eq. of state)

and phase structure in grand canonical ensemble

Future works : Meson spectrum & beyond probe approximation, etc.



Thank Yoy !



