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|. Introduction

Motivation

« AdS—-CFT Holography : Useful tool for strongly interacting system
such as QCD, Condensed Matter, etc.

« How to explain properties such as phases,
confinement, chiral symmetry breaking,
gluon condensates, chemical potentials, etc. ?
Ex) meson mass dependence on condensates, chem. Potential, etc.
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AdS/CFT Holography
Ex) D3 branes (# of Nc)

| N=4 SU(Nc) SYM N SUGRA on AdS5 x S5 |
4D QFT (CFT) _~ | Classical Gravity

K
Conformal x R—-symmetry | Isometries of AdS x S5

SO(4,2) x SO(6) SO(4,2) x SO(6)

Parameters (9yy , /V) {4W.‘33N [‘12:,\ :QZYMJ\’ ] (9 ,R )

a

Extension of the AdS/CFT

°* Finite T QFT Black Hole back ground
* with 3(4?)—0 (asym. freedom) in asymptotic AdS
e |less or no SUSY D—-branes, b.g. fluxes, etc.
e Chemical potential bulk gauge field
 Fundamental matters flavor brane

— quenched approx. — w/0 back reaction
* QCD in dense media, . in ?7?

with gluon condensates, etc.



AdS/CFT Dictieonary

Witten 98;
Gubser,Klebanov,Polyakov 98

Partition function of bulk

theory (semi-classial)
Z:f D{:Je:{p(—S[:ﬁ:J,)
' Gy

bt x; u=00) = u o (t,x)
¢o bdry value of the bulk field ¢

Generating functional of bdry

for operator (")

7= <e:{l:r/ ddi‘*ﬁf’u‘?>
| boundaru
= /ex]:r{'iﬁ'a‘+i/¢)cl(f}'@}

bo: source of the bdry op. (0

. {;‘j scalar> S = / d*xdu/—q (gab@a@@b@ — -m..Qr:')?) o) ~ -1.5.4_&@0 + oyl (O)

» Correlation functions by

0" Z.Latring
Jﬁl}l}{fl 3 Xl] T 5@[](tne Xrg)

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

= <'I'O[.l'l.xljl : --O{ﬂ-”_._xw.}>

field theory

5D bulk field €->  Operator ()
w/ 5D mass m, &> w/ Operator dimesion A
5D gauge symmetry <> Current (global symmetry)

Large r (small z) &> Large Q



() _(Operator in QFT) <=> @ (p-form Field in 5D)

Ex)

"

(A=p)(A+p—4)= m?

A Conformal dimension
m# : mass (squared)

Note : the fluctuation field i}'f’ on the bulk space corresponds to
a source for the QCD Operator O.

a

4D: O(x) 5D: ¢ (x, z) p A (”35}2
L?LT‘[LTHQL f’ii# l 3 0
qrY"1qr AR l 3 0
g%qP (2/z)X*P 0 3 -3

_*:TfGE?GIuon cond . dilaton 0 4

q.YMar :

e baryon density vector w/ U(1)1 3

fields in gravity
¢ massless dilaton .
e scalar field with ™ =75

« m=0 vector field A, in the

SU(Ny) gauge group

operators of QCD i
« gluon condensation (IrG?)
 chiral condensation 49r4L

e mesons in the

SU(Ny) flavor group



N D3 Figure from Erdmenger et.al, EPJA (2008)
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conventional
open/closed string duality

flavour open/open
string duality
N ; probe D7
rP R4 AdS,
brane
“Boundary” QFT < > “Bulk” Gravity
3-3 open strings (“gluons”) closed strings (AdS5 geo.)
3—7 open strings (“quarks”) 7—7 open strings (“mesons”)

& IfNf/Nc=> 0 then probe approximation (back reaction neglected)
(quenched approx. (“quark” loops neglected)
& |If Nf/Nc finite then beyond probe (quenched) approx.



Probe brane : Neglect back reaction to the metric

/=7 open strings : Low energy dynamics for D7/ branes (DB action)
Spr = /d”& vV — det (PG + 21 Fp) + (2”& [p[( ] ANFAFE
pr = [(27) g™t

Metric of AdS5 x S5

ds? — r? T daidad 4 R? [dp L PO 4+ dw? + du?) pt=wi+.. +w;
I ré = p* +wi +wg
action of D7 (for static embedding) 0 —> 0, AdS5xS3
Spr = — iz / d™¢ I?:j\/l + Wk + w2, e — 0, rad (S83)->0

D7 embedding in 10 dimension : wraps S3 of S5 and lies flat
ws=0, ws = L = constant (— non renormalization of the mass)

Mesons : Fluctuation of the D/ branes (Ingeneral, = L + p— + .
wg = 0+ dws , we = L 4+ dwg et ’J
2= p(p)e V(S VIV = i+ 2V |
n+l+1)(n+(+2) S~

=)
- -
~

RQ
2L
—k? = M. (n,l) = E\/(” + 0+ 1)(n+L€+2)




Beyond Probe approximation : back reaction to the metric
D3/D7 SUGRA Solution | |
dsty = h="%(r, p) da2 + h'2(r, p) (dr® 4 r°dQ; 4+ €V (dp” + pdy))

X(p) = A:ff,-? p?=wi+ .. +w;
’ 2

T

Tt

N 2 = P+
e=?P) = ¥0) = S50 L
2m PL
with
T) J 1) , 27
p 0 n=»0

d d?
(—ln + —lnd— -+ F) Pn=2pn_1 polx) = —x —log(prq/2) —

Mesons : fluctuation of D7

Complicated !



Il. AdS/QCD : Brief Review

Holography idea of AdS/CFT applied to QCD is called AdS/QCD

Goal : Using the 5 dim. dual gravity theory (AdS/CFT correspondence)
try to understand 4dimensional QCD properties such as

spectra & Phases (confining, deconfining, etc.), etc.,

in terms of parameters (Nc, Nf, mq, T and u,
X—symm., gluon condensation, etc.)

N

(=]

(=]
T
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Quarks and Gluons

= Critical point?
S Secong
"’8
en,
> Hadrons o
%:‘ (#4

Needs the dual geometry of QCD.

:

Temperature T [MeV]

Cj,;
%,

Approaches : %
® Top—down Approach : rooted in string theory ) ./ Newtronsors  conductont
Find brane config. or SUGRA solution o

r7
Net Baryon Density

giving the gravity dual

® 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

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



Top—Down Approach

Start with D—brane configuration (or 10dim. Supergravity).
Get the corresponding geometries.
May put the probe brane in the above geometry.

Observation

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

« Flavors (fundamental rep.) : flavor branes etc.

QFT with Asymptotic AdS SUGRA Duals

« N=1* Polchinski & Strassler,hep—th/0003136

» (Cascading Gauge Theory Klebanov & Strassler, JHEP 2000

« Nc of D3 + M of D7 system Kruczenski ,Mateos, Myers, Winters 2004
* Nc of D4 + M of D8 system Sakai & Sugimoto 2005

—> closely related to QCD
« 10Dim. SUGRA solution etc.

Ghoroku,Sakaguchi,Uekusa,Yahiro, hep—th/0502088

Far from the real QCD yet inspite of much success.



Bottom—-Up Approach — Phenomenological

Introduce the c

ntents (fields. etc.) as needed based on t
\NTINVINA W L\ WA N W NAN A N GAWJI NI A (5

ILC\W/I 1L 7y o/ 11 S

Q
O

o Kaluza—Klein modes Karch,Katz,Son,Stephanov, PRD(2006)
radial excitations of hadrons, identified by the symmetries

« Confinement realized by “IR cut—off”
* Hard Wall Model — by introducing IR brane for confinement
* Soft Wall Model — by dilaton running

boundary

_horizon

Figure from
- Erdmenger et.al,

conformal confining deconfining

AdS AdS black hole EPJA (2008)




Ex) Hard wall Model

Infrared Brane at z =

o

—= (Confinement

<“m

Ly, Lo, Ly,Iy

A

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

¢bo(z) Pz, 2)
Metric — Slice of AdS metric ] "
| z
2 e _2 . . _ _
ds= = j( dz= + dx*dx,), 0<z=z, N o
: bulk
5D action (Nf=2) Uv IR
- |
S = / d’x\/—g ( S Tr (Lin L™ + RynRM™) + Tr (|DuX |* + m§(|X\2))
_ g%
jfﬂ(;;} — ijf; + iz;;g 4D: O(x) 5D: oz, z) P A (ms)?
2 2 (IL",r"‘uf.a(jL A iﬂ 1 3 0
{IR”‘;"“ﬁa(jR ARR“ 1 3 0
Measured M T‘R'qf (2/2)X P 0 3 -3
Observable (MeV) (viev ) L viev
Mo 139.640.0004 [§] 139.6* 141
M 775.8£0.5 [8] 775.8" 832 Parameters
Ma, 1230440 [8] 1363 1220 m o 2
fr 02.440.35 [8] 92.4* 84.0 q m
F,/? 34548 [15] 329 353 , 1277
F,/? 433413 [6, 16] 486 440 J5 = N..
Jpmr 6.03+0.07 [8] 4.48 5.29




2. AdS/CFT at finite temperature Witten 198

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

1) Low T (confining phase . tAdS (thermal) AdS space,
) ( 9P ) no stable AdS black hole

at p(=1/Tc) | QCD Phase Hawking—Page transition
transition <emE> =Transition of bulk geometry

2) High T (deconfining phase) : AdS BH Schwarzschild
AdS black hole is stable

E. Witten (1998) / \herma QCD
| 1 .

ds:.i:lz(f (2)df* — (da')? — 1 32).

- z AdS. B
flz)=1- (=) 7— L \ bU'k/




3) Hawking—Page phase transition [ Herzog . Phys.Rev.Lett.98:091601.2007 1

The geometry is described by the following action

i 6 ,
Px./g (=R + 2A) A = —+3: cosmological constant

: AdS radius

 Calculate the free energy (= the gravity on—shell action) for tAdS &AdSBH.
 The geometry with smaller action is the stable one for given T.

The regularized on—shell action

3 :

1) for the tAdS, 5,6 — _45’ ” e ®

ed\\]e‘g \ £

. w -0

2) for the AdS BH Saissr = 45’ " [Tk e moqee N
p -

: : . . (O
the period in the t-direction of tAdS 3’ -

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

=3’ = 12\/F(0

Using this, the difference of two actions -

o : . wan RS 1 1 >0forT<Tc
AS = lim(SagsBH — Siads) — h _
{.1_1:{11( AdSBH tAdS) " ( ) <0 for T>Tc

s | E o |
fp 2%y



« The Hawking—Page (or deconfinement) transitliﬁn occurs at
2

* At the low temperature 71 < 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 (p)
2 m=2.0, ¢c=—0.005

m=1.8, c=—0.009 Minkowski 3 v R4 v gl
m=1.6,c=—0.016 cmbeddings

151

m=1.4,¢=-0.034 ¢ =0.060

m LI, o
m=1.2,c=—0.174 ° ¢y =0.092
m=1.0, c=—0.242

m=0.8, ¢c=—0.260
black hole R3 > 33 w 32

m=0.6,¢=-0.230" o beddings
m=0.4, ¢c=—0.169

m=0.2, ¢=—0.091
- P




Ill. Holographic QCD for
— gluon condensation & finite (arbitrary) density effects —

towards the dual geometry of AdS/QCD

1. Gluon Condensate Background

4dim gluon condensate < the dilaton in 5 dim.

Action

S = # WRESVAE. (—'R. 1+ 2A + %aﬂ_f HOM c:;) A=—-35 1 = %c;;ali
Dilaton wall solution (cf. dilaton black hole solution)

12 ii_j (VIZ T udaide? +d:?) Csaki & Reece, hep—th/0608266,

3 1+ ezt
d(2) = oo + \/;log (1 — .-:zi) ; singular at % = 611:4

Perturbative expansion near the boundary z — 0

— 23
»=¢o+ V6 <+ O(2°).
2

c

Gluon condensate

(Tr G*) = SVI(NE — 1) i; T—independent

! 2




General solution with metric back reaction

o R o o sz 1+ f2 /2 2 1— f20\ 2 2
ds® = ) dz* + (1 — [z ) ' (1 —f.zi) dr® — (1—|—f.34) dt
_ _ ¢ (3 1+ f2* -2 2 y
@(z) = Qg + ?\fﬁj log (1 — fﬁ) I =a —I—cz 0 < » < f_l“'fi = 24
Kim,BHL, Park, Sin, hep—th/0702131 (JHEP 09(2007))
Note :

e For a=0, the solution reduces to the dilaton—wall solution.
 For c=0, becomes the AdS Schwarzschild black hole solution.

withTby  a= 1(nT)*

 Hence, describes the finite temperature with the gluon condensation
with the metric having an essential singularity at » = /4
 Thermodynamics with gluon condensation

« Gluon condensate is sensitive to the QCD deconfinement transition.
 The heavy quark potential becomes deeper
as the gluon condensate value decreases.
Kim, BHL, Park, Sin, arXiv:0808.1143 (PRD80,2009).



Meson spectra in the gluon condensate background

: Ko, BHL, Park, JHEP 1004, (2010) (arXiv:0912.5274)
Action
A O 5., v 2 3 2 1 — j\rﬂ
AS= [ daVG Tr |IDXP - IXF + 15 (F7 + Fg) 2 12R
With axial gauge
V. = 0,
Eq. of motion
. d4;i’ - o o |
0 = —auVGGMP G RV, Vi = / o eI (),
x- (27)
becomes
. 2 .
0 — 3%1;_(11} B 1+ 3c? O]' 1rin 4 — my, i 1,’_':’-'?,3
-t 2(1—c? '5) V1—ec228

IR cutoff for Confined phase by

1) Hard wall at zc or 2) braneless approach



hard wall approach

Various meson masses depending on the giuon condensation

Z. (1/GeV) -:::Tri_’;?j:- (GeVE) [ M, (GeV) | M4 (GeV) | My (GeV)
20 0 0.7767 1.3582 0.13961
1/0.176 0.012 0.7767 1.3583 0.13961
1/0.200 0.020 0.7767 1.3584 0.13961
1/0.250 0.049 0.7762 1.3589 0.13964
1/0.280 0.077 0.7755 1.3599 0.13970
1/0.320 0.131 0.7724 1.3612 0.13999

— As the gluon condensation increases
mass of the vector meson decreases slightly while
masses of the axial vector meson and pion increase very slowly



Braneless approach — singlularity identified with the IR cutoff

Boundary condition
Fixing zc by mpe= 776 MeV gives zc = 1/325 MeV

Cf. Lattice calculation

vV =0 at z=0,

Gluon condensation (for Nc = 3)
(Tr G%) = 0.139[Ge V"]

decreases as T increases

Meson masses

a.v\W =0 at z=zc

(Tr G*) = 0.012[GeV"]
Miller, hep—ph/0608234 (Phys. Rept, 2007)

2, (1/GeV) | (TrG?) (Gev?) | m o (GeV) | Mg (GeV) | Mg (GeV)
1/0.200 0.020 0.4780 1.4081 0.13796
1/0.250 0.049 0.5975 1.4057 0.13808
1/0.325 0.139 0.7768 1.3574 0.14020
1/0.378 0.253 0.9035 1.2880 0.14743
1/0.400 0.319 0.9561 1.2715 0.15302

— meson spectra well defined in spite of the singularity

Rho—meson masses

m

20+

sk —

0.0 L
0.00 0.05

— meson masses similar to those in EKSS model
for gluon condensation larger than that of lattice calculation.
— Meson spectra significantly depend on the gluon condensate

— As the gluon condensation becomes large,

L 1 L L 1
0.10 0.15 0.20 025 0.30

masses of the vector meson and pion increase while
masses of the axial vector mesons decrease

<TrG* >



2. QCD in dense media

Upto the normal nuclear density, most of the properties of hadronic
properties are relatively well understood

thanks to the rich experimental data & many body techniques.

Ex) (unusually long) life time (5700 years) of carbon 14 may be

explained by the 15% hadron mass reduction inside the nucleus.
Holt, Brown, Kuo,Holt,Machleidt, arXiv :0710.0310 (PRL 100 (2008)

Little understanding beyond the normal nuclear density due to
— no reliable theoretical input

— limited experimental data

— difficulties in lattice calculation, etc.

Holographic description may shed some lights

Karch & Katz, JHEP 06 (2002) hep—th/0205236
Kim, Sin, & Zahed, hep—th/0608046

Horigome & Tanii, JHEP 01(2007) hep—th/0608198
etc.



Dual geometry for finite chemical potential

bulk boundary
field Aq @m———)  dual operator Vot =u'y
( quark number density )

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

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

. / ds‘r.wﬁ[ L _r4oa) +J£_Fw o w] Euclidean

257 g Wick rotation + — —it
Equations of motion y
1 1
1) Einstein equation Rauw — SCGMNR + Gun A = 7 (FUPF — 7CunFpoF Q)

2) Maxwell equation (= 5, V=GaMPGNFp,

Ansatz : 2
{cfﬂ — R (f[ Jdt? + di® + %d:?)

Ap = A(z} and other are zero.



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

flz)=1—=mzt 4 ¢°2"
Alz) =i (n - Q)

corresponds to the deconfining
phase (quark—gluon plasma)

m black hole mass

q black charge

H quark chemical potential

Q= 39”*’;5' , quark number density

F

Note
1) The value of A4y  at the boundary (z =0 ) corresponds to the

2) The dual operator of Ay is denoted by @ , which is the

quark (or baryon) number density operator.
3) We use 1 _ N 1 N.N¢

]l — =
W T IeR




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

find non—black hole solution (BHL, Park ,Sin JHEP 0907,(2009))
flz) =14 ¢%"
Az) =1 { [ — "?3] * baryonic chemlclal potential
B = 3
We call it tcAdS (thermal  baryon number density
charged AdS space) Qp=Q/3

Note : Solutions in both phases are valid for arbitrary densities



Hawking—Page transition

e The difference of the on—shell actions for RN AdS BH and tcAdS
AS = 5y — 5P

VaR? 1 ( 1 1 N 3k p? 2 ,uz)
k2 Try \z2jp 220  2¢°R?z27, 3¢2R%:2%

e WhenASs =0 , Hawking—Page transition occurs

® Suppose that AS =0 at a critical point 2+ = 2
1) For zy < Z; AS becomes negative. deconfining phase

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



For the fixed chemical potential

e dimensionless variables

=
~

e
T.

T [GeV]
0.14f
0.12
0.1}
.08}
.06}
.04}

o o o o

.02¢

<

IR
HeZI R,

TCSIR:

For the fixed number density

®|_egendre transformation,

the Hawking—Page transition occurs at

(1 231)

3N,
N, 2(932—2)

1 — 224
J.___,E—c)f
)z — 2

-""-.*_ * N, /N, =0
N Tk
N m T * N /N, =1/3
. N *. m N, /N =2/3
\ \. Ty
*\ \ A N,/N.=3/3
.
N \.
A = *

- ' u[GeV]

N
0.25 0.5 0.75 1

1.25 1.5 1.75

- 3N, (1— 23
3. \/ ( )

2N; z4(522 — 2)°

2 (1 _ o9=4
c z = =9
:'TL-C 2 (JZC - 2)
T[GeV]
0.14
0.12 3
g**'i.* —
0.1 A, k. *® N /N =0
“ H C*
0.08 o B * N,IN,=1/3
A
0.06 N W N,/N.=2/3
X = *
0.04 \\ N A N, IN =3/3
0.02 v
A N, .
: - [GeV™3]
0.05 0.1 0.15 0.2 0.25 0.3 0.35 QlGe -




Light meson spectra in the hadronic phase

Turn on the fluctuation in bulk corresponding the meson spectra in QCD
AS = /drx/ii— Tr [|DX|2 - %pﬂﬁ + L (Ff +F3)

, 4g3
1. Vector meson

45

4t .
3.5}¢ .
2_?32 :
At _...___...---- - .
11?_3_ I . -
- o )
T
i 0.2]
| 3 Mo | | |

2. Axial vector meson =

: VFa
: L4
35 :
e )
: 0.5 -
158 - -
1. :
. 0.3 :
n
3. pion 1 ; o ] ; —
M -
250 m fo
-
T __\_\_\__\_\_—_—__ )
80 e g
200 T ff
60 -. IT
///
150 d_,-d——-'-"'""""{
20
100 1 2 ng 1 ) ”D



 Holographic Principles :

(d+1 dim.) (classical) Sugra < (d dim.) (quantum) YM theories

« AdS/QCD : can be a powerful tool for QCD
— Top—down Approach & Bottom—-up Approach

« Holographic QCD using dual Geometry (w/o chemical potential)
QCD phase: confined phase < deconfined phase transition

Geometry :thermal AdS < AdS BH

Hawking—Page transition



the gluon condensate background and the meson spectra
— backreaction of the dilaton causes naked singularity

Hard wall — introduce the IR cutoff screening the singularity
— As the gluon condensation increases
mass of the vector meson decreases slightly while
masses of the axial vector meson and pion increase very slowly

Braneless approach — singlularity identified with the IR cutoff
— meson spectra well defined in spite of the singularity
— meson masses similar to those in EKSS model
for gluon condensation larger than that of lattice calculation.

— Meson spectra significantly depend on the gluon condensate
— As the gluon condensation becomes large,

masses of the vector meson and pion increase while

masses of the axial vector mesons decrease



« Dual Geometry and phase transition in Dense matter ( p : arbitrary)
— U(1) chemical potential — baryon density
— deconfined phase by RNAdS BH
hadronic phase by tcAdS (Zero black—hole mass limit of RN AdS)

— there exists Hawking—Page phase transition

— As the density is increasing in the hadronic phase,
all the meson mass go up

pion decay constants decreases



