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Hologra.pha. as o tool for o guantum gravity
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e The effekive degrees of freedom in gravity ave those
at the boundary of the system .
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In the limit wher the interaction between epen /closed strings can be ignoved

TB closed string theory 5 Open string theory
with N D3's closed [open oh D3-brones
string duality
b thees J, low energy. , Near hovizon limit
Groad ¢ c 3 on € > =4 SUWN) Supev Yang—Mills
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Classical growity ¢ > Strong. coupling
(45.R) AdS | CFT (8¢, N)

Jauge [grovity o grovity <> non-conformal , less SusY



AdS /CFT dictionary
Cwiten 28] [Gubser, Kiebanov , Polyakev 98 ]
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Mg : mass squared - A : onformal dimension
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Two approaches of Ads/QcD

1) Top down approac
 brane configuration for the gravity dual
ex) NeD? and Ng DF
[ Kruczenski , Mateos , Myers , Winters 2004 ]
Ne D4 ond Ng¢ D@-D?
[Sakaf , Sugimoto 2004 ]

2) Bottom up approach
¢ field theory on the (asymptotic ) AdSs

ex) hard wall mode|
[Erlich , Kotz / Son ,Stephonov 2005 |
L Do Rold , Pomarol 2005 ]
Softt wall model
[Karcln  Katz , Son , Stephanov 2006 :l



Geometry
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Howking temperature

S= ;%-l. (S entropy A isurface )
T~k (k surface grovity )
(3 Ho.wking -bzmpem-(ure
( dU=TdS+ )
dM= kd A+~

hovizon @

Mmetvic in Euclidean Signedure ds'= {0 d+ ?'Zr)drl+ rdo*
- £0u)=0 2 definition a-F the horizon

(e-ss=éau , (),g__lF )



Near +he hovizon r—=ry
2 drt
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Black hole
% Howking radiotion
— Hartle — Hawking state

s BH inside the thermal bath of T=Ty

— Unruh stote

* Houoking temperature defined
BH evapovates by Hawking radiation .

AdS Schwarzschild BH

j’u:{) thamal SCFT on the bouhdarg_ ot AdS.
Lo




Black. hole (in Euclidean sighoture) , in Global patel .

2 2 _i 2
ds’= for)dT+ ) dr+ r*dQ4y
_ (6T
©d= ) veL )
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€)= | =
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Confinement:  / deconfinement [Wiken 98]

temporal Wilson fne, o5
C T~T+
W>= Cr e PEe A"‘“>"’"—"P CpF) P

quark in thermal bath with temperature T=p-

{W>*0 : finite free energy for external quark — deconfinement
{W>=o0 t finite free energy for external uark — onfinement

- thermall AdS ¢ AdS in Euclidean Signature

"
— W :not & loaumdarg
o —— =0
- confinement
o dhevimal Ads BH : AdS BH in Gxlidean Signoture
r
r=ry — 7 [ W:a loaunda.ra_ <w>*,o
S (
< Ll deonfinement

% cigar shape



Haooking, - Page, transition [Hau,)ldng ) Paae, 83]

Euclidean on-shell action
48 = Se (themal AdS blackhole) — Se (thermal AdS)
4A5=0 at T=Te Hawki ng - Page transition

T<Te  thermall AdS stable

T2Te * thermal AdS BH stable

=0 CDV\‘RMA
+ 0 deconfined

- oV2sponding parameter § mMass {:g {{-;AACLSS BH

* parameter <W? {



But 4his ovgument (¢ hot always applicable .
For example arXiv ! 1203.488)3
P3-DF

PaVa’aVa avasd

4 5§ ¢ + & 9

o ( 2 3
P3 [ X x x X
X X X X

DT X X X X
Ay
; ‘ o fundamental stving
|
/" 1
(X, X5, xé,X%)

D3 (x° X' X X3)
A fundamental string
i' localized on [R3:!
e fundamental for SUWP) and fundamental for SUWo3)

RNS- formalism & D>-D% nonchiral .
(N=2 inap)



block D3 branes + D-instanton

A gingle D7 brane as a probe
L [‘)Y‘o\a& approximation | qnenched approximation .

oD Supergrawity action  [Liw, Tseytlin 99]

1 L Lo2e !
S == fdloi\/? (R 5 (0P 4+ 57 (00" - EF(QE’})

K

X =—¢"%+x0

r2 . 1 R?
ds?, = e®/? [ﬁ (f(r)?dt* + dz?) + [T05E Tjd'?‘g + Rgdﬂ%] R* = 4mg N
q —
E:(I) — 1 + '?‘E;l— 10% f(")za X = —¢€ (I) —|_ X0, T = 'T’T/?TRQ




2
dsa= ¥ [ (Fdt+d2t)+ 5 & desy paat ]
\L Tht\fbcludhg. CLS_:____ art 3
oy T=gp
2 2 A -
= ¥ [ (e dr) + 5 (rsdnd) ] <> yitamswerse
To €ind the induced ¢(R:
metvic on DF, R* IR® 3 d(’-l-(”'i().:,-l-d - utd >

D?-ispayus (txp) and wmps 3.
1S orthogmal to (4.4) .

Set ¢=0 using the SO(2) symmetry in &) .

Er=0.7. mg=1

Minkowski embedding blackhole embedding



A dual geometvy of dhe hadron tn dense matter
B—H Lee / C Pa.lr-k / S—J' S?n J-H‘EP 0?' (2004) 0(9‘7'

® Dual. Geometry for QCD wit, quark matters
- growity Tn the Minkowskian Signature 1

2x2  BWZRS
‘S‘ﬂf — /dS;T\, — |:‘ J_Z (:’? — 2A ) — _gFif\F f'\w:| i ;"\.TC_.?\?f
2K 4qg 72 2R
¢« euations of motion
2
Run — —C MNR+GunvA = ; (FUPF\ ——C u'\,FpQF‘D() MIN=0:II'“04
(—)"L \/ CC UPC \QFpO xoct 114':2
Angatz + Solution
Ag = Ao(2), - Reissher- Nordstrom AdS BH
Ai=Ay=0 (i=1,....3),

a4 2.6
R o L f(z)—l—m.ziirqz
ds” = - —f(2)dt” + dx; + f(z)dz Ag = pi — sz

(- %) (7= 5m)




© Dual geometvy of the guark—gluon plasma
Tn the Buclidean sighature
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S = / a":';r\/(;[ > (R +2A) + F_.u_wF-”-“]
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Horizon Z+ as a function of u and Ten

3g° R? Ir'll 22 Ar2p?
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A system having te fixed chemical potentiaf
On shell action w/ +he boundary ondrtion  Alo)=iu

VaR® 1 1 1 22 12
gD = 3 - _ ). — djven /
SEN k? TrN (E"l 2 3¢°R%22% )7 di ges .

Va : Spa:l:fal volume of Hre bounda.rg_ :

Supersevipt D . bivichlet b.c.
Subseript RN ' RNAdS BH

Regulavize He action using the background subtraction method .

Sm = SRN = SAJS



e gromd potential Cin grand canonical ensemble )

o)
Qrn = SEnIRN

B V‘BRB 1 N H;Q MQ
- K2 QZ:{ 392 R? zi‘

e freo energy (in cnonical ensemble )
= - AL
F=Q+uN dhat

. Impos'm% e Neumann B.C. ot He UV cut-of

Skv= St i job= —@L"Lmdq’ﬁw hAT Fan
~ g9 = %-P(z-)
L nM={0,0,0,0 ,—z—'@}'}
F=Sex Ten =n+2-;‘%/4 QV; Q : yark # density



® Dbual geame%fg, ot the hadronic phase
R (f@)dc+ i+ o %)

In the absence of quark matiers

confinement deconfinementt
thermal AdS Schavzschild AdS BH
+@)=1 +2)= |- mz%

Tih the presence of quark matters
Confinement deconfinement:
thermal, charged AdS Reisnev—- Novrdstrom AdS BH
£@)= 1+524 )= (-mzt+t g

AP
sakisties, ¥ Cinstein and Maxwell e3.
asymprotically AdS .



"+ Dual geometry of e hadvenic phase

& Rz ¥ .y ¥ ¥ 1 &
7.2 : 2 2 722 L2
ds* = — ((l + ¢=2°)dT* 4 dT* + e dz )

* Grand anonicall ensemble — Dinchlet boundary condition
A(Zwr)= (ol (e : ¢onstakt )

-
A@)= Tlu-zr) - Q= (‘ZL’
IR

R@gulmriz;ed onh-Shell action of the tcAdS
P _ b P _VgRB 1 1 2k* (1 —a)*p?
Ste = Ste — Stads = —— T (ﬁ}lR tam

v “IR
grand potentiall Q2=Tie Ste




* Cononical enggmble — Newmann bewndary condition

MN= SpTte

M

= M 2R
Sb ?&Vs
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\ —”_J.”
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Ranorimalized action
192 _VgRE 1 ( 1 32 ,‘IZ)
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~“IR IR

M chomical potential
R : Puark # density



® Confinement / Dewnfinement Phase Hransition
In grond canonical ensemble
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Th ahenical ensemble

AS = SKy — SN

GN __P}RS 1 1 1 4&%22
BN 2 Thy (64 T 3{;2}?2 )
ov _ VBRI 1 (1 1 262Q% ,
R T ( ' __'ZIEf_F 32R2 )
T [GeV]
0.14}
0. 12: + + *
0.1} ® N,/N.=0
0. 08; - * N,/N,=1/3
0.067 W N,/N, =2/3
0'045 l . B A N,/N =3/3
0.02} NN

0.05 0.1 0.15 0.2 0.25 0.3 0.35



® Moss of Hhe excited vector mesons
SAn=Vu(2.p)etP*

in thermal charged AdS.

1 1 — 5¢°2%)
0= 0%V, — S T 0.V +m2V;,
m[GeV]
" 2 @B - = ® B E B H
2.5} 3rd excited state
2_
st g e state
l_
0.5¢ T _‘____‘_'_‘*———f——f——@
1st excited state
0.2 0.4 0.6 0.8 1 1.z HlceVl
=0 |p=0245];=0491]p=0.736p = 0982]p = 1.227
mass of the Ist | 0.774 0.724 0.622 0.530 0.458 0.404
mass of the 2nd| 1.775 1.737 1.702 1.704 1.724 1.750
mass of the 3rd | 2.782 2.75H8 2.743 2.747 2.755 2.762




Summowy

e Grovitotional backreaction 1S congideved .

¢ Thevmall charged AdS, which 8 the zero mass
Limit of RN AdS BH s propesed as the gravity
dual geomebvy of the hadron phase .

* Phose diagrams close -

 \eckor meson mass spectrum s calewdoted in te AdS.



Summowy

e Grovitotional backreaction 1S congideved .

¢ Thevmall charged AdS, which 8 the zero mass
Limit of RN AdS BH s propesed as the gravity
dual geomebvy of the hadron phase .

* Phose diagrams close -

 Vector meson mass Spectrum s callewlated in te AdS.

Thank you for your attention.
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