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AdS/QCD

AdS/CFT : AdS_ X S5 ~ N=4 SYM in 4 dim.
AdS/QCD:
aAdS, ~ low energy Yang-Mills in d-2 dim.

4-Dimensional flat spacetime
S-Dimensional anti-de Sitter spacetime (hologram]

| '__'l

Superstrings

Black hole

Conformal fields Hot r#dmion
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Phase transition in AdS/QCD

T<Tc Hadron Thermal AdS
Tc Confinement/deconfinement Hawking — Page
phase transition. transtition
T>Tc Quarks and Gluons AdS B.H.

Assume that confinement and chiral phase transition occurs at same scale, Tc.

T<Tc Vev is not zero Thermal AdS
Tc Chiral symmetry breaking/restoration phase Hawking — Page
transition transtition
T>Tc Vev is zero AdS B.H.

SU(2)L X SU(2)R flavor sym. -> SU(2)V



Two point function

Microscopic theory
(E > Ac) : Yang-Mills pert%e Zgauge

Non perturbative Generating
functional

Intermediate energy regime




Two point function

per%e Zstring

Non perturbative Generating
functional

Low energy effective theory
(L > Is) : Einstein gravity

Computable
regime




Two point function

AdS/CFT

Zgauge

Generating
functional

Zstring

Generating
functional

Non perturbative

Strongly coupled gauge theory weakly coupled gravity theory




How to compute Green function



Correlators

Holography : Bulk(d+1 dim) projected onto the Boundary(d dim)

—IsuGRra - _ _ W
€ = ZLstring — Z;;;zii.ugcr — €
AdS/CFT says,

on-shell partition function of Gravity(Bulk)
= CFT partition function(Boundary)

solving Bulk e.0.m. and integrating extra dim of bulk action:
Boundary action (On-shell action).
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Boundary conditions

2nd order linear differential e.o.m.,
- two integration constants(boundary conditions)

(l—U)i wAanT
(E_I_i) (1-0)""W/**T Boundary

(u=0)

At the boundary : ¢ = ¢,

Black hole eat everything!




Bottom up approach

Five dimensional action : Einstein + Maxwell + cosmological constant

~ 1 =4 P 3 I . > —_— s
S = —3 /(/').I‘V/—_(/(R — 2A) - /(/".I'V’—_(/ F~

2G¢ 49z
Hadron physics hQCD
meson, baryon i ‘ meson, baryon
I, p, Y etc... 0g;j, 0A¢, Y, etc...
<P >0 gij * Mij
<TrG? >+ 0 A, # 0
us, T 0

But T# 0,There is no hadrons in hQCD
but quark-gluon plasma.



Recipe for Green function

El(u) + P(w,q.u)E (u) + Q(w,q.u)E,(u) =0

| d*k , SN
S,{H-h.y[(gﬁ[]] — / (9_{)4f_.-*){;}(—i;)g(!;. H)(_.-"J[_](ff)
=/ u=>0

GiHK) = —2Gij(K,u=0) i=j
= —Gij(K,u=0) i4#j



Hydrodynamics

Hydrodynamics describes the system
at large distance and time scale : (small w, k limit).

Basic equation :
conservation of energy momentum

DT =0
T _ (6 i P)U-“’U;u 4+ Pg,u,.u T
gV = pra pvp [-r',r (Uﬁ-u,g + gy — Ef}’m-j"’ﬂﬁa u’l‘) + (Gagh u’}‘]

Py — ﬂ;.;.v 1 uMu?



Hydrodynamics

Transport coefficient : viscosity,
thermalization time, vorticity etc.

W = Cgq — l?]__‘ff‘g + — ((ireff _
C

-8

T

. - >
E)ffa +0(¢*)  where TI'= e (T; n i)



Hydrodynamics

Transport coefficient : viscosity,
thermalization time, vorticity etc.

El(u) + P(w.q.u)E (u) + Q(w,q.u)E,(u) =0
Bo(w) = (1 = w) ™% F(u,w,q)

Flu,w,q) = FOW) +w FAO 1) +¢2F©2 (1)+ O(w,q)

Taylor expansion of the equation of motion in w, g near o.
The solution of each order inw, qisthe F© (u), F&) (w).



Hydrodynamics: fundamental d.o.f. = densities of conserved charges

Need to add constitutive relations!

Example: charge diffusion

Conservation law ) jO +0,7' =0
Constitutive relation
[Fick’s law (1855)] ji=—D8;j° + O[(VIQLY*5"]
Diffusion equation Ot 0 — sz 17 0
. . . _ 2
Dispersion relation w=—1Dq"+ -

Expansion parameters: wlT, g1



Transport coefficients in N=4 SYM

in the limit
. . ’_7."_2,_-3 _ 1 1.“
Shear viscosity )= g N&T [1 + O ( (N2 \,)) l
Bulk viscosity (=0

Charge diffusion constant Dp=amt
Thermal conductivity o R

Electrical conductivity RS



Viscosity/entropy ratio in QCD: current status

1
T"— = ~0.08

Theories with gravity duals in the regime —=
S 47

where the dual gravity description is valid

_ (universal limit)
Kovtun, Son & A.S; Buchel; Buchel & Liu, A.S

< 0.2

n
QCD: RHIC elliptic flow analysis suggests 0 < B

QCD: (Indirect) LOCD simulations 0.08 < n < 0.16
S

127 <T <1.71,

H.Meyer, 0805.4567 [hep-th]

~ 0.5

Trapped strongly correlated (77)
s/ min

cold alkaliatoms 6, ; 40 —
Li, WK
T.Schafer, 0808.0734 [nucl-th]

Liquid Helium-3 (g) i ~ 0.7
|



Hydrodynamics, exa)

Black D3 metric and 72y mode (¢ = §gyy)

S

& — L+ “20" —+ u‘g _ quo =
P uf P uf2  F

fp(2) = (1 - ”QJ_WEQ + l‘.'_'JI:u‘Q. ;3‘2)

2 ,.\;*2]"4
'TR P .
(Trya'y(“u‘ JE}) — —T!H’

1 i |
n=—lim —Im G:ﬂjy(,u. 0)

w‘—ﬂ] s

Eta/s

I = %f\-rz]":j

Shear viscosity



Hydrodynamics, ex2)

Black D3 metric and R charge current Ao mode

uf B i — ¢ =0
] N U 212 . 1+ u
AL — (1 — —iw /2 1 L Iy 21
Solstion =0 -0 (14 2w
I -}T -..I I::'-_;. — : —_— —_—
El S0P T 6w — DR =57

R-charge Diffusion constant



Hydrodynamics, ex3)

Black D3 metric and Ty; mode, ay = 6991

F ‘ Y 2r ,2
‘:l " _ E”H n 2uf —q°f +u a =0
. uf? ’

_ o 1 :
ap = C(1 — u}_w-’g [u — qw (1 — U — %111 —|2_ H) + %(1 - “)]

. | k3 T 23 - 1
Gz ta(w, k) = o — D2 §= g‘;\'. L. b= AT

Bulk viscosity Momentum
diffusion
!
D = / constant




Spectral function

Imaginary part of Green function.

= 1 _ p—m+il
p—-m—il  (p—m)2+I?2
r

(p —m)?+TI?

¥x=ImG = Maximum value 1/T" at p=m



Correlator (Finite temperature)

N-point function = differentiating N times partition function
with respect to the source

Local series solutions : two indicial solutions

(29 order differential equations)
Near horizon Near boundary

o = (1— 'u..)_iwﬁ(l + ) by = uP- (1+---)
dg = (1 —u)™2(1+---). Dy = uP+(1+--)

\Infalling condition ~ @1(u) = A(w,q)P1(u) + B(w,q)Po(u)

™y 4 / / B
> A_—.
Son-shell N‘/ d"r.A? {AEIA A+ 4 (Ay + A—)E
u— 0
£= 1, U]?rij—‘[’lfff? . B
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—
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Spectral function and quasiparticles

A: scalar channel

B: scalar channel - thermal part

C: sound channel




Spectral function (Im G)

Im G

XX

lm Gxtxt

W

Xx
1.4p X xtxt
1.2F q :O.z///
1.0f e
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In medium effects of QCD

QCD phase diagram

% 200
p= 2 Quarks and Gluons
- 5 \
" . 2 5 PR
Particle production 2 |8 2 Vel
o n /O .. L
In RHIC 10 1 - » @ Cribeal point?
E =
N B Hadrons /
0
i
()S\ Color Super-
_/ Neutron stars conductor?
\ /1
0 1 7/

Nuclei

Net Baryon Density



In medium effects of QCD

Theory has
arameters T (temperature) r, (black hole size)

P U (chemical potential) Q (black hole charge)
Thew, kis y L

le b w=—— ¢ =—
SCale L= 7 . —

4 2T 2T

temperature

By changing , we will see the density effect on
hydrodynamic quantities and spectral function



ds® = B (—f(l')r/f; + (/T‘)) —+ I'jf(l‘){/l.;
Fr) — ml?  q*l° - Q
' A6 t= 2 TH




SO(p-1) classification

t x y z r AdSp+2 -> p+1 CFT

SO(p) rotational sym.
---(wave propagating)-->
SO(p-1) rotational sym.

h,; : bi-vector
S0O(z,12) XSO(p-1)




Metric and gauge field perturbation

- vector mode

T 1 ! (1 o %)2 T 21 /
0=~h"——hy — (wghl +9°hy) — 3auB
u u, Linearized Einstein eq.
0= 1.1_}"4""3;" + m;’rff — 3awul3
g F10) (1-2)2% . A Metric(g=g,+h)+
0=rh"+ _;‘, U e u f? (w7hz + wahi) gauge field (A=A, +a)
(1—49) . 5 . h!
0= B" ._B; 2 V2 a2 o _ff
+ 3B = (v —q°f) 7
With finite density h and ais coupled
via background field g, and A, .
. ,H_Q
Uy = - / ],_2 Zi + (—Brm k‘zf’] —— T (_Ti) B
W —§°f w° —q°f decoupling,
f! e I (A master variable
" ! J M=z _
R ( g2 up 7)Y



<J J. > Correlator

(Hz) — R,._lDizlg(IIJ+_1IJ_) (EJr) {:}rr — I ('-_1_{_ _ (__H_



Photoemission rate

Pk e . .
dl',, = 2r ) 3k ' C ;W(h)

# of emitted photon /Volg
KO— k| Leading in e”2 expandsion
(e is the EM coupling)

Wightman function of EM currents (not time-ordered)
y - A v —iK-X NT /o N/ .
5 (K) = f AU RN () 7B (X))

Other way to get the Wightman function
¥ < - : S . [ _ _2]: (TI(}_ I
C HV(A ) = -n.b(A:Uj X (K) X (K) m j;g (K)
ny (k") = 1/(eF —1)

UTH~ E M

= k" C= (K)|,—p Photo emission rate

df s v




Photoemission rate

3 flavor massless QCD (dashed curve) / SYM (Solid Blue)
SYM computation gives quite good hint of hot QGP

Matching Debye screening mass Matching Asymptotic fermion mass
m% = 2m?_ = 2\T? m2, = \17?
O(SYM 025, a.=.1 aSYM = 011, st =.1

0.2l mICD = mEYM




Photoemission rate

N=4 SuperYang-Mills computation with small t" Hooft coupling

Solid Black (SYM : A=o0)
Dashed Blue (A = 0.5)
Dotted Red (A =0.2)

dr, / dk

Small frequency
Coupling indep.
'y oT

= —k
dk 2

0.

Known large k || |
asymptote | |




Photo emission rate

Photo emission rate with unit agu(N?2-1)T3
Maximumat /dl,
dk

) ~ 0.01567 agy ‘\f T3
max

dI’y  apm I
;= CEM e e (K)o ()
W dk T / ;_.w( ) w=k ‘ - Jm
0.05}
0.015} W
' oo3f
0010} :
0.02f
0.005}
001 - -.\\-5 ;
— - e T L

Maximum rate is decreased first and increased after



Remarks

Holography : two point function of QGP
Small w, k limit : Hydrodynamics

- transport coefficients

Full w, k regime : Spectral function

- quasi particle peaks, photoemission
Finite T and u, RN AdS is holographic dual.
Thermal photon production is affected by
density effects.



