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Motivation

Pressure of Gluodynamics
Weak Coupling Expansion and Resummed Perturbation Theory
E. Braaten and A. Nieto (1996), J.O. Andersen et al (1999).
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Motivation

Motivation

Interaction Measure in Gluodynamics
Weak Coupling Expansion and Resummed Perturbation Theory
E. Braaten and A. Nieto (1996), J.O. Andersen et al (1999).
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Motivation

Motivation

Trace Anomaly N, =3,N;f =0
G. Boyd et al., Nucl. Phys. B469, 419 (1996).
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Motivation

Motivation

Trace Anomaly N, =3,N;f =0

G. Boyd et al., Nucl. Phys. B469, 419 (1996).
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Perturbation Theory and Hard Thermal Loops only yield a !!.
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Scale Invariance and Confinement

Consider a rectangular Wilson loop:

W (C) = exp (ig /c Audx“> t

It is related to the potential Vy5(R) acting between charges q and q:
W(C) — exp (=T - Vq4(R))

Scale transformations: T — AT, R — AR,

The only scale invariant solution is the Coulomb Potential:

&

R

Running coupling and string tension break scale invariance:

4 as(R)

Voq(r) = 3 SR
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Issues

e Heavy qq potential at zero temperature
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Soft-wall model of AdS/QCD

ds3cp = h(z) - ds? = h(z )'2;2< dt? 4+ dx? + dz?).

9@ h(z) = 1 = Conformal

@ h(z) # 1 = Non conformal
Breaking of scaling invariance in QCD is given by the running
coupling:
€ — 3p /8(0{5) 2

= F2).

T4 = 202 )
where §(as) = pSfs and as(E) ~ 1/1og(E/A).
—>Assume an ansatz for conformal invariance breaking similar to
1-loop running coupling (H.J.Pirner & B. Galow '09):

B log(e)
e g ey P E
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Soft-wall model of AdS/QCD

H.J.Pirner & B.Galow '09
W (C) ~ exp (—Sng) x exp (—T - Vg5(R))

Vgs R)Gev.

_—

L/ R[GeV ]

=2

a 2
Vag~ -5 +oR,  a=048, o=(0425GeV)
= e=AMN12=048, A=264MeV.



Heavy qq potential at zero temperature Scale Invariance and Confinement
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The 5D Einstein-dilaton model
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e Heavy qq potential at zero temperature

@ The 5D Einstein-dilaton model
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

The 5D Einstein-dilaton model

5D Einstein-dilaton model (Gursoy et al. '08):

_ 1 B = 7& B _ 1 Axr/—
S5D_167rG5/d X/ g(R 3@(;58(1) V(¢)) 87765/@de hK .

One to one relation between g-function and dilaton potential V (¢):

V(¢):V0<1—<6:§Z)>>exp[ / Ba) } a=e?.

Ansatz:
Bla) = —ba + {bz(JH- (b—b ) + (Zb_zz —b_o—b1> 043} e—o/a
« a a

@ a << & = Ultraviolet: 3(a) ~ —bga? — bya®
® a>>a = Infrared: f[(a) = —ba
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Sc 1 Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Heavy qq potential at zero temperature

The 5D Einstein-dilaton model

» 12
ds? = e3%e?A (dt? + dx2)+e%¢\7e2Dda2
0

-pl2 0 pR - o=x,
Qg eD73 - &

z 12
= do= ——efo. ——da,
) /;2) v3Vo 0 1— A 3e—4A

1
reg. _ reg.
VQQ(ao) = ?SNG =V — Vg
4 ~
3 A D+A 00 .
= M / do—F——— afe — — dads - ePA
’/Tlsz\/ 3Vo _a_§ _4A 0
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Heavy QQ potential at Short Distances

Analytical result at short distances:

24 ag(p)

[0.359 +0.533bga0 + (1.347b2 + 0.692b; )a? }

LO

71'V0|2 1%

NLO NNLO

where the running coupling is

o) = s (357) + S0 (v (337))] 0 07)

lo-Voolo)l
04¢

NNLO
0.35 ‘ Comparison with PT —-
03¢ NLO

0.25

Vol2 =1.31

1
0.2 00801C01201401601802C p[GeV’]

0.15
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Heavy QQ potential and running coupling

L Ese, EG
-3 10 1520 3.0 5.0 7.010.C 15.0 (GeV]

@ 0 =(0.425GeV)? = 2 = 3.51GeV-I;
; ; ; b
@ Fit of running coupling = % = 5.09

ls =1.45GeVv?
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Dilaton potential and warp factor

I—Z[Gevz]
V(o) [GeV?] )
g 12}
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Heavy qq potential at zero temperature Scale Invariance and Confinement
Soft-wall model of AdS/QCD
The 5D Einstein-dilaton model

Confinement and 'good’ IR singularity

Effective Schrodinger potentials for glueballs 07+ and 2+

VsendZ] [GeV]
201

151

10¢

S S e T L 2[GeVv?t
05 10 15 20 25 30 35 ‘G

5L

@ Confining theory = 1.5 < b,
@ IR singularity repulsive to physical modes — b, < 2.37

Best choice of parameters: _
b, =23, a=045, V,=-0.623GeV?, Is=145GeV*,
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Issues

e Thermodynamics of AdS/QCD
@ Black Holes
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Schwarzschild black hole

General Relativity with no source = Einstein-Hilbert action

1
Sey = d®xv/—g R R =g"'R,,
EH 167TGD/ X gR, g o

Classical solution —:> Einstein equations

1
B = Ry = EgWR =0 = R, =0

spherical

Schwarzschild solution in spherical coordinates (1915):

ds? = g, dx"dx” = —f(r)dt® + %drz +r2dQ3,  f(r)=1- r?h

r is the horizon. Not physical singularity: R**?7R,,, .o = 12%2.
Large distance limit: gy (r) o —(1 + 2VNewton(r)) = h = 2G4M.
— 00
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Black hole thermodynamics

—| ~

Z=Tr (e—ﬁH) . B=
Periodicity in euclidean time (7 = it): (7 + 8) = ®(7)
@ Regularity: Expansion around the horizon r = rp(1 + p?):

ds? = 4r? (dp + 02 (dT> +1dQ§)
2 4
——

d6?
— Periodicity: § 2rh +2n =717 —>T1+4nr =T+ 0
1
~ 87MG,
Thermodynamics interpretation of black holes:

dM:TdS:>S:/d?M:47rG4M2
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Black Holes
Thermodynamics of AdS/QCD

The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Black hole thermodynamics

Area of the event horizon: A = 4712 = 167(G4M)?
Bekenstein-Hawking entropy formula:
& = A
4Gp
@ Reissner-Nordstrom black hole:

1 1
ScEinstein-Maxwell = /dDX 2 <167TG R— 4 Fiu)

Solution: f(r) =1 — 2% 4 GaQ*

fn

Q? > G4M? no singularity
|

| = Q? = G4M? extremal, T=0
\* 2 . Q? < G,M? two singularities
4 N
y Q? = 0 one singularity

Eugenio Megias
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Issues

e Thermodynamics of AdS/QCD

@ The 5D Einstein-dilaton model at finite temperature
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

The 5D Einstein-dilaton model

— 1 Sy _f Mo _ 1 A/
SSD_leGE,/d X4/ g(R 3 Roloalo) V(¢)) 8:Ge aMd XV —hK

Finite temperature solutions (E. Kiritsis et al. JHEP (2009) 033):
@ Thermal gas solution (confined phase):

ds3 = b3(z)(—dt? + dx? + dz?), t~t+if

@ Black hole solution (deconfined phase):

2
ds2, = b?(z) | —f(z)dt? + dx? + d(

In the UV (z ~ 0): flat metric b(z) ~ L/z and f(0) =
There exists an horizon f(z,) = 0.

Regularity at the horizon = T = 'f(z")‘
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Black Holes

The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Thermodynamics of AdS/QCD

The 5D Einstein-dilaton model

D otai : 5
Einstein equations 5,

(R#V - ;gﬁwR> - <ga#¢av¢ - %g#u (:(8¢)2 + V(¢)>> = O

Euv

i b R
0 b(z

(a) fT+36=o,:»f(z):1_fzh i

0 b@)?

b b

f4‘2
bz b bf b2
(c) b2+3b+35f—TV(¢)
Conformal solution:
12 . L z\* 1
V(i@)=1z, ¢=0=b()=_, f(z)_1<zh> , T_Tzh
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

The 5D Einstein-dilaton model

4 2 . ,
b2(z) = e"3*@Ln(z), Input: h(z)= % Pirner&Galow’'09.

T(GeV] f@

\ 10
14
12 0.8
10 1 z*
08 ~T=— | o ~f(z)=1-—
: TZh ’ Zy
0.6 | 0.4
o4 _j( 02
02 —
00 05 10 15 20 25 IS 02 04 o5 o 10 &M
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Issues

e Thermodynamics of AdS/QCD

@ Thermodynamics
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Thermodynamics

Postulate : Entropy of gauge theories is equal to the
Bekenstein-Hawking entropy of their string duals.

A(Zh) V3b3(zh) Il%(zh) 1
S(T) = = = V3Sg—2 =
( ) 4G5 4G5 30 Zﬁ ’ Zh T

High temperature limit: s(T) e Som3 T2 = 27273 =: Sigeal(T)
— 00
One can compute all the thermodynamics quantities:

d e—3p S 4p
S(T):ﬁp(T), A(T)E T4 :ﬁ_ﬁ'

One can choose several warp factors:
@ Andreev & Zakharov '07: ha(z) = et/27’,

@ Pirner & Galow '09: hp(z) = % , €
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Black Holes
Thermodynamics of AdS/QCD The 5D Einstein-dilaton model at finite temperature
Thermodynamics

Thermodynamics

No dilaton dynamics = ¢ = cte

(e-3p/T™4
3.0

‘e

0.0 I I I I L i T/Tc
5 6

113 <T/T. <45
A = 264MeV, T, = 270MeV —> ¢ = 0.77, x2/dof = 0.56.
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Thermodynamics of AdS/QCD

Thermodynamics

Including dilaton dynamics:

Black Holes
The 5D Einstein-dilaton model at finite temperature
Thermodynamics

e-3p p
T T
3.0¢ 25¢
25F 200 /
-~
20F 4 _—
150 % e et "
}/"
15f /
10r f.
1.0F {
A
0sf el A
A
i, )
00 : /T 00 . : : : ) TTe
4 5 1 2 3 4
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Polyakov Loop
> Te

Heavy qq Free Energy T
< Tc

Issues

Q Heavy qq Free Energy
@ Polyakov Loop
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Polyakov Loop
Heavy qq free energyat T > T¢
Ison Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Polyakov Loop

L(T):=(P) = /DXe—Sw

Zw e ™S ~woe S
semmlassn:ally

Nambu-Goto Action:

o I2/d0d7’\/dethab

wv=1t%X,2 a,b=or71

Sne = / dodry/detg,, 0aX X" ,

2712

Modified AdSs-metric at finite temperature:

4
ds2 — ;h(z) (f(z)dt2 +dx? o+ fd(zzz)) . f(z)=1- <Z>

Static configurations: 7=t, o=z

L2 f 0
hap = —5h(2) (0 %_H-(z) :
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Polyakov Loop
Heavy qq free energyat T > Tc¢
Spati

Heavy qq Free Energy Heavy dq free energy T<Te

Polyakov Loop

The NG action writes:

L2 1/T
Sne = —— d 1 2f
NG 2ml2 / / Z +X ( )

Equation of motion for x:

Solution: X = Xp = constant .

1 1 (™ hz)-1
Sl " e
NG 2¢ * 27eT Jp .

Boundary cond.:x(0) = x(z,) = Xo
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Polyakov Loop
Heavy qq free energyat T > T¢
son Loops

Heavy qq Free Energy ecenergyat T < Tc

Polyakov Loop

08} ha(z) hp(z)
€ ol € 0.859 0.48
' A = 264 MeV
04 c | 1.79 GeV? =
02l /4 1 | Tc | 270 MeV 120 MeV
0.0 /'ﬂ L L i !
0 1 2 3 4 5) 6

T,
Lattice data (Ns = 3): P. Petreczky and K. Petrov, PRD70 (2004),
M. Cheng et al., PRD77(2008).
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Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wilson Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Why are warp factors so good?

ha(z) and hp(z) both describe very well lattice results. This is
because they include power corrections:

log(e N2 2 + log €)A*
he(z) = Iog(—%((/)\z)z) = gl S m%,z)e 2 +0).
They are related to condensates, starting from dimension 2.
@ Dim 2 condensate: C, = g2(A3 ) = &% ﬁ:gel = (0.50GeV )?,
@ Polyakov loop:

_ Co Cy
L~e S0 = — = e
© 22 (CO AN.TZ T T6NZTA T ) ’

@ Trace anomaly:

e—3p . 33 Cp Cy
T4 a7z 7O (T4>
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Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wilson Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Perturbation theory

But they don't fulfill UV behaviour given by perturbation theory.

4
L=1+ gﬁag’/z +(2log as + 3 + 2log 71) a2 +O(a§/2) Gava '81
~1/ log?/2(T /A) ~1/1og?(T /A)
e-3p 11,

5/2
T4 - 3 Qg +O(a5/ )
——"
~1/10g?(T /A)
One can try to construct the corresponding h(z):
h(z) ~ log~"(Az), n>0

For the Polyakov loop:

16V/2 1 3 1
h(z) =1+ V2 — - >— — 1
33v11  \log®?(1/(Az)) 2log®?(1/(Az)) ) 2—0



Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wilson Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

A different approximation

Different approximation: choose the form of the dilaton potential
(Kiritsis 09, Kajantie '09, Megias '09).

Blo) = —foo? —fra®+ - =

:>V(Oz:e¢) ]l;g <1+ ﬂoo&-f—( ggl>(ﬁoa)2+“'>
0

@ Kajantie et al. arXiv:0905.2032 (2009), spatial string tension:
1
V(r)=osr, os(T)= %bz(zh)oﬂ/?’(zh)

This is in contradiction with QCD: ogcp ~ T2a2(T).
@ Megias et al. (2010) compute the Polyakov loop:

C.
L(T) = exp (co s Z—Q%(zh) + 0(a§)>
€
In contradiction with PT: Lpr(T) = exp (%ﬁa% + O(az)).



Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wi 1 Loops

Heavy qq Free Energy Heavy qq free energy at T <

Issues

Q Heavy qq Free Energy

@ Heavy qq free energy at T > T,
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Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wilson Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Heavy qq free energy at T > T,

e FFag — <Q (x = g) Qf <X = —2) > ~ g~ SNe

The Nambu-Goto action writes:

sNG—ZTTe/ /d/z Vi@ 22, XH(rx) = (7.x,0,0,2(x)).

d/2

and the heavy qq free energy:

e (o) 19

Z
d = N T e ey A G
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Polyakov Loop
Heavy qq free energyat T > T¢
Spatial Wi Loops

eavy qq fr

Heavy qq free energy at T > T,

Heavy qq Free Energy

FqqlGeV FiGew
0.2 acevi

\

0.1

\\
A\

55 d[GeV?Y

}é.o 25
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Polyakov Loop
Heavy §q free energy at T > T¢
g Spatial Wilson Loops
Heavy qq Free Energy patial on Loop:

Heavy qq free energyat T < T¢

Heavy qq free energy at T > T,

Debye mass:

e~Mod 1
Fiq(d) ~ —— =— mp ~
qq( ) d ° dscreening
Mp
T
40 ,—————‘——— ————
35 \“// = -
\ Mp Nc Nt
30f / ? = g(T) : 3 6
/ PT
25 y T[GeVJ
05 10 15 20
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Polyakov Loop
Heavy qq free energyat T > Tc
Spatial Wilson Loops

Heavy qq Free Energy Heavy qq free energyat T <

Issues

Q Heavy qq Free Energy

@ Spatial Wilson Loops
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Polyakov Loop
Heavy qq free energyat T > Tc
Spal on Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Spatial Wilson Loops

Rectangular Wilson loop in (x,y) plane:

V(d) "2 o - d
—
2 T ) [ Gy
L h(z OxZ
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Pu\viku\/ Loop
Heaw: ] freeenergyat T > T¢
Spatial Wllson Loops

Heavy qq Free Energy Heavy qq free energyat T < T¢

Spatial Wilson Loops

Tc=0.27GeV =0.4¢
Vos/T

2.0!
1'2’ B.Lucini& M.Teper '02
1.6
14"
: V% _ 0553 g?(T)
1.27\ . T
100 - )
O ) 8 [ ~— e - -
A
. V(d 1 h(z
oo(T) = Jim Y = 52~ af (T
& h
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lyakov Loop
Heavy qq free energyat T > Tc
Spatial Wilson Loops
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Issues

Q Heavy qq Free Energy

@ Heavy qq free energy at T < T,
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Heavy qq free energy at T < T¢

Heavy qq Free Energy

Heavy qq free energy at T < T,

K.Veschgini, E.Megias, J.Nian & H.J.Pirner, arXiv:0911. 1680 ('09).

: 1 d d
—BFqq(d,T) _ ~ea S
e PFaa(d,T) — NC2<U-CQ(2)U-CQT(_2)> ~ e NG,

2
ds? = h(z%(rzddﬂ +dr2 +dx?+dz?), R=_-——
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Heavy qq Free Energy Heavy qq free energyat T < T¢

Heavy qq free energy at T < T,

27 d/2
1 L2h(z)
Sve = 5z [ 40 [ 1+ @R+ (7
0 —d/2
@ Euler-Lagrange equations:
@ k= h(z)z-r 1
z 14 (2)2+(r')?
h2(z) -r
(b) r' — k(22)4 =0
, h(z)-r?-(zd;h(z) — 2h(z
@ zr-hErEAND-2ME)
@ Boundary conditions:
_pr_P_1 _
r(id/Z)_R_Zﬂ_Zﬂ_, z(+d/2)=0.
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Polyakov Loop
freeenergyat T > T¢
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Heavy qq Free Energy Heavy qq free energyat T < T¢

Heavy qq free energy at T < T,

Numerical solutions only in a limited range.
No minimal surface = classical approximation not valid.
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T[fm™]
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Heavy qq Free Energy

Heavy qq free energy at T < T,

e — T =98MeV e — T =98MeV
o— T = 118MeV o— T =118MeV
+—T = 138MeV +—T = 138MeV
01+ x—T =154Me
o -1 y
| ==
E-21 AP
w34+ &
—4 +
—5 I I I
0.1 0.2 d?fl%] 0.4
: —0.48 —7.46 5.84
Eo’eff(T)
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Heavy qq Free Energy Heavy qq free energyat T < T¢

Heavy qq free energy at T < T,

@ Effective string tension: — 6 x
|
E a4+t
oei(Te) =0 = Tc = 154MeV. 3
Tlattice Ne=3,N;=3 Yagi'05 155(10) MeV Te
€ a 0 f f f f
0O 02 04 06 038
Other thermodynamics quantities: T [fm ]
@ Entropy:
OFgq  7.46
S =g = m &
@ Inner energy:
—-0.48 5.84
Baqg =Faa + T - Sqa = — ey
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Conclusions

Conclusions:

@ The non-perturbative behaviour of QCD near and above T is
characterized by power corrections in T. These power
corrections are high energy trace of non-perturbative low energy
effects.

@ AdS-QCD serves as a powerful tool to study the non perturbative
regime of QCD at zero temperature (large distances) and finite
temperature (close to the phase transition). We consider
conformal breaking warp factors which naturally describe these
power corrections.

@ We describe at the same time the equation of state of QCD, and
the heavy qq free energy.
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