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Our approach

* Breakpoint: Malcacena's conjecture about the
exact equivalence of 10-dimensional superstring
theory AdS5xS5 and the conformal N=4 SUSY

Yang Mills Theory

« But for QCD we do not need supersymmetry, at
least not yet- and we do not want a conformal
theory

* Therefore we discuss type O string theory in 5
dim AdS space without supersymmetry



How can the fifth dimension
enter

Polyakov has proposed already long time ago,
that the dilaton coupling maps out a fifth
dimension related to energy resolution.

The dilaton breaks the conformality and is
related to the running coupling of QCD.

In fact, averaging of gluon link variables in large
Nc gives matrices which are a product
HxSU(N)xU(1).

The eigenvalues of these hermitian matrices H

may be the origin of the fifth dimension (c.f
Arodz and Pirner)



Scale Invariance and

Confinement

Consider a rectangular Wilson loop:

W(C) = exp (f’g / Apdx“) | |
c o

It is related to the potential V,5(R) acting between charges q and q:
(W(C)) ~ exp(—t-Ve(R))

)

Scale transformations: t — A\f, R — AR,
The only scale invariant solution is the Coulomb Potential:

1
Vqt?"‘"ﬁ

Running coupling and string tension break scale invariance:

Vog(R) = —=—




Model of Confinement with
running coupling

¢ _
dsicp = h(z) - ds? = h(z) = (—dt? + dxX? + dz?) .

My >

AdSs

@ h(z) =1 = Conformal

@ h(z) # 1 = Non conformal
Breaking of scaling invariance in QCD Is given by the running
coupling:
e—3p  B(as)

T4 442
where [(as) = i ”{Eﬁ and as(E) ~ 1/log(E/N).
—Assume an ansatz for conformal invariance breaking similar to
1-loop running coupling (H.J.Pirner & B. Galow '09):

log(€) 1
Z~ —=.
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~log(e ~ (A2)2)°




Calculation in the string frame

The Nambu-Goto action Sy is given by

.J'Tl .

Ll

Sve=—5 / d°¢\/det hyp, (12)
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where [; is the string length and hgp is the induced
worldsheet metric: The indices a,b are reserved to

the &1, y-coordinates on the worldsheet, the greek
indices p1, v to the coordinates of the embedding five-
dimensional space

h-ﬂ.b = (-T,LHWF (H)

Giessen 12.11.04

rescaling z = vzp, we obtain the inter-quark distance
R as a function of zy:

1
R(-""-"D ) = 2.-'-:'[] / dvy
0

(22)
By similar transformations we can write the energy,
which we get from the Nambu-Goto string action, as
a function of zj

11t
Vog(20) = —— /
J0O
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Deep inelastic lepton nucleus

scattering and hadronization



Good Heavy Quark Potential

Vo (R)GeV]

Figure 4: Numerically calculated heavy-quark poten-

tial for the modified metric, eq. (11), using A (z) from
eq. (7).

But for running coupling, the resulting beta-function is not good



Dual 5-dim Gravity model based
on the running of a

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

1

1 5 4 , . ; 4
— V-9l R— =0,00"0 — V(o) |— vV —
Ssp 167G fd X g ( SC)MQL_:{ 0 V(;;)) 7Gs oy d~x h K

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

B( 2 @ L
V(o) = _:,—22 (1 _ (33{&)) )exp {_g ] %da] :

Ansatz (E.Megias et al., NPB834, 2010):

b b 6, &
B(a) = —baa + [bza + (; — _.-'_'30) o’ + (2;2 — ; — _,."31) 0-3] e

@ a << & = Ultraviolet: 3(a) ~ —fpa® — B1a°
@ a >>a = Infrared: pA(a)= —bra




Potential and Running a

W(C) ~ exp (—Swc) x exp (—t - Vya(R))
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Dilaton potential and warp h(z)
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(Confinement) 1.5 < by < 2.37 (IR singularity repulsive to physical modes)




Black hole thermodynamics in 4
dimensions

 =Tr (e_-ﬁH) ._ B = -

Periodicity in euclidean time (7 = it): (7 + 3) = ®(7)
*Regularity: Expansion around the horizon f(r,) = 0; r = r,(1 + p?):

dr 1

2
052y = —F(r) a2+ dr?+ r2dQ3 ~ 4 (dpz + p° (—) +—d§z§)
p—

f(r) 2 4

_F/
d 62

=— Periodicity: ;—rh — ;_f‘n +2r =717 —>T17+4npL =17+ 0
T _ 1
B8rMGy4
Thermodynamics interpretation of black holes:

dM = TdS = S :fﬂ — 47 G4 M?

-A Morizon
A= 4ﬂ!’2 — 16ﬂ(G4M)2 — SBlackHole(T) = ( : )
4Gp

Bek-Hawking




Thermodynamics in 5-dim AdS

1 4 +_
Ssp = 167 Ge /d5xw—g (R - gd“qad‘[ O — V(::;)))

1
- 87Gs Jou

d*xv/—hK

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

dsi = b5(z)(—dt* + dX* +dz?), t~t+if
@ Black hole solution (deconfined phase):

2 2 2 w2, 077
dsgy = b (z) | —f(z)dt* +dX° + —
f(2)
In the UV (z ~ 0): flat metric b(z) ~ ¢/z and f(0) = 1.
There exists an horizon f(z,) = 0.

Regularity at the horizon — T = w.




Solve 5-dim Einstein Equations

Einstein equations =2 :
Guv

1 4 1 /4
(R,u,y — Eg,u,uR> — (gaﬁ@'ﬁay@ — Eg,u,u (g(do)z + V(fj))) =0
N —— —

Ej.!.L-" T;_av

f _b
43, =0,=f(2)=1-

b2 b 4.,
b bf b
(¢) B +3p +377 =

Conformal solution:

@?J:G:rb(z):;




Running a and temperature
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Small finite T - effects

00 02 04

The finite temperature metric
deviates slightly in the IR
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The coupling sees the finite
Temperature in the IR
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Two ways to calculate free
energy

Free Energy from: Free Energy from:

Bekenstein-Hawking entropy “-@u Gibbons-Hawking action
‘lassically

.I:'rj .F — SI'-E o —

Vs Cr
15G — —
( 4)

C; =4nTb(z,) ~ T -s




Method | (Beckenstein)

_ _ Vab3(zp)
S(1) = 4Gs  4Gs

High temperature limit: s(T) ] 4?;3 T° =
00 3

One can compute all the thermodynamlc:s quantltles:

_d e—=3p s 4p
=grPth). A= =m-1

In the free energy — contributions from big and small black holes:

s(T)

T

p(T)=p(To)+ | dTs(T)= /H” dép, ( ar ) s(é) .

To +00 dav,




Method Il (Page-Hawking)
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— Corrections in ag are very important for agreement.




Spatial string tension at finite T

Spatial string tension: Lattice data: G. Boyd et al. NPB469 (1996)

r

Vo

e =1.94GeV T,
v?/d.o.f. = 0.87.

» SUG3) Otay™)
— Numeric Ol ")

Olax'™)
— O™

4 (2 8 2 .
S

1

os(T) = m
This is in contradiction with pQCD: opqcp ~ T2a2(T).
See also Kajantie et al. PRD80 (2009).

Let us focus first on the UV regime. Besides the numerical computation of the QO-
L
potential., we can perform an analyvtical study in the short distances regime by expanding
Eqgs. (45) and (48) in powers of ag. The details of the computation are provided in Ap-
1 0
pendix B. The result is
ap2 4/3/
20% o’ (p)

Voo(p) = E (0.359 + 0.533bgan(p) + (1.347b% + 0.692b1)ad(p) + O(ag)) . (49)



Polyakov Loop

= DXe~Sw = Z w;e
. semiclassic 111\

= F,ra [/ dz o*3(2)b / dz og bg(z)]

Lattice Gluodynamics
SU(3): S.Gupta et al.,
PRD77(2008).

s = 2.36GeV .
Z. = 0.43GeV!

0 !2

L(T)=exp [—

T © (16168 + 7251) a2 + ca(ug))] |

In contradiction with PT: Ler(T) = exp (£/707 +0(a?)).



Additional results:

Dependence of critical temperature
on the number of flavours

Speed of sound

# SU(3) Boydetal.
—  Numeric

Olad)

- Ol
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Pressure Is underestimated, if
G5 Is fitted to Stefan Boltzmann
limit

oSU(3)
~ Oly)

=~ Oloy’) 33 o o
- Olay) — [1 — 2330y, + 1.86a
~PT0l) 16G; -

)




Fit G5 to latent heat at critical
temperature

Input 3(«).

— Numenc & SI[§3)Panero

Ol,Y) = SU3)Boydetal

— Olwd) . ’ Not

Normalized
— Momenic ¢ SU{3) Panem TO
Olay) = SU3)Boydetal Stefan
Ol-ll,g-j]
— oud Boltzman
pressure

3 4

N. =3, Ny =0, b, =2.3, a=0.45

MO 4 > 1
= — — L —_- L — :'j 8l oo -. N = —
75 = TeG. \ |~ 3P0+ g8k —3f)ei + “h = B log (=T /M)




The dilemma

One can fit the pressure by choosing a beta function which goes

very quickly from perturbative behaviour to nonperturbative behaviour,
Scheme dependence allows for a large coefficient in fourth order,

But then one does not know how to relate the coupling to the

coupling known experimentally in the MS or Mom scheme.
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Choose other extrapolation of
beta-function

We assume the following toy S-function to demonstrate
our case:

.ﬁpert(tl) — 32&4 if oo < &
Bpert(6) — foa* —=3(a—a)  ifa>a’
(2.1)
where

_ 3 — 23[] fﬁ: — 3 31 &2
B2 = 3
4oy

(2.2)

is chosen such that d,3(«) is continuous. There is only
one parameter o which controls the transition point.




Quick transition from pt to non
ot helps:

Lattice

| |
3 : D

T/T.

FIG. 1. Pressure normalized to the Stefan-Boltzmann pres-
sure as a function of 7' /7. compared with lattice data for
N = 3 taken from ref. [5].




No connection to a In
scheme

— a=10.5
— a=20.02
a =0.02

+ Measurements

100 10t
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FIG. 2. The running coupling « as a function energy K =
Agb. Data points are take from ref. [16]. The curve corre-
sponding to @ = 0.02 is shown for two different choices of
A E.




Conclusions:

» 5-d gravity action with dilaton potential can
well describe heavy quark potential and
running coupling and glueballs

» With the same dilaton potential difficult to
get correct thermodynamics both at critical
temperature and at asymptotic
temperatures

* Only a very swift transition from
perturbative two loop running to a npt
running can fit the pressure ( Unknown a
iIn MS scheme)
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