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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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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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[EM, E.Ruiz Arriola, L.L.Salcedo, JHEP0601 *06, PRD80 '09, PRD81 °10]

Trace Anomaly N, =3, N; =0
G. Boyd et al., Nucl. Phys. B469, 419 (1996).
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Perturbation Theory and Hard Thermal Loops only yield aa !!.
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Schwarzschild black hole

) with no source = Einstein-Hilbert action

_ 1 D — 7%
Sen = jgrg | VIR, R=g" R

@ Classical solution %:> Einstein equations
-

1
e = R,“,—égWFm’zo = R, =0

spherical
@ Schwarzschild solution in spherical coordinates (1915):

ds? = g, dx"dx” = —f(r)dt2+f(1r)dr2+r2df2§, f(r)=1- r—r”

@ rpis the horizon. Not physical singularity: R***°R,,, ,c = 12;—'2.
Large distance limit: gi(r) o —(1 4+ 2VNewton(r)) = rh = 2G4 M.

r—o0
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Black Hole Thermodynamics

zzTr(e—ﬁ”), g

T
Periodicity in euclidean time (7 = it): (7 + ) = ®(7)

@ Regularity: Expansion around the horizon f(ry) = 0; r = r(1+p?) :

1 dr\® 1
2 2 2. 2402 a2 42 297 1 02
dsgy = —f(r)dt +f(r) dre+r=dQ5 o 4rp <dp +p (2rh) +4d§22>
——
do2
= Periodicity: 5~ — o +2r =7 = T +4nr =7+
1

T=—c——+
87TMG4

@ Thermodynamical interpretation of black holes:

dM:TdS:>S=/$=47TG4M2

A(Fori .
A= 4nr2 = 167(GsM)? = Sprack Hole(T) = % Bek-Hawking
D
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The 5D Einstein-dilaton model at finite temperature

@ AdS/CFT correspondence: Duality Gravity theory <+ Field theory.
° .

Equation of state:

-A Thorizon
(“-hTD) — SQCD(T)

[Andreev et al. 06 *07 ’09 ], [Thorlacius et al, ’07], [Kiritsis et al. 08 *09], [Kajantie et al. "09],
[EM, Pirner, Veschgini, PRD’11, PLB’11], [D.Li, M.Huang ’13], [F.Zuo, JHEP1406 ’14].

SBlack Hole( T) -

4 1
5 - Ly _ 4
Ssp = 16 T /d xVG ( ~ 30,00"0 V(d>)> e /aMd XK.

Finite temperature solutions [E. Kiritsis et al. JHEP (2009) 033]:
@ Black hole solution (deconfined phase):

2 P 2 p  dZf
dsgy = b°(2) | —f(2)dt* + dX= + @
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The 5D Einstein-dilaton model at finite temperature

@ Potential: V((D) = 7% + %m2¢2.
@ Euclidean action:

]
szZ#/mmu¢epﬁ+awm¢m¢+m%ﬂ_[;qu¢ﬁK+&mmy

@ Metric in Fefferman-Graham coordinates:

@ Tachyonic mass: mPL2 = A(A—4) <0,

with A = dim O, and O is the operator dual of the scalar field ®.
@ From the , this corresponds to a deformation:

L= 4 A0, . dmO=A and dimA=4-A.

6 L:A=source ,O=operator

@ We are interested in cases A = 1,2,3 = Resonant Scalars.
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Holographic Renormalization

*]
o A& Z:
®(p) = o - pAA2 4 ben—a - B oo p — 0.
source in A>2 condensate in A>2
R 1/2 X332 3/2
*(p)= x o+ ogp + o W
source in A=3 condensate in A=3
2 4
9u(p) =1- %p+9(4)xxpz - %pg logp+ -,
2 2 2 X 4
(p)=1-%)p-3 - - X 2o
gr-(p) = 6 p=3gpmp” = x¥bp" + 75 =0 24p gp+-

o Regularity at the horizon p = pp = % and gy = fixed.
@ We can choose Syounaary = 0. Counterterms:

_ V[ e ®3(e) | P*e), . o
S“},.2/_7//”‘31)(\/(()<3+ 5 12 log (exo) | -

@ 1o = renormalization scale.
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Condensate

@ Regularized action:
0Sreg = _ﬁ / d4Xﬁ2€¢/(6)5¢(6) + -
p=€

@ Condensate for A\ — 3:
(0g) = XS T S) _ iy ( 1S + S“)>

ox =0\ e 12 §d(e)
L3 XS X3 N
@ For A = 1 the computation is the same but the interpretation is
different:
and ﬁ is the renormalized source of the operator O;.
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Thermodynamics of [ d*x yOs: Conformal anomaly

@ Energy density:

_ 0Sen L3 5
=(T"") = _26gTT(e) =2 <69(4 yox XY — jX + 5 |Ogﬂo)
@ Pressure:
58S L3 X4 X4
_ XX\ __ ren _ _ _ 2

@ Ward identity for the trace:

where
o(S, S L 9
(O3)= (r?z;_“) — ( 2 — X? + 3 Iog ;10) (Condensate)
L3
A= *ﬁ?\A (Holographic conformal anomaly, only if A € Z)
K
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Thermodynamics of 5 [ d*x03: Conformal anomaly

® A =2 = near boundary expansion:
®(p) = ¢o0p + ¢o1 plogp+ -+, p—0.
~—
source
@ Condensate for A = 2:

5(Swee + S. 213
(5;01[) =7 (d0,0 + 0,1 — ¢o,1l0g 15)

@ Ward identity for the trace:

(O2) =

with

213
A= —2@% 1 (Holographic conformal anomaly, only if A € Z)
K ’
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Thermodynamics of W = [ d*x xyO;

1 2n (L2 e
T = /2 o). s=”(gxx(ph)) .

@ General dependence:

s=T% (>7<_>:>p T4H1(T)+X4H2(MO>.

) . 5
—t3p=xE-XH ()l e __ o, Xy ()=
—+3p=—x{(O03)+ A ox Ho

@ Analytical solution (x = x/T)

L3
Hi(x) = ao + axx® + asx*log x + O (x*) , H (X)) = log 25
140 6K2 1o
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High Temperature
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Thermodynamics of Wx = [ d*x ¢oOa

@ Pressure:
13-4
R(A) = —(A -2 2 4 4
SIS ey e
7T4L3T4 X 2 L3 p X
T : 1
4 i
0 1 \\ 20 i
o le A <l s
1.0 I Y\\ 1.0 I
’ i e s m 3

00 00
0

1 2 3 4 5 00 02 04 06 08 10 12 14

= Power corrections. See also [F. Zuo, JHEP1406 ’14].
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Analytical solution at low temperature

@ By defining u(¢) = pd’(p), one gets
_Uu? 309 Y C5¢° 48+ 30 + 4c9?
402 16u8 12u ’
@ Solutions with movable singularities near the horizon:

Co = A(47A) 5

2
with by = C224)'1 ; by = —79613(#?}:;?”) ;

on = &(pp) is an integration constant.
@ Low Temperature < ¢, > 1.
@ Solution in the UV:

0] WD =0 (1+ gt +), s~0608, (A=2)
u(g) = SR+, (A > 2)
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Analytical solution for the EoS

Low Temperature

Analytical solution at low temperature
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@ Relation between the source (¢0.1,x) and ¢p:

24y

e s
Sph

+R
—— for (A =2),

00

o

(bx)==  127°¢,

T2 al(4—A)
ST
g b =251

55 A=25
T
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N

0

S S S

9

Eugenio Megias Thermodynamics of Resonant Scalars in AdS/CFT and QCD implications



High Temperature
Analytical solution for the EoS Low Temperature

Analytical solution at low temperature

@ Near horizon solution:

u(o) ~ \/‘?;062 (1 — e ¢h(¢h—¢)) ,

G (9) =~ gxx(¢h)e%¢h(¢h_¢)7 gr-(0) =~ — 3g”(¢h) n(dn—)
4o

(parametric dependence with ¢p,):

2
. q 4¢
S L3 48+/37* o 0 3-2 -4+t
[T pnl= =550, €~ V.
lk K /243 127
[0y
. : '
1200 . - T !,.‘.‘
L ST Tt A=2
e W € -
600 %i
400 S
00 A=2 40 LoglpsT?] = ~¢,*/3+ 2¢,/Sqrt{3) Log(3
0
] 4 6 8 10 12 14 L L L L L L L
& 0 2 4 6 8 10 12
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Conclusions

Conclusions:

) serves as a powerful tool to study the
at zero and finite

temperature.

@ We have studied a model of conformal symmetry breaking in 5D
based on dilatons.

@ Thermodynamics depends on the dimension of the condensate
associated to the scalar field: dim(O) = A.

°

. These power corrections can be

conveniently described with a deformation dim(©) = 3, so that
this dimension is preferred to describe the EoS of QCD.

@ i) Numerical description of the EoS in the whole regime of
temperatures.
i) Analytical results of the EoS at low and high temperatures.

@ We have studied the role of the holographic conformal anomaly
Awhen A € Z.
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Thank You!
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