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outline

- weak coupling techniques and why they are useful to
understand hot RCD

- nsights from the exact Renormalization Growp
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Thermod yna mics of hot RCD
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(from M. Bazavov et al, arxiv:0903.4339)




Pressure for SU(2) YM theory at (very) high temperature
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At T>3Te Resummed Pert. ‘rheorg

accounts for Lattice results
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(SU(3) lattice gauge calculation from Karsch et al, hep-1at/0106019)
(resummed pert. th. from J.-P. B., E. lancu, A. Rebhan: Nucl.Phys.A698:404-407,2002)




-not Limetted to per’curbatiow theory; ln fact weak couqsL'ng
techwiques can be used to stuolg non perturbati\/e phenomena

(many degenerate degrees of freedom, strong fields)

Effective theories- Dlmensional reduction

Skeleton expansion (2P1 formalism)




Perturbation theory s LLL behaved

Perturbation theory:

g*: Shuryak; Chin (1978)

g’: Kapusta (1979)

g’ In g: Toimela (1983)

g*: Arnold, Zhai (1994)

g’ : Zhai, Kastening (1995),
Braaten, Nieto (1996)

g’ In g: Kajantie, Laine,

0.8 1 Rummukainen, Schroder
7 ! (2002)
0.6 1 g% (partly): Di Renzo, Laine,
_ . ‘ Miccio,
1.5 2 2.5 3 3.5 - 4.5 5 Schroder, Torrero (2006)
TIT,

Lattice data: G. Boyd et al. (1996); M. Okamoto et al. (1999).

A two natve concluston:

« weak coupling technigues are useless »




Similar difﬁculfcg Ln scalay theory
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The bad convergence of Pert. Th. is not related to non abelian features of RCD




Effective theroy
Dumenstonal reduction

ntegration over the hard modes  (gT <A, <T)

Lp= %B'F,?j +Tr [D;, Ao)? + m3TrAZ + A (TrA2) + -
D, =0, —i1g; A,

n Leading order g, = gﬁ m, =gl A =g'T
Integration over the soft modes  (g°T< A,, < gT)
1 . 2 ~ ¢
,Cg\,{ — §T1F£ e D; = 0; —ignmA; gi{ ng

Nown Per’curbative contribution

E. Braaten and A. Nieto, Phys. Ree. D 51 (1995) 6990 . Phys. Rev. D 53 (1996) 3421




p=T" [cotcag’ +osg’ + (cy Ing+es) g* + s 9” + co o°)
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K. Kajantie, M. Laine, K. Rummukainen, and Y. Schrider, Phys. Rew. Lett. 86 (2001) 10 , Phys.
Rew. D 65 (2002) 045008 . Phys. Rev. D 67 (2003) 105008 , JHEP 0304 (2003) 036




J. M. Luttinger and J. C. Ward,
PR 118, 1417 (1960)

G. Baym, PR127,1391(1962)
J. M. Cornwall, R. Jackiw, and
E. Tomboulis, PR D10, 2428
(1974)




Pressure Ln terms of dressed propagators P|G]

4
—_P = /(d K Im log G™' —ImT G) + To[G]/V

a-00- -

2P| = 2—particle irreducible

Stationa ri,tg property

&
oG
Entropy Ls stmple!
_dP _dP

- dT  dT|,




THE TWO-LOOP ENTROPY

o o {10 6

(d)

| d'p ON R
5=-| 5o g7 (min D7 — ImllReD}

-effectively a one-loop expression; residual interactions start at order three-Loop
-manifestly ultraviolet finite

, 3
—per’curbatwel,g corvect wp to order §
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State of the art

pure-glue SU(3) Yang-Mills theory

1

5 2 25 3 35 4 45 5
T/T,

* J.-P. B, E. lancu, A. Rebhan: Phys.Rev.D63:065003,2001

. G.

Boyd et al., Nucl. Phys. B469, 419 (1996).

from J.-P. B., E. lancu, A. Rebhan:
Nucl.Phys.A698:404-407,2002







)
5 1
o
i~
)
0
et
St
\
)
e
3
05
)
|
A,

0

Pressure at Large N

Perturbatlon theory at ,LL 1TT 21TT 417T
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gZ; (in QCD, Ng%(u=nTe%)/2)
Moore, JHEP 0210

A.lpp, Moore, Rebhan, JHEP 0301




Entropy n large N
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Good agreement, even at Large coupling

J.-P. B., A.lpp, A. Rebhan, U. Reinosa,
hep-ph/0509052




Hard-thermal-loop entropy of supersymmetric Yang-Mills theories
J.-P. B, E. lancu, U. Kraemmer and A. Rebhaw, hep-ph/0611293




entropy formula

1. On (i
S = —tr / (gﬁl):l ()7(1)(;) [Im logD™! — ImIIRe D]

d*k 0
—2tr / ) ‘(f}(T w) [Im log S~ — Im X Re S] + &

Leading order correction

2 2
. me_ e, me<_
%2=—T{§ 'Z”+§ if)(f)}

b f

At strong coupling (AdsS/CFT)

5345

PR Cbe

(A=¢'N.)




S/So N = 4 super-Yang-Mills

weak-coupling to order \¥2

PR B T T S 1

strong-coupling to order A~/2
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J.-P. B, A. Ipp, R. Mendez-galain, N. wschebor
(NucL.Ph55.A724:37@—40@,:zoo7)
and work tn progress




Scales, fluctwations and degrees of
freedom in the quark-gluon plasma

((0A)*) g2 (A% ~ g* (A%

e Hard degrees of freedom: the plasma particles
kT (Ap~T° (A7) ~T" gHA%) ~g'T"
e Soft degrees of freedom, collective modes

ke~ gl (A%~ gl (A )y ~ g°T" g (A% ~ g'T"

e Ultrasoft degrees of freedom, unscreened magnetic fluctuations

Y.

ke~ g T (A)pr~g' T ((0A))or ~g'T" g (A7) g ~ ¢"T"




Now perturbative remormalization group

Effective field theories

A
~ T QCD

~ gl EQCD

~ g?°T MQCD

A~ JGT

A~ g*RT

NP-RG
flow
k=N
classical

[.[o]
effective 9(27T)

action
()

I

~

M

f

k=20 |
quantum

Cour’cesg, A. (pp
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Now perturbative renormalization group

effective action

Zf 3 O,R(0)G(Q;p) =

/‘ (C. Wetterich 1993)

propagator G;l(Q;P) = ff(z)(Q,—Q,‘p)—FRK(Q)

™

regulator
four-momentum vectors: momentum derivative: 8,=K &,
Q=(w,,q)
_ |
0=IQ| scalar field: pEEd)z

Matsubara frequency w,=21rnT




Local Po’cew’claL approximatiow

, 1 , _
L e] = / d’z {56#@8#@9 + Vk(c.f»)}

oV =T Y [ SLoR(0G(0:0) = @
HP

propagator GZI(Q;P)E Ff)(Q,_Q;P)+RK(Q)

PR

2
V
riz)(Q’_Q?P):Qz"‘mi(P) withm,?;(p)sa «

0’




Bey ond the Local potethaL approximatlow

0--P. B, R. Mendez-Galain, N. Wschebor, Phys.Lett. B632:571-578,2006)

d3q
(2m)’
x{ffJ(P,O,PO:qb)GK(QJrP;p)Ff'{P.P+0,O:gb)

1 ey o ]
ZFK (P,—P,0, 0.(,()]1

o,r?®,—P;p)=r) | o,R.(0)G2(0:p)

close equations with:
[

o7 (P, p)

) Tt ﬁf_zrf.;']{P’
(P, —P,0: )= )

(4) . '_C K
_ I'“(P,.—P.0,0;¢p)=——

o dao




Application to critical © (N) model

(from F. Benitez, ).-P. Blaizot, H. Chate, B. Delamotte, R. Mendez-Galain, N. Wschebor,
ArXiv:0901.0128 [cond-mat.stat-mech])

TABLE I: Coefficient ¢ and critical exponents for the O(N) models for d = 3.

N BMW 6-loop Monte-Carlo

n v w c n v w c Ref.” n v c Ref.”
0 0.034 0.588 0.80 0.0285(6) 0.5881(8) 0.803(3) [11] 0.030(3)  0.5872(5) [12]
1 0.039 0.630 0.78 1.15 0.0335(6) 0.6303(8) 0.792(3) 1.07(10) [11][15] 0.0368(2) 0.63020(12) 1.09(9) [20][14]
2 0.041 0.672 0.78 1.37 0.0349(8) 0.6704(7) 0.784(3) 1.27(10) [11][15] 0.0381(2) 0.6717(1) 1.32(2) [21][13]
3 0.040 0.709 0.75 1.50 0.0350(8) 0.7062(7) 0.783(3) 1.43(11) [11][15] non 0.0375(5) 0.7112(5) [22]
4 0.038 0.738 0.74 1.63 0.0350(45) 0.741(6) 0.774(20) 1.54(11) [23][15] 0.0365(10) 0.749(2) 1.60(10) [24][14]

10 0.022 0.860 0.81 0.024 0.859 [17]
100° 0.0023 0.985 0.99 2.36 0.0027 0.989 (18]




@ LPA: 3D regulator possible.

R.(w,,q)=(K’—q")0(k’—q’)

Litim regulator

@ analytical treatment of
Matsubara sums possible

1+
TZ | _ 2n(w,)

,, —(iwn)2+wi 2w,

@ But: does not respect
Euclidean invariance;
frequency is not regulated

» BMW: Euclidean method.
@ 4D regulator more appropriate

R.(Q)=Z.’r(Qlk)

2
X G
r(g)=—2
e’ —1

Exponential regulator

@ Need to sum over
Matsubara frequencies.

29
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Flow of coupling constant
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Flow of pressure

A
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Mass and pressure as function of g(x = 27 T)
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= LPA
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P/F
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(97 & from A. Gqywther, et al hep-ph/0703307)




While strict perturbation theory is meaningless, weak coupling methods
(bnvolving resummations) provide an accurate description of the RGP for

T > 3T,

The functional renormalization group confirms results obtained with various

resummations (at least twn scalar case)




