The Thermodvnamics of the Quark-Gluon
Flasma:
Self-consistent Resummations vs, Lattice Data

e “First principle” caleulation of the Entropy (or the
Cuark Density) of the Quark-Gluon Plasma using
analytical techniques,

Good agreement with the lattice results down to

temperatures 1 = 2.5

e Work done in collaboration with Jean-Paul Blaizot
(SPhT Saclav) and Tony BHebhan (TT] Wien).
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INTRODUCTION

o Lattiee QO 0 The most compelling theoretical

evidences for the existence of the Quark-Gluon I'lasn:
T. == 270 Mev for pure Yang-Mills theory (no quarks)
T, == 170 Mev (2 or 3 Havors of light quarks)

[cf. talk by F. Karsch]

e High Temperature (T 2 T.): Asvinptotic freedom

[ . = 0.3 for T~03CeV~T
1 v, == L0 for T ~ 107 eV

o Supported by lattice caleulations:

F— By

B =259 for T = 2T,
i

Weak coupling thioids

Perturbation theory looks promising at order =
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The Cuasiparticle Picture

o The plasiua particles have b o~ T “hard ™)
and pive the dominant contribution to the

thermodynamics (e.g., to F).
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e The "sott” fields (& ~ i) are collective excitations
and start contributing to F at order g*.

W — pe W —pf — Tl w. p

o Foope 18 a non-analvtic funetion of IT (or g°)




. but fails badly when higher orders are included!

o The weak coupling expansion of the free energy (F ) is
known up to order o, " {or g7,

|Arnold & Zhai (94.95). Zhai & Kastening (95)
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o Stirict perturbative expansion 15 manifestly useless !

o Odd powers of g @ Infinite resummations of the soft

helds: b~ gT = T,

¢ [he most dramatic Huctuations come trom the sott

modes. [Braaten and MNieto (96




Bevond Perturbation Theor
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o FExpansion in powers of g, but ... g = 1... 2 for
Tr=2T...-107T. !

¢ The collective modes are non-perturbative (they do

not even exist in the absence of interactions)

“Wean coupling methods are useless ercept at
asymptotically high temperanbures fwhere g < 1.7

T = . - v
L0 I:- | A

e Physicswise, one expects the overall contribution of the
soft modes to the thermodynamics to be small
Recent nunerical evidence Jdimens, reduction + 3dim lattice]

:Hél_iilllll"' et al.. PRL 86 {2001) 10; cf. talk by Y f"-l"l'.l'll::.l"::

¢ Hesummations which attempt to capture the correct
analytic dependence on g at large T" (g < 1) and
extrapolate it towards lower T (g ~ 1).

Andersen, Braaten, and Strickland [PRL 83 (1999 2 |i§!.|:
based on “screened LII'I"I‘:I'|"iI'iIIII theory™ by Karach of al., 97

Blaizot, Rebhan, and E.L [PRL 83 (1999) 2906]




Hard Thermal Loops

:]5-:'-|.-|.'I'I| and Pisarsk: (90, Frenkel and Tavlor (90

e Large |~ 1) thermal “corrections” to the

'I:'.':E l|i| 'I'||:,I':- -.I'" | ||l' bt I|II :LJ '.ll:_"'\-:

o = .l.'."_ll_i

tranzport coelheients [Baym o1 &
quasiparticle damping rates Blaizot et E.L
baryon number violation rate at high T [Arnold, Son et Yafte

colour superconductivity | So

o Unasiparcicle poles > collective plasma modes




['he Free |'-|'.['1'*'_:__'*' of Diressed {E'lilﬁi}J:l?'ric'|e':—;

o The “skeleton” representation of the free energy in
terms of the full propagator I} [Luttinger and Ward (601]]
Fli Cdrin _i_|||]."1-1[? .

a

O D = the sum of 2-particle irreducible diagrams.

$D] = 112 +1/8 CDHME o

Ay AF 1D
1D — 25 _AF[D]
Al Al

§ --:|-|| I :_--E.-' 115, & ;:;:':-,|:.:E:__._-i““_._ :|E---.'.|'| l"l_'
Dhvson equation self-consistently: [0 Dol D

o 2 loop approximation for 0

-~ o, T
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> Manitestly ultraviolet-finite,

= Non perturbative (all orders in g).

> Perturbatively correct up to order g*,

o Why entropy

S 1= most directly related to the quasiparticle spectrim:
The residual interactions start contributing to 8 to

order 3-loop, or g*. [Iu F @ 2-loop. or O g-

Up to order g°. the self-energy of the hard particles is
needed only on the light-cone; Le Il qlw” = p°
- “thermal masses” for the plasma particles

W= p FW = AP M M i

The best guasiparticle approximation one ¢an get

tor the thermodynamics

o Reconstructing the pressure P F o




.'1|!|.|::'|]|"=|."'.”.|J|f:.| cly Self-Clonsistent Enf ropv
By atself, the self-consistent truncation is not a gauge
invariant approximation.
o Heplace self-consistency by gange-invariant
approximations to L correet up to order g
o Compute the entropy exactly (1Le., numerically)
with these approximations tor I1
--\... .I.. e _||. -II : || r . |: ||' I |I
T Mpraiw? = 2] to O(g?) and O
All these approximations are pauge-invariant

|£"| 3 . .Ij
hardlw=p = ErL|w=p = mZ ~ (gT)

S - —T{Z m]i._x_ R Z HEIT'}

5] F

o The HTL, or leading, approximation:

II = Iy at all momenta  — 5 = Syt

o The next-to-leading approximation:

Meope = Opre. Mpupa = Hgre + 611 =[S = Snpa |




RESULTS: The entropy for SU3) Yane-Mills

5/8 1

Fieure 11 The entropy of pare SUS) gange theory nor-
malized to the ideal gas entropy &,
-

Full lines: Sgrp. Dashed-dotted lines: Sypoa.

2loop F-funetion — the running coupling constant e ().

The M5 renormalisation seale: =" -- - 477,

The dark grey band: lattice result by Bovd et al (1996,




The Prossure tor 5003 Yane-NMNhlls

alhes )f AT ST + BT, with P72 =0
r
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Figure 20 /0P, for pure SULS) gange theory

Full lines: Pyep. Dashed-dotted hnes: Py a.

Dotted lines: results by Andersen ot al, (1999).

The MS renormalisation scale: g = 7T --4xT.

The dark grev band: lattice result by Boyd et al (1996).




Chuark-Gluon Plasma with two massless favours
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Figure 3: The pressure for a gquark-gluon plasma with
Ny = 2 versus the lattice results by Karsch et al. (2000,

Full hnes: P . Dashed-dotted nes: Pagr g,




The entropy tor various Ny 's: blown-up scale

Figure 4: Comparison of Sgpp (full lines) and Sy
dash-dotted lines) tor Havor numbers Ny = 00, 2,3, all
with g = 27T

Gray band: continuum extrapolation of the lattice result

for Ny = 2 by Karsch et al, 2000.




Hieh '|'L'-.“|'||n'*.';|'. nre Behaviour

Pressure in pure-glue QCD
4d ve dimored. ve ASC-HTL-quasiparticles
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S il e =l (Kajanhe g1 al )
=3 . .—. 3degz10 ;
e =14
07 .

HTL Blaizot-lancu-BEebhan) |
— MNlL.A

. 1 1 I 1 1 1 1 II 1 1 1 | I N T I |
h:
) 1l ELL fLLY

Approximately Self-Consistent resunnnation
Dlaizot, Rebhan, and E.1 (1ML 2001}
va, Ihmensional Redaction

Kajantice, Laine, Ruminukainen, anpd Schroder {2000)




Cuark Densitv: 1V,

o

Colid Dense Quark Matter: T'=0, g = 0, N = : o

Figure 3 The guark density for Ny = 3
Full lines: HDL-resunmmed calenlation
Ferturbative results at order g= (dashed lines) and order

_|_.'I fdottedd hines) :| recdman and Mel.erran [T8]]

N.I.: Perturbation theory is much better behaved.
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CONCLUSIONS

o Good agreement with lattice data when available down to
I~ 2 — 31,

¢ Supports the quasiparticle picture of the quark-gluon

plasma

e [ he method makes full use of the spectral infoarmation on

the guasiparticles

e [ he approach is easily extended to tfinite chemical
potential

e From N, T) and Sip. T') one can reconstruct Pl T).

Llse lattice data to fix the integration constant (e.g.

Pl =0,T)) [work in progress|




