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SU(3) EQUATION OF STATE

From E. Laermann, Nucl.Phys. A610(1996)1c
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« Thermodynamical functions approach (slowly)
the free gas limit at high 7T



Perturbation theory at high temperature




PERTURBATION THEORY — LOWEST ORDER
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Breakdown of perturbation theory (Linde 79)

* *
jlgg*mll

Contribution to free energy
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[n loop, 2(n —~ 1) 3-gluon vertices, 3(nn — 1) propagators)
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It 1 ~ ¢*T", all the diagrams with n > 1 loops contribute to the same order O(4°).



Quantum ChromoDynamics
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Non linear effects become important when

((DA)%) ~ g*(AT) ~ g*(A%)?



Long wavelength thermal fluctuations
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Breakdown of thermal perturbation theory

(DAY ~ g2(A%)?



SCALES, DEGREES OF FREEDONM
and FLUCTUATIONS

d3k Ny 1
2 — = - — 4 — 1
(A%) = 377 o8 N Y Dy = 05 — igA;

e Hard degrees of freedom: the plasma particles
E~T (AN ~T*  ((8A)%)p ~ T
e Soft degrees of freedom, collective modes
kgl (A~ gT? ((04))yr ~ g'T" g A% ~ g'T"
e Ultrasoft degrees of freedom, unscreened magnetic fluctuations

ke~ T (A ~ T ((0A))r ~ ¢°T'  g*(A%) 2y ~ ¢°T"




Effective theories

Classical field approximation
Dimensional reduction




Classical field approximation (1)

In the high temperature limit, 7 — 0, and

Z ~ N [D(6)exp{-5 [drH(x)}.

, I — . m? 9 o
H =5 (Vo) + =0+ V(o)

Equivalently, zero Matsubara frequency
Golk) = = N(e) = ——— =
() — =5, N1Zp ) = - -~ —,
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Valid only for =, < T, implying Ni{zp) = 1.

/‘ soft AT A AT /‘ hard




Classical field approximation (2)
( Dimensional reduction )

Classical field approximation = leading term in a systematic expansion
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Effective action for the "zero mode”: S|dg]
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Dimensional reduction

Integration over the hard modes (g7 =A<T)

plT) = pr(T) + LI‘ [ [f DA} DAY exp {—SE:|]
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Crp — §T1~;ﬂ’*}+Tr[Di:A.;.]E+mEETrA5+AE3' (TrAZ)" + A8 Te Ad + ..

D, =9, -ig,A, g, = g\ T m,~gT A, =g'T

Integration over the soft modes (8T = A =gT)
- In [ [ DA DAG exp (~Sg )] = pe(T) + 37 [ [ DA? exp (~ S ,)]
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E. Braaten and A. Nieto, Phys. Rev. D 51 (1995) 6990 ., Phys. Rev. D 53 (1996) 3421
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Effective theories

Collective phenomena

Hard thermal loops




HARD THERMAL LOOPS (1)

[Braaten and Pisarski (9C), Frenkel and Taylor (90)]

e Large thermal contributions to the dynamics of the soft fields.
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HARD THERMAL LOOPS (2)

¢ Debye screening:
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¢ Dynamical | screening:
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s Applications: Transport ceefficients, quasiparticle damping rates, baryon number violation at

high 1", colour superconductivity, etc.

s (Juasiparticle poles



Gluonic collective modes

® &

(!)p | /7

-
P

Dispersion relations for the modes wy (p) and wr(p)
2 \ 2 2
p-+lplwr,p) =0,  wp—=p° +1lrlwr,p),
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Collective fermionic excitations
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COLLECTIVE MODES AND THERMODYNAMICS
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e Question: how can one include this information on the modes in the
calculations of thermodynamical quantities?



Resummations




RESUMMATIONS (1)

e Plasma particles, & ~ 71 (**hard™)

O ©

o Collective excitations, & ~ g7 (*soft™)

O S

e Hard thermal loop [l{w. q)
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RESUMMATIONS (2)
e Resumed propagator Diw.q)

e O 00
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w2 — p? w2 —p? —1Il{w.p)

e Corrections to hard particles due to their coupling to soft modes
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“SCREENED PERTURBATION THEORY

e Scalar field [Karsch, Patkos, Petreczky, PLB401]
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L= Lgy— 3772%92 -+ 31722@2 + Lnt
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o ‘C,O + E;nt

Convergence is improved.
But artificial UV pbs and scheme dependence.
e QCD: HTL perturbation theory

[Andersen, Braaten, Strickland]

L—=Lo+ LHrr — LHTL + Lint
: ‘Cf) + C;nt
Lyrr not accurate for w.p = T

Artificial T-dependent UV divergences
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(From hep-ph/0303045)



Skeleton expansion

and the entropy

e Based on work by J.-P. Blaizot, E. lancu and A. Rebhan, Phys Rev Lett.
83(1999)2006; Phys.Lett. B470(1999)181; hep-ph/0005003.




SKELETON EXPANSION

[Luttinger and Ward (60)]
e Expression of the free energy in terms of the full
propagator [)
| 1 1
FID] = sTrin D' — =Thl1D + @[ D),

Example of the scalar field
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e Stationarity property
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e Self-consistent approximations [gaym (62)]

Select some particular skeletons in ¢ and solve:

D' = Dy + M[D]

(self-consistent Dyson equation, or «[dap equationkd)

e The entropy S|D] :
dF OF
d7 J1 1D
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Entropy 1s simple!



Simple model with a scalar field

e Use the simple two-loop diagram for @.

e Ansatz for the spectral function:
kg k) — 2me(kg )8 (k2 — k2 — m?)

o Net results for the pressure (after renormalization):

d3k 1m2 m
- _ —Be S
P = f TSE In (1 s ") + -5 Irt(im)+ oRa
where e = (k2 + m?2)1/2 and
o A3k np
Ir{m) = | rp e

e The entropy is simpler. Formally it is that of non interacting massive
particles:

} A3k o |
S — PHE 11+ ) In(1 + ng) — neInng } .

with ng, — 1/(eso/T — 1),



THE 2-LOOP ENTROPY
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e [ffectively one-loop expression
e MNanifestly ultraviolet-finite
e Perturbatively correct up to order g3
e Why entropv 7
e S is most directly related to the quasiparticle spectrum
e Residual interactions start contributing order 3-loop

T

e Reconstructing the pressure P = —F -
T
P(T) — [ dT'S(T) + P(To)

with P(T},) taken from the lattice data.



Approximately Self-Consistent Entropy (1)
By itself, the self-consistent truncation is not a gauge invariant
approximation.
e Replace self-consistency by gauge-invariant approximations to [1. correct up
to order g3

e Compute the entropy exactly with these approximations for Il

w,p~ gl Ugepe = gL
W, p T : Hhard(w2 ~ p2)
Remarks

e Up to order ¢°. the self-energy of the hard particles is needed only on the

light-cone: Re pard(w? = p?) — “thermal masses™ for the plasma
particles w = p — w = ,/p2 -+ m?,cf M ~ g1

e All these u])])l‘().\:illlulic s are _L’;mlg«-‘—ill\'e‘ll"lellll!



QCD
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(a)

(b) (c) (d)

e 2-loop skeletons

e Approximate self-consistency In “leading order” Il ~ [lg7rr and X ~ Y7L
e Corrections to hard particles

art, aI1} aIt,,

) o%'



Approximately Self-Consistent Entropy

e The HTL, or leading. approximation:

II = gy at all momenta -—= ‘S — SH T'L

Perturbative content: O(g?) + 1 O(g?)

e The next-to-leading approximation:

Heore = Ugrr. para = Hgrr + 6011 —= |O = O a

0ll(w = p) ~ O(g°T?)

~~ &

Perturbative content: Q(g?) + O(g3)




The entropy for SU(3) Yang-Mills
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Figure 1: The entropyv of pure SU(3) gauge theorv normalized to the ideal gas
entropy Sp.

Full ines: Sgrp. Dashed-dotted lines: Sypa.

2-loop F-function — the running coupling constant ag(fi).

The MS renormalisation scale: i — 771" .- 47T

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



Quark-Gluon Plasma with two massless flavours
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Figure 2: The pressure for a quark-gluon plasma with Ng = 2 versus the lattice
results by Karsch et al. (2000).

Full lines: Pgyrr. Dashed-dotted lines: Pypra.



Summary

Accuracy of perturbation theory depends on
momentum scale (fluctuations)

Weak coupling calculations provide a coherent
picture of the quark-gluon plasma in terms of
quasiparticles for 7' = 3T



THE ENTROPY
of the QUARK-GLUON PLASMA

"First principle” calculation of the ENTROPY of the Quark-Gluon Plasma using

analytical techniques

e Based on work by J.-P. Blaizot, E. Iancu and A. Rebhan, Phys Rev Lett.
83(1990)2006; Phys.Lett. B470(1999)181; hep-ph,/0005003.

e Related work: J.O.Andersen, E. Braaten and M. Strickland, Phys.Rev.Lett.
83(19909)2139; Phys.RevD61(2000)014017,174016.



