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SU(3) EQUATION OF STATE

From E. Laermann, Nucl.Phys. A610(1996)1c

——
e
.

—_ T 4
------- /4 /13
S JD/T‘. -

S o

[SSNSRRRRRAAN

e Thermodynamical functions approach (slowly) the free
gas limit at high 7.

e Question: can we understand the deviation from the
ideal gas behaviour with weak coupling calculations?




Dr. J-P Blaizot, ITP & Saclay (ITP QCD-RHIC Program 4-25-02) Quark-Gluon Plasma and Its Quasi-Particles Page 2

Perturbation theory up to order ¢°
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e Strong deviations from one order to another.

e Huge dependence upon =7 < ;i < 1=7T

e Odd powers of g.

MASSIVE QUASIPARTICLE MODELS

A. Peshier, B. Kampfer, O. Pavlenko and G. Soff, Phys. Rev D54

(1906) 2399

e Simple parametrization:

8

1
Ex = k* + m*(T) Nk = “FiT — 1

dSk —E/T
- S A = B(T
P=-=T (2 )3 log(l C ) ( )

3
&= /%gnkl?k -+ B(T)

== (—2—’”—)3 {(1 - nk) log(l + nk) - Nk Og Nk
dP '
e+ P="Ts =~—dT—+B(T)

e Fit nicely lattice data
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e Hard degrees of freedom: the plasma particles

k~T (A%)p ~ T2 gA~gT < k

e Soft degrees of freedom: collective modes

ra

k ~ ¢gT (A%) g ~ gT? gA ~ ¢**T < ¢T

e Ultrasoft degrees of freedom: unscreened magnetic
fluctuations.

k ~ g*T (A?) o ~ g2T? gA ~ g*T

e Thermodynamical functions at high 7 are

dominated by hard degrees of freedom
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THE QUASIPARTICLE PICTURE

e Plasma particles, k ~ 1" ("hard")

- 0O O

ideal gas F_ -O()
e Collective excitations, k ~ gT" (“soft”)

3 & & o

p-gT

k=T

Q—— ~g:'|‘2: Hard Thermal Loop

(!).[\.-g'l'

1 - | _ 2 .11
w? = p? - w? — pd - {w.p) P

1 . | Mt .‘,, G
~=Ofg') + ghh= +g *+§

S pactrum of axcdaiions

Dy =

A
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“SCREENED PERTURBATION THEORY™

e Scalar field

[Karsch, Patkos, Petreczky, PLB401(1997)]

1l 4.a. 1
L= Lg ;'jm.zc,'f + §m2¢2 + Lint
= ‘Clll < L:nt

¢ QCD: HTL perturbation theory
[Andersen, Braaten, Strickland]
L=Ly+ Lyre = LarL + Lint
Gt Cl’b g = £;nt
DIMENSIONAL REDUCTION

[Kajantie, Laine, Rummukainen, and Schroder (2000)]

e Effective 3-d theory for w, =0

1
2
D; = 8; —igVTA;

1 1 i "
Loy = 7(FG) + 5(DiAg)? + 5mb(A5) + MAG)* + L

e NB. Singles out one moment of the spectral density:

- ko, k
Doty = [t )

SKELETON EXPANSION

[Luttinger & Ward (60), De Dominicis & Martin (64)]

* Expression of the free energy F in terms of the full
propagator D

1 1
FID] = 3Trin D™! — STeIID + &[D),

@ +1/8 CI)HMS@ .

e Stationarity property

3D = 1/12

D] = 222 = 310] _

5D~ TsD 0.

* Self-consistent approximations [Baym (62)]
Select some particular skeletons in ® and solve:

D' = Dy + N[D)

* 2-loop approximation for ®[D)] :

o= 00 + &) — = Q + (O

* The entropy S[D)] :
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TECHNICALITIES

V = volume, k* = (iwn, k), wp = 2naT

B it standard contour integration:

Qv = f(—g% N(w)im (log(-w? + k* +11) — 1D) + T®(D]/V

where N(w) = 1/(e® - 1).

Because of self-consistency condition important

cancelations occur in & = —dF /dT"
4 P
S=- i-k—ﬂ(i"—)-lmmgo*l(w,k)

(2m)* OT

4
_d%k ONW), 11(w, k)ReD(w, k) + &'
(2m)t oT

with

(T fd“k ON@) p 111D
&= -5+ @n)i or e

For the two-loop skeletons (*), &' = 0.

stat. Phys 93 (1998) 843

(*) B. Vanderheyden wind G. Baym, J

THE 2-LOOP ENTROPY

" dip ON
§ = - / (-5})’1 7 {ImlnD™! — Iml ReD}
o Effectively one-loop expression

e Manifestly ultraviolet-finite

e Perturbatively correct up to order g*

' 4

e Why entropy 7
e S is most directly related to the quasiparticle spectrum
e Residual interactions start contributing at order 3-loop

e Up to order g3, the self-energy of the hard particles is
needed only on the light-cone: — “thermal masses”
for the plasma particles

w(p) = VP2 +mi, me ~ gT

o Reconstructing the pressure P = —F :

P(T) = / d1" S(T") + P(To)
JTo

with P(T,) taken from the lattice data.
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QCD
e 2-loop skeletons
-«
focg oo XT3 €
>
(a) (b) (c) (d)
e Approximate self-consistency

- In “leading order” Il ~ Ilyyy and ¥ ~ Egyqpp,

- Corrections to hard particles: “NLA"

oo T« A WP <

ain' sit' SIL I,

PN -~

8z 5y

Approximately Sell-Consistent. Entropy

Gauge invariance?

e Replace strict self-consistency by gauge-invariant
approximations to I1, correct up to order g*

¢ Compute the entropy exactly with these
approximations for I1

wy, pr~gT i Meope = Myt
w, p~T : Mpara(w? ~ p?)

e The HTL, or lecading, approximation:

Il = llrL at all momenta =—>

Perturbative content: O(g?) + } O(g*)

e The next-to-leading approximation:
Meose = Nare, Maard =Mury + 611 = l.S - SNLAI
A~gT

a
- ( -
Mi(w=p) = L N+ AL = 03T (1)

\

Perturbative content: O(g?) + O(g*)
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The entropy for SU(3) Yang-Mills Theory
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The entropy of pure SU(3) gauge theory normalized to the ideal

gas entropy So.
Full lines: SHT‘L-
Dashed-dotted lines: Syra.

(The 2-loop d-function is used for the running coupling constant

ag(ji). The MS renormalisation scale is #T < g < 4AxT.)

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

RESULTS (2)

Quark-Gluon Plasma with two massless Havours

PPy 4

15 2 25 3 35 4 45 5

The pressure for a quark-gluon plasma with Ny = 2 versus the

lattice results by Karsch et al. (2000).

Full lines: Pyrrr.

Dashed-dotted lines: Py, 4.
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CONCLUSIONS

What has been done?

o |dentification of relevant degrees of freedom

(“quasiparticles” ) whose mutual interactions are weak

e Check consistency of the approach in weak coupling
regime where explicit calculations can be done (up to order
a')

e When the coupling grows the quasiparticles are non

perturbatively renormalized, but their interactions remain
weak

e A test of the procedure is the comparison with “exact”
results: good agreement with lattice data (when available)
down to T ~ 2.57T,

Extensions in progress

¢ Finite chemical potential

e From N{u.T) and S(p.T) one can reconstruct P(p, T'),

using lattice data to fix the integration constant (e.g.
Plu=0,T7))




