QCD EoS from LGT

® |[ntroduction
» QCD EoS and cosmology
» QCD EoS and heavy ion collisions

® LGT results on the EoS
® T. €., FoS, v,

# comparison with resonance gas, quasi-particle gas,
high-T pert. theory, HTL-resummation

® strongly coupled Coulomb phase or remnant of confinement?
# heavy quark free energy and the running coupling
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Dark matter and the QCD equation of state

® weakly interacting massive particles (WIMP) freeze out in the QGP at
time tfreeze ~ mwinp/25 GeV ~ (0.4 — 40)GeV
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Dark matter and the QCD equation of state

® weakly interacting massive particles (WIMP) freeze out in the QGP at
time tfreeze ~ mwinp/25 GeV ~ (0.4 — 40)GeV
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Dark matter and the QCD equation of state

M.Hindmarsh and O. Philipsen, PR D71 (2005) 087302.

® abundancy of weakly interacting massive particles (WIMP) sensitive
to the evolution of the early universe < sensitive to the QCD EoS

energy density: — ™ (T) ; entropy densit i 27T2h (T)
ity: — = —gq. : ity: — = —h,
ay y T4 309 ff 9% y T4 a5 velf
1/2 -1
NMwWIMP N g_l/z(T) _ derr (1 n Zdlnheff>
* hers 3 dT
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Dark matter and the QCD equation of state

M.Hindmarsh and O. Philipsen, PR D71 (2005) 087302.

® abundancy of weakly interacting massive particles (WIMP) sensitive
to the evolution of the early universe < sensitive to the QCD EoS
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HIC-Hydro and the QCD equation of state

9

P. Huovinen, nucl-th/0505036

hydrodynamic modeling of the elliptic flow is sensitive to details of the
QCD EoS:
steeper EoS (smaller velocity of sound) leads to smaller v, at low pr

-
o
TT7

EoSqp: lattice E0S
EoSQ: EoS with 15t order

phase transition
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LGT: Critical temperature,
equation of state
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T.= (173 £ 8 & sys) MeV 1|

FK, E. Laermann, A. Peikert,
Nucl. Phys. B605 (2001) 579

T. = 167(13) [177(11)] MeV

MILC, hep-lat/0405029
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LGT: Critical temperature,
equation of state
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1.
e mps >, 300 M eV (chiral limit??)

Y

e a ~ 0.2 fm (continuum limit??)

® improved staggered fermions,
=> flavor symmetry breaking
(need even better fermion actions)

€c
e mps ~ 770 MeV ()

e V ~ (4fm)3 (thermodynamic limit)

energy d y for 0, 2 and 3-flavor QCD
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Bulk thermodynamics

e lattice gauge theory provides basic results on the transition
at T' # 0 and properties of the high temperature phase
o T.= (175 £ 8 & sys) MeV (forny = 2)
o ¢, = (6+2)T*~ (0.3 —1.3) GeV/fm?
EoS: T < T. ~ resonance gas

14.0
e s 5 : 3
12.0 ; d )
resonance gas (adjusted mass spectrum):

100

~ 1000 resonance d.o.f.
8.0

lattice calculation:
(2+1)-flavor QCD, mq /T = 0.4, up = 0

6.0 b

40

20 - : - continuous transition at T
T/T

00 | — . . . . 1 FK, K. Redlich, A. Tawfik, hep-ph/0303108
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Bulk thermodynamics

e lattice gauge theory provides basic results on the transition
at T' # 0 and properties of the high temperature phase
o T.= (175 £ 8 & sys) MeV (forny = 2)
o ¢, = (6+2)T*~ (0.3 —1.3) GeV/fm?
EoS: T < T. ~ resonance gas
T> (3 — 4)T. ~ "weakly” interacting quasi-particles

e forlarge T the EoS probes the large momentum sector
of the plasma: |q] ~ 3T
= quasi-particle features of quark and gluon propagators
(thermal poles) are probed:

o (w, @) ~ 8(w? — g2 —m2), Meo ~ g(T)T

F. Karsch —p.7/19



The pressure revisited

p/T
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FK, E. Laermann and A. Peikert, Phys. Lett. B478 (2000) 447.
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The pressure revisited

T> (2-3)T¢: deviations from ideal gas

understood in terms of non-perturbative
, , (ordinary) QCD contributions

4 4
/T /
p/T PsB 08 P/Psp
4 i
0.6 |
3 flavour | 04 | 3 flavour =——
2+1 flavour — 2 flavour =—
2 flavour 2+1 flavour =——
pure gauge ] 0.2 | pure gauge —
T [MeV] LA
: : : : : 0.0 : : : : :
100 200 300 400 500 600 1.0 1.5 2.0 2.5 3.0 3.5 4.0

FK, E. Laermann and A. Peikert, Phys. Lett. B478 (2000) 447.

status: 2000

T < 2T:: strong deviations from ideal gas

large screening masses,
remnants of confinement
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The pressure revisited

T> (2-3)T¢: deviations from ideal gas

understood in terms of non-perturbative
, , (ordinary) QCD contributions

4 4
/T p/p
p/T PsB | 08 | SB

0.6

3 flavour =—— |
2+1 flavour =— _

04 - 3 flavour

2 flavour =—
2 flavour 2+1 flavour =——
pure gauge =—— ] 0.2 | pure gauge =——
T [MeV] T/Te
1 1 1 1 1 0-0 1 1 1 1 1
100 200 300 400 500 600 1.0 1.5 2.0 2.5 3.0 3.5 4.0

FK, E. Laermann and A. Peikert, Phys. Lett. B478 (2000) 447.

status: 2000

deviations from ps g almost
flavor independent => no need
for colored gg bound states??

T < 2T:: strong deviations from ideal gas

large screening masses,
remnants of confinement
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High temperature perturbation theory:
complete result up to O(g°)

free energy density in the high temperature limit («, = g% /4n):

1 d,m?
/ - —lz=-21"

TV 90 1+ foas + f303% + +fa02 + f503/? + O(ad)]

P. Arnold and C. Zhai, Phys. Rev. D50 (1994) 7603; [SU(3)]
C. Zhai and B. Kastening, Phys. Rev. D52 (1995) 7232; [QCD, p = 0]

A. Vuorinen, hep-ph/0305183; [QCD, n > 0]
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High temperature perturbation theory:
complete result up to O(g°)

free energy density in the high temperature limit:

resummed self-energy;

electric screening; m¢(T) = % + nG—fg(T) T
1 d,m?
J__1 InZ =—-L 1+ faors + f303/% + + fra2 + f505/% + O(a?)]

T4 V 90
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High temperature perturbation theory:
complete result up to O(g°)

free energy density in the high temperature limit:

resummed self-energy;

electric screening; m.(T") = ?C + ?g(T) T

f 1 d
T V 90

1+ foas + f303/2 + + f4a2 + f505/2 + O(a?)]

loops at all orders contribute
non-perturbative magnetic mass

ma (T) ~ O(g* T),
(A.D. Linde, 1980)
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High temperature perturbation theory:
complete result up to O(g°)

free energy density in the high temperature limit:

resummed self-energy;

electric screening; m¢(T) = % + T)’G—fg(T) T
f 1 d, 7
s =y nZ=——[1+ foou + f30d/? + +faol + f50]/? + O(a)]

loops at all orders contribute
non-perturbative magnetic mass

ma (T) ~ O(g* T),
(A.D. Linde, 1980)

pure convergence properties; Q(T) < 1 needed;

thermodynamics non-perturbative even at
0.00 0.05 0.10 0.15 0.20 0.25 T >> AQCD ~ 200 MeV

F. Karsch —p.9/19



HTL quark propagator

E. Braaten, R.D. Pisarski, T.C. Yuan, PRL 64 (1990) 2242

e ¢*: screened perturbation theory shows better convergence
FK, A. Patkos, P. Petreczky, PL B401 (1997) 69

e HTL-resummed perturbation theory for pressure takes into account

thermal masses of quark and gluon propagators

1 1 L
putL(w, §) = §p+(w,q)(% —iq-7)+ §p—(w,Q)(% +1q-7)
with

W2 — ¢

pi(w,q) = 0w —wi) +0(w +wg)] + Br(w,0)O(¢" — w?)

2
2mT
T ] pole cut

— normal mode

25 W /mT -~ plasmino |

mmr ~ g(T)T

k/m, F. Karsch —p.10/19



HTL quark propagator

E. Braaten, R.D. Pisarski, T.C. Yuan, PRL 64 (1990) 2242

e ¢*: screened perturbation theory shows better convergence
FK, A. Patkos, P. Petreczky, PL B401 (1997) 69

e HTL-resummed perturbation theory for pressure takes into account

thermal masses of quark and gluon propagators

1 1

putL(w, §) = §p+(w,q)(’m —iq-7)+ 5 —(w,q)(vo+iq-7)

lattice quark dispersion relation:

P. Petreczky et al.,
NP[Proc.Suppl.] 106 (2002) 513

8
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SU(3) Equation of State
pressure: LGT vs. HTL

high T part of the pressure calculated on the lattice is in good agreement

with HTL-resummed perturbation theory for T' > 3T,

1.8
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HTL: J.P. Blaizot,
E. lancu, A. Rebhan,
PL B470 (99) 181

supports quasi-particle picture/models: A. Peshier et al, PRD54 (96) 2399
P. Lévai and U. Heinz, PR C57 (98); R.A. Schneider and W. Weise, PR C64 (01)
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

=0, 163 X 4 lattice "
Ha contribution from pq /T > 0

improved staggered fermions;

Taylor expansion, © T)4
ngy = 2, my ~ 770 MeV ylor exp ((1/T)7%)

T T T T T w_)» | T | T T T T | T
St : L /7T=1.0
4 4 q
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2 .| i
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. | 1 | | T [MgV] ;,Lqﬂ"=0.6 |
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T+ oo 60 2 \T 47
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The pressure for p,/T > 0

C.R. Allton et al. (Bielefeld-Swansea), PRD68 (2003) 014507

PRD71 (2005) 054508
contribution from pq /T > 0

NEW: Taylor expansion, O((u/T)®)

pqg =0, 163 X 4 lattice

improved staggered fermions;
ng =2, myz >~ 770 MeV

T T x_)» | T | T T T T | T
571 N w/T=1.0
p/-l_4 Pse/T —
4 L
3 I —
n/T=0.8
ol 3 flavour |
2 flavour ]
.l pure gauge |
. | 1 |  TMeV] b /T=0.6 |
100 200 300 400 500 600
n/T=04 |
pattern for pq = 0 and gy > 0 similar; u 102
quite large contribution in hadronic phase; (E———te—orT—"+—1T "1 "1 —
0.8 1 1.2 1.4 1.6 1.8 2

O((n/T)®) correction small for pg /T< 1

/T,

RHIC: pq /T<,0.1
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SU(3) Equation of State

e/
o €(2T,) ~ 0.85€sp ]
s -
— 1
Al /./ -
status: 2000 / P(2T.) ~ 0.66esp

4

3r | ——-€/T i
|
2k 2 e(T.,) ~ 1 GeV/fm 3p/T" i
Z
7
Z
T 7
/ ~Y
Z |/ e(T;) ~ 500 MeV /fm?® <«—p mg ~ 1700 MeV

] ]
1 2 3
T/TC

’ﬂ‘ = resonanz gas

T, ~ (0.63 — 0.65)y/7 ~ 270 MeV

need ~ 25 d.o.f.

- substantial deviations from ideal gas even for T>2T,

- continuum approaches (HTL-resummed perturba-
tion theory) have difficulties in reproducing the

EoS for T < 2T, F. Karsch — p.13/19



Velocity of sound (pure gauge, ns = 2)
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ny = 2:
A. Ali Khan et al.,
PR D64 2001
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Deviation from ideal gas (pure gauge)
— suggests strong interactions —

evidence for significant deviations from ideal gas behavior;
at leastupto T' ~ (2 — 3) ; l.e. in the reg|me accessible to RHIC

3.0 =
(2x2)
‘ (1x2) —e—
o5 b K (1x1) ——
| (1X2)tad ——i
2.0 F
1.5 F
1.0 Fi
05 F
1
0.0
T/TC
_0-5 1 1 1 1 1 1 1 1
1 1.5 2 2.5 3 3.5 4 4.5 5

colored bound states above T, ??
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Singlet free energy

— remnant of confinement vs. sQCD —

pure gauge: O.Kaczmarek, FK, P. Petreczky, F. Zantow, hep-lat/0406036
2-flavor QCD: O.Kaczmarek, F. Zantow, hep lat/0503017

® singlet free energy

1000

500

-500

® Fy(r,T) follows linear rise of Vg4 (7r, T =

for T<1.5T,, r<0.3 fm

F, [MeV]

0
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1 1.5
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Singlet free energy

and asymptotic freedom

Qeff —

4

dr

0.5

04 r

03

0.2 -

0.1 F

(T T)

T=0

T,
P 1T
11.05

0.01

pure gauge: O.Kaczmarek, FK, P. Petreczky, F. Zantow, hep-lat/0406036
2-flavor QCD: O.Kaczmarek, F. Zantow, hep-lat/0503017

® singlet free energy defines a running coupling:

3r2 dFy(r, T)°
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Singlet free energy
and asymptotic freedom

pure gauge: O.Kaczmarek, FK, P. Petreczky, F. Zantow, hep-lat/0406036
2-flavor QCD: O.Kaczmarek, F. Zantow, hep-lat/0503017

® singlet free energy defines a running coupling:

3r2 dFy(r,T)*° [ | ",
Qeff = = d OglrT) ¢ 7 T=0 ——
" 05t 11.05 =
1.20 —<—
0.4 1130 ——
1.50 —eo—
0.3 1
large distance: constant 3.00 ——
Coulomb term (string model
short distance: running coupling 0 —e
a(r) from (T = 0), B_IOW o -
(S. Necco, R. Sommer, .+ ;
Nucl. Phys. B622 (2002) 328) ( - L AL\ I
0.01

T-dependence starts in non-perturbative

® shortdi hysi hysi
short distance physics << vacuum physics regime for T< 3 T
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Conclusions

- lattice calculations (at # = 0) produced a lot of evidence for
substantial deviations from ideal gas behavior for T'< (2 — 3) T,
i.e. in the temperature regime accessible to RHIC

- HTL-resummed perturbation theory and quasi-particle models
descripe lattice results above ~ 3 T, quite well

- heavy quark free energies and the running coupling change
smoothly across T.

- evidence for remnants of confinement

- no evidence for an unusually large Coulombic coupling at
short distances

F. Karsch — p.18/19



Viscosity (pure gauge, exploratory)
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