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QCD Thermodynamics

Generic phase diagram of strongly interacting matter
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« phase transition from a hadron gas
to a quark-gluon plasma

. qualitative features can be understood in terms of models
(bags, percolation, strings, ...) and  approximations
(resonance gas, perturbation theory, instanton liquid, ...)

« quantitative can come from numerical simulations of

lattice regularized QCD




~ — Lattice Thermodynamics

TOWArasS : State of Matter

Interferometry Temperature

K. .. s 120 MeV

S

190 MeV




Lattice regularized QCD thermodynamics
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discrete space-time: Z(V,T) - Z(N,,N,,a) <+ a(g®,m,)

The lattice problems = solutions

o finite cut-off effects: a > 0 & N, < o©

continuum limit at fixed T = 1/N,a improved
=requiresa — 0, N, — oo actions

¢ finite volume effects:

thermodynamic limit large

=>requires N, — o0 | computers
e broken symmetries:

rotational-, flavor-, chiral-sym. SF, WF, DWF

=>requires appropriate actions impr. actions

and/or +cont. limit



Bielefelder Parallelrechnerkomplex

zur Untersuchung von

wechselwirkender Elementarteilchenmaterie

e APE100 — APEmille:

Parallelrechner, entwickelt an der Universitdit Rom

e in Bielefeld eingesetzt seit 1993

integrierte

Rechenleistung: 110 GFlops

256-Knoten APE100
(Fak. f. Phys. seit 1/1995)

2x128-Knoten APE100
(HRZ, 12/1996)

60-Knoten APEmille
(Fak. f. Phys. seit 12/1999)
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Improved actions for Thermodynamics
Lattice discretization <ultraviolet cut-off effects

e standard Wilson action
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O(a?) correction
to Sk

leads to O((aT)? = 1/N?) systematic errors in e/T*, P/T"...

CPU-time increases like N? | z~10



Cut-off dependence in the T' —:co limit
cut-off dependence <& N -dependence

. Wilson action

perturbative calculation of the energy density => weak coupling expansion
for spacelike (P,) and timelike (P;) plaquette expectation values on lattices
of size N 3 X N,

€ 6.V, '
<= Te(n, — PN+ O

N 1
PaT - (2)
) — P +0(d")

€ 3 A4/ a2 /d3p 4COth(N7-Q/2)
= SNAN?-1
T4 r(Ne —1) (2m)3*3 coth(Q2/2) -1

with sinh?(Q/2) = ,?; sin%(p,/2)

o expand in 1/N;

| 2
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N; —1)—[1 —(=
T ( )15[ +63(N7-) 3(NT) ol

f ~ (aT)’
cut-off dependence ~ 50% for N, =4



- Improved Actions

Some tree level improved actions

-

o O(a?) improved

12 5 1 1
g(1,2) M 3 Awlmwm HeDttAavv !MA

T, v>u

,Wﬁwwwv - M

@, v>p

Wl
N
[

I

| =
o)
)

—
s

*®

<

8
N—

e O(a*) improved

3 1
33 - M MAHI.N.«??D

T DM

3
PLCON B 20

1 1
— 1 — —ReTr
10 N

+

oo

Aﬂu (@) + tuévv




Improved High-T Limit

reduced cut-off dependence of the ‘.
energy density in the high temperature limit:  O(a?) — O(a*)

1.6 - v ¥ L

£fe Wilson —&—
S8 tree level 1x2 —e—
15 iree level 2x2 —v—
14 |
1.3 }
12 |
11+
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€ : mw\2
1 X 1)-action: — =1+ 0.476 { —
(1x1) — =1+ ( N7) +
. € w4
- P —=140.044 (—
(1 X 2)-action - + (Nf) +
- € w\4
- P — =1 0.178 | —
(2 X 2)-action p_— + (N‘r) +

computational effort ~ NZ','O



Staggered fermion action with unproved

rotational invariance (p4—act10n)

" @ 1-link and L-shaped 3-link paths

e Coefficients fixed by demanding rotational ihvariance of the

fermion propagator up to order pt

e Fat links' to improve flavour symmetry

3 11
M[U);; = m dij + i {g AlULij + 3 —2-,B[U],-,-}
A[U]” - iMﬁ
i—-fg+20 i—p+20 i+p+20 i+ha+20

+

e ’ “———1 r——"
| |
B[U]ij = ' ‘ i + + ri

S 3

i+p—20 i+a—-20 i—p—20

= Improved rotational symmetry rapid approach to continuum
1dea.l gas limit.

Fat-Links in the one-link derivative A[{U]:

Ut = = = 1+16w(‘—’ +”B)

= Improved flavour symmetry - reduced pion splitting
{ T.Blum et al., Phys Rev. D55 (1997) 1133




The QCD phase diagram

order of the transition; its flavour and quark mass dependence

universal critical behaviour?

SU(2) x SU(2) N¢=2 Pure
symmetry m Gauge

~ 0(4) E Z(3) - symmetry

SU(3) x SU(3)
symmetry 0

global symmetries

- suggest order of the transition
- control universal properties at 2" order phase transitions

quantitative results for T.(m,) (or T.(m,) 7?)

- How does the transition temperature depend on m,, my,,...7



Deconﬁnement and chiral symmetry
in 3-flavour QCD
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De.c.on JCLn ement

mg >0 Palgakov Loop orcler pqrcu«-«ez‘,e:—
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Chiral Symmetry Restoration

vanishing of the chiral condensate
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Deconfinement

screening of the heavy quark potential
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Tc__and the Hea.vgi quark potential
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Heavy quark free energy

SU(3) vs. 3-flavour QCD

— drastic changes of large olcsfance
behaview already below Te
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Heavy Quark “Potential” close to T,

FK, E. Laermann, A. Peik‘er'tA, hep-lat /0012023

ns = 3, p4-action, 163 x 4 lattjces
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Temperature dependence of the depth of the
heavy quark free energy (potential) |

3-flavor QCD, mps/my ~ 0.7

AV = lim V(r) — V(0.23 fm)

1.0 - .
AV [GeV]
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®
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04}

02t S §

0.0 - - l - —
05 06 07 08 09 1 11 12

a more detailed analysis of the consequences
for heavy quark spectroscopy does require a |
detailed, quantitative analysis of the short distance

part of the heavy quark potential/free energy

someé heavy quark bound sides
mey g.&f C’QS#'O&@G( a(r-eaclg—

below T



CWd oritical point in 3-ﬂavour QCD

F.K, E. Laermann and Ch. Schmidt, in preparatlon
- shamdord staggered fermion action; 16° X 4 lattices
- 3-4 B-values for ma =0.03, 0.035 and 0.04
Be = 5.147(4)
m. = 0.034(4)

22

1.8

dm,(8)/dB = 0.552(1)

16

(M*)

14 r

(M2)?

: 12 A A A .
0.025 - 06 : 0.035 . 004 0.045

= after rotation: |

3 2 -1 0 1 2 3

"M =y +0.3 S¢
E =S¢ + 0.552 ‘l/;!/’ |

consistent with:
~S. Aoki et al. (JLQCD), Nucl. Phys. B (Proc. Suppl.) 73 (1999) 459.



Quark Mass Dependence of T,

need a my (and ng) indépendent observable to set a scale

- [0.552(13) , quenched (mgq — oo)
'_:x_/l_a = 10.532(18) , partially quenched, m; =0.1, n; =3
- m, . |
10.53(3) , chiral limit, nf = 3

= /o, quenched hadron masses are good scale parameters

: e - — - favours -
| Te(mps) ~ Tc(0) + 0.04()mps | « percolation

picture

4 mps~ 2 GeV

280 } . L
o 777771 SU(3) llml‘t‘
260 | ]
2490 }
220 }
200 } n=2,p4 —m— -
nf=23’ pg —@—
n=2, std —3— '
180 / r , < indicator for
' 4 cut-off effects
160 | mps [MeV] -

0. 500 1000 1500 2000 2500 3000 3500

e weak quark mass dependence of T, [V

=gross features of the transition not controled
by “light” mesons |



Percolation and the Bag Model |
qualitative understanding of the QCD Phase Transition

. percolation model:

bags percolate
3

phase transition Quark-Gluon
Plasma

need O(1) hadrons per hadronic volume: Vg = 4w}, /3

2 o 1
) L galkmal)

glueballs: mg/T, ~ 5 = ng/T® ~ 0.0067 g¢

. e - H
particle density: s = % —

pions: my/T. ~ 1 = n,/T’~ (n‘} —1)n%/90
4
~ 2 3 3\ ~1/3
T. =~ (04(n}—1)r) + 0.03g¢ 1)

drops with increasing ny;
increases with increasing m,
approaches pure gauge value for m, ~ mg




e weak quark mass dependence of T./\/o

for mpg/my S 0.5 or (mps S mg)!

= in accordance with resonance gas models

P = 7 dm p(m) 7 dp b exp(~Byp? + m)
p(m) = &(m — my) + c B(m — m) m* exp(bm)

u mps ~ 1.2 GeV

0.65 | ' ' i
060 | Yo
0.55 ~ i
050
ghueball gas +
045 + pion gas
pion+rho gas
, plon--resonance —
0.40 t : : Agas
mps / ‘/G
0'35 1 1

0.00 1.00 200 - 3.00 4.00 5.00

curves show lines of constant density;

percolation tramnsition:|ngVy = 035 with 75 ~0.8 fm
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0.14 |
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Flavor Dépendénce of T,

0.10 |

0.08

n=2, std staggered —&—
n=3, p4 fat improved —a&—
n=2, p4 fat improved —8—
=2+1, p4 fat improved —e—

%heavy = 2.9 mlig]; (n"li“sh‘“v)2

0.0

0.2 04 0.6

0.8

Tent—z — Teat—s ~ 20 MeV

- weak flavor dependence /
- similar mg-dependence
- T, for (2+1)-flavor QCD ~ T, for 2-flavor QCD

nf:2:

’n_f=3:“

T.

T,

= (173 + 8 & (sim.sys.err.)) MeV

= (154 + 8 & (sim.sys.err.)

) MeV

1.0




2-flavor QCD: T¢/my

O(4) scaling: |T.(m,) — T.(0) ~ m2/P ~ m}!
my-dependent m,: m, ~ m, +C, m,

—=—» direct chiral extrapolation of T./m, difficult

| T T.(0) + c; x!1
expect: = «(0) + 5—|>» X = mps/m,
my m,+C, X

improved Wilson fermions (CP-PACS); first §.(mg) — £(0):
T¢/m, = 0.2224 (51)

improved staggered fermions (Bielefeld); extrapolation in x2:
' T¢/m, = 0.225 (10)

expect sys.err. of similar size

~ 173(8)(..) MeV

* TJmy| + F
0.22 — % ® } [ ; improvement
0220} : +. - {mandatory

*
°
0.18 | g 1(-.)systematic/
- | P
0.16 |} Sym-+p4 staggered —@ * dlscretlsatlon
Sym+Clover,tadpole —#—
0.14 RG+Clover,tadpole —e— ‘e {errors not yet
Plaq+Clover, non-pert —&— o under control
012 Plag+DWF —e— / ™ .
. RG+DWF —e—  Mpg/My 4
10 ps— ! * ! '
) - _noo——a20  0.49 0.60 0. 1.00
mps ~ 0.3 GeV 1 f mps ~ 1.2 GeV

SF:  Sym+ rot. improved SF; Bielefeld

WF:  Plag+Clover/Sym+Clover; R,@ Edwards, U.M. Heller, PL B462 (1999) 132
RG+Clover: CP-PACS -~

DWF: Plaq+DWF/RG+DWJs Columbia-RIKEN-BNL, group




Bulk Thermodynamics -

everything can be obtained from the
partition function| Z(T,V,m,) = Z(N,,N,, 3, m)

o free energy density: | f = —%;-mz

not directly accessible to MC-calculations =

trick: 'integral method, e.g.

T —3y/— :
F /T 1,0 SV1n Z(t,V,my) .
T4 TO TO Bt
e pressure: P=-—f

requires large volumes for homogeneity to hold:

@ Z/oV)r =W Z/V

. energy density: €-3P) _,d (P)

O AVE
from (%)
(e =3P) _ Tat—?’v—l In Z(t,V,mg)
T4 ot

S _e—I—P

e entropy density: = =3




SU(3) Equation of State

-

o e O D > e s e
-
-
-
-
-
-

| ANNANNNNNNNNNN I

e(T,) ~ 500 MeV /fm3 4_ mg ~ 1700 MeV
4

|
1 2 3 g negd ~ 25 d.o.f.

'ﬂ“ j = resonanz gas
T. ~ (0.63 — 0.65)\/5 =~ 270 MeV |

- 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,

J.0. Andersen et al., PR D61 (2000) 014017;

J.-P. Blaizot, et al., PRL 83 (1999) 2906; PL B470 (1999) 181
= large thermal gluon mass; strong T-dependence

P. Lévai and U. Heinz, PR C57 (1998) 1879




Energy Density

new results:

Clover improved WF (CP-PACS in prep.), S. Ejiri, hep-lat/0011006v2
rot. sym. improved SF (Bielefeld): + hep-lat/0103028
A. Peikert et al., Phys. Lett. B478 (2000) 447

»

ns = 2 Clover fermions:

large cut-off dependence
for T > T,

small cut-off dependence
at T,

16.0 | | . |
' — ] iImprove

140 | - T | P _
| — —-- staggered fermions:
12:0 B 8 ——

10.0 " A =

80t {small cut-off

6.0 | 3 flavour ] dependence

A 2+1 flavour
40 | 2 flavour
20 | i
5 TIT,

0.0 - : — ;
10 15 20 25 30 35 40

critical energy density: (€Ec = (6 :i:‘2) Tg

even massless pions would contribute only 10% to this!

detailed analysis of volume and quark mass dependence still needed!




Some Quantitative Results

e The QCD (phase) transition is weakly dependent

on n; and mps.

- L-calculations will provide T, with less than

10% errors in the near future; current estimate:

ngf=2: T, = (173 £ 8 & (sim.sys.err.)) MeV

=
-

|
w-
-
[¢]

I

(154 =8 + (sim.sys.err.)) MeV

e bulk thermodynamics, e.g. the preésure in units
of the ideal gas pressure, is only weakly flavor

dependent

- critical energy density:

e=(6+2)T, = e =~ (700 300) MeV /fm®
+emor on e
e screening of the heavy quark free energy sets in

at rather short distances: r ~ 0.3 fm

e MEM provides a promissing approach towards the

study of thermal masses in the vicinity of T,



QCD with a realistic mass spectrum
mu =md§0, ms c."Tc

— first order or crossover? —

quantitative results on this question
+

Tc, ec, e.O.S, soe

are within reach



