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introduction

phase diagram of strongly interacting matter
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equation of state
°

thermodynamics

@ partition function

Z(K) = [[dUJF(U)e—Se(W)

U gauge field; F(U) quark contribution; Sg = Sg + St
@ physical observables:

continuum (a — 0) and thermodynamic (V — oo) limit
@ pressure

p(K) =y InZ(K)
@ energy density

e—3p __ d (p
- = T g7 (57))fixed w/T

@ in the following: ©u =20
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equation of state

pressure

Pﬂ_4 (H) pSB”4 0.8 P/Psg (h) aeenerrerrett U0
4l . . padedii ...........................
3| — 06 |
5 3 flavour 04 | ..............

2 flavour

2+1 flavour

1 pure gauge 0.2 pure gauge
1T,
0 - - - 0.0 : - - - - :
100 200 300 400 500 600 1.0 1.5 2.0 2.5 3.0 3.5 4.0
@ left
@ pressure in QCD with: ns = 0,2 and 3 light quarks
e and 2 light and a heavier quark
@ pure gauge: continuum extrapolation
e arrows: ideal gas pressure

e p and T, dependent on degrees of freedom
@ right:
e almost flavour independent
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equation of state
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energy density

g0} | T

40 — Esﬁ_ﬂd @ N, =16; N, =4

120 | - ® 23 my/T=04

100 T o +1my/T =1

8.0 @ StefanBoltzmann

not reached

6.0 3 flavour —— ® c. ~ 6T§';

4.0 2 flavour —— T. =~ 175MeV

20 @ ¢, ~ 0.7GeV/fm3
1,

0.0
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energy density

berlin wall plot

equation of state
oe

I0g —
= a k!
Il'::l, \1':'1.
Woha
1#.“ H-"l:;. h"'-.
- %% "y, i
AR -
1Y S
= ¥y M *..
& ' K"ﬁ.\"._:i‘ v
3 ol Wh ey
? : \\.‘:h 1‘"‘_‘
f & "1\;‘;\ ".,"
g | Pzl
ool @ N=2IDWFL =16 'T:l*,u, .
- . m N =2Wilson “n,!"-‘.‘;l“ -
F —~ N, =2Clover R
A N=2TM -
SNlE o N, = 2+1 Asgtud R 3
] N[= 21+] Asqrad BHMC .
3 N‘=Ealclcwcr
| I i | 3
a 0 02 04 06 04 i
meP

cost to generate 1000 independent gauge configurations

on 243 x 40 lattice with a = 0.08fm

10'2 FLoating point
Operations Per Second

P4 3.2 GHz ~ 7.2
GigaFlops

mp: lud); Sx=0,S, =1
Mtot = mq1 —+ mqg _I_AmSS

physical values:
m, = 140MeV
m, = 775MeV

iIncrease due to “sign
problem”
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phase transition
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sensitive observables

QCD: two phase transitions

@ restoration of chiral (helicity) symmetry (mq — 0)
SUp 4 r(Nf) = SUL(N¢) X SUR(Ng)

order parameter (chiral condensate) :
o (Yrs) =(qq) = v 335 INZ(T,V, 1)
e bare quark mass (QGP): m, 4 =~ 5MeV satisfies chiral limit
well (hadron: mproton = 1GeV)

@ de/confinement
order parameter (Polyakovloop, mgq — o0):

o (L) = (¥ ;TrPL(X))

1/7T -
L(‘)Z’) — ‘J)e_ Io/ dXvo(Xo,X)
(closed line Integral over gluon field representing static quark source)

e symmetry explicitly broken in presence of light dynamical

quarks, still:
e free energy of a static quark placed in thermal heat bath:

Fq(T) =—TIn (L))
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phase transition
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sensitive observables
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@ (left) Polyakov loop
e (L) =0 < confined phase, T < T,
e (L) > 0 « deconfined phase, T > T,
@ (right) chiral condensate
@ (qq) > 0 « symmetry broken, T < T,
@ (qq) = 0 < symmetric phase, T > T,
@ and their temperature derivatives (x; )

@ both transitions almost at same temperature
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critical temperatureT.
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@ continuum extrapolation from N, = 6,8,10; a2 x —»

e (left) chiral condensate susceptibility
e (middle) strange quark number susceptibility: xs =
@ (right) normalized Polyakov loop

@ T. depends a lot on the variable
@ and the group: Fodor/Katz (above) vs Karsch
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phase transition

oce

order of phase transition

T4/ (m2Ax)

Oﬂll - 001 - 0.02 - 0.03 - 004 |
1/(TV)

@ Ax: peak of chiral susceptibility: x(T) —x(0); m =my q

@ 22(2) is 110 away from zero

— Nno phase-transition-like volume dependence
=~ crossover

@ no real T., but pseudo-critical
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n#0

T, and critical end point
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@ methods:

e extrapolation from numerical simulationsat u=0tou >0
e simulatons with imaginary u analytically continued to real u

@ u=0:T. =164 = 2MeV
@ T =162+ 2 MeV, ug = 360 + 40 MeV
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n#0

baryon density

T

phase transition

oce
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(strange quark) mass sensitivity

N =2 Pure
e Gauge
2nd order :
w 0?2 2nd order “_
Z(2)
tric
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= "f = 3
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m =
2nd order
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0
0 m, ., mg o

@ phase diagram dependence on number of flavors and
quark masses
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phase transition
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(strange quark) mass sensitivity

Realworld —— Real world ——

\ QCD critical point DISAPPEARED

crossover crossover
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@ (left)
@ common expectation
@ curvature positive < 1st order region expands
e “standard” phase diagram
@ (right)
@ curvature negative «— 1st order region shrinks
@ only crossover (favored by calculations !)
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summary

summary

@ QCD results only on lattice quite good
@ improved constantly

@ critical temperatures for u = 0 vary
(T =151 £ 5 — 192 £ 8)

@ dependencies/ cpu cost: mq, 1, a, (N, Ng)
physical light quark masses not yet reached
@ order of phase transition depends on n

@ critical end point (second order transition): Tg = 162 MeV
Up = 3pq = 360MeV
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