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Outline

Introduction:

elementary particles at high temperature and density

Bulk thermodynamics

the QCD equation of state

The QCD (phase) transition

deconfinement and chiral symmetry restoration

Hadronic fluctuations and finite density QCD

fluctuations and correlations at vanishing chemical potential
critical behavior at non-zero chemical potential

Conclusions
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From matter to elementary particles...
...to elementary particle matter

temperatures in the early universe after 10−6 sec: ∼ 1012 K

density of neutron stars: ∼ (3-10)-times nuclear matter density

hadron gas
dense hadronic

matter

quark gluon plasma

increasing temperature

decreasing tim
e
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From Hadronic Matter to the Quark Gluon Plasma

with the help of QCD?

hadron gas
dense hadronic

matter

QuantumChromoDynamics
(Fritsch, Gell-Mann,
1972)

nf quarks;
(N2

c − 1) gluons;

confinement;
asymptotic freedom;
chiral symmetry breaking;

J.C. Collins, M.J. Perry, Superdense Matter:
Neutrons and asymptotically free quarks?
PRL 34 (1975) 1353

N. Cabibbo, G. Parisi, Exponential Hadronic
Spectrum and Quark Liberation, PL B59 (1975) 67
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Heavy Ion collisions at the RHIC@BNL:

AU-AU beams:
√
s = 130, 200 GeV/A
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Heavy Ion collisions at the RHIC@BNL:

AU-AU beams:
√
s = 130, 200 GeV/A

estimated temperature: T0 ≃ (1.5-2)Tc

estimated initial energy density:
ǫ0 ≃ (5 − 15) GeV/fm3

need EoS to estimate T0, ǫ0 F. Karsch, Erice, September 2008 – p.5/36



Creating hot and dense matter in
heavy ion collisions

Creating a QGP in A-A Collisions (RHIC)

beam energy: 200 GeV/A (for Au)
∼ O(1000) particles/event at central rapidity

initial (thermalized) energy density
ǫ(τ0) ∼ 10 GeV/fm3

initial temperature; baryon density
µB ≃ 50 MeV∼ 1.5 Tc ;

∼ 250 MeV

phase transition at Tc ≃ 170 MeV

back to the ordinary QCD vacuum

τ0 ∼ (0.5 − 1.0)fm

τf = ?

”measured” in experiment;
using Bjorken formula

hydrodynamic expansion
at constant S, NB

need EoS: p(ǫ) ⇒ vs

(transport coefficients)

hydro: ǫ(τ )
lattice QCD: ǫ(T )

⇒ ǫ(τ0), Tf ≡ Tc, τfobservable properties of QGP?
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LGT-EoS and hydro-expansion

simple 1-d hydro: ∂µTµν = 0 ⇒ dǫ

dτ
= −ǫ+ p

τ

ideal gas EoS: p/ǫ = 1/3

ǫ(τ )

ǫ(τ0)
=

(

τ0

τ

)4/3

⇒ τf = τ0

(

ǫ(τ0)

ǫ(τc)

)3/4

lattice EoS: p/ǫ < 1/3 ⇒ slows down expansion;
⇒ increases plasma lifetime

dǫ

dτ
= −4

3

ǫ

τ

(

1 − 0.3

1 + 0.2 ǫ fm3/GeV

)
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LGT-EoS and hydro-expansion

simple 1-d hydro: ∂µTµν = 0 ⇒ dǫ

dτ
= −ǫ+ p

τ

ideal gas EoS: p/ǫ = 1/3

ǫ(τ )

ǫ(τ0)
=

(

τ0

τ

)4/3

⇒ τf = τ0

(

ǫ(τ0)

ǫ(τc)

)3/4

lattice EoS: p/ǫ < 1/3 ⇒ slows down expansion;
⇒ increases plasma lifetime

dǫ

dτ
= −4

3

ǫ

τ

(

1 − 0.3

1 + 0.2 ǫ fm3/GeV

)

ǫ(τ0 = 1 fm) ≃ 10GeV/fm3 ⇒ τf ≃ 5.5 fm (ǫ = 3p)

≃ 7 fm (LGT EoS)
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Thermodynamics on Supercomputers
QCDOC and BlueGene/L at BNL

NYBlue:
100 Teraflops peak,
(10-20)% sustained;

used since ∼ June 2007

US/RBRC QCDOC
20.000.000.000.000 ops/sec

∼ 40 TFlops for QCD-Thermodynamics
∼ 10 times more CPU-time than for

previous studies of the EoS
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Analyzing hot and dense matter on
the lattice: N3

σ × Nτ

1/T =Nτ

1/3
σV =N

a

a

a

Quantum Chromo Dynamics

partition function: Z(V , T , µ) =

∫

DADψDψ̄ e−SE

SE =

∫ 1/T

0

dx0

∫

V

d3x LE(A, ψ, ψ̄, µ)

temperature volume chemical potential Phys. Rev. D21 (1980) 2308

Michael Creutz
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Analyzing hot and dense matter on
the lattice: N3

σ × Nτ

1/T =Nτ

1/3
σV =N

a

a

a

Quantum Chromo Dynamics

partition function: Z(V , T , µ) =

∫

DADψDψ̄ e−SE

SE =

∫ 1/T

0

dx0

∫

V

d3x LE(A, ψ, ψ̄, µ)

temperature volume chemical potential

O(106) grid points;

O(108) d.o.f.;

integrate eq. of motion
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Critical behavior in hot and dense matter:
QCD phase diagram

MeV
190~

few times nuclear
matter density

µ

-SB

µ o

color
superconductor

T

hadron gas

quark-gluon
plasma

deconfined,

χ -symmetric

confined,
χ

continuous transition for
small chemical potential
and small quark masses at

Tc ≃ (170 − 190) MeV
ǫc ≃ 1 GeV/fm3

want accurate Tc, ǫc, ... determination
to make contact to HI-phenomenology
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Critical behavior in hot and dense matter:
QCD phase diagram

MeV
190~

few times nuclear
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-SB
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color
superconductor

T
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quark-gluon
plasma

deconfined,

χ -symmetric

confined,
χ

continuous/rapid
(crossover) transition

continuous transition for
small chemical potential
and small quark masses at

Tc ≃ (170 − 190) MeV
ǫc ≃ 1 GeV/fm3

remaining doubts on order of transition
A. Di Giacomo et al., hep-lat/0503030

want accurate Tc, ǫc, ... determination
to make contact to HI-phenomenology
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Critical behavior in hot and dense matter:
QCD phase diagram

MeV
190~

few times nuclear
matter density

µ

-SB

µ o

color
superconductor

T

hadron gas

quark-gluon
plasma

deconfined,

χ -symmetric

confined,
χ

continuous/rapid
(crossover) transition

continuous transition for
small chemical potential
and small quark masses at

Tc ≃ (170 − 190) MeV
ǫc ≃ 1 GeV/fm3

chiral critical 
point 

2nd order phase transition;
Ising universality class

Tc(µ) under investigation

remaining doubts on order of transition
A. Di Giacomo et al., hep-lat/0503030

want accurate Tc, ǫc, ... determination
to make contact to HI-phenomenology

location of CCP uncertain:
volume and quark mass dependence
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Calculating the EoS on
lines of constant physics (LCP)

The interaction measure for Nf = 2 + 1 ⇔ Trace Anomaly

ǫ− 3p

T4
= T

d

dT

“ p

T4

”

=

„

a
dβ

da

«

LCP

∂p/T4

∂β

=

„

ǫ− 3p

T4

«

gluon

+

„

ǫ− 3p

T4

«

fermion

+

„

ǫ− 3p

T4

«

m̂s/m̂l

The pressure

p

T4

˛

˛

˛

β

β0

=

Z T

0
dT

1

T

„

ǫ− 3p

T4

«

need T-scale, aT = 1/Nτ and its relation to
the gauge coupling a ≡ a(β)

N.B.: a(β) is only defined through physical observables
⇒ choose a simple one
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T = 0 scale setting using
the heavy quark potential

use r0 or string tension to set the scale for T = 1/Nτa(β)

V (r) = −α
r

+ σr , r2
dV (r)

dr
|r=r0 = 1.65

-3

-2

-1

 0

 1

 2

 3

 0  0.5  1  1.5  2  2.5

V(r/r0) r0

r/r0

3.382
3.43 
3.51 
3.57 
3.63 
3.69 
3.76 
3.82 
3.92 

no significant cut-off dependence
when cut-off varies by a factor 5

i.e. from the transition region
on Nτ = 4 lattices (a ≃ 0.25 fm)
to that on Nτ = 20 lattices
(a ≃ 0.05 fm) !!
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scales extracted from
’gold plated observables’

fπ

fK

3MΞ −MN

2MBs
−MΥ

ψ(1P − 1S)

Υ(1D − 1S)

Υ(2P − 1S)

Υ(3S − 1S)

Υ(1P − 1S)

LQCD/Exp’t (nf = 0)

1.110.9

LQCD/Exp’t (nf = 3)

1.110.9

high precision studies of several experimentally well known
observables in lattice calculations with staggered (asqtad) fermions
led to convincing agreement ⇒ gold plated observables

simultaneous determination of r0/a in these calculations deter-
mines the scale r0 in MeV

knowing any of these experimen-
tally accessible quantities accurately
from a lattice calculation is equiva-
lent to knowing r0, which is a funda-
mental parameter of QCD

C.T.H. Davies et al., PRL 92 (2004) 022001

A. Gray et al., PRD72 (2005) 094507
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scales extracted from
’gold plated observables’

fπ

fK

3MΞ −MN

2MBs
−MΥ

ψ(1P − 1S)

Υ(1D − 1S)

Υ(2P − 1S)

Υ(3S − 1S)

Υ(1P − 1S)

LQCD/Exp’t (nf = 0)

1.110.9

LQCD/Exp’t (nf = 3)

1.110.9

high precision studies of several experimentally well known
observables in lattice calculations with staggered (asqtad) fermions
led to convincing agreement ⇒ gold plated observables

simultaneous determination of r0/a in these calculations deter-
mines the scale r0 in MeV

we use r0 = 0.469(7) fm
determined from quarkonium
spectroscopy
A. Gray et al, Phys. Rev. D72 (2005)
094507

C.T.H. Davies et al., PRL 92 (2004) 022001

A. Gray et al., PRD72 (2005) 094507
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(ǫ− 3p)/T 4 on LCP
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Tr0 (ε-3p)/T4 

asqtad: Nτ=6
8

p4: Nτ=6
8

two different fermion discretiza-
tion schemes agree on shape of
(ǫ− 3p)/T 4 AND the tempera-
ture scale Tr0

LCP: mq = 0.1ms

⇒ mπ ≃ 220 MeV

to get from Tr0 to T [MeV] use r0 = 0.469fm
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(ǫ− 3p)/T 4 on LCP

two different fermion discretiza-
tion schemes agree on shape of
(ǫ− 3p)/T 4 AND the tempera-
ture scale Tr0

LCP: mq = 0.1ms

⇒ mπ ≃ 220 MeV

0

1

2

3

4

5

6

7

8

 130  140  150  160  170  180  190  200

0.32 0.36 0.40 0.44 0.48

T [MeV] 

Tr0 
(ε-3p)/T4 

0.1ms: Nτ=6
8

0.05ms: Nτ=8
HRG

towards the physical LCP:
mq = 0.05ms

∼ 5 MeV shift in T -scale

to get from Tr0 to T [MeV] use r0 = 0.469fm
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Pressure, Energy and Entropy

    0
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T [MeV] 

Tr0 εSB/T4

ε/T4: Nτ=4
6
8

3p/T4: Nτ=4
6
8

p/T4 from integration over (ǫ− 3p)/T5;
p(T0) = 0 at T0 = 0 MeV
(exponential extrapolation);

systematic error on 3p/T4 ≃ 0.33

good scaling behavior; good agreement between different discretization schemes
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p(T0) = 0 at T0 = 0 MeV
(exponential extrapolation);
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EoS and velocity of sound

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

   1   10  100 1000

ε [GeV/fm3] 

p/ε

p(T=100MeV)=0

RHIC LHC

243 6
323 8(p4)

323 8(asqtad)
fit: p/ε

HRG: p/ε
cs

2

p/ǫ ⇒ velocity of sound:

c2s =
dp

dǫ
= ǫ

d(p/ǫ)

dǫ
+
p

ǫ
≡ s

cV

pressure set to zero

at T = 100 MeV

hotQCD preliminary

fit: p/ǫ = c−a/(1 + bǫ) for ǫ>∼4 GeV/fm3
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Transition temperature
Goal: QCD thermodynamics with realistic quark masses in (2+1)-f QCD

and controlled extrapolation to the continuum limit;

control cut-off dependence: Nτ = 4, 6,...

control volume dependence: Nσ/Nτ = 2, 4...

control quark mass dependence, in order to get confidence in
stability of results at physical point:
150 MeV<∼mπ<∼500 MeV

establish results in the chiral limit
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CHIRAL SYMMETRY RESTORATION:

χ-condensate and susceptibility

0.0
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χsinglet/T
2 hotQCD

preliminary

0.75*p4fat3
asqtad

sudden change in chiral condensate is,
of course, related to peaks in the
(singlet) chiral susceptibility

χtot/T
2 = 2χdis/T

2 + χcon/T
2

∆l,s(T) =
〈ψ̄ψ〉l,T − ml

ms
〈ψ̄ψ〉s,T

〈ψ̄ψ〉l,0 − ml

ms
〈ψ̄ψ〉s,0

p4 and asqtad: hotQCD, preliminary F. Karsch, Erice, September 2008 – p.18/36



Deconfinement
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6
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6

renormalized Polyakov loop and strange quark number susceptibility

Lren ∼ e−FQ(T )/T , χs/T
2 ∼ 〈N2

s 〉

band: 185MeV ≤ T ≤ 195MeV

Nτ = 4, 6 (p4): RBC-Bielefeld, PRD77, 014511 (2008)
Nτ = 8, andNτ = 6 (asqtad): hotQCD, preliminary F. Karsch, Erice, September 2008 – p.19/36



Deconfinement and χ-symmetry
and bulk thermodynamics
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χ-symmetry restoration:
drop in condensate;
peak in susceptibilities

most prominent features of bulk thermodynamics are related to
deconfinement
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Where are we now?

140 160 180 200

M. Cheng et al., Phys.Rev D74, 054507 (2006)

C. Bernard et al., Phys.Rev. D71, 034504 (2005)
Nf=2=1:

chiral deconfinement chiral+deconfinement

(improved staggered (p4), Nt=4,6; input r0)

Y. Aoki et al., Phys. Lett. B643, 46 (2006)

Y. Maezawa et al., hep−lat/0702005 (QM’2006)

(improved Wilson, Nt=4, 6; input: m−rho)

V.G. Bornyakov et al, POS Lat2005, 157 (2006)

(improved staggered (asqtad), Nt=4,6,8, input r1)

(staggered (stout), Nt=4,6,8,10; input fK)

(rescaled to r0)

(no cont. exp. yet)

(rescaled to r0)

(converted to r0)

use T=0 scale: r0=0.469fmT [MeV]

Nf=2:

(improved Wilson, Nt=8, 10; input: r0=0.5 fm)
(added Nt=12, Lattice’07)
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Where are we now?

140 160 180 200

M. Cheng et al., Phys.Rev D74, 054507 (2006)

C. Bernard et al., Phys.Rev. D71, 034504 (2005)
Nf=2=1:

chiral deconfinement chiral+deconfinement

(improved staggered (p4), Nt=4,6; input r0)

Y. Aoki et al., Phys. Lett. B643, 46 (2006)

Y. Maezawa et al., hep−lat/0702005 (QM’2006)

(improved Wilson, Nt=4, 6; input: m−rho)

V.G. Bornyakov et al, POS Lat2005, 157 (2006)

(improved staggered (asqtad), Nt=4,6,8, input r1)

(staggered (stout), Nt=4,6,8,10; input fK)

(rescaled to r0)

(no cont. exp. yet)

(rescaled to r0)

(converted to r0)

use T=0 scale: r0=0.469fmT [MeV]

Nf=2:

(improved Wilson, Nt=8, 10; input: r0=0.5 fm)
(added Nt=12, Lattice’07)

Known shortcomings:

too few data: 3-parameter fit to 4 data
points for Tc determined at
mπ > 550 MeV

no continuum extrapolation attempted yet;
would like to see results in units of r0

Nτ = 4, 6, 8, but small spatial volume for
larger Nτ ; still large statistical errors on
individual data points

only Nτ = 4 and 6

only one quark mass; Tc determination
partly based on determination of inflection
points
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Hadronic fluctuations at µ > 0 from
Taylor expansion coefficients at µ = 0

nf = 2, mπ ≃ 770 MeV: S. Ejiri, FK, K.Redlich, PLB633 (2006) 275
nf = 2 + 1, mπ ≃ 220 MeV: RBC-Bielefeld, preliminary

Taylor expansion of bulk thermodynamics in terms of µu,d,s

p

T 4
≡ 1

V T 3
lnZ(V, T, µu, µd, µs)

=
∑

i,j,k

ci,j,k

(

µu

T

)i (

µu

T

)j (

µs

T

)k

expansion coefficients evaluated at µu,d,s = 0 are related to
fluctuations of B, S, Q at µB,S,Q = 0:

⇑ baryon number, strangeness, charge fluctuations

event-by-event fluctuations at RHIC and LHC
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Hadronic fluctuations at µ > 0 from
Taylor expansion coefficients at µ = 0

nf = 2, mπ ≃ 770 MeV: S. Ejiri, FK, K.Redlich, PLB633 (2006) 275
nf = 2 + 1, mπ ≃ 220 MeV: RBC-Bielefeld, preliminary

quadratic and quartic fluctuations

χx2 =
∂2p/T 4

∂(µx/T )2
=

1

V T 3
〈(δNx)

2〉µ=0 =
1

V T 3
〈N2

x〉µ=0

χx4 =
∂4p/T 4

∂(µx/T )4
=

1

V T 3

(

〈(δNx)
4〉 − 3〈(δNx)

2〉2
)

µ=0

=
1

V T 3

(

〈N4
x〉 − 3〈N2

x〉2
)

µ=0

correlations

χx,y11 =
∂2p/T 4

∂(µx/T )∂(µy/T )
=

1

V T 3
〈(δNx)(δNy)〉µ=0

with x, y = u, d, s or B, Q, S
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Quadratic fluctuations of baryon number
charge & strangeness in (2+1)-flavor QCD

RBC-Bielefeld, preliminary

vanishing chemical potentials:

χQ2 =
1

V T 3
〈Q2〉

χB2 =
1

V T 3
〈N2

B〉

χS2 =
1

V T 3
〈N2

S〉

rapid approach to SB limit
0.0
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open: Nτ=4
full: Nτ=6

3 χ2
B

3/2 χ2
Q

χ2
S

⇒ smooth change of quadratic fluctuations across transition region

chiral limit: χB2 , χ
Q
2 ∼ |T − Tc|1−α + regular
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Quartic fluctuations of baryon number
charge & strangeness in (2+1)-flavor QCD

RBC-Bielefeld, preliminary

vanishing chemical potentials:

χQ4 =
1

V T 3

(

〈Q4〉 − 3〈Q2〉2
)

χB4 =
1

V T 3

(

〈N4
B〉 − 3〈N2

B〉2
)

χS4 =
1

V T 3

(

〈N4
S〉 − 3〈N2

S〉2
)

rapid approach to SB limit
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full: Nτ=6
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S

⇒ large light quark number & charge fluctuations across transition region

chiral limit: χB4 , χ
Q
4 ∼ |T − Tc|−α + regular
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Ratios of quartic and quadratic fluctuations
of charges in (2+1)-flavor QCD

nf = 2: S. Ejiri, FK, K.Redlich, PLB633 (2006) 275
nf = 2 + 1: RBC-Bielefeld, preliminarybaryon number fluctuation
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quark mass dependence

chiral limit: ratios ∼ |T − Tc|−α + regular

⇒ enhancement over resonance gas values? (need to improveNτ = 6)

⇒ may be observable in event-by-event fluctuations

quark sector quickly (T >∼ 1.5Tc ) behaves perturbative
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Quark number in Boltzmann approximation

baryonic sector of pressure in a hadron resonance gas;

mB ≫ T ⇒ Boltzmann approximation: pB/T 4 =
∑

m≤mmax

pm/T
4

with pm/T
4 = F (T,m, V ) cosh(BmµB/T )

χB2 :
∂2pm/T

4

∂(µB/T )2
= B2

mF (T,m, V ) cosh(BmµB/T )

χB4 :
∂4pm/T

4

∂(µB/T )4
= B4

mF (T,m, V ) cosh(BmµB/T )

ratio of fourth (χB4 ) and second (χB2 ) cumulant of quark number fluctuation
gives ”average unit of charge” carried by all d.o.f (particles):

m ≫ T ⇒ RB4,2 ≡ χB4
χB2

= 1 if all Bm ≡ 0 or 1

ratio is insensitive to details of the baryon mass spectrumF. Karsch, Erice, September 2008 – p.27/36



Charge fluctuations in
Boltzmann approximation

hadronic resonance gas: contributions from isosinglet (G(1) : η, ...)
and isotriplet (G(3) : π, ...) mesons as well as isodoublet
(F (2) : p, n, ...) and isoquartet (F (4) : ∆, ...) baryons

p(T,µq ,µI )

T4
≃ G(1)(T) +G(3)(T)

1

3

„

2 cosh

„

2µI

T

«

+ 1

«

+F (2)(T) cosh

„

3µq

T

«

cosh
“µI

T

”

+F (4)(T)
1

2
cosh

„

3µq

T

« »

cosh
“µI

T

”

+ cosh

„

3µI

T

«–

charge fluctuations at µq = µI = 0;
isospin quartet F (4) contains baryons carrying charge 2

R
Q
4,2 ≡

χ
Q
4

χ
Q
2

=
4G(3) + 3F (2) + 27F (4)

4G(3) + 3F (2) + 9F (4)
→ 1 for T → 0

contribution of doubly charged baryons increases quartic relative
to quadratic fluctuations
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Ratios of quartic and quadratic fluctuations
of charges in (2+1)-flavor QCD

nf = 2 + 1: RBC-Bielefeld, preliminary
Kurtosis

0.0

0.5

1.0

1.5

2.0

 100  150  200  250  300  350

T [MeV] 
SB

HRG

χ4
Q/χ2

Q

Nτ=4
6

electric charge fluctuations

0.0

0.5

1.0

1.5

2.0

2.5

3.0

 100  150  200  250  300  350

T [MeV] 

SB

HRG

χ4
S/χ2

S

Nτ=4
6

strangeness fluctuations

ratios are sensitive to multiple charged hadronic sectors

electric charge fluctuations are sensitive to light pion masses (Bose statistics)

quark sector quickly (T >∼ 1.5Tc) behaves perturbative
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Correlations among conserved charges
nf = 2 + 1: RBC-Bielefeld, preliminary
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Correlations among conserved charges
nf = 2 + 1: RBC-Bielefeld, preliminary
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Hadronic fluctuations at µq = 0

expect 2nd order transition in 3-d, O(4) symmetry class;

scaling field: t =

∣

∣

∣

∣

T − Tc

Tc

∣

∣

∣

∣

+A

(

µq

Tc

)2

, µcrit = 0

singular part: fs(T, µu, µd) = b−1fs(tb
1/(2−α)) ∼ t2−α

c2 ∼ ∂2 ln Z
∂µ2

q

∼ t1−α , c4 ∼ ∂4 ln Z
∂µ4

q

∼ t−α (µ = 0)

O(4)/O(2): α < 0, small ⇒

c2 ∼ 〈(δNq)
2〉 dominated by T-dependence of regular part

c4 ∼ 〈(δNq)
4〉 − 3〈(δNq)

2〉2 develops a cusp

Y. Hatta, T. Ikeda, PRD67 (2003) 014028
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Generic expansion coefficients
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similar in PNJL model: S. Roessner et al, PR D75 (2007) 034007 F. Karsch, Erice, September 2008 – p.32/36



Estimating Tc(µc) and µc/T
How can we estimate the location of the critical endpoint from expansion
coefficients of the Taylor series?

need cn(T ) > 0 to have a singularity on the real axis

expect hadron resonance gas to be a good approximation at low T :

cHRGn > 0 for all n, but rHRGn =
√

1/(n+ 2)/(n+ 1) → 0

⇒ conjecture:

the position of the first maximum of cn(T ), e.g. at Tn < Tc(0),
gives an upper bound on Tc(µc) as one will find cn+2(T ) < 0 for
T > Tn

F. Karsch, Erice, September 2008 – p.33/36



Estimating Tc(µc) and µc/T
Status of the RBC-BI project

calculations for Nτ = 4 and 6; Nσ = 4Nτ

uses an O(a2) improved staggered action (p4fat3)

estimator for µc: (

µc(T )

Tc(0)

)

n

≡ ρn =
T

Tc(0)
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nf=2+1, mπ=220 MeV

nf=2, mπ=770 MeV slight quark mass dependence
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Estimating Tc(µc) and µc/T
Status of the RBC-BI project
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Estimating Tc(µc) and µc/T
Status of the RBC-BI project

calculations for Nτ = 4 and 6; Nσ = 4Nτ

uses an O(a2) improved staggered action (p4fat3)

estimator for µc: (
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weak cut-off dependence

O(µ6) requires more statistics
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Estimating Tc(µc) and µc/T
Status of the RBC-BI project

calculations for Nτ = 4 and 6; Nσ = 4Nτ

uses an O(a2) improved staggered action (p4fat3)

estimator for µc: (

µc(T )

Tc(0)

)

n

≡ ρn =
T

Tc(0)
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r2

Nt=4
Nt=6

Gavai,Gupta

Fodor,Katz

r4 slight quark mass dependence

weak cut-off dependence

O(µ6) requires more statistics

controled calculations of higher
order coefficients with improved
actions are still needed
→ computationally demanding
Teraflops projects

F. Karsch, Erice, September 2008 – p.34/36



Conclusions

LGT calculations with (almost) physical quark masses and
(reasonably) good control over the continuum extrapolation are
now possible

these calculations provide important input to the quantitative
modelling of HIC and the analysis of signatures for the formation
of a quark gluon plasma

a major effort is still needed to provide results from LGT
calculations with non-vanishing chemical potential to explore the
entire phase diagram of QCD and verify or falsify the existence of
a critical point in this phase diagram

F. Karsch, Erice, September 2008 – p.35/36



fπ and fK using staggered
fermions ⇒ r0, r1

r0 can be fixed using high
statistics, chiral and con-
tinuum extrapolated calcula-
tions of, e.g. Υ 2S-1S split-
ting and/or decay constants
fπ, fK

C. Aubin et al. (MILC),

PRD70 (2004) 114501

A. Gray et al,

Phys. Rev. D72 (2005) 094507
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