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1. Lattice QCD
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〈O〉 =

∫
[dAµ(x)][dψ(x)][dψ(x)]e−S[Aµ,ψ,ψ]O[Aµ, ψ, ψ]∫

[dAµ(x)][dψ(x)][dψ(x)]e−S[Aµ,ψ,ψ]
(1)

• observables are given by the ratio of two integrals

• existence of integral?

• a regulator is necessary

• discretization of space-time

• numerical integration (Monte Carlo method)

• continuum limit (a→ 0)

• finite volume effect (large enough spacetime)

• realistic quark mass
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• three(more ?) different phases of QCD states

• hadronic phase

V (r) = −
α

r
+ σr (2)

• quark-gluon plasma (QGP) phase

V (r) = −
α

r
e−µr +

σ

µ
(1 − e−µr) (3)

• color superconducting phase

– p. 6



2. Lattice QCD in Finite
Temperature

• No problem with simulation! it is “just” difficult

• Recent focus on realistic simulations
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• Example: RBC-Bielefeld, PRD74, 054507(2006),
hep-lat/0608013

• Nf = 2 + 1, p4fat3 staggered quark action, tree-level
Symanzik improved gauge action

• Nt = 4, 6. Ns = 8, 16, 24, 32

• mq = 0.00325 ∼ 0.05(Nt = 4), 0.004 ∼ 0.016(Nt = 6)
(150 ≤ mπ ≤ 500)MeV

• ms = 0.01 ∼ 0.065(Nt = 4), 0.04(Nt = 6)

• Exact RHMC algorithm
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• Tc = 192(7)(4), rapid cross-over
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3. Lattice QCD with Finite Baryon
Density

• “Sign problem” with lattice formulation of finite baryon
density

• With finite chemical potential QCD lagrangin is complex

M(µ) = γµDµ +m+ µγ0 (4)

can’t find Λ for M †(µ) = ΛM(µ)Λ−1

• Monte Carlo simulation is difficult (importance sampling
may be accomplished only after large cancellation)
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• Recently devised methods for small baryon density
(small µ, chemical potential) region

(a) Multi-parameter reweighting

(b) Taylor expansion of observables around µ = 0

(c) Imaginary chemical potential method

• For example, critical end point at (T, µB) ∼ ( 162, 360)
from (2+1 flavor) (a) method

• continuum limit, chiral extrapolation, finite volume effect
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• Hydrodynamic quantities: slope of various spectral
functions at zero frequency limit

• bulk viscosity, shear viscosity, electric conductivity, etc

• Swansea-Sejong collaboration, hep-lat/0703008

G(τ) =

∫
d3x〈J(τ, ~x)J†(0,~0)〉 =

∫
0

∞dω

2π
K(ω, τ)ρ(ω) (5)

K(ω, τ) =
cosh[ω(τ − 1

2T )]

sinh( ω2T )
(6)
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• σ/T = 0.4 ± 0.1
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4. Discussion
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