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Nucleon mass extrapolationNucleon mass extrapolation
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Earth SimulatorEarth Simulator
Based on the NEC SX architecture, 640 nodes, each node with 8 Based on the NEC SX architecture, 640 nodes, each node with 8 
vector processors (8 vector processors (8 Gflop/sGflop/s peak per processor), 2 ns cycle time, peak per processor), 2 ns cycle time, 
16GB shared memory. 16GB shared memory. –– Total of 5104 total processors, 40 Total of 5104 total processors, 40 TFlop/sTFlop/s
peak, and 10TB memory.peak, and 10TB memory.
It has a single stage crossbar (1800 miles of cable) 83,000 copIt has a single stage crossbar (1800 miles of cable) 83,000 copper per 
cables, 16 GB/s cross section bandwidth.cables, 16 GB/s cross section bandwidth.
700 TB disk space, 1.6 PB mass store700 TB disk space, 1.6 PB mass store
Area of computer = 4 tennis courts, 3 floorsArea of computer = 4 tennis courts, 3 floors
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Finite Temperature in Field TheoryFinite Temperature in Field Theory

In imaginary time the partition function In imaginary time the partition function 
which defines the field theory is:which defines the field theory is:

The action is:The action is:

∫∏ −= ]}[exp{ ϕϕ SdZ x
x

),(][
/1

0

ϕϕϕ µ∂= ∫ ∫∫∫ LdxdydzdtS
T
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QCD at Finite TemperatureQCD at Finite Temperature

Partition function of QCD with one Partition function of QCD with one 
flavor at temperature T is:flavor at temperature T is:

The action is:The action is:∫ ∫

∫
+−∂+=

−=
T

qmAgiFxddtAS

ASDDDAZ
/1

0

23 })ˆˆ(){(],,[

]},,[exp{

ψψψψ

ψψψψ

µµνµ

µµ

MMdd det}exp{ =∫ ψψψψ
In computerIn computer
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Types of FermionsTypes of Fermions
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Types of FermionsTypes of Fermions
MMdd det}exp{ =∫ ψψψψ

WilsonWilson
KogutKogut--SuskindSuskind
Wilson improvedWilson improved
Wilson Wilson nonperturbatevelynonperturbatevely improvedimproved
Domain wallDomain wall
StaggeredStaggered
OverlapOverlap

1. Quark mass 1. Quark mass -->0      2. Fast algorithms>0      2. Fast algorithms
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Approximations to real QCDApproximations to real QCD

Quenched approximation (no Quenched approximation (no fermionfermion
loops), gauge group SU(2), SU(3)loops), gauge group SU(2), SU(3)

Dynamical fermions, the realistic situation, Dynamical fermions, the realistic situation, 
heavy heavy ss quark  and quark  and 5Mev5Mev uu and and d d quarks quarks 
will be available  on computers in 2015(?).will be available  on computers in 2015(?).
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Types of AlgorithmsTypes of Algorithms
1. 1. HybridHybrid MonteMonte CarloCarlo + + MolecularMolecular dynamicsdynamics, , 
leapleap--frogfrog

2. 2. LocalLocal BosonBoson AlgorithmAlgorithm

3. 3. PseudofermionicPseudofermionic HybridHybrid MonteMonte CarloCarlo

3. 3. TwoTwo stepstep multybosonmultyboson

4. 4. PolynomialPolynomial HybridHybrid MonteMonte CarloCarlo
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1. Earth (solid 
state)  
 
 
2. Water (liquid) 
 
 
3. Air (gas) 
 
 
 
4. Fire (plasma)   
 
 
      
 
5.….. (quark-gluon plasma) 
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Earth simulatorEarth simulator
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Earth simulatorEarth simulator
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Earth simulatorEarth simulator
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Earth simulatorEarth simulator
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Earth simulatorEarth simulator
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How to find quark gluon plasma?How to find quark gluon plasma?

ORDER PARAMETERSORDER PARAMETERS

><=

∞=

∫ }Aexp{i          line Polyakov
1/T

0
00dxP

mq

><=

=

ψψ         condensateQuark 

0qm
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ExampleExample

= o

L(T,m  )q

o0=mq mq

T
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Lattice calculation by DIK groupLattice calculation by DIK group

0.133 0.134 0.135 0.136 κ
0

0.01

0.02

0.03
<L>

0.133 0.134 0.135 0.136 κ
0

0.1

0.2

χ

PolyakovPolyakov loop                  susceptibility       loop                  susceptibility       
clowerclower improved Wilson fermions improved Wilson fermions 

16**3*8 lattice16**3*8 lattice
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Quark condensateQuark condensate
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FermionFermion condensate vs. T, condensate vs. T, F.KarschF.Karsch et al.et al.
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Phase diagram Phase diagram mmqq--T, one flavorT, one flavor
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Quark mass dependence of Quark mass dependence of TcTc
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Three quarksThree quarks
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Critical temperature for  Critical temperature for  
pure glue and for various pure glue and for various 

dynamical quarksdynamical quarks
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PurePure
SU(3)SU(3)
glueglue
(simplest(simplest
case)case)
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Temperature of the phase transitionTemperature of the phase transition
Pure glue SU(3)Pure glue SU(3) F. F. KarschKarschMevTc )2271( ±=
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Temperature of the phase transitionTemperature of the phase transition
Pure glue SU(3)                                           Pure glue SU(3)                                           F. F. KarschKarsch

Two flavor QCD, clover improved Wilson fermionsTwo flavor QCD, clover improved Wilson fermions

C.BernardC.Bernard (2005)(2005)

DIK collaboration (2005) DIK collaboration (2005) 

MevTc )2271( ±=

MevTc )4171( ±=

MevTc )3166();3173( ±±=
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Temperature of the phase transitionTemperature of the phase transition
Pure glue SU(3)                                           Pure glue SU(3)                                           F. F. KarschKarsch

Two flavor QCD, clover improved Wilson fermionsTwo flavor QCD, clover improved Wilson fermions

C.BernardC.Bernard (2005)(2005)

DIK collaboration (2005) DIK collaboration (2005) 

Two flavor QCD, improved staggered fermions  Two flavor QCD, improved staggered fermions  

F.KarschF.Karsch (2000)(2000)

MevTc )2271( ±=

MevTc )4171( ±=

MevTc )8173( ±=

MevTc )3166();3173( ±±=
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Temperature of the phase transitionTemperature of the phase transition
Pure glue SU(3)                                           Pure glue SU(3)                                           F. F. KarschKarsch

Two flavor QCD, clover improved Wilson fermionsTwo flavor QCD, clover improved Wilson fermions

C.BernardC.Bernard (2005)(2005)

DIK collaboration (2005) DIK collaboration (2005) 

Two flavor QCD, improved staggered fermions  Two flavor QCD, improved staggered fermions  

F.KarschF.Karsch (2000)(2000)

ThreeThree flavor QCD, improved staggered fermions!flavor QCD, improved staggered fermions!

F.KarschF.Karsch (2000)(2000)

MevTc )2271( ±=

MevTc )4171( ±=

MevTc )8173( ±=

MevTc )3166();3173( ±±=

MevTc )8154( ±=
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Example of extrapolation (DIK 2005)Example of extrapolation (DIK 2005)
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Plasma thermodynamicsPlasma thermodynamics

Free energy densityFree energy density

energy,      entropy,       energy,      entropy,       velosityvelosity of sound,   of sound,   
.    pressure.    pressure

),( VTZ
V
Tf −=

ε s sc
p

ε
εε

d
dpc

T
p

T
s

T
P

dT
dT

T
p

fp

s =
+

==
−
−=

2
4344 ;);(

;
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Example: pressureExample: pressure

  0
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p/T4 pSB/T4

3 flavour
2+1 flavour

2 flavour
pure gauge

F. F. KarschKarsch (2001(2001--2005)2005)
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FULL PROBLEMFULL PROBLEM
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Non zero chemical potentialNon zero chemical potential

QCD partition function at finite temperature QCD partition function at finite temperature 
and chemical potentialand chemical potential

At finite chemical potential the At finite chemical potential the fermionicfermionic
determinant is not positively defined! Thus determinant is not positively defined! Thus 
we have no interpretation of the partition we have no interpretation of the partition 
function as probability wait (big difficulties function as probability wait (big difficulties 
with MC).with MC).

∫ ∫∫+−= }],,[exp{ 0
3

/1

0

ψγψµψψψψ µµ xddtASDDDAZ
T

MMdd det}exp{ =∫ ψψψψ
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АнекдотАнекдот
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Mu-T diagramme, example of 
calculation

(weighted expantion on mu)
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C.R. C.R. AalltonAallton et al.et al.
(2005)(2005)
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Full diagram (theory)Full diagram (theory) C.R. C.R. AalltonAallton et al. (2005)et al. (2005)
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Tc ~ 170 MeV

µ ∼ o

<ψψ> > 0
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<ψψ> ∼ 0

n  > 0
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quark matter

neutron star cores
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CFLB B

superfluid/superconducting

2SC
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