QCD at finite baryon density

T he naive continuum prescription of introducing chemical poten-
tial by adding a term ,U,/d4£UE7Z’YOw does not work !
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det Mis complex => sign problem det M exp(-S) cannot be a probability



QCD Phase diagram

At physical quark masses the transition is likely a rapid crossover for @ = O

MILC, PRD 71 (04) 034504, RBC-Bielefeld, PRD 74 (06) 054507,
Aoki et al, Nature 443 (06) 675

There should a critical end-point at some 1 = u where the transition turns from
crossover to 1st odrer. Where it is located ?

Lattice QCD methods to estimate 14.: multi-parameter re-weighting
(Fodor, Katz 2001, partial breakthrough)
Taylor expansion, imaginary mu
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Quark number and strangeness fluctuations
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Quark number fluctuations: cog ~ (¢°) — (¢)?

2+1 flavor

Strangeness fluctuations: cgo ~ (52) — (S)2 RBC-Bielefeld Collaboration
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deconfinement, quark degrees of freedom precise method to locate the transition point



T — T, o\ 2
T. . +A<FZ> s Mecrit = 0

singular part: fs (T, pg) = b~ 1 fs (tb1/ (27)) & ¢2—

scaling field: t = ‘

Y. Hatta, T. lkeda, PRD67 (2003) 014028
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= 2™ derivative w.r.t u, "looks like energy density”
= 4" derivative w.r.t u, "looks like specific heat”



Comparison with resonance gas at low T

AP,
~ F(T)(cosh( ") 1) FT)=
T*
Karsch, Redlich, Tawfik, PLB 571 (2003) 67 ~1000 Exp. Know resonances

Compare with LGT results Consequences:

(Bielefeld-Swansea Coll) :
AP U L L For fixed 1, /T the ratio of
ar M2 Hq\4 Hq\6 These observable is
T* FT) {62( T )+l T ) T ) } T-independent
n H H H
T_%’ =~ F(T)PCZ (7(]) +4c, (761)3 +0c¢, (Fq)s} The ratios of the expansion
coeffiecients are
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2-falvor, Bielefeld-Swansea Collaboration
Resonance gas model :Karsch, Redlich, Tawfik, EPJC 29 (2003) 549, PLB 571 (2003) 67
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Radius of convergence :

p=_1IMm poy
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gives the position of the nearest singularity, if all coefficients are positive
the singularity is on the real axis
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Locating the transition point with Lee-Yang zeros

Z(B:) = 0 for the true phase transition
(V = o0) For finite volume there is no
singularity but Z(8*) =0, ImgB* > 0 On
the lattice one calculates
Z(ReB*,Imj3*)
Z(ReB*,0)

Znorm(Re/B*, Im/B*) p— ‘

= ’(e_ﬂmﬁ*SG>(Re6*,O)‘

U

Znorm Ccould be zero only if fluctuations
of Si are large (phase > 7 /2), i.e when
the gauge action susceptibility (SZ) —
(8z)2 has its maximum

U

Reg* for the g* closest to the real axis

provides an estimate of the pseudo-critical

coupling
for a 1st order tramsition Img* ~ 1/V
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Locating the critical end-point with re-weighting

 Multi-parameter re-weghting:

nf/4
2(6,1) = [ DU S0 [detM (= 0, 1))/ {e‘Sg“’U”Sgw o) detiﬁ — U)] }

* Lee-Yang zeroes:  Z(B*, ) =0 re-weighting in mu only
( Glasgow method ) has
ImB*(Ls — c0) 20 mmm)p Crossover poor overlap

ImB*(Ls — c0) =0 mmm) Phase transition

2001: Fodor, Katz, JHEP 0203 (2002) 014

Lattices: 4%, 63 x 4, 83 x 4 mx/mp =~ 0.3

T. = 172(3)MeV, Ty = 160(4)MeV, up = 725(35)MeV




2004: Fodor, Katz, JHEP 0404 (2004) 050
mr/m,=0.188(2) 6> x4, 83x4, 103x4, 123 x4

ImB*(Ls) = ImpB*(c0) + (/L3

crossover 1st order
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Imaginary chemical potential

det M no sign problem => direct simulations are possible
no singularity at finite volume => continue to real chemical potential
=> alternative way to do the Taylor expansion => canonical partition function

N = 4  de Forcrand, Kratochvila, PoS LAT2005 (06) 167
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Quark number and strangeness fluctuations at finite density

Net strangeness density: ns(fig, fis) = > (J + 1)c;p1)fe i
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