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Introduction
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chemical potential ;) has attracted much attention
both theoretically and experimentally.
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Introduction

#» QCD matter at non-zero baryon density (baryon
chemical potential ;) has attracted much attention
both theoretically and experimentally.

# Canonical Monte Carlo studies of QCD on the Lattice at
up # 0 has been plagued by the occurance of complex
Fermion determinants.

# Possible way out includes the reweighting techniques,
analytic continuation from computations at imaginary
g, and Taylor expansions.

#® We present Taylor series expansion of the chiral
condensate and related quantities at finite chemical
potential about ug =0
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Taylor Expansion

# First results for Taylor expansion for free energy was
done by Gottlieb et.al. Phys.Rev.Lett.59(1987)2247

and for the meson correlators by
Miyamura et.al. Phys.Rev.D66(2002)077502.
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and for the meson correlators by
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# In Taylor expansion, one can do continuum
extrapolation of each term. This removes prescription
dependence of putting chemical potential on the lattice
|Gavai & Gupta, Phys. Rev.D68(2003)034506].
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Taylor Expansion

# First results for Taylor expansion for free energy was
done by Gottlieb et.al. Phys.Rev.Lett.59(1987)2247
and for the meson correlators by
Miyamura et.al. Phys.Rev.D66(2002)077502.

# In Taylor expansion, one can do continuum
extrapolation of each term. This removes prescription
dependence of putting chemical potential on the lattice
|Gavai & Gupta, Phys. Rev.D68(2003)034506].

# Taylor expansion is well behaved when the coefficients
of the higher order terms tend to decrease. Otherwise
the expansion breaks down = approaching a phase
transition.
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General Formalism

o For the light u,d quarks the QCD partition function is

7 =e FIT = /DUeS<T> [ DetM(my, T, py)
f=u,d
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# For the light u,d quarks the QCD partition function is
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o At pns # 0, the equation of state PV = —F = —TinZ, can
be expanded in a Taylor series
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Derivatives

® Derivatives of InZ are obtained from those of 7

DL{tMlM
aﬂf / T f]

0°Z
OpfOpg
+ {—tr My MM MY A tr M MY Y 6]

_ —1 a7 —1 a7
- / DU |t My Mytr My ' Mj

where M} = o, Mf‘1 — 1)
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Derivatives

# Expansion of arbitrary fermionic operators 7

Jom,T.) = [ DUT

/Du D+ g0
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(T) = (Jo) + (i) + {(J2) = (Jo){Za)} Sy + -+

ITFR I Taylor expansion in chemical potential, NEFT, Dec 2003, Mumbai. — p.



Condensate

#® Consider the operators for quark condensates 7, = au,
and 7, = dd.
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Condensate

# Consider the operators for guark condensates 7, = uu,
and 7, = dd.

T = M MM T =0
T = tr(2M MM M M, — My MM

® We construct isoscalar and isovector combinations

Cs = 5(0v) and Cy = (Ims)
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Condensate

#® For isovector chemical potential 1, = —ug = 1
Cs(p) = Cs(0)
+2{(O2T) = (O2){T)} + (01T + j”>];—!2 4o
(Cv)u=(T I+
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Condensate

#® For isovector chemical potential 1, = —ug = 1

Cs(pn) = Cs(0)
2
+2{(027) = (02D} + (01T + T + -+
(Cvu =T+

#® For iso-scalar chemical potential u,, = ug = 1, Cy
vanishes to all orders and,

Cs(p) = Cs(0) + (01T + T)p + [H(OnT) — (Ou){J)}
2

+2{{O2T) — (O T)} + (O1T" + j”>]% I




Condensate and Susceptibility

#» We relate Taylor coefficients of condensate and
susceptibility

1 dinz
O, ) =35,
0*C(T, 1) 1 OXuu
= (Y (T, O) = 7 = —
op?  |,—g T Om
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Condensate and Susceptibility

#» We relate Taylor coefficients of condensate and
susceptibility

1 Olnz
0*C(T, 1) 1 OXuu
= 02 (T, O) — 7 = —
op?  |,—g T Om

For small quark masses the y,, are mass independent
|Gaval & Gupta, Phys.Rev. D 67 (2003) 034501]
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Condensate and Susceptibility

# We relate Taylor coefficients of condensate and
susceptibility

1 dinz
O, ) =35,
0*C(T, 1) 1 OXuu
= (Y (T, O) = 7 = —
op?  |,—g T Om

For small quark masses the y,, are mass independent

[Gavai & Gupta, Phys.Rev. D 67 (2003) 034501] Also the 4"
order susceptibilities have been found to be mass
iIndependent [Gavai & Gupta, Phys.Rev. D 68 (2003) 034506]
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Chiral Ward Identity

#® The pseudo-scalar correlator ypg satisfies the Chiral
Ward ldentity

C(Ta M) — MXPpPS
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Chiral Ward Identity

#® The pseudo-scalar correlator ypg satisfies the Chiral
Ward ldentity

1 1 OXuu
Xps(T) = —Ca(T) .

® ForT >1T,.and m < Q(= nT), meson screening mass Is
iIndependent of m = Cy = 0.
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Wroblewskl Parameter

# Strangeness enhancement in heavy-ion collisions can
be expressed in terms of the Wroblewski parameter.

() XeslT)
(ny +1ng)  Xuu(T)

As (T) —

Gaval & Gupta, Phys.Rev. D65 (2002) 094515.

# Lattice computation at the very small physical quark
mass is costly.
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Computations

# We used 2 degenerate flavors of staggered guarks in
guenched QCD.

® Measurements were done at 1.57,., 2.07,. and 3.07..

# Continuum extrapolations were obtained from
simulations done at N, = 4,8, 10, 12 and 14 lattices.
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Numerical Results

# First order derivatives are related to the mass derivative
of the number density, which is zeroat 1 =0 —
consistent with our computations.

#® In the continuum, both the condensate and the second
derivative have divergences which are to be cured by
renormalization.

# Since the divergence is in the ultraviolet limit, ratios of
finite temperature quantities with those at zero
temperature should be well behaved.
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Summary

# Lattice QCD computation at finite baryon chemical
potential was explored via Taylor expansion.

o Taylor coefficients can be computed by usual lattice
techniques and continuuum extrapolations can be
obtained.

#» We computed the Taylor coefficients of the chiral
condensate upto second order, above the critical
temperature. They satisfy various Ward identities and
Maxwell relations.

# Ward identities and Maxwell relations relate Taylor
coefficients of various gquantities.

# Through a Maxwell relation we were able to connect the
Taylor coefficients of the chiral condensate with the
mass dependence of the Wroblewski parameter.
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