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1. Introduction

The cost of the computation of the equation of state (EoS) increases wkhyqwith in-
creasing temporal exte; and aspect ratidls/N; fixed. Since the lattice spacing for smal
—a=1/(TN) — can be quite large, especially at low temperatures, it is very important to use
improved actions with small discretization errors. The MILC collaboration an&engstanding
program of full 2+ 1 flavor simulations using the asgtad quark actidn [1] combined with a one-
loop Symanzik improved gauge actidh [2]. This includes a computation of tBeaEpero baryon
chemical potential and hence vanishing baryon denfity [3]. Here we reiigmt the results of an
extension of this computation to better approximate conditions in heavy ion coligariments,
namely the inclusion of a (small) chemical potential.

To avoid the notorious sign problem — the fermion determinant becomes comvjilexa
nonzero chemical potential making straight forward Monte Carlo simulationgdgsilple — we use
the Taylor expansion methof] [4] which requires only simulations at zenmiché potential and
only on the finite temperature ensembles.

2. Technicalities

In the Taylor expansion method [4] one expands, for example, theypeess
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HereZ is the partition function, ang; » are the chemical potentials for the light and heavy quarks,
respectively. The expansion coefficients are evaluated at zero cigotentialyy , = 0. Due to
CP symmetry the terms in the series with- m odd vanish. The nonzero coefficients are
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where now they , are the chemical potentials in lattice units. Knowledge ot T ) also allows
for the computation of quark number densities and susceptibilities frorf 9, $éthce
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Similarly, the interaction measure is expanded as
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where again only terms with+ meven are nonzero and
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For explicit expressions of the Taylor expansion coefficiept$ T ) andb,m(T) we refer the reader
to [B].

To determine the Taylor expansion coefficieats(T) andbnm(T) in numerical simulations,
we need to calculate traces of derivatives of the asqtad fermion matrixasuch
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and products of such traces. The number of such terms increasestfastcreasing orden+ m.
Up to sixth order 40 such terms need to be computed. These traces are estimtite ensembles
of lattices along a trajectory of constant physics using 200 randomespurthe region of the phase
transition/crossover and 100 sources outside that region. With these rsuaflvandom sources
the noise in the Taylor expansion coefficients is dominated by configuraticortiguration fluc-
tuations. Increasing the number of random sources would thus natadecour statistical errors
substantially.

3. First numerical results
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Figure 1: Some nonvanishing coefficients in the Taylor expansion@ftfessure as function of the temper-
ature along the trajectory of constant physics.

We have computed the Taylor expansion coefficients up to sixth order dattite ensembles
along one trajectory of constant physics where we had computed thetBa8ishing chemical
potential before[]3]. The trajectory is given by the choibgs= 4 andmyq =~ 0.1ms, wherenx is
tuned to the physical strange quark mass to within about 20%.
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Figure[] shows our result for some of the coefficients for the contributicthe pressure
differenceAp = p(tin # 0) — p(tn = 0), see eq.[(2]1). Note that the coefficients quickly reach
the continuum Stefan-Boltzmann limit aboVg Also note that the mixed coefficients with both
n,m+ 0 are quite small. Some coefficients contributing to the difference for the ati@maneasure
Al =1(y p#0)—1( n=0) are show in figurf]2. Since the pressure can be obtained by integration
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Figure 2: Some nonvanishing Taylor coefficients in the expansion @irtkeraction measure.

of the interaction measure along the trajectory of constant phyaips= [;cpa?l(a)dInd, the
coefficientsc,m(T) can be obtained by integratingm(T), giving a consistency check. This is
illustrated in figurd 3.
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Figure 4: The induced strange quark number den-
sity ns/T2 when turning on onlys /T and keeping
n/T = 0.

Figure 3: Comparing the two methods to compute
c20(T), directly or by integratindpo(T).
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Turning ongy /T induces a small negative strange quark number dengity® because some
of the c,1(T) are nonvanishing, as shown in figdte 4. To keep= 0, as is the case in heavy ion
experiments, we need to compensate by a small typé¢d. We show the pressure and energy
density contribution due to the nonzero chemical potential, with tigedO, in Figure[b.
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Figure 5. PressureAp, and energy density)e, contribution for themyq =~ 0.1ms, N; = 4 trajectory to
O(K®).

4. Theisentropic equation of state

Heavy ion collision experiments produce matter that, after thermalization, istep® ex-
pand, at fixed baryon number, without further entropy generaitmrisentropically — with constant
s/ng. Atthe AGS, SPS and RHI€/ng is approximately 30, 45 and 30f] [6], respectively. To ac-
count for this situation, we numerically determine fheand i, as function ofT, by solving

s B ns B
n*B(M,uh) =C 3(k, ) =0, (4.1)

for C = 30, 40, and 300, within our statistical errors. With the determimeand u,, we can then
compute the isentropic equation of state, shown in figljres §]and 7 (leftgoRgparison, we also
include the results withy = pp, =0, i.e. §/ng = co.
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Figure 6: Isentropic versions of the interaction measure (left) amdgure (right).

In figure [} (right) we show, as a further example, the isentropic light-liglarkqummumber
susceptibility, xuu. We note thaty,, does not develop a peak structure on any of the isentropic
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Figure 7: The isentropic energy density (left) and light-light quatkmber susceptibility (right).

trajectories, as would be expected near a phase transition point. Tieea#ifihe mentioned heavy
ion experiments take place far away from a possible critical (end) poineip thT plane of the
phase diagram.

5. Conclusions

We have extended the computation of the QCD equation of state-fal #avors along a
trajectory of constant physics with,q/ms ~ 0.1 on lattice ensembles witlk = 4 to small nonzero
chemical potential with the Taylor expansion method up to sixth order in the cabgpoiential. We
tuned the strange quark chemical potential to keep the strange quaity d@nsshing at different
values of the light quark chemical potential.

We have also determined the isentropic EoS and quark number susceptilaititiafies of the
ratios/ng relevant for heavy ion collision experiments. We found no signs of alplegzhase tran-
sition along any of the considered isentropic trajectories. Qualitativelyesuilts are in agreement
with previous two-flavor studies.

Acknowledgments

This work was supported by the US DOE and NSF. Computations wereapadat CHPC (Utah),
FNAL, FSU, IU, NCSA and UCSB.

References
[1] K. Orginos and D. Toussaint, Phys. Rev5D (1999) 014501kep- | at / 9805009];
G. P. Lepage, Phys. Rev. 19 (1999) 074502tep- | at / 9809157].
[2] K. Symanzik, Plenum, New York 1980, 313.
[3] C. Bernardet al, Phys. Rev. Dr5 (2007) 105016lep- 1 at / 0611031].

[4] C.R. Allton et al, Phys. Rev. 066 (2002) 074507kep- | at / 0204010];
R.V. Gavai and S. Gupta, Phys. Rev6B(2003) 034506Hep- | at / 0303013].

[5] C. Bernardetal, ar Xi v: 0710. 1330 [hep-lat].
[6] S. Ejiri etal, Phys. Rev. D¥3 (2006) 054506kep- | at / 0512040].



