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1. Introduction

At high temperatures strongly interacting matter undergoes a deconfingargsition to a new
state, where thermodynamics can be described in terms of quark and giiegmées of freedom.
Studying the properties of this new state of matter is subject of a large @fféattice QCD,
see Refs. [1, 2]. This is in part due to the fact that non-perturbaffeete could be important
even at very high temperatures due to infrared problems [3]. Thexgitois important to clarify
using lattice QCD calculations at what temperatures the deconfined mediune chesdribed as
weakly interacting quark-gluon gas. This is especially important in the ligleagnt experimental
findings showing that the matter created in ultra-relativistic heavy ion collidi@imaves like a
strongly coupled liquid [4].

Fluctuations of conserved charges are known to be sensitive prbtbesanfinement and suit-
able for testing the weakly (or strongly) interacting nature of the deconfimedium. They are
defined as the derivatives of the pressure with respect to the condisig chemical potentials.
Fluctuations of conserved charges are expected to be exponentiallyisrial low temperature
region where the conserved charges are carried by massive Badtamwever, they are not sup-
pressed at high temperatures, where the dominant degrees of fregeddight quarks. Therefore,
fluctuations of conserved charges are good probes of deconfihemen

In 2+1 flavor QCD there are three chemical potentials correspondingyotaumber, elec-
tric charge and strangeness, or equivalently, i ands quark chemical potentials. Since at high
temperatures the dominant degrees of freedom are quarks and gh®msiark number basis pro-
vides a natural way to study the fluctuations. In this paper second artti finder quark number
fluctuations are studied, which are also known as quark number susligdiand are defined as

q _ 9™ (p/T% _ _
Zn—W “qzo, g=u,d,s n=12 (1.1)
Though in all calculations the andd quark masses are degenerate, the corresponding chemical
potential are always assumed to be different, i.e. we consider single Hasoeptibilities. This
proceeding contribution addresses the high temperature behavior aidhie mumber susceptibil-
ities. To better control the cutoff effects and the continuum extrapolatiordifierent improved
staggered quark formulations have been used, namely the so-calletigr#[&f and the Highly
Improved Staggered Quark (HISQ) action [6]. The analysis of thekguamber susceptibilities
performed by the speaker and his collaborators using these two acti®heéa published in Ref.

[7]. This paper also contains all the details of the lattice calculations, includitige volumes,
statistics and scale setting.

2. Results

In this section we present numerical results fgrand x; and discuss the cutoff effects in
quark number susceptibilities, as well as the details of the continuum exttiapsla The main
result is summarized in Fig. 2.
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Figure 1: Second order quark number susceptibilities calculatedfterent lattices with HISQ action (left)
and p4 action (right) as function of the temperatures. Thedfisymbols correspond to light quark number
susceptibilities, while open symbols correspond to steaggark number susceptibilities. The horizontal
lines refer to the values of the quark number susceptigdith the free theory corresponding to different
temporal exteniN;. The free theory result foN; = 4 and p4 action has been shifted upwards by 0.2 for
better visibility. Note thay3® = 1.

2.1 Numerical resultson second order quark number susceptibilities

We start the discussion of the numerical results with the second order fighdteange quark
number susceptibilities. In Fig. 1 we show the numerical results for HISQodrakttions in the
high temperature regiod, > 200 MeV. In the continuum limit the quark number susceptibilities
approach unity at very high temperatures. The strange quark humbeegibilities approach
the high temperature limit slower than the light quark number susceptibilities. ifleeedce
between the light and strange quark number susceptibilities becomes snalltabgperatures of
400 MeV and negligible foil > 600 MeV. The difference between the light and strange quark
number susceptibilities can be understood in terms of the strange quarkan@ss £50 MeV, but
at lower temperatures it is significantly larger than the expected suppmasdiséoto the relatively
large strange quark massy ~ 90 MeV, see the discussion in Ref. [8]. The cutoff effects are
relatively small forT < 300 MeV but become significant above that temperature.

In the case of the HISQ action there is a qualitative change in the behaviw ofitoff effects
for T > 300 MeYV, i.e., the ordering of quark number susceptibilities calculated agreliff N,
qualitatively starts to follow expectations based on the systematics seen foe¢hdneory. The
continuum limit seems to be approached from below. The free theory reboliyn as horizontal
lines in Fig. 1 shows larger cutoff dependence than the numerical daisisTéxpected to some
extent; from the analysis of the high temperature limit of pure gauge the®jiési§ known that
cutoff effects in the interacting theory typically are about a factor two smélian in the free
theory. Interestingly enough though, at the highest temperatumg;the4 data point is very close
to the lattice ideal gas value.

For the p4 action the pattern of the cutoff dependence observed in théh&ery is not seen
in the interacting case for the entire temperature range explored by usmpived actions the
quark number susceptibilities in the free theory approaches the continuurfrtimibelow. The p4
lattice data, on the other hand, seem to approach the continuum limit frore.abloi implies that
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cutoff effects proportional tars and higher orders in the coupling constant are significant, contrary
to the case of the HISQ action. The main difference between the p4 and &8 that could

be responsible for the difference in the cutoff behavior is the use of rmua@muge fields in the
later. The use of smeared gauge fields is known to reduce cutoff effigdtgher order perturbative
corrections in lattice calculations [10].

2.2 Continuum extrapolation of second order quark number susceptibilities

Using the lattice results for quark number susceptibilities at diffelgntve perform contin-
uum extrapolations. First, for eadty we interpolate the lattice results using smooth splines. The
errors on the interpolated values were estimated using the bootstrap methode\the R package
for this analysis [11]. Using the interpolations we obtain the values of thekquanber suscepti-
bilities at the same set of temperatures. Finally we perform continuum eldteps at this set of
temperatures. Thd; = 4 data have not been used in the continuum extrapolations.

In the case of the HISQ action we consider the temperature interval fr&amvig/ to 950
MeV for eachN¢, with the step of 25 MeV foil < 400 MeV, and the step 50 MeV for larger
temperatures. Our extrapolations for HISQ are motivated by the leadirey Nyddependence of
quark number susceptibilities in the free theory. Namely, we perform caminextrapolations
using the following form

X5 (Np) = a+b/N#+c/N°. (2.1)

We also perform extrapolations using the simger b/N7 form and data folN; > 8 only. The

two fits give identical results within the estimated errors. Furthermore, wetheseomplete
tree-level result for the\; dependence of the quark number susceptibility to perform the con-
tinuum extrapolation. 1.e., we fitted the data for each temperatureanith- (x2"™%(N;) — x58).

This gives extrapolated values fq@ that are systematically lower than the above fits, but still
agree within errors. For the coefficientwe typically find values around.®, i.e. cutoff ef-
fects in the interacting theory are 40% smaller than in the free field limit. Sincenbeiree
level there are also discretization errors proportional tN2we also performed extrapolations us-
ing a-+c- (x2""°(N;) — x58) + d/N2. These extrapolations give results that agree within errors
with the extrapolations obtained using the Ansatzb/N# 4 c/NS, though they are systematically
higher. The coefficientl turns out to be negative and at the highest temperatures it is compat-
ible with zero. Thus it is possible that the/N? term just mimics cutoff effects proportional to
1/NP', n> 4 at higher order in the weak coupling expansion. It turns out that tierelifces be-
tween the mean values gf obtained by using the above two fits and the fit that uses Eq. (2.1) are
smaller or equal to the statistical errors of the 3-parameter fit given by(ZEd). In other words,

the systematic errors estimated as the differences of the above three fitdles smaf the same

size as the statistical errors of that fit. Therefore, we use the extrapola®ed on Eq. (2.1) and

its statistical errors as our final continuum result for HISQ.

For the p4 action the continuum limit is approached from above contrary tdrekefield
expectations. This implies that the dominant cutoff effects come from higlherin the weak
coupling expansion and scale lik¢N2. Therefore we perform the continuum extrapolation using
the simple constant plus/N? form. We also tried to add an/N# term in the fit when doing the
continuum extrapolations. It turns out that the inclusion of such a termatidmange the result
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Figure 2: Second order light (filled symbols) and strange (open sys)tmplark number susceptibilities as
function of the temperature in the continuum limit. Notettk@B: 1.
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Figure 3: Contimuum extrapolatuions for HISQ and p4 actions at twoperatures.

within the errors. Moreover, the coefficient of th¢N?* term was 4-10 times smaller than in the
free theory. This confirms our assumption that the dominant cutoff effedtse case of the p4
action go like ¥N?.

The continuum extrapolated quark number susceptibilities are shown in fégbath p4 and
HISQ actions. Overall the p4 results and HISQ results agree quite well. tNat¢he agreement
between p4 results and HISQ results is particularly goodTfos 400 MeV. This is remarkable
in view of the different nature of cutoff effects for the HISQ and p4 awioTo better illustrate
this point in Fig. 3 we show th#l; dependence OXIZ for p4 and HISQ action together with the
continuum extrapolations based ofiNF form and Eq. (2.1), respectively, for two temperatures
T =400 MeV andT = 500 MeV. In the figure we also show tid dependence of the HISQ
results forT = 700 MeV together with the fit based on Eq. (2.1). Note thaiNhe- 16 HISQ data
point was not included in the continuum extrapolations but happens to lieediitéd curve.

For the p4 action the cutoff effects at ordefNf and higher seem to be very small and the
dominant cutoff effects are proportional tgN? with a positive coefficient. For HISQ action there
is no indication for such a term in the data and if it is put in the Ansatz for thegslations, the
corresponding coefficient turns out to be negative. The cutoff miggece thus is well described
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Figure 4. Fourth order quark number susceptibilities calculatedhlie p4 action and normalized by the
corresponding Stefan-Boltzmann value. The horizontaiicorrespond to the free field valuexdf/ x78in
the massless limit. The free field result féf = 4 has been shifted upwards byl@ for better visibility. The
open symbols correspond to the strange quark, while the 8enbols correspond to the light quarks. Note
thatx78=6/1°.

by the free theory modified by a multiplicative factor. Remarkably, the conlﬁnextrapolated(g
results at high temperatures deviate from the massless ideal gas limit only .o\AWB%lso have
compared our results with recent continuum extrapolated results obtainesiry the stout action
[12]. For x5 our result agrees with the stout results within errors up to 350 MeV. FOr\3&Vv
< T < 400 MeV the stout results are lower §.2 — 1.5) standard deviations. Fgg, our results
agree with the stout results only up to 260 MeV. Above that temperature thersgults are lower
than ours by two standard deviations.

2.3 Fourth order quark number susceptibilities

For p4 action we also calculated the strange and light fourth order quanker susceptibili-
ties forN; = 6 and 8. The calculation of the fourth order light quark number susceptislityore
demanding than the calculation of the corresponding strange quark ngorasptibility. There-
fore, for N; = 12 we calculated the fourth order quark number susceptibility only in thegaran
quark sector. Our numerical results fx;f normalized by the corresponding massless ideal gas
(SB) value are shown in Fig. 4. The cutoff dependencgfo’l’s gualitatively the same as fgxrg,
namely the continuum limit is approached from above contrary to the fregeytihesults shown in
Fig. 4 as horizontal lines. As discussed above the difference betwedighih and strange quark
number susceptibilities is expected to be smallTor 400 MeV and our numerical data clearly
show this. In fact, with the exception of tiNg = 8 data point at the lowest temperature, the differ-
ence between the light and strange fourth order quark number suslitigsiis of the same order
or smaller than the statistical errors. Frjf the deviations from the ideal gas value for seem to
be significantly larger than foxgJI at temperatures 350 Me¥ T < 500 MeV, and increase with
increasing\;.

Given the large statistical errors of the = 12 lattice data it is at present difficult to perform
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a reliable continuum extrapolation fag;. However, theN; dependence gf; for 350 MeV < T <

500 MeV is compatible with AN? behavior of the cutoff effects, and such an extrapolation would
result in the value oﬁ(j/xf’SB around 077, i.e. the deviations from the massless ideal gas limit
for x4 could be almost four times larger than for the second order quark nurmbeeggtibilities.
Looking at the data shown in Fig. 4 it is possible that the orderinly,0f 8 andN; = 12 data

will change forT > 550 MeV, becoming qualitatively compatible with the free theory expectations.
Therefore it would be very important to extend the lattice calculations ofticarder susceptibility

to higher temperatures.

3. Conclusions

We have calculated second and fourth order quark number susceptilfditi€s> 200 MeV
in lattice QCD using two different improved staggered fermion formulations:pthend HISQ
actions. We performed continuum extrapolations for the second ordek qumber susceptibil-
ities.While the cutoff dependence of the quark number susceptibilities is quiezedif for the
HISQ and p4 actions, we obtain consistent results in the continuum limit. Thissnigksonfident
that the continuum extrapolations are under control. The detailed studeg otitbff effects in the
guark number susceptibilities at high temperatures provides valuable irtfomfiar analyzing the
cutoff dependence of the pressure and other thermodynamic quantities the numerical calcu-
lations are much more involved due to the need of proper vacuum subtsactioparticular, we
find indications that the cutoff effects in the temperature interval 400 MeV < 950 MeV are
40% smaller than in the free theory.
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