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1. Introduction

It is expected that strongly interacting matter undergo&sussition in some temperature in-
terval from hadron gas to deconfined state also called thikaghaon plasma (QGP) [1]. Creating
deconfined medium in a laboratory is the subject of the largeemental program at RHIC [2]
and is going to be the goal of the future heavy-ion programHti€l3]. Attempts to study QCD
thermodynamics on the lattice go back to the early 80’s whéité calculations i8J (2) gauge
theory provided the first rigorous theoretical evidencedeconfinement [4, 5, 6]. The problem
of calculating thermodynamic observables in pure gluoh&oty was solved in 1996 [7], while
calculation involving dynamical quarks were limited todarquark masses and had no control over
discretization errors [8, 9, 10] (see Refs. [11, 12] for esvs). Lattice calculations of QCD ther-
modynamics with light dynamical quarks remained challeggintil recently. During the past 5
years calculations with light,d quarks have been performed using improved staggered fermio
actions [13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25,28} Refs. [27, 28].)

To get reliable predictions from lattice QCD the lattice dpg a should be sufficiently small
relative to the typical QCD scale, i.8\qgcpa < 1. For staggered fermions, which are used for
calculations at non-zero temperature, discretizatioorergo like &'((al\qcp)?) but discretization
errors due to flavor symmetry breaking turn out to be numéyiqguite large. To reduce these
errors one has to use improved staggered fermion actiorts seicalled fat links [30]. At high
temperature the dominant discretization errors go [&€)? and therefore could be very large.
Thus it is mandatory to use improved discretization schembgh improve the quark dispersion
relation and eliminate these discretization errors. catfermion actions used in numerical calcu-
lations typically implement some version of fat links as & improvement of quark dispersion
relation and are referred to @4, asgtad, HISQ andstout. In lattice calculations the temperature is
varied by varying the lattice spacing at fixed value of thegeral extenfN;. The temperatur@& is
related to lattice spacing and temporal extdnht: 1/(N;a). Therefore taking the continuum limit
corresponds ttN; — o at the fixed physical volume. For the same reason discritizatrors in
the hadronic phase could be large when the temperatisesmall.

In this paper | discuss lattice QCD calculation of the traositemperature, the equation of
state as well as different spatial and temporal correldiimtions.

2. Equation of State

The equation of state has been calculated wittandasqgtad action on lattices with temporal
extentN; = 4, 6 and 8 [17, 18, 20]. In these calculations the strange quaksmvas fixed to
its physical value, while the lightu( d) quark masses 10 times smaller than the strange quark
mass have been used. These correspond to pion mas&220ef 260) MeV. The calculation of
thermodynamic observables proceeds through the calonlafithe trace of the energy momentum
tensore — 3p also known as trace anomaly or interaction measure. Thigsadathe fact that this
guantity can be expressed in terms of expectation valuescaf gluonic and fermionic operators.
The explicit expression fog — 3p in terms of these operators fg@t andasgtad actions can be
found in Ref. [20]. Different thermodynamic observables ¢ obtained from the interaction
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measure through integration. The pressure can be written as

T /

T4 1§
The lower integration limifly is chosen such that the pressure is exponentially smak theur-
thermore, the entropy density can be writtersas(e + p)/T. Since the interaction measure is the
basic thermodynamic observable in the lattice calculatibis worth discussing its properties more
in detail. In Fig. 1 | show the interaction measure fgr andasqgtad actions for two different lat-
tice spacings corresponding gy = 6 and 8. In the high temperature regidn;> 250 MeV results
obtained with two different lattice spacings and two diffier actions agree quite well with each
other. Furthermore, recent calculations with HISQ actials® give results for the trace anomaly
which are consistent with these [24]. Discretization erare visible in the temperature region,
wheree — 3p is close to its maximum as well as in the low temperature regist low tempera-
tures the lattice data have been compared with the hadromaase gas (HRG). As one can see
the lattice data fall below the resonance gas value. Thiariydue to the fact that the light quark
masses are still about two times larger than the physicalevat well as to discretization errors.
The ﬁ((a/\QCD)Z) discretization errors in the hadron spectrum are suppdessieigh temperatures
as the lattice spacingis small there. Also hadrons are not the relevant degreegefidm in this
temperature region. But at small temperatures, where hadaee the relevant degrees of freedom,
these discretization effects are significant. It turns batyever, that the HRG model that takes into
account the quark mass dependence and discretizatiors émrtire hadron spectrum can describe
the lattice data quite well [31]. The large discretizatioroes in the low temperature region is the
reason for the discrepancies with the stout results at teatyresT < 200 MeV [23]. The lattice
results for the trace anomaly obtained with stout actionadge different in the high temperature
limit [23]. Namely, (¢ — 3p)/T# calculatied with stout action is about 50% smaller in thehhig
temperature region. To resolve this problem calculatioinat lattice spacing are needed.
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Figure 1: The interaction measure calculated wiith andasgtad actions in entire temperature range (left)
and at low temperatures (right) from Ref. [20]. The dashedl dashed-dotted lines are the prediction of
hadron resonance gas (HRG) with all resonances includedb@e (dashed) and3GeV (dashed-dotted),
respectively.

The pressure, the energy density and the entropy densitghanen in Fig. 2. The energy
density shows a rapid rise in the temperature redib85— 195 MeV and quickly approaches
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about 90% of the ideal gas value. The pressure rises les#iyrdqit at the highest temperature it
is also only about 15% below the ideal gas value. In the pusvaalculations with the4 action it
was found that the pressure and energy density are belowl¢haégas value by about 25% at high
temperatures [10]. Possible reason for this larger denatbuld be the fact that the quark masses
used in this calculation were fixed in units of temperaturgtéad being tuned to give constant
meson masses as lattice spacing is decreased. As discasBed. i [36] this could reduce the
pressure by 16- 15% at high temperatures. In Fig. 2 | also show the entropwitiedivided by
the corresponding ideal gas value and compare the resuligtiob calculations with resummed
perturbative calculation [32, 33] as well as with the prédrts from AJdS/CFT correspondence for
the strongly coupled regime [34]. The later is considerdimjow the lattice results. Note that
pressure, energy density and the trace anomaly have alsgdsently discussed in the framework
of resummed perturbative calculations which seem to agrtelattice data quite well [35].

The differences between tlsgut action and thep4 andasgtad actions for the trace anomaly
translates into the differences in the pressure and theggragnsity. In particular, the energy
density is about 20% below the ideal gas limit for theut action.
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Figure 2: The energy density and the pressure as function of the texyer(left), and the entropy density
divided by the corresponding ideal gas value (right). Thehed lines in the right panel correspond to the
resummed perturbative calculations while the solid blawk is the AdS/CFT result.

3. Chiral and deconfinement transition

The finite temperature transition in QCD has aspects relatddconfinement and chiral sym-
metry restoration. Deconfinement aspects of the transérerrelated to color screening and, for
infinitely heavy quarks, also to the center symmetry. Theeomhrameter for deconfinement is
the Polyakov loop which is related to the free energy of imalastatic quark. The breaking of
the center symmetry is signaled by non-zero value of thedkoly loop. In the opposite limit of
massless quarks QCD has the chiral symmetry. The quark neat& ) is the order parameter
for this symmetry. The chiral symmetry is broken in the vaouand expected to be restored at
high temperatures. In Fig. 3 the renormalized Polyakov laog the subtracted chiral condensate
are shown. Both quantities show a smooth change in the ti@msegion which is consistent with
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Figure 3: The subtracted chiral condensate (left) and the renoredolyakov loop (right) calculated for
different actions. In the left panel we takge= 164 MeV for the chiral temperature in QCD. The numerical
data are taken from [19, 21, 22, 24, 26, 40].

the fact that the finite temperature transition is an analgtossover and not a true phase transi-
tion [37]. The universal aspects of the chiral transitiorreeto be relevant for the range of quark
masses which include the physical light quark mass and thresponding transition temperature
can be defined [38]. Calculations with the p4 actionMin= 4 and 6 lattices gave an estimate
Te = 192(4)(7)MeV for the chiral transition temperature [15] which is sifigantly larger than the
value of about 155MeV obtained for stout actibnThis is due to large flavor symmetry break-
ing for the p4 action. As one can see from Fig. 3 the discrapanoetween different actions
are reduced when considering lardér or theHI1SQ action where the effects of flavor symmetry
breaking are much smaller. The preliminary estimate basexsqtad action for the chiral transition
temperature based on asqtad actiofi;is- (164+ 6) MeV [39]. The effects of flavor symmetry
violations are smaller for the renormalized Polyakov lo@mnly for temperature§ < 180 MeV
there are some discrepancies between the p4 and asqtat$ @sigiined orN; = 8 lattices and
the stout results. The asgtad resultshgn= 12 lattices as well the HISQ results are in very good
agreement [24, 26]. In Fig. 3 the renornalized Polyakov lsoghown for HISQ and stout actions
as function ofT /T.. The results are compared to the renormalized Polyakov ilogure gauge
theory. Herel; denotes the phase transition temparature for pure gaugeythad the chiral tran-
sition temperature for QCD. As one can see except for verly teghperatures the Polyakov loop
in QCD is very different from the one in pure gauge theory dretefore it is not clear if the center
symmetry plays an important role in QCD with light dynamiqgalarks.

4. Correlation functions of static quark anti-quark pair

One of the most prominent feature of the quark gluon plasrtteeipresence of chromoelectric
(Debye) screening. The easiest way to study chromoelestreening is to calculate the singlet

1Due to the crossover nature of the transition differentaltibservable results in different estimate of the traositi
temperature, the so-called renormalized susceptibititpidated with stout action givéls ~ 147 MeV
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Figure 4: The singlet free energly(r,T) calculated in Coulomb gauge on®% 4 lattices (left) and the
combinationFy(r,T) — Fo(T) as function ofr T (right). The solid black line is the parametrization of the
zero temperature potential.

free energy of static quark anti-quark pair (for recent egs on this see Ref. [41, 42]), which is
expressed in terms of correlation function of temporal dfildines in Coulomb gauge

exp(—Fy(r,T)/T) = %Tr(VV(r)WT(O)>. (4.1)

L = TrW is the Polyakov loop. The singlet free energy is in fact trgakithm of the static meson
correlation function evaluated at= 1/T. Instead of using the Coulomb gauge the singlet free
energy can be defined in gauge invariant manner by insertsgatal gauge connection between
the two Wilson lines. Using such definition the singlet freemgy has been calculated % (2)
gauge theory [43]. It has been found that the singlet freeggmealculated this way is close to the
result obtained in Coulomb gauge [43]. The singlet free gnéurned out to be useful to study
quarkonia binding at high temperatures in potential mofsde e.g. Refs. [45, 46, 47, 48, 49]).
The singlet free energy also appears naturally in the gmative calculations of the Polyakov loop
correlators at short distances [44].

The singlet free energy was recently calculated in QCD witl strange quark and two light
quarks with masses corresponding to pion mass of 220MeV dr 46attices [50]. The numerical
results are shown in Fig. 4. At short distances the singéat émergy is temperature independent
and coincides with the zero temperature potential. In gugiionic theory the free energy grows
linearly with the separation between the heavy quark andoasirk in the confined phase. In
presence of dynamical quarks the free energy is saturatemha finite value at distances of about
1 fm due to string breaking [41, 51, 53]. This is also seen m F. Above the deconfinement
temperature the singlet free energy is exponentially sieat sufficiently large distances [40, 52]
with the screening mass proportional to the temperatuee , i.

Fa(r,T) =Fu(T) — 3 (4.2)

Therefore in Fig. 4 we also show the combinatfarir, T) — F.(T) as a function of T. As one can
see from the figure this function shows an exponential filabdistancesT > 0.8. The fact that
the slope is the same for all temperatures meangithat T, as expected.
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5. Heavy and light meson correlation functions

Information on hadron properties at finite temperature dsagethe transport coefficients are
encoded in different spectral functions. In particularfiie of different quarkonium states in QGP
can studied by calculating the corresponding quarkoniuaetsal functions (for a recent review see
Ref. [42]). On the lattice we can calculate correlation tiorcin Euclidean time. This is related
to the spectral function via integral relation

~ cosiw(T—1/2T))

G(T,T):/Ooodwa(a),T)K(T,w,T), K(T,w,T) = Sinh(@/2T) (5.1)

Given the data on the Euclidean meson correl&@¢r,T) the meson spectral function can be
calculated using the Maximum Entropy Method (MEM) [54]. Etarmonium this was done by
using correlators calculated on isotropic lattices [55), &6 well as anisotropic lattices [57, 58,
59] in the quenched approximation. It has been found thatkguaum correlation function in
Euclidean time show only very small temperature dependgs&es9]. In other channels, namely
the vector, scalar and axial-vector channels stronger ¢éeatpre dependence was found [56, 59].
The spectral functions in the pseudo-scalar and vectorrgianmeconstructed from MEM show
peak structures which may be interpreted as a ground state[p6, 57, 58]. Together with the
weak temperature dependence of the correlation functitiesmas taken as strong indication that
the 1S charmonian: andJ/y) survive in the deconfined phase to temperatures as higt6as 1
[56, 57, 58]. A detailed study of the systematic effects stimwever, that the reconstruction of the
charmonium spectral function is not reliable at high terapges [59], in particular the presence
of peaks corresponding to bound states cannot be relialdpleshed. Presence of large cutoff
effects at high frequencies also complicates the anal§2is The only statement that can be made
is that the spectral function does not show significant ceamngthin the errors of the calculations.
Recently quarkonium spectral functions have been studiedywpotential models and lattice data
for the singlet free energy of static quark anti-quark pdir,[48, 49]. These calculations show
that all charmonium states are dissolved at temperaturedlesnthan 12T, but the Euclidean
correlators do not show significant changes and are in fgislyd agreement with available lattice
data both for charmonium [56, 59] and bottomonium [59, 60hisTis due to the fact that even
in absence of bound states quarkonium spectral functioo® siignificant enhancement in the
threshold region [46]. Therefore previous statements afpoarkonia survival at high temperatures
have to be revisited. Exploratory calculations of the cl@ariam correlators and spectral functions
in 2-flavor QCD have been reported in Ref. [61] and the gualgabehavior of the correlation
functions was found to be similar.

The large enhancement of the quarkonium correlators abeserdinement in the scalar and
axial-vector channel can be understood in terms of the zerdentontribution [46, 63] and not
due to the dissolution of thePlstates as previously thought. Similar, though smaller irgmia
tude, enhancement of quarkonium correlators due to zereensoseen also in the vector channel
[59]. Here it is related to heavy quark transport [45, 64].e0a the heavy quark mass the Eu-
clidean correlators for heavy quarkonium can be decompaseda high and low energy part
G(1,T) = Giow(T, T) + Ghign(T,T) The area under the peak in the spectral functions at zero en-
ergy w ~ 0 giving the zero mode contribution to the Euclidean cotoelis proportional to some
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susceptibility,G}OW(r,T) ~ Tx'(T), which have been calculated on the lattice in Ref. [65]. It is
natural to ask whether the generalized susceptibilitiesbeadescribed by a quasi-particle model.
The generalized susceptibilities have been calculatedfn[B6] in the free theory. Replacing the
bare quark mass entering in the expression of the genatadizeceptibilities by an effective tem-
perature dependent masses one can describe the zero madeution very well in all channels
[65].

While temporal correlators are not sensitive to the chamgthé spectral functions spatial
guarkonium correlation functions could be more sensitivéhis. Recent lattice calculations show
indication for significant change in spatial charmoniumretators above deconfinement[67].

The spectral function for light mesons has been calculatethe lattice in quenched approx-
imation [68, 69, 70, 71]. However, unlike in the quarkonisedhe systematic errors in these
calculations are not well understood. The spatial mesorelzdion function provide interesting
insight into the modification of the spectral functions ailsdhe light quark sector. In particular,
the study of the spatial meson correlation function in thetmeand axial vector channel indicate
the degeneracy of the vector and axial vector spectral immetat the chiral transition [72]. At
the same time the lattice calculations of the pseudo-sealdrscalar correlation function indicate
that theUa (1) axial symmetry is only restored at temperatures signifigarigher than the chiral
transition temperature [72].

6. Conclusions

In recent years significant progress has been achieveddgistustrongly interacting matter
at high temperatures using lattice QCD. Equation of statkteansition temperature have been
calculated at several lattice spacings allowing for cdigdocontinuum extrapolations. Current
lattice data suggest a transition temperature for chirairegtry restoration of147— 164) MeV.
Temporal meson correlation functions have been also studidattice QCD but the numerical
data are not precise enough to provide detailed informatfothe corresponding meson spectral
functions. However, these lattice data are useful to caimsthe model calculations of the meson
spectral functions. Spatial meson correlators providatadal information about meson spectral
functions, in particular indication of effective restadat of theUa(1) symmetry at temperatures
larger than the chiral transition temperature.
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