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Figure 1: Un-renormalized zero temperature potentials for diffexaues of3 and renormalized overall
T = O-potential (lower black points) in units of. The solid line shows the string potential as discussed in
the text.

1. Introduction

In-medium properties of heavy quarks and heavy quark bound state$ fandamental inter-
est for the understanding of strongly interacting matter at high temperandedensities probed
in current and future heavy ion collision experiments at RHIC, FAIR aH€LThe temperature
dependence of heavy quark free energies, potential energiedlaswereening masses and radii
are important ingredients for studies on strongly coupled quark gluomplagossible existence
of heavy quark bound states in the QGP as well as on transport prepafrtieavy quarks in the
high temperature phase.

We present preliminary results on heavy quark free enerfjies [1] tadiased on an analysis of
gauge field configurations generated by the RBC-Bielefeld collaborati{ih)-flavor QCD for
the calculation of the QCD equation of stafe [2]. The pion mass is about 220avie the strange
guark mass is adjusted to its physical value. The calculations were pedovitteimproved stag-
gered fermions on lattices with temporal extéht= 4 and 6 accompanied by high statistics zero
temperature calculations to set the scale and to extract the zero temperdaneéapand corre-
sponding renormalization constants.

We perform a renormalization of the finite temperature heavy quark freggies and of the
Polyakov loop using the renormalization constants obtained at zero temperatla will dis-
cuss the relation between heavy quark free energies, entropy andainégrergy contributions
and analyze their critical behavior in the transition region. The temperagpendence of the
interaction between static quark anti-quark pairs will be analyzed in ternis géneral distance
and temperature dependent, running couplings and screening masgespatatory study of the
density dependence of screening masses in 2-flavor QCD with largk masses indicates that
non-perturbative effects in the behavior of screening is dominated lytdbaic sector.

2. Zero temperature potential

In fig. fl we show the zero temperature potentigh(r), in units of the distance scatg for
various values of the couplin@ corresponding to different values of the lattice cut-off varying
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Figure 2: Renormalization constanten(3), obtained from the matching of the zero temperature patksnti
(left). Dimensionless combinationsy/r; andrg,/c. The lower axis denotes the scdlg/a)~* and the
upper axis the lattice cut-off in physical units. The lines explained in the text (right).

froma~ 0.3 fm down toa ~ 0.05 fm. The scalep/ais define by the slope of the potential,

(erV“Q(r)> ~ 165 (2.1)
dr Ir=ro

and can be used to convert to physical scales with a vale€0.469(7) fm [B]. Additional param-
eters obtained from the slope \éfy(r) are the string tensiorga?, andry/a defined by replacing
1.65 by 1.0 in[(2]1). The dimensionless combinations of these parameteryeispidig.[2 show
only small cut-off effect, e.grg,/o stays constant in the entire range of couplings in which the
lattice spacing changes by a factor of 6. Using a quadratic fit Ansata 00.15fm we obtain
rov/o = 1.103440) andro/r; = 1.463660). For both ratios we observe thét(a?) corrections
are small.

The potentials as calculated on the lattice are ultraviolet divergent andabedenormalized. We
have matched all potentials to a common value at large distarngss 1.5, taken to be identical

to the large distance string potential which in units®fs given by

+(ord) 1, 2.2)

T
roVstring(r /fo) = _F/ro o

where we have used the valug,/o quoted above. The result of this renormalization is shown
in the lower part of fig[]JL. The good matching of all potential data over thelevtlistance range
again shows that cut-off effects are small in this observable.

The matching procedure provides renormalization constants for the staticptential which we
will use for the renormalization of Polyakov loops and heavy quark freegies at finite tempera-
tures. They are defined dsn(3) = exp((c(B)a)/2), wherec() denotes the constant shift for the
corresponding zero temperature potential. Already note here that it@adtdivergencies arise
when going from zero to finite temperatures. The solid line in[fig. 1 showsttimg potential.
Note that the deviations of the potentifg(r) from Varing(r) at small distances shows the effect
of the QCD running coupling while the Coulombic term in the string potential steams farge
distance corrections in the string model. Furthermore we do not obsangelateaking here which
is due the operator used in our analysis and the limited distance range anadyee
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Figure 3: Renormalized heavy quark free energiegy, T), for different values of the temperature (left).
The solid line shows the zero temperature potentigt). Asymptotic values for the heavy quark free
energies (right)F1(r = o, T), for (2+1) flavors compared to earlier results for pure gathgery and 2-

flavor [4,[3.[6].
3. Heavy quark free energies

The heavy quark free energy of a static quark-antiquark pair in a soigtet state separated
by distance is defined by

F (T, T .
wherel e is the renormalized Polyakov loop,
Ny —1
Lren(z) = (Zren(ﬁ))NT Lbare: |_| Zren(B)U()‘('7XO)O . (32)
Xo=0

The operator used i (3.1) in general is gauge dependent and we fisulorlb gauge accord-
ing to arguments based off [[{, 8]. As already noted we are using themalimation constants,
Zen(B), Obtained at zero temperature for the renormalization of the Polyakov loothis way
also the heavy quark free energies are properly renormalized, wheshdent from fig.[B (left)
whereF;(r,T) for different temperatures is shown. The solid line is the zero temperabteatal
Vaa(r)-

The free energies become temperature independent at small sepasatiotsincide withVgq(r)
showing the correct renormalization. At larger distances temperat@etefet in, below, due

to string breaking and abovR due to screening of the static sources in the thermal deconfined
medium. The onset of this temperature effects is shifted towards smaller éistaith increasing
temperature. The asymptotic valuEs(r = o, T), are show in fig[]3 (right) compared to previous
results from quenched and 2-flavor QCD with larger quark masék Bl, The qualitative be-
havior is comparable in all those theories. Note thais infinite for the quenched theory below
the critical temperature. With dynamical quarks below the critical temper&iuigalready close

to the value estimated from zero temperature (indicated by the black barfihwis & strong de-
crease around. and a quite linear behavior at high temperatures. This temperature depende
already indicates that entropy contributions play an important role espegialiyd the transition
temperature.
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Figure 4: The renormalized Polyakov loop for different temporalittextentsN; = 4,6 and 8 (left). The
vertical lines show the location of the transition tempematdetermined in[[2] on lattices with temporal
extentN; = 4 (right line) andN; = 6 (left line), respectively. Comparison to earlier resgtight) for pure
gauge theory and 2-flavdi [@, B, 6].

4. Renormalized Polyakov loop

As already discussed in the previous section, the renormalization constdaised at zero
temperature can be used for the renormalization of the Polyakov loop atténifjgerature ac-
cording to {32). Due to the cluster property this renormalization is equivaden definition
of Lren using the asymptotic value of the heavy quark free endfgyT) = Fi(r = «,T), i.e.
Lren=exp(—F(r = 0, T)/2T). While L is zero below the critical temperature in pure SU(3)
gauge theory and has a finite gaplatue to the first order transition in this theory, it is non-zero
in QCD with dynamical quarks even in the low temperature phase. Althoughrtipetature de-
pendence is continuous hetgy, shows a pronounced rise around the transition region from small
to large values in the high temperature phase.

We note that the most rapid change is in good agreement with the region thieeckiral con-
densate as well as bulk thermodynamic quantities, e.g. energy and engmgities change most
rapidly [B]. Furthermore the cut-off dependencelgf, on lattices with temporal exteN; = 4
and 6 is small, which is in agreement with results obtained in studiegin pure SU(3) gauge
theories[p[P]. The large cut-off dependence observed in a studyhwittrlink stout smeared stag-
gered action used ifi [[LO] mainly seems to arise from the cut-off depeadéitee zero temperature
observable {¢) used to set the temperature scale. The fact that the renormalized Rolgako
becomes larger than one at high temperatures was already observedjuetiahed theory and
is predicted by perturbation theory where the high temperature lirif,T = «) = 1, is reached
from above [1]1[72]. Note that the renormalized Polyakov loop as akfingB.2) is no longer a
SU(3) matrix.

5. Entropy and internal energy contributions

The temperature dependence of the heavy quark-antiquark fregyetersymptotic large dis-
tancesF.(T), already indicated that entropy contributions play an important role edigenithe
vicinity of the transition region. Thus it becomes important for discussionstrmmgly coupled
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Figure 5: Asymptotic large distance values for internal energy Xlaftd entropy (right) compared to heavy
quark free energies. The left band indicates the zero teatyrerlimit of the energy and the red line shows
the vanishingl’ = 0 limit for T S..

quark gluon plasma (SQGH) J1[3] 14] 15], the possible existence of lyemrk bound states that
might survive above deconfinemeft][{6] [[7, [18,[19,[20, 21] as welharansport propertiel [22]
in the high temperature phase.

Here we will only discuss the asymptotic large distance behavior of thesgitips i.e.S.(T) =
Si(r =00, T) andU«(T) = U1 (r = 0, T). To separate entrop$., and internal energ¥.., contri-
butions from heavy quark free energies we use standard thermodyrelations,

0Fw(T) O0F.(T)/T
——T 2T )l

So(T) = and U (T) = (5.1)

oT
to calculated their asymptotic behavior. In fij. 5 we compare internal erffiy and entropy
(right) to the asymptotic behavior of the free energy. The band at thexisfiralicates the value of

the energy in the zero temperature limit and the line in the right figure indicatesrttrapy, T S.,
vanishes at zero temperature.

In contrast to the monotonic decrease observeé&fobothU, andT S, show qualitative different
(critical) behavior in the transition region. While at small temperatures theglyappproach
values close to their zero temperature limits, both show a pronouncedpgdky Tc) ~ 4.5 GeV

andT S.(T ~ T¢) ~ 4 GeV, which again decreases rapidly toward smaller values and bectiree ra
flat above 15 T.. Note that the temperature where both observables attain their maximum is in
good agreement with the critical temperature obtained using differentvatibdes in [2]. Similar
behavior was already observed in previous studies mittf2 and 3 with larger quark masses in

[6. B3].

6. Effective running coupling constant

As already discussed, the heavy quark-antiquark free energiesbeemperature indepen-
dent at small separations. To analyze the onset of temperature effect®ite appropriate to study
the effective distance and temperature dependent running couplingd&firough

3 dR(r,T)

AT

2
r
dr

Oef(r,T) = (6.1)
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Figure 6: The effective (distance dependent) running coupling)(€fthe solid line shows the zero tem-
perature running coupling calculated from the zero tempeggotential. Effective temperature dependent
coupling (right),0max(T ), define by the maximum afe(r, T) as explained in the text for (2+1) flavor com-
pared to 2-flavor and pure gauge thediy[j4]5, 6]. The linesvshperturbative inspired fit-Ansatz for high
temperatures.

In fig. B (left) results for various temperatures are compared to the zeqmetature running cou-
pling, at—o(r), defined in the same way (solid line). Note that the quadratic riserof is a
non-perturbative effect that stems from the linear rising string tensiomitethe potential, while
at small distances the logarithmic weakening of the coupling is visible and fatisuatfly small
distances it should reach the perturbative (asymptotic free) behavior.

At finite temperaturegyes (r, T) follows this zero temperature behavior to relatively large distances,
before screening sets in leading to a maximum and a decrease at largecatistalthough the on-
set of temperature effects and the maximum is shifted towards smaller distaiticescreasing
temperature, at temperatures slightly above the critical agg(r, T) still follows the quadratic
behavior quite far, indicating that even abdaemnants of confinement forces are present.

We have used the value of the maximum of the running couptirgy(T ), to define an effective
temperature dependent coupling constant that can be used to indic#tctneecoupling strength
at distances where the screening of the static quark-antiquark pair sdtserresults are shown
in fig. @ (right) in comparison with pure SU(3) gauge theory and 2-flaveDQesults from [[b].
The solid lines show results of a fit with an Ansatz using the two-loop petiuebeoupling at
temperature3 > 1.2T.. Note that the 2-flavor results are calculated for rather large quarkesmass
(m/T = 0.4). Therefore the increase afnax for (2+1)-flavor is rather a quark mass effect than
a flavor effect. The comparison of the results for temporal extent 4 and 6 again shows that
cut-off effects also in this observable are quite small. The large value abilnging close to the
critical temperature should not be identified with a large Coulombic couplinglbatly includes
non-perturbative effects.

7. Debye screening at finite temperature and density

We follow the commonly used approach to define the non-perturbativey@)edzreening
mass,mp(T), and temperature dependent coupling const(i,), using a screened Coulomb fit
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Figure 7: Debye screening masses in units of the temperature (lefgifierent number of flavors. The
solid lines and error band show the fit of a perturbative Ansatluding a scale factok as described in the
text. Effective T-dependent Coulombic couplings (rigtg)adtained from the same fits comparedit@y.

Ansatz for the large distance part of the heavy quark free energresatined by its asymptotic
large distance value,

R T)—Fi(r=wT)= —;‘?)e—w (7.1)

Our results for the screening masses are summarized iff fig. 7 (left) aofup€ T /T; and are

compared to results in pure gauge theory and 2-flavor QCD ffpbm [5].

Although we are not expecting perturbation theory to hold at the small tempesatnalyzed here,
the enhancement for increasing number of flavors is in qualitative agreemith leading order

perturbation theory, i.e.

mo(T) Ni \ ¥/2
- _A<1+6) g9(T). (7.2)

Here we have already introduced a multiplicative constaitt allow for non-perturbative contri-
butions A& = 1 in perturbation theory). Using a two-loop perturbative definitiog(@f) a best fit
analysis formp (T) /T for temperature§ > 1.2T. leads toA = 1.52(2), 1,42(2) and 166(2) for

N =0, 2 and(2+ 1), respectively. The results including an error band are shown by ligdises

in fig. [ (left).

The large value oA indicates that non-perturbative contributions are important in the temperatur
range analyzed here. Note that a study in pure gauge theory up to témmpsias high as 24 led

to an only slightly smaller valued = 1.39(2), revealing that even at such high temperatures the
screening mass still is far from being perturbative.

The results for the couplingy(T), are shown in fig[]7 (right) in comparison with,ax as discussed

in the previous section. The large valuesaffT), especially close to the transition region, de-
scribes the large distance behavior of heavy quark free energieshantt not be confused with
the couplingomax that characterizes the short distance paf¢f, T). The latter is almost temper-
ature independent and can to some extent be described by the zeroaemgpeoupling.

So far we have only discussed results for vanishing baryon numbsitidsnin leading order per-
turbation theory, the dependence of the Debye mass on temperatureaakdly@mical potential
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Figure 8: Zero (left) and second (right) order density coefficientshef Taylor expansion of heavy quark
free energies in 2-flavor QC[EZ4]. The solid line in the leffuiie shows the fit and in the right figure the
leading order perturbative result as explained in the text.

is given by

”‘D(;W_g(T)\/1+M+M(¢‘)Z- (7.3)

Here we will discuss results for two-flavor QCD with large quark masisék [Phe extension to
non-zero densities in terms of a Taylor expansion in the quark chemicalt@bie straightforward
and comparable to the Taylor expansion for bulk thermodynamic obses\glk

mo(T. e) = mo(T) + mo(T) (49) " o). (7.4

wheremg(T) is the zero-order (zero density) contribution as already discussee abdm(T) is
the second order Taylor coefficient. Note that fayopsystem the odd order coefficients vanish.
The results fomy(T) andmy(T) are shown in fig]8 (left) and (right), respectively. The solid line in
the left figure shows the fit result fom as discussed above and the line in the right figure shows the
second order expansion coefficient from the perturbative leadutey expressior{ (7.3). While the
zero order coefficient clearly shows non-perturbative behavidoupgh temperatures, the good
agreement of the second order coefficient with the perturbative @tfacat temperatures above
1.5T; indicates that non-perturbative contributions to screening in the high tampemphase of
QCD are dominated by the gluonic sector.

The density dependence of screening masses so far was only anfaly2efthvor QCD and large
quark masses. For a more realistic description the analysis will be cartiéat ¢2+1)-flavor QCD
with almost realistic quark masses in the future.

8. Conclusions

We have analyzed heavy quark free energies, their temperatureddgwenand screening
properties for (2+1)-flavor QCD with almost realistic quark masses. €hermalization of the
free energies as well as the Polyakov loop was performed using reliwativen constants obtained
at zero temperatures. For the asymptotic large distance behavior, eatrdjiyternal energy con-
tributions were separated from the free energies and show criticabibel@ound the transition
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region.

From the analysis of the effective running coupling constants the ofseedium effects on a
heavy quark-antiquark pair was analyzed and from the large distataior of the free energies
we extracted screening properties at vanishing density. The extendioitddaryon densities so
far is limited to the case of 2-flavor QCD and large quarks masses. Thenagne of the second
order expansion coefficient with perturbation theory at temperatuegdbT,; indicates that the
main non-perturbative contributions to screening stems from the gluontiorsehile fermionic
contributions seem to be small. This behavior has to be confirmed for (&vby- QCD with
almost realistic quark masses in the future.
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