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We present results on heavy quark free energies in 2-flav@D.Q he temperature dependence
of the interaction between static quark anti-quark pair$ g analyzed in terms of tempera-
ture dependent screening radii, which give a first estimatde medium modification of (heavy
quark) bound states in the quark gluon plasma. Comparirggthexdii to the (zero temperature)
mean squared charge radii of charmonium states indicat¢sht@J /¢ may survive the phase
transition as a bound state, whiyg and ¢/’ are expected to show significant thermal modifica-
tions at temperatures close to the transition. Furthermarsvill analyze the relation between
heavy quark free energies, entropy contributions andnatenergy and discuss their relation to
potential models used to analyze the melting of heavy quatkd states above the deconfine-
ment temperature. Results of different groups and variatsrpial models for bound states in
the deconfined phase of QCD are compared.
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Figure 1: (left) The colour singlet quark anti-quark free energiegr, T), at several temperatures as func-
tion of distance in physical units. Shown are results frottida studies of 2-flavour QCD (fronﬂ[l]). The
solid line represents the = 0 heavy quark potentia¥/ (r). The dashed error band corresponds to the string
breaking energy at zero temperatWé preaking ~ 1000— 1200 MeV, based on the estimate of the string
breaking distance&preaking™~ 1.2— 1.4 fm [E]. (right) The screening radius estimated from thesiise Debye
massfp = 1/mp (Nt=0: open squared¢=2 filled squares), and the scalg.q (N+=0: open circlesN;=2:
filled circles,N¢=3: crosses) defined in (2.1) as functionofT.. The horizontal lines give the mean squared
charge radii of some charmonium stat&ay, x. andyr (see also|]1{|4]) and the band at the left frame shows
the distance at which string breaking is expected in 2-fl@¥6D atT = 0 and quark massy;/m, ~ 0.7

13}

1. Introduction

A simple Ansatz to study the possible existence of bound states above thé witiparature
is to use effective temperature dependent potentials that model the medilfitatioths of strong
interactions in a quark gluon plasma. To what extend a suitable effectieatj at finite tem-
perature can be defined by quark antiquark free or internal enengéeBirthermore how realistic
such (simple) descriptions of bound states in a deconfined medium are is sfilka question.
By comparing the screening radii obtained from lattice results on singketfergies in 2-flavour
QCD to the mean squared charge radii we obtain first estimates on the temgeralhere char-
monium bound states may be influenced by medium effects. In more realistittipbtaodel
calculations effective temperature dependent potentials that model meffiaots are used in the
Schrodinger equation. We present the heavy quark free energleébein contributions, i.e. en-
tropy and internal energy, and discuss the different results obtaiiad those contributions in
potential models.

2. Screening radii and medium modifications

In Fig. I (left) we show results for the heavy quark anti-quark freeges in 2-flavour QCD
[[]. While in the limit of short distance; (r, T) shows no or only little medium effects, i.E;(r —
0) ~ V(r), at large distances the free energies approach temperature depeonisant values,
Fo(T) = Fi(r — o, T). To characterise distances at which medium effects become important we
introduce a screening radius,eq, defined by the distance at which the value of the zero temperature
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Figure 2: (left) The contributionT S.(T) appearing in the free enerdy, (T) = U (T) — T S.(T), calculated

in 2-flavour QCD as function of /T.. We compare our results from 2-flavour QCD to the leading rorde
perturbative result (seﬁ [3]). We also show results froma@efir QCD forT > 1.1T; [E] and quenched QCD
[E]. (right) The internal energW.(T) versusT /T calculated in 2-flavour QCD. The corresponding free
energy,F.(T), calculated in 2-flavour QCD is also shown as solid line. Waimgnhdicate in this figure the
energy at which string breaking is expected to take plade-a0, V (rpreaking ~ 1000 — 1200 MeV (dashed
lines), using preaking= 1.2 — 1.4 fm [g].

potential reaches the asymptotic value of the free energies,

The results foryegare compared to the mean squared charge radii (at zero temperatiyygraf
charmonium states in Fi} 1 (right). The temperature at which these radiarealent can give

a rough estimate for the onset of thermal effects on the charmonium statssd Bn this (simple)
picture,J/{ may survive as a bound state up to temperatures slightly above the depwifine
temperatures, whilg. andy/’ are expected to show significant thermal modifications already close
to the transition.

2.1)

3. Asymptotic entropy and internal energy

Before analysing the-dependence of the different contributions to the free energy, we dis-
cuss their behaviour at infinite separation. The entropy contribufi®&(T ), and internal energy,
U«(T) can be calculated from the asymptotic value of the free energig3,) (see Fig. 2 in[[B])
using the thermodynamic relations
__29Fa(T)/T _OFs

oT ' oT
The results for two flavour QCD compared to quenched and 3-flaveuttseare shown in Fid] 2.
The results for small temperatures indicate &t (T ) vanishes in the zero temperature limit while
at high temperatures we find a tendency for an increaSeSfT) with increasing temperature.
This behaviour is also as expected from leading order perturbativelmdion,

Uo(T) Su(T) = (3.1)

Su(T) ~ ‘S‘”bT(T)a(T) 4 4”‘°T(T)a(T)§(($’;, (3.2)
ie. TS.(T) ~ O(¢°T). (3.3)
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Figure 3: (left) The singlet internal energy; (r, T) (filled circles), calculated from renormalised singlegfre
energy,F1(r,T) (open squares), at fixed ~ 1.3T; in 2-flavour lattice QCD compared ¥(r) (line) [, |]].
(right) The corresponding colour singlet quark anti-quamkropy,T S (r, T ~ 1.3T¢), as function of distance
calculated from renormalised free energies. The arrow®th figures point at the temperature dependent
values of the free and internal energy and entropy at asytiofacge distances.e. Fo(T) =lim; . F1(r, T),

U (T) = limy_e U1 (r, T) andT So(T) = Tlimy e St (1, T).

In contrast to the expected behaviour of the entropy contributions in the Ilfrsinall and large
temperatures, in the vicinity of the phase transition significant differenaes\adent. Even at
moderate temperatures aboliethe entropy is to a large extend dominated by non-perturbative
effects reaching large values around the critical temperature. A similavimel is also visible

for the internal energies (Fif]} 2 (right)) aroufgd A comparison to the free energies (solid line)
shows thatJ,(T) > Fo(T) at all temperatures analysed here. We stress here that even at high
temperatures the difference between both show that entropy contribptaynan important role.

At small temperatures, the comparison to the expected value at zero tempeérdicates that this
value seems to be approached already at rather large temperatures ildgreement with the
observation that only small temperature effects are visible in the freeiesénd=ig[1 (left) below

0.8 Te.

4. r-dependent entropies and internal energies

We now turn to the discussion of tedependent entropy and internal energy contributions
calculated by the appropriate relations fs](3.1) (3.1). IFig. 3 (lefinternal energy at a
temperaturdl ~ 1.3 T is compared to the free energy. Both energies approach the zero temper-
ature potential at small distances. Therefore the free energy at sipathtiens is dominated by
energy contributions. The results 85 (r,T) in Fig. [} (right) indicate that at intermediate and
large distances entropy contributions play an important role leading to @meaiment of the in-
ternal energy compared to the free energy. In Big. 4 we summarise rissultg(r, T) at various
temperatures below (left) and above (righg) The results fotJ1(r,T) are larger thar(r,T) for
all temperatures and show a much steeper slope compaFe¢r{®). Therefore potential models
usingU4(r, T) as an effectivd -dependent potential will lead to stronger bound states compared to
models using free energies as effective potential.

192/4



Static quark anti-quark free and internal energy in 2-fla@€D Olaf Kaczmarek

U [MeV] ‘ ‘ ‘ Uy [MeV]
4000 | ]
MWW 1500 |
3000 | M )
ﬁ* H | 1000 |
¥ pr
2000 + ‘ \/‘)dm;u;(t“mw<1>¢‘¢‘4)‘$m
500 | P o™ ﬂ)g% R
1000 ¢ o 1.19T, —=—
12978 o
e
0f | riim] 0.98T, —— | 4 rim 1.89T, —o—
o 05 1 15 2 25 3 0 05 1 15 2

Figure 4: The colour singlet quark anti-quark internal enerdiggy, T), at several temperatures below (left)
and above (right) the phase transition obtained in 2-flalaitice QCD. In (left) we also show as horizontal
lines the asymptotic values which are approached at lagjerties and indicate the flatteninglbf(r, T).
The solid lines represent tile= 0 heavy quark potentia/(r) [, E].

5. Bound states in potential models

Various potential model calculations in terms of solving the Schrédinger equaging either
free energieq]8], internal energi¢} [9] or a linear combination of idhyere recently performed
leading to different results for the temperature dependence of bindieigies of heavy quark
bound states in the quark gluon plasma. Some quarkonium dissociation teimgeabtained by
assuming vanishing binding energy are summarised in[Jab. 1. Althoughdbksreiffer, with
the smallest dissociation temperatures obtained Usi(igT) and the highest usingdi(r, T), they
indicate that at leasl/y may survive the deconfinement transition as a bound state, while the
situation for the higher states is still not obvious.

state J/y Xc 14 Y Xb Y Xb Y’
EiGeV || 0.64 0.20 0.005 || 1.10 | 0.67 0.54 | 0.31 | 0.20
Ta/Te 1.1 0.74 0.1-0.2 2.31 1.13 1.1 0.83 | 0.75

Ta/Te ~1.42 ~1.05 | unbound|| ~33| ~122 | ~118 - -
Ta/Te 1.78-1.92| 1.14-1.15| 1.11-1.12|| >4.4 | 1.60-1.65| 1.4-1.5| ~1.2 | ~1.2

Table 1: Estimated dissociation temperatuigsin units of T, obtained from potential models using free
energiesms] (green), a linear combinatiorFefandU; [@] (blue) and internal energieﬁ [9] (red) as effective
T-dependent potentials.

6. Conclusions

We have compared the screening radii of heavy quark anti-quark ipaile quark gluon
plasma phase to the (zero temperature) mean squared charge radinobichen states and found
indications that thel /¢ may survive the phase transition as a bound state, vygilend ¢/’ are
expected to show significant thermal modifications at temperatures closettartbition.

Beyond this simple approximation of the medium modifications of charmonium kstates above
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T, we have also analysed the different contributions to the heavy quelefrergy and calculated
the entropy contributions and internal energy of a static quark anti-queark A comparison of
different potential models, using either free energies, internal erseogia combination of both,
shows that charmonium states may survive the phase transition and ekistiras states in the
quark gluon plasma. This is in (qualitative) agreement with spectral funatiatyses in quenched
QCD [L3,[12[1B] and first results obtained in 2-flavour QO [14]. Asdiistematic uncertainties
in all those analyses are still quite large, up to now it is not clear to which texiyves bound states
may exist and which potential models give a realistic description of charmoniidrattomonium
systems at high temperatures. Clearly more detailed calculations beyondsitmgse potential
models are needed to clarify the possibility of bound states in the quark glasma as well as
their medium modifications and dissociation properties in a deconfined mediuompacison of
the various potential models to (direct) lattice calculations of charmoniumlaboreand spectral
functions may clarify the question if and which potential models lead to theatatescription of
bound state phenomena within their applicability.
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