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Abstract
We discuss a novel view at the colour confinement
which, on the one hand, allows us to find out the surface
tension coefficient of quark gluon bags and, under the
plausible assumptions, to determine the endpoint tem-
perature of the QCD phase diagram, on the other hand.
The developed model considers the confining colour
tube as the cylindrical quark gluon bag with non-zero
surface tension. A close inspection of the free energies
of elongated cylindrical bag and the confining colour
tube that connects the static quark-antiquark pair al-
lows us to find out the string tension in terms of the
surface tension, thermal pressure and the bag radius.
Using the derived relation it is possible to estimate the
bag surface tension at zero temperature directly from
the lattice QCD data. The requirement of positive en-
tropy density of such bags leads to negative values of
the surface tension coefficient of quark gluon bags at the
cross-over region, i.e. at the continuous transition to de-
confined phase. It is shown that such an approach nat-
urally accounts for an existence of a very pronounced
surprising maximum of the string entropy observed in
the lattice QCD simulations, which, as we argue, signals
about the fractional surface formation of the confining
tube.

I. Colour confining tube and sQGP
Colour confinement, i.e. an absence of free colour
charges, is usually described by the free energy of heavy
(static) quark-antiquark pair Fqq̄(T, L) = σstr · L.

In lattice QCD Fqq̄(T, L) as a function of temperature
T and separation distance L can be extracted from the
Polyakov line correlation in a colour singlet channel.
• confinement: σstr > 0

• deconfinement: σstr → 0 at T → Tco, but there
is no colour charge separation up to T ≥ 1.3Tco
values of the cross-over temperature Tco [1].

Explanation: although at large distances L → ∞ the
potential energy of static qq̄ pair is finite Uqq̄(T, L) =
Fqq̄−T ∂Fqq̄

∂T = Fqq̄+TSqq̄ , near Tco the values ofU(T,∞)
are very large (see figure below for 2 flavor QCD [O.
Kaczmarek and F. Zantow, PoS LAT2005, 192 (2006)])

13

TABLE V: Simulation parameters and screening masses for the large lattice 322 !48!6. Lattice scales are estimated by Refs.
[34, 35].

! a!1[GeV] T[MeV] T/Tc mm/T me/T
7.0 7.64 1274 4.97 1.128(78) 2.556(156)
7.5 13.8 2303 8.99 1.014(54) 2.178(144)
8.0 24.7 4127 16.12 0.984(60) 2.256(120)
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FIG. 13: The temperature dependence including higher temperature points on the large lattice 322 ! 48 ! 6.

IV. CONCLUSIONS

We have measured the gluon propagators and obtained the electric and magnetic masses by lattice QCD simulations
in the quenched approximation for SU(3) between T = Tc and 6Tc. Features of the QGP in this temperature region
will be extensively studied theoretically and experimentally in the near future.

Our screening mass studies are the first reliable measurement in SU(3) lattice calculation. We mainly investigate
the temperature dependence for the electric and magnetic masses which do not vanish on 202 ! 32 ! 6 lattices. In
all temperature regions we find that the electric mass me is always larger than the magnetic one mm, except near
critical temperature point. As the temperature goes down toward Tc, me/T drops down quickly, while mm/T is still
going up. Consequently, using data above T/Tc " 1.5 we conclude that the scalings me " gT and mm " g2T work
well. Furthermore, a HTL resummation calculation has recently been developed and compared with nonperturbative
lattice simulations. We have also compared our numerical results with LOP and HTL resummation and find a good
improvement of the HTL electric mass. These comparison studies of SU(3) screening masses qualitatively seem to
agree with the case of SU(2) [14].

The electric masses obtained here are not consistent with those obtained by heavy qq̄ potential calculations from
an SU(3) Polyakov loop correlator at finite temperature in Refs. [17, 18]. In Ref. [18], the authors did extensive
analyses with three di!erent temporal extents and two di!erent gauge actions, obtaining a very reliable potential as
a function of the temperature. They observe that the potential above Tc cannot be described properly by the leading
order perturbation calculation up to a few Tc: They exclude the two-gluon exchange as the dominant screening
mechanism, and suggest that some kind of one-gluon exchange may describe the potential e!ectively as a result of
the complex interaction, and that at about (1.5 # 3)Tc a mixture of one- and two-gluon exchange may explain the
behavior. Therefore, due to the ambiguity of the fitting assumptions, it is not clear whether we can compare our
screening masses directly with those obtained by the potential calculation.

In order to investigate the nature of the QGP, especially the excitation modes in the plasma, Datta and Gupta
recently calculated glueball masses at finite temperature and made an interesting observation. They measured the
screening masses of A++

1 (scalar) and A!!
2 (glueball), which allow two- and three-gluon exchange, and their ratio " 1.7

is near 3/2. The A!!
2 mass is twice that obtained by Kaczmarek et al, and shows similar temperature dependence.

There are now several nonperturbative methods to study QGP: our direct measurement of the gluon propagators,
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Figure 16: (upper left) Temperature dependence of electric and magnetic screening masses according
to Nakamura et al [76]. The dotted line is fitted by the assumption, mg ! g2T . For the electric mass,
the dashed and solid lines represent LOP and HTL re-summation results, respectively. (upper right)
Temperature dependence of the e!ective string tensions of the free and potential energies !F , !V . (down)
The energy and entropy (as TS!(T )) of two static quarks separated by large distance, in 2-flavor QCD
according to [77].

Studies of the static Q̄Q potential have been extended to finite T . In particular, deconfinement
temperature Tc is defined as a disappearance of the linear behavior as a signal of deconfinement at
T > Tc in the corresponding free energy F (T, r). Bielefeld-BNL group has published lattice results for
static Q̄Q free energy, as well as internal energy and entropy

V (T, r) = F " TdF/dT = F + TS (36)

at T both below and above Tc, see [79, 80].
Remarkable features of these results include:

1. The linear (in r) part of the potentials. Their e!ective tensions are shown in Fig.16(top right).
While that for free energy vanishes at Tc (by definition), that for potential energy extends till at least
about 1.3Tc, with a peak values about 5 times (!) the !vac.. Similar behavior is seen in entropy,while
canceling in free energy. The widths of these peaks provide a natural definition of “near-Tc” region as
T/Tc = 0.8" 1.2
2.Although potentials at large distances r #$ are finite V (T,$), near Tc their values reach very large
magnitudes, see Fig.16(down). The corresponding large entropy S(Tc,$) % 20 means that really huge
! exp(20) number of states is involved ;
The origin of this large energy and entropy associated with static Q̄Q pairs near Tc, remains mysterious:
many attempts (e.g. [81]) failed to explain it. Below we will return to this phenomenon in connection
with “magnetic plasma” scenario.

Before looking for explanations, however, let us focus on physical di!erence between F and U, based
on papers by Zahed, Liao and myself [82, 83], in which they are related to what happens for slow and
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Conclusion N 1: Near Tco region QGP is a strongly in-
teracting plasma (sQGP) which is similar to a liquid [1].

Conclusion N 2: At T = Tco the entropy of static qq̄ pair
is very large Sqq̄(Tco,∞) ≈ 20. Such a value signals that
really a huge number of degrees of freedom ∼ exp(20)
is involved (see figure above for different number of fla-
vors [O. Kaczmarek and F. Zantow, PoS LAT2005, 192
(2006)]).

Problem N 1: There are several estimates for the sur-
face tension coefficient σsurf of QGP bags, but can we
determine σsurf from lattice QCD?

Problem N 2: The origin of large energy Uqq̄(T,∞) and
entropy Sqq̄(T,∞) values near Tco remains mysterious
[1] despite many attempts to explain it.

Here we resolve Problems N 1 & N 2

IV. Conclusions
• A relation between the surface tension of QGP bags and the string tension is derived.

• The surface tension coefficient of large QGP bags σsurf ≈ 157.4 MeV fm−2 at T = 0
and the value of (tri)critical temperature Tcep = 152.9 ± 4.5 MeV are found under the
plausible assumptions.

• It is shown that at the cross-over temperature the surface tension coefficient of large
QGP bags should be negative.
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II. Cylindrical bag model for vanishing baryonic density
Consider very long unbroken confining tube (string) between static qq̄ pair of length L, radius R � L and free
energy Fstr ≈ σstrL. Equating Fstr to a free energy of elongated cylinder of same length and radius (V0 = 1fm3)

Fcyl(T, L,R) ≡ − pv(T )πR2L︸ ︷︷ ︸
bulk

+σsurf(T )2πRL︸ ︷︷ ︸
surface

+ Tτ ln
πR2L

V0︸ ︷︷ ︸
small

(1)

in the limit L� R we obtain the relation between the string tension and surface tension [2]

σsurf(T ) =
σstr(T )

2πR
+

1

2
pv(T )R . (2)

In doing so we match an ensemble of all string shapes of fixed L to a mean elongated cylinder, which according to
a well known M. E. Fisher conjecture and the Hills and Dales Model estimates [3], represents a sum of all surface
deformations of a given bag.
Eq. (2) opens a principal possibility to determine the T -dependence of bag surface tension directly from the lattice
QCD, ifR(T ), σstr(T ) and pv(T ) are known. Unfortunately, at the moment there are no lattice QCD simulations
for which all functions R(T ), σstr(T ) and pv(T ) were found simultaneously. Therefore, to find σsurf(T = 0)
we use the bag model pressure pv(T = 0) = −(0.25)4 GeV4 and the lattice QCD results R = 0.5 fm and
σstr(T = 0) = (0.42)2 GeV2 and obtain a conservative estimate

σsurf(T = 0) = (0.2229 GeV)3 +
1

2
pv R ≈ (0.183 GeV)3 ≈ 157.4 MeV fm−2 . (3)

Note that for larger values of the bulk pressure pv(T = 0) the value of σsurf(T = 0) in (3) gets larger.
Using this result and the usual assumptions made for ordinary liquids [3] we can determine the (tri)critical end-

point temperature as Tcep = σsurf(T = 0)V
2
3

0 · λ−1 = 152.9± 4.5 MeV [4] since λ ∈ [1; 1.06009] [3].

III. Surface tension at cross-over temperature
The above results allow us to tune the interrelation with the colour tube model and to study the bag surface
tension near the cross-over to QGP. The lattice QCD data indicate that at large R the string tension behaves as
σLQCDstr ≈ ln(L/L0)

R2 C , where L0 and C are some positive constants. Assuming that in the infinite available volume
σstr(T )→ +0 which means that the string radius diverges, i.e. R→∞, in such a way that (ωk = const ∼ ln(L/L0))

σstr(T )Rk → ωk > 0 with k > 0 , (4)

which extends a range for the power k. Parameterizing σstr = σ0
str t

ν , where t ≡ Tco−T
Tco

→ +0 and σ0
str ∼ ln(L/L0),

we can find the total pressure ptot and total entropy density stot of the cylinder

ptot = pv(T )−σsurf (T )

R
≡ σsurf (T )

R
− σstr

πR2 →
[
σstr

ωk

] 1
k

[
σsurf −

ωk

π

[
σstr

ωk

]k+1
k

]
, (5)

stot =
(
∂ ptot

∂ T

)
µ

→
1

k σstr

[
σstr

ωk

] 1
k ∂ σstr

∂ T
σsurf︸ ︷︷ ︸

dominant since σstr→ 0

+
[
σstr

ωk

] 1
k ∂ σsurf

∂ T
− k+2

π k

[
σstr

ωk

] 2
k ∂ σstr

∂ T
> 0 . (6)

Since stot > 0 and ∂ σstr

∂ T
< 0, one finds that at the cross-over the surface tension coefficient is negative

σsurf(T → Tco) < 0. We stress that there is nothing wrong or unphysical with the negative values of sur-
face tension coefficient, since σ 2πRL in (1) is the surface free energy and, hence, as any free energy, it contains
the energy partEsurf and the entropy part Ssurf multiplied by temperature T , i.e. Fsurf = Esurf −TSsurf [3].
Therefore, at low temperatures the energy part dominates and the surface free energy is positive, whereas at high
temperatures the number of configurations of a cylinder with large surface drastically increases and the surface
free energy becomes negative since Ssurf >

Esurf

T
.

The results (1)–(6) are valid for nonzero baryonic chemical potential µ up to the (tri)critical endpoint. The main
modification in (1)–(6) is an appearance of µ-dependences of pv(T, µ) and Tco(µ) [2]. In the (tri)critical endpoint
vicinity the behavior of ptot and stot is defined by the t-dependence of the surface tension coefficient.

To explain a mysterious maximum of the lattice entropy we assume that the probability of the unbroken confining
tube among other configurations measured by lattice QCD is W (L) ∼ [L ln(L/L0)]−1. Then the contribution
of the unbroken confining tube into the lattice free energy is small, since W (L)Fstr(L) ∼ R−k for t → +0 and
R→ Rlat − 0 (Rlat denotes the lattice size), but its contribution to the tube entropy

W (L)Sstr = −W
dFstr

dT
= WL

σ0
strν

Tco
tν−1 →WL

ν

Tco

[
σ0
str

ω1−ν
k

] 1
ν

R
k(1−ν)
ν ∼ R

k(1−ν)
ν (7)

is an increasing function of the tube radiusR for ν < 1.
The origin of a singular behavior of the tube entropy (7) encoded in ν < 1 is rooted in the formation of fractal
surfaces of the confining tube in the cross-over temperature vicinity [2]. This can be seen from the power k(1−ν)

ν
of

R on the right hand side of (7) which is fractal for any ν 6= k
k+n

where n = 1, 2, 3, ...Moreover, the appearance of
fractal structures at T = Tco can be easily understood within our model, if one recalls that only at this temperature
the fractal surfaces can emerge at almost no energy costs due to almost zero total pressure (5).
An explanation of the tube entropy decrease for t < 0 is similar [2, 4]. The fractal surfaces gradually disappear
since for T > Tco the tube gradually occupies the whole available volume.


