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The Confining Color String Model and 
the  Surface  Tension  of  Quark Gluon  

Bags  
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Properties of neutron stars

Quark (core) stars, neutron stars, stable strange stars, ...  

Astro & Cosmic QGP Searches Programs

E. Witten, PRD 30 (1984) suggested that quark matter can survive till 
present time

Alcock & Olinto, PRD 39 (1989) showed that for surf. tension 
> (178 MeV)   then quark matter would not be boiled away

These findings initiated the 
research on QGP surface tension.

Unfortunately, the QGP surface 
tension is UNKNOWN despite 

many efforts and model results!
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Quark (core) stars, neutron stars, stable strange stars, ...  

Astro & Cosmic QGP Searches Programs

E. Witten, PRD 30 (1984) suggested that quark matter can survive till 
present time

Alcock & Olinto, PRD 39 (1989) showed that for surf. tension 
> (178 MeV)   then quark matter would not be boiled away

These findings initiated the 
research on QGP surface tension.

Unfortunately, the QGP surface 
tension is UNKNOWN despite 

many efforts and model results!

Can we determine the QGP surface tension in a model 
independent way?
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 Confining String = Color Tube

Consider confining string between static q & anti q of length L and radius R<<L

q q-

Its free energy measured from Polyakov loop correlator is 

3

Fstr = σstrL

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

+ σsurf(T )2πRL︸ ︷︷ ︸
surface

+ T τ ln
V

V0︸ ︷︷ ︸
small

.

Deconfinement means that 
string tension vanishes

Can be rigorously  found by Lattice QCD

Introduction Free energies Checks and Balances Free energy at infinite separation Entropy and Internal Energy Renormalized Polyakov Loop Quarkonia (quenched) Charmonium Summary

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 0.2  0.4  0.6  0.8  1  1.2
r [fm]

F1(r,T) [GeV]

T=0
189 MeV
196 MeV
199 MeV
204 MeV
209 MeV

-0.2

 0

 0.2

 0.4

 0.6

 0.8

 0.2  0.4  0.6  0.8  1  1.2
r [fm]

F1(r,T) [GeV]

T=0
192MeV
197MeV
202MeV
207MeV
212MeV
223MeV

• No medium effects up to 0.3fm

• Strong effects at r > 0.4fm

Coulomb part confining part
L

L

color anticolor

outer pressure Ptot

Confinement means infinite free 
energy for infinite L 
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 String Tension vs Surface Tension

Consider now this tube as the cylindrical bag of length L and radius R<<L

Neglect  effects of color sources and get cylinder FREE ENERGY as:
3

Fstr = σstrL

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

+ σsurf(T )2πRL︸ ︷︷ ︸
surface

+ T τ ln
V

V0︸ ︷︷ ︸
small

.

Equating the cylinder FREE ENERGY to string free energy

3

Fstr = σstrL

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

+ σsurf(T )2πRL︸ ︷︷ ︸
surface

+ T τ ln
V

V0︸ ︷︷ ︸
small

.

σstr(T ) = σsurf(T ) 2πR − pv(T )πR2 +
T τ

L
ln

[
πR2L

V0

]

We got a new possibility to determine QGP bag surface tension directly from 
LQCD!
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σstr(T ) = σsurf(T ) 2πR − pv(T )πR2 +
T τ

L
ln

[
πR2L

V0

]

From bag model pressure pv(T = 0) = −(0.25)4 GeV4, R = 0.5 fm and
σstr(T = 0) = (0.42)2 GeV2 ⇒

σsurf(T = 0) = (0.2229 GeV)3 +0.5 pv R ≈ (0.183 GeV)3 ≈ 157.4 MeV fm−2.

K.A.B., G.M.Zinovjev,  Nucl. Phys. A848 (2010)
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σstr(T = 0) = (0.42)2 GeV2 ⇒

σsurf(T = 0) = (0.2229 GeV)3 +0.5 pv R ≈ (0.183 GeV)3 ≈ 157.4 MeV fm−2.

K.A.B., G.M.Zinovjev,  Nucl. Phys. A848 (2010)

QGP surface tension at T=0 is above the critical value! 
Can quark matter survive the boiling away?
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 Surface Tension at Cross-over

3

Fstr = σstrL

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

+ σsurf(T )2πRL︸ ︷︷ ︸
surface

+ T τ ln
V

V0︸ ︷︷ ︸
small

.

σstr(T ) = σsurf(T ) 2πR − pv(T )πR2 +
T τ

L
ln

[
πR2L

V0

]

From bag model pressure pv(T = 0) = −(0.25)4 GeV4, R = 0.5 fm and
σstr(T = 0) = (0.42)2 GeV2 ⇒

σsurf(T = 0) = (0.2229 GeV)3 +0.5 pv R ≈ (0.183 GeV)3 ≈ 157.4 MeV fm−2.

For vanishing σstr one has σLQCD
str ≈ ln(L/L0)

R2 C

This is due to increase of surface fluctuations ⇒ in general

σstr(T ) Rk → ωk > 0 for k > 0

Parametrize σstr = σ0
str tν, where t ≡ Ttr(µ)−T

Ttr(µ) → +0

and find total pressure and total entropy density
for µ = 0 (baryonic chemical potential)

ptot = pv(T )−σsurf(T )
R

≡ σsurf(T )
R

− σstr

πR2 →
[
σstr

ωk

] 1
k

[
σsurf −

ωk

π

[
σstr

ωk

]k+1
k

]

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

For finite σsurf and ∂ σstr

∂ T
< 0 ⇒ σsurf < 0 since stot > 0
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 Comparison with LQCD
4

This state is part of all string configurations, contained in LQCD data

⇒ Assume: we can apply our results to LQCD data with L " R

For σstr → 0 ⇒ R → 2 σsurf

pv
and lattice entropy is

Slat

L
= − 1

L
∂Flat

∂T
→ − stot k σstrR

σsurf
= − stot k ωk

σsurfRk−1 → tν−1

⇒ again σsurf < 0

⇒ Slat diverges for ν < 1 and R → ∞

⇒ Slat has a sharp inclease for ν < 1 and R → Rlat < ∞

Can we verify this result with LQCD data?

Similarly, consider the fall down of Slat due to strong stot decrease

This explains ‘a mysterious maximum in Slat’ (E. Shuryak)
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• big jump in critical region

• in potential models would mean two or three-fold increase in

effective mass

• food for thought.

 Mysterious Maximum

4
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 Why Does the String Entropy Diverge at 
the Cross-over ?

provided k > ν > 0.
Clearly, the another possibility of divergent stot in Eq.(18), k < ν < 0, contradicts to

Eqs.(11) and (15).
As we argue below, the quantity of importance is also the full T derivative of string free

energy at fixed L and µb, which can be calculated from Eqs.(11) and (15) as

dFstr

dT
= −L

σ0
str ν

Ttr
tν−1 → −L ν

Ttr

[
σ0

str

ω1−ν
k

] 1
ν

R
k(1−ν)

ν . (19)

Sstr

L
=

σ0
str ν

Ttr
tν−1 →

ν

Ttr

[
σ0

str

ω1−ν
k

] 1
ν

R
k(1−ν)

ν (20)

String entropy diverges for ν < 1 and t → +0.

R power k(1−ν)
ν is FRACTAL for any ν "= k

k+n where n = 1, 2, 3, ...

In LQCD the fractal structures are well known.

In this model the fractals appear at t → +0 as surface deformations
due to zero total pressure inside the color tube ⇒ at NO ENERGY costs!

This derivative diverges for ν < 1 in the limit t → +0 even for finite L. Moreover, for
any ν < 1, except for ν = k

k+n where n = 1, 2, 3, ..., the divergency in the right hand
side of Eq.(19) has a fractal dimension. We believe it is rooted in the fractal structure at
t → +0 discussed above.

Taking these results seriously now we get an intriguing possibility to explain the origin of
extremely fast increase (called ‘mysterious’ in Ref.[31]) of −dFLQCD

str
dT approaching the cross-

over temperature. The quantity F LQCD
str , as measured at zero baryonic chemical potential

in the LQCD simulations, is the renormalized free energy of static quark-antiquark pair
extrapolated to an infinite separation distance. Its derivative −dFLQCD

str
dT is just called as

the string entropy [30, 31], although from the view point of bag thermodynamics it includes
not only the entropy (i.e. the partial T -derivative), but also contains a work done against
the external pressure p by changing the bag volume V due to temperature change, i.e. in
terms of standard thermodynamics one can write down −dFLQCD

str
dT = −∂FLQCD

str
∂T + pdV

dT .
In order to apply Eq.(19) for the analysis of LQCD data we have to take into account two
following facts: (i) the spatial size of lattice Rlat is limited and, therefore, an infinite radius
limit of the cylinder cannot be reached on the lattice; (ii) the quantity F LQCD

str has a sharp
descent at the cross-over temperature but for a given temperature close to the cross-over
one it remains finite still for L → ∞. Then the first fact dictates that Eqs.(10), (11) may
be used only for the cylinder radius not exceeding the spatial lattice size Rlat ≥ R. The
second fact instructs that, if the confining strings of infinite length with the string tension of
Eq.(5) contribute into the F LQCD

str , their probability W (L) to come to the play vanishes as
W (L) ∼ [L ln(L/L0)]−1 in the limit L → ∞, since σ0

str ∼ ln(L/L0), ωk ∼ ln(L/L0)

and dFstr
dT ∼ −L ln(L/L0) R

k(1−ν)
ν , as one can easily deduce from Eqs.(10), (11), (15) and

(19).
If one is willing to explain the existence of maximal value in the LQCD entropy SLQCD

str =

−dFLQCD
str
dT it is enough to assume that this maximum is generated by the infinite strings con-

tribution (19) with ν < 1, although such strings contribute in LQCD free energy F LQCD
str

6

=>   At the cross-over temperature there exist FRACTALS!
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 Conclusions
The relation between the string tension and the surface 

tension of QGP bags is found! It allows us to determine the 
surface tension of QGP bags directly from Lattice QCD.

The surface tension of QGP bags at T = 0 is larger than the 
critical one, but at the cross-over T ~ 170 MeV the surface 

tension is negative!

Negative surface tension of QGP bags at the cross-over does 
not allow the quark matter to survive till present time.

At the cross-over T ~ 170 MeV there exist fractals =>
fractal  surfaces!
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Thanks for your attention!

10
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Surface Free Energy:  F = E -TS
To find surface F one has to count for ALL surface deformations together with energy costs

Can be exactly done within Hills and Dales Model for v-volume cluster:  
                                                                                                     K.A.B. et al, PRE 72 (2005)

= + + + + +

Source of Source of SSurface urface EEntropyntropy
Is the surface deformations of the bag of !xed volume v !

One has to count ALL surfaces of the bag of !xed volume v !

Done EXACTLY within the Hills and Dales model for clusters in GCE
"approx. v conserv., small amplitudes of deformations#. K.A.B. et al PRE 72 "2005#

Simplest case "M. Fisher#

Checked on d =2 & 3 dimensional Ising clusters! Moretto et al PRL 94 "2005#,

K.A.B. & Elliott, Ukr. J. Phys. 52 "2007#

mean
cluster

  K.A.B. & Elliott,  UJP 52 (2007)

17

Statistical probability of QGP phase

wQ = e
pQ V

T

e
pQ V

T +e
pH V

T

, pQ [pH] – Q [H] phase pressure;

V – system volume; T – temperature

RHIC and NICA are planned to search for the mixed phase,

but there are TWO MIXED PHASES! 1) deconfinement mixed phase;
2) cross-over mixed phase

Difference:

1) deconfinement:
concentration changes
at fixed T, µ, pQ

2)cross-over:
concentration changes
by varying T, µ, pQ

wQ = 0 wQ = 1 wQ = 1
2

wQ < 1

σ(T ) =






σ0 ·
[

Tc−T
Tc

]ζ

, T ≤ Tc , ζFDM = 1, ζSMM = 5
4
, σ0 > 0

0, T > Tc .

Also one can find supremum and infimum for surface F and surface partition

σ0(1 − λLT ) v
2
3 ≥ F ≥ σ0(1 − λUT ) v

2
3 , λL ≈ 0.28 T −1

c , λU ≈ 1.06 T −1
c
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Thus, there is NOTHING wrong, if  surface F < 0 above critical T! 
This means only that entropy dominates! 
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