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Hybrid EOS

experimental freeze-out curve

T Cleymans
cf
GeV

= 0.166 − 0.139
( µB

GeV

)2
− 0.053

( µB
GeV

)4
(1)

µB
GeV

=
1.308

1 + 0.273√sNN/GeV
(2)

and √sNN =
√

2mNElab + 2m2
N , mN = 0.939 GeV.

J. Cleymans, H. Oeschler, K. Redlich and S. Wheaton, Phys. Rev. C 73 (2006), 034905

doi:10.1103/PhysRevC.73.034905

T Andronic
cf =

158.4MeV
1 + exp[2.60 − ln(

√sNN/GeV)/0.45] (3)

µB =
1307.5MeV

1 + 0.288√sNN/GeV
(4)

A. Andronic, P. Braun-Munzinger, K. Redlich and J. Stachel, Nature 561 (2018) no.7723, 321

doi:10.1038/s41586-018-0491-6
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Hybrid EOS

critical temperature on the lattice

Tc(µX ) = Tc(0)
(

1 − κX
2

(
µX

Tc(0)

)2
− κX

4

(
µX

Tc(0)

)4
)

(5)

Tc(0) =156.5 MeV, κX
2 =0.0124, κX

4 =0.0004.

A. Bazavov et al. [HotQCD], Phys. Lett. B 795 (2019), 15, doi:10.1016/j.physletb.2019.05.013
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Hybrid EOS

mott lines

EA,ν(P)− E 0
A,ν(P) = ∆ESE

A,ν(P) + ∆EPauli
A,ν (P) + ∆ECoulomb

A,ν (P)

(6)
Bbind

A,ν (P;T , nB ,Yp,Teff) = −[EA,ν(P;T , nB ,Yp,Teff)− E cont
A,ν (P;T , nB ,Yp)]

(7)
E cont

A,ν (P;T , nB ,Yp) = NEn(P/A;T , nB ,Yp) + ZEp(P/A;T , nB ,Yp)

(8)

G. Röpke, Phys. Rev. C 92 (2015) no.5, 054001 doi:10.1103/PhysRevC.92.054001
G. Röpke et al., Phys. Part. Nucl. Lett. 15 (2018) no.3, 225 doi:10.1134/S1547477118030159
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Hybrid EOS

Pauli shift

∆EPauli
ν (P; T , nB , Yp) = cν (P; T )

{
1 − exp

[
−

fν (P; T , nB )

cν (P; T )
yν (Yp) nB − dν (P; T , nB ) n2

B

]}
(9)

fν (P; T , nB ) =fν,1 exp

− P2/ℏ2

4(f 2
ν,4/f 2

ν,3)(1 + T/fν,2) + uνnB

 1
T 1/2

2fν,4
P/ℏ

× Im
{
exp

[
f 2
ν,3(1 + fν,2/T )

(
1 − i

P/ℏ
2fν,4(1 + T/fν,2)

)2]

×erfc
[

fν,3(1 + fν,2/T )1/2
(

1 − i
P/ℏ

2fν,4(1 + T/fν,2)

)]}

G. Röpke, Phys. Rev. C 92 (2015) no.5, 054001 doi:10.1103/PhysRevC.92.054001
G. Röpke et al., Phys. Part. Nucl. Lett. 15 (2018) no.3, 225 doi:10.1134/S1547477118030159
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Hybrid EOS

Chemical freezeout

M. Albright, J. Kapusta and C. Young, Phys. Rev. C 90 (2014) no.2, 024915, doi:10.1103/PhysRevC.90.024915
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Hybrid EOS

Chemical freezeout

M. Albright, J. Kapusta and C. Young, Phys. Rev. C 90 (2014) no.2, 024915, doi:10.1103/PhysRevC.90.024915
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Hybrid EOS

Chemical freezeout

M. Albright, J. Kapusta and C. Young, Phys. Rev. C 90 (2014) no.2, 024915, doi:10.1103/PhysRevC.90.024915
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Hybrid EOS

Outlock

recheck everything in the T-µ-plane
Refit Cleymans using the lower Tc
Fit a theoretical freeze-out line using the asymptotes
compare to experimental data for clusters
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Hybrid EOS

Conclusions

critical temperature can be a limiting line for the freeze-out at
high temperature.
at high densities formation of clusters has to be considered
mott lines of light clusters can be a limiting line for freeze-out
at low temperature.
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Hybrid EOS

Thank you for attention
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Hadron resonance gas
Quark part

Albright 2014
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Hadron resonance gas
Quark part

Switch function

P(T , µ) = S(T , µ)Pqg(T , µ) + [1 − S(T , µ)]Ph(T , µ) (10)
S(T , µ) = exp[−Θ(T , µ)] (11)

Θ(T , µ) =

[(
T
T0

)r
+

(
µ

µ0

)r]−1
(12)

This switching function contains two 3 parameters: r , T0 and µ0.

µ0 = 3πT0 (13)

That means in the end 2 free parameters.

Simon Liebing, G. Röpke and B. Blaschke Freeze-out
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Hadron resonance gas
Quark part

Hadronic part

mainly based on PDB 2014

Pα(T , µ) = (2sα + 1)
∫ d3p

(2π)3
1

eβ(Eα(p)−nbµα) ± 1
(14)

Simon Liebing, G. Röpke and B. Blaschke Freeze-out
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Hadron resonance gas
Quark part

excluded Volume

Pex (T , µ) =
PPT (T∗, µ∗)

1 − PPT (T∗, µ∗)/ϵ0
(15)

Thereby T∗ and µ∗ are not independent but related by

T
T∗

=
µ

µ∗
. (16)

Using the equations 15 and 16 it remains one equation with one
variable to determine the T∗ and µ∗ for a given pair of T and µ.

T =
T∗

1 − PPT (T∗, µ∗)/ϵ0
(17)

Simon Liebing, G. Röpke and B. Blaschke Freeze-out
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Hadron resonance gas
Quark part

Perturbative QCD
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Hadron resonance gas
Quark part

Perturbative QCD

P =
8π2

45 T 4
[
f0 + f2

(αs

π

)
+ f3

(αs

π

) 3
2
+ f4

(αs

π

)2
+ f5

(αs

π

) 5
2
+ f6

(αs

π

)3
]

(18)
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Hadron resonance gas
Quark part

Eτ (p; T , nB , Yp) =

√[
mτ c2 − S(T , nB , Yp)

]2 + ℏ2c2p2 + Vτ (T , nB , Yp) − mτ c2 (19)

E intr.
A,ν (P; T , nB , Yp , Teff ) = EA,ν (P; T , nB , Yp , Teff ) − Econt

A,ν (P; T , nB , Yp)

= E0
A,ν + ∆ESE,intr.

A,ν
(P; T , nB , Yp) + ∆EPauli

c (P; Teff , nB , Yp) . (20)
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Hadron resonance gas
Quark part

scalar part

S(T , nB, δ) =
s1(T , δ) nB + s2(T , δ) n2

B + s3(T , δ) n3
B

1 + s4(T , δ) nB + s5(T , δ) n2
B

(21)

with coefficients

si(T , δ) = si ,0(δ) + si ,1(δ) T + si ,2(δ) T 2,

si ,j(δ) = si ,j,0 + si ,j,2 δ2 + si ,j,4 δ4; (22)

Simon Liebing, G. Röpke and B. Blaschke Freeze-out
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Hadron resonance gas
Quark part

vector part

Vp(T , nB, δ) =
v1(T , δ) nB + v2(T , δ) n2

B + v3(T , δ) n3
B

1 + v4(T , δ) nB + v5(T , δ) n2
B

(23)

with coefficients

vi(T , δ) = vi ,0(δ) + vi ,1(δ) T + vi ,2(δ) T 2,

vi ,j,k(δ) = vi ,j,0 + vi ,j,1 δ + vi ,j,2 δ2 + vi ,j,3 δ3 + vi ,j,4 δ4 .(24)

Simon Liebing, G. Röpke and B. Blaschke Freeze-out
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Hadron resonance gas
Quark part

cν(P;T ) = cν(0;T ) = cν,0 +
cν,1

(T − cν,2)2 + cν,3
(25)

dν(P;T , nB) = dν(0;T , nB) exp

[
− P2/ℏ2

wνTnB

]
, (26)

dν(0;T , nB) =
dν,1

(T − dν,2)2 + dν,3
, (27)
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