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The thermodynamic characteristics of hot 𝛽𝛽 -equilibrium electrically neutral three-flavor

quark matter at neutrino confinement are investigated. For the thermodynamic description of

such a quark-lepton system, the local SU (3) Nambu-Jona-Lasinio (NJL) model is used, in which

also takes into account the 't Hooft interaction, leading to the quark flavor mixing effect. The

energy density 𝜀𝜀 and pressure 𝑃𝑃 of quark matter are numerically determined for different

values of the baryon number density in the range 𝑛𝑛𝐵𝐵 ∈ [0.02 ÷ 1.8] fm-3 and temperatures in

the range 𝑇𝑇 ∈ [0 ÷ 100] MeV. The results obtained are compared with the results of cold quark

matter calculated within the framework of the same model, but under the assumption that all

neutrinos have already left the system. The dependence of the contribution of individual quark

flavors to the baryon charge of the system at different temperatures is discussed. Both

isothermal and adiabatic speeds of sound in hot quark matter are determined depending on the

baryon number density.
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ℒ𝑁𝑁𝑁𝑁𝑁𝑁 = �𝜓𝜓 𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 − �𝑚𝑚0 𝜓𝜓 + 𝐺𝐺�
𝑎𝑎=0

8

�𝜓𝜓𝜆𝜆𝑎𝑎𝜓𝜓 2 + �𝜓𝜓𝑖𝑖𝛾𝛾5𝜆𝜆𝑎𝑎𝜓𝜓 2

−𝐾𝐾 𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 �𝜓𝜓 1 + 𝛾𝛾5 𝜓𝜓 + 𝑑𝑑𝑑𝑑𝑑𝑑𝑓𝑓 �𝜓𝜓 1 − 𝛾𝛾5 𝜓𝜓

𝜓𝜓𝑓𝑓𝑐𝑐 𝑓𝑓 = 𝑢𝑢,𝑑𝑑, 𝑠𝑠 𝑐𝑐 = 𝑟𝑟,𝑔𝑔, 𝑏𝑏

)�𝑚𝑚0 = 𝑑𝑑𝑖𝑖𝑑𝑑𝑔𝑔(𝑚𝑚0𝑢𝑢,𝑚𝑚0𝑑𝑑 ,𝑚𝑚0𝑠𝑠

)𝜆𝜆𝑎𝑎(𝑑𝑑 = 1,2, … 8 Gell-Mann matrices, SU(3) generators

𝜆𝜆0 = �2
3 𝐼𝐼

Four-quark interaction term

Six-quark Kobayashi-Maskawa-’t Hooft
interaction term

NJL Model Lagrangian density

Dirac Lagrangian density
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Ω𝑄𝑄𝑄𝑄 =
3
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�
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0
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−
𝑇𝑇

2𝜋𝜋2
�
𝑙𝑙

𝑔𝑔𝑙𝑙 �
0

∞

𝑑𝑑𝑑𝑑 𝑑𝑑2 𝑙𝑙𝑛𝑛 1 + 𝑑𝑑−
𝐸𝐸𝑙𝑙 𝑘𝑘 −𝜇𝜇𝑙𝑙

𝑇𝑇 + 𝑙𝑙𝑛𝑛 1 + 𝑑𝑑−
𝐸𝐸𝑙𝑙 𝑘𝑘 +𝜇𝜇𝑙𝑙

𝑇𝑇

𝑢𝑢,𝑑𝑑, 𝑠𝑠, 𝑑𝑑, 𝜈𝜈е, 𝜇𝜇, 𝜈𝜈𝜇𝜇 , 𝜏𝜏, 𝜈𝜈𝜏𝜏Hot Quark-Lepton plasma

𝐸𝐸𝑓𝑓 𝑑𝑑,𝑀𝑀𝑓𝑓 = 𝑑𝑑2 + 𝑀𝑀𝑓𝑓
2 𝐸𝐸𝑙𝑙 𝑑𝑑 = 𝑑𝑑2 + 𝑚𝑚𝑙𝑙

2
𝑀𝑀𝑓𝑓 - Constituent Masses of Quarks 

𝑔𝑔𝑒𝑒 = 𝑔𝑔𝜇𝜇 = 2 𝑔𝑔𝜈𝜈𝑒𝑒 = 𝑔𝑔𝜈𝜈𝜇𝜇 = 1 5



𝜎𝜎𝑓𝑓 𝑇𝑇,𝑀𝑀𝑓𝑓, 𝜇𝜇𝑓𝑓 = �𝜓𝜓𝑓𝑓𝜓𝜓𝑓𝑓 =

= −
3
𝜋𝜋2

𝑀𝑀𝑓𝑓 �
0

Λ

𝑑𝑑𝑑𝑑
𝑑𝑑2

𝐸𝐸𝑓𝑓 𝑑𝑑,𝑀𝑀𝑓𝑓
1 −

1

1 + 𝑑𝑑
𝐸𝐸𝑓𝑓 𝑘𝑘,𝑀𝑀𝑓𝑓 −𝜇𝜇𝑓𝑓

𝑇𝑇

−
1

1 + 𝑑𝑑
𝐸𝐸𝑓𝑓 𝑘𝑘,𝑀𝑀𝑓𝑓 +𝜇𝜇𝑓𝑓

𝑇𝑇

.

Quark Condensates & Constituent Quark Masses

𝑀𝑀𝑢𝑢 = 𝑚𝑚0𝑢𝑢 − 4𝐺𝐺 𝜎𝜎𝑢𝑢 + 2𝐾𝐾𝜎𝜎𝑑𝑑𝜎𝜎𝑠𝑠 ,

𝑀𝑀𝑑𝑑 = 𝑚𝑚0𝑑𝑑 − 4𝐺𝐺 𝜎𝜎𝑑𝑑 + 2𝐾𝐾𝜎𝜎𝑠𝑠𝜎𝜎𝑢𝑢 ,

𝑀𝑀𝑠𝑠 = 𝑚𝑚0𝑠𝑠 − 4𝐺𝐺 𝜎𝜎𝑠𝑠 + 2𝐾𝐾𝜎𝜎𝑢𝑢𝜎𝜎𝑑𝑑 .
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Number Densities of Particles

𝑛𝑛𝑓𝑓 𝑇𝑇,𝑀𝑀𝑓𝑓, 𝜇𝜇𝑓𝑓 =
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−
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𝐸𝐸𝑓𝑓 𝑘𝑘,𝑀𝑀𝑓𝑓 +𝜇𝜇𝑓𝑓

𝑇𝑇

𝑓𝑓 = 𝑢𝑢,𝑑𝑑, 𝑠𝑠

𝑛𝑛𝑙𝑙 𝑇𝑇, 𝜇𝜇𝑙𝑙 = −
𝜕𝜕Ω𝑄𝑄𝑄𝑄
𝜕𝜕𝜇𝜇𝑙𝑙

=
𝑔𝑔𝑙𝑙

2𝜋𝜋2
�
0

∞
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−
1

1 + 𝑑𝑑
𝐸𝐸𝑙𝑙 𝑘𝑘 +𝜇𝜇𝑙𝑙

𝑇𝑇

𝑙𝑙 = 𝑑𝑑, 𝜈𝜈𝑒𝑒 , 𝜇𝜇, 𝜈𝜈𝜇𝜇, 𝜏𝜏, 𝜈𝜈𝜏𝜏
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𝜀𝜀𝑄𝑄𝑄𝑄 =
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1 + 𝑑𝑑
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Energy Density
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𝐸𝐸𝑓𝑓 𝑘𝑘,𝑀𝑀𝑓𝑓 +𝜇𝜇𝑓𝑓

𝑇𝑇
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Pressure
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Entropy Density
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𝛽𝛽 − Equilibrium

𝜇𝜇𝑑𝑑 = 𝜇𝜇𝑢𝑢 + 𝜇𝜇𝑒𝑒 − 𝜇𝜇𝜈𝜈𝑒𝑒 ,
𝜇𝜇𝑒𝑒 − 𝜇𝜇𝜈𝜈𝑒𝑒 = 𝜇𝜇𝜇𝜇 − 𝜇𝜇𝜈𝜈𝜇𝜇 = 𝜇𝜇𝜏𝜏 − 𝜇𝜇𝜈𝜈𝜏𝜏 ,

𝜇𝜇𝑠𝑠 = 𝜇𝜇𝑢𝑢 + 𝜇𝜇𝑒𝑒 − 𝜇𝜇𝜈𝜈𝑒𝑒 .

2
3
𝑛𝑛𝑢𝑢 −

1
3
𝑛𝑛𝑑𝑑 −

1
3
𝑛𝑛𝑠𝑠 − 𝑛𝑛𝑒𝑒 − 𝑛𝑛𝜇𝜇 − 𝑛𝑛𝜏𝜏 = 0Electrical Neutrality

𝑛𝑛𝐵𝐵 =
1
3
𝑛𝑛𝑢𝑢 + 𝑛𝑛𝑑𝑑 + 𝑛𝑛𝑠𝑠Baryonic Number Density
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𝑚𝑚0𝑢𝑢 = 𝑚𝑚0𝑑𝑑 = 5.5 МэВ,  𝑚𝑚0𝑠𝑠 = 140.7 МэВ,  

Λ = 602.3 МэВ,  𝐺𝐺 = 1.835/Λ2,  𝐾𝐾 = 12.36/Λ5.

P. Rehberg, S.P. Klevansky, J. Hüfner, Phys. Rev. C, 53, 410, 1996.

Numerical Calculation Results
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