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o Quantum Chromodynamics studies 
interactions due to the strong 
force;

o Strong force is  responsible for  the 
confinement of  quarks and gluons;

o For high enough temperatures,  the 
confinement is  broken;

o Confinement associated with 
chiral  symmetry breaking.
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o 𝑃 and 𝑇 are control  parameters;

o Lines are coexistence curves;

o Triple point where al l  three phases 
coexist;

o Crit ical  point where water and 
steam become indist inguishable.
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o μ and 𝑇 are control  parameters;

o For 𝑇 = 0 ,  increasing μ there are 
three different phases:  vacuum, 
nuclear matter and 
superconducting phase;

o At the nuclear matter phase,  the 
density is  a lways smaller  than 
𝑛0 = 0,17 fm−3 ;

o Forμ = 0 ,  increasing 𝑇 there is  a  
hadronic  f luid unti l  a  crossover 
region at  𝑇𝐶 ≈ 170 MeV and a QGP 
afterwards.
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o Parameterization of 𝑝, 𝑠 and ρ ;

o Massless quarks and gluons;

o Constant negative pressure 
due to confinement;

QGP, if  𝑇 > 𝑇𝐶

Both, if  𝑇 = 𝑇𝐶

HG, if  𝑇 < 𝑇𝐶
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HGQGP

𝑝𝑄𝐺𝑃 𝑇 =
π2

90
𝑔𝑄𝐺𝑃𝑇

4 − 𝐵 𝑝𝐻𝐺 𝑇 =
π2

90
𝑔𝐻𝐺𝑇

4 𝐵 =
π2

90
𝑔𝑄𝐺𝑃 − 𝑔𝐻𝐺 𝑇𝐶

4

ρ𝑄𝐺𝑃 𝑇 =
π2

30
𝑔𝑄𝐺𝑃𝑇

4 − 𝐵 ρ𝐻𝐺 𝑇 =
π2

30
𝑔𝐻𝐺𝑇

4 ρ = 𝑇
𝑑𝑝

𝑑𝑇
− 𝑝

𝑠𝑄𝐺𝑃 𝑇 =
2π2

45
𝑔𝑄𝐺𝑃𝑇

3 𝑠𝐻𝐺 𝑇 =
2π2

45
𝑔𝐻𝐺𝑇

3 s =
𝑑𝑝

𝑑𝑇

𝑙 = 𝑇𝐶Δ𝑠 = 4𝐵
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𝑝𝑄𝐺𝑃 𝑇𝐶 = 𝑝𝐻𝐺 𝑇𝐶

֞
π2

90
𝑔𝑄𝐺𝑃𝑇𝐶

4 − 𝐵 =
π2

90
𝑔𝐻𝐺𝑇𝐶

4

𝑔𝑝 ҧ𝑝 + 𝑔𝑔 =
7

4
∗ 2 ∗ 2 ∗ 3 + 2 ∗ 8 = 37 𝑔𝑚𝑒𝑠𝑜𝑛𝑠 = 3

𝑇𝐶 ≈ 144 MeV
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𝑍 𝑇, μ = Tr exp −
𝐻 + μ𝑁

𝑇
Ω 𝑇, 𝑉 = 𝑇ln 𝑍 𝑇, 𝑉 − Ω0μ = 0

𝑝 =
1

𝑉
Ω 𝑇, 𝑉

ρ =
𝑇2

𝑉

𝜕

𝜕𝑇

Ω 𝑇, 𝑉

𝑇

Θμμ

𝑇4
=
ρ − 3𝑝

𝑇4
= 𝑇

𝜕

𝜕𝑇

𝑝

𝑇4

o Grand canonical  part it ion 
function:

o Grand canonical  potential :
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Δ𝐹 =
4

3
π𝑅3 𝑝𝑄𝐺𝑃 − 𝑝𝐻𝐺 + 4πσ𝑅2

𝐼 𝑇 = 𝐼0 𝑇 exp −
Δ𝐹𝐶
𝑇

𝑅𝑐 𝑇 =
2𝜎

𝑝𝑄𝐺𝑃 𝑇 − 𝑝𝐻𝐺 𝑇

o Change of  the free energy due to 
the creation of  one bubble:

o Crit ical  bubble radius:

o Probabi l i ty  of  the creation of  a  
bubble with cr it ical  radius:
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o The bubbles present at  a  certain t ime were created in the preceding t ime interval:

Δ𝑡𝑛𝑢𝑐 = 𝐼
𝑑𝐼

𝑑𝑡

−1

o Using:

𝑝𝑄𝐺𝑃 − 𝑝𝐻𝐺 ≈ Δ𝑙
𝑑Δ

𝑑𝑡
=
3𝑐𝑠

2

𝑡𝐻
𝑑𝑛𝑢𝑐 ≈ 2𝑣ℎ𝑒𝑎𝑡Δ𝑡𝑛𝑢𝑐

o We get the nucleation distance:

𝑑𝑛𝑢𝑐 ≈
𝑣ℎ𝑒𝑎𝑡Δ𝑠𝑐

3 𝑡𝐻

3𝑐𝑠
2𝐴

𝐴 =
16πσ3

3𝑙2𝑇𝐶
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o The nucleation starts  near impurit ies;

o I f  𝑛 ≫ 𝑑𝑛𝑢𝑐,ℎ𝑜𝑚
−3 ,  then 𝑑𝑛𝑢𝑐 = 𝑛−1/3 ≪ 𝑑𝑛𝑢𝑐,ℎ𝑜𝑚

o I f  𝑛 ≪ 𝑑𝑛𝑢𝑐,ℎ𝑜𝑚
−3 ,  then 𝑑𝑛𝑢𝑐 = 𝑑𝑛𝑢𝑐,ℎ𝑜𝑚

Heterogeneous 
nucleation

Homogeneous 
nucleation
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o The sum of probabi l i t ies to form a bubble must be 1:

1 = 𝑛 𝑣ℎ𝑒𝑎𝑡Δ𝑡
3 + 𝑣ℎ𝑒𝑎𝑡Δ𝑡𝑛𝑢𝑐

3Δ𝑡𝑛𝑢𝑐𝐼 𝑡𝑠𝑐

o I f  Δ𝑡/Δ𝑡𝑛𝑢𝑐 ∼ 1:

dnuc ≈
1

n + ΔtnucI tsc
Τ1 3
≤ dnuc,hom

o I f  Δ𝑡/Δ𝑡𝑛𝑢𝑐 ≫ 1:

1 = 𝑛 𝑣ℎ𝑒𝑎𝑡Δ𝑡
3 + 𝑣ℎ𝑒𝑎𝑡Δ𝑡𝑛𝑢𝑐

3Δ𝑡𝑛𝑢𝑐𝐼 𝑡𝑠𝑐 1 − 𝑛 𝑣ℎ𝑒𝑎𝑡Δ𝑡
3

𝑑𝑛𝑢𝑐 ≈
1

𝑛 + Δ𝑡𝑛𝑢𝑐𝐼 𝑡𝑠𝑐 1 − 𝑛 𝑣ℎ𝑒𝑎𝑡Δ𝑡
3

Τ1 3
≈ 𝑛− Τ1 3

D e c re a s e  o f  t h e  
Q G P  vo l u m e
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o Root mean square f luctuation:

Δ𝑇
𝑟𝑚𝑠 ≈ 10−4 3𝑐𝑠

2 Τ3 4
𝑘

𝑘0

Τ𝑛−1 2

o I f  Δ𝑛𝑢𝑐 > Δ𝑇
𝑟𝑚𝑠,  then the nucleation 

is  homogeneous;

o I f  Δ𝑛𝑢𝑐 < Δ𝑇
𝑟𝑚𝑠,  then the nucleation 

is  inhomogeneous.
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o Quark Nuggets - Paul i  Pr inciple al lows that a larger number of  quarks is  
compact in a f ixed volume if  there are three f lavours;

o Inhomogeneous Nucleosynthesis  - a  strong f irst -order QCD phase-
transit ion leads to an inhomogeneous nucleosynthesis  with large 
f luctuations of  the baryon number;

o Cold Dark Matter (CDM) Clumps - i f  the (CDM) doesn't  decouple from the 
radiat ion f luid at  the QCD phase -transit ion,  the CDM spectrum is  
amplif ied,  leading to the formation of  CDM clumps.
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