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The Generi
 Nu
leusNu
leon binding energy ε ∼ 8MeV

a = 1.5fm (10−15m), R0 = aN1/3

Nu
leon rest energy Eb ∼ 1GeV , λ ∼ 0.1fm

p ∼ ~/a, τ ∼ ~/ε ∼ 10−22s, v ∼ a/τ ∼ ε/p, v2/c2 ∼ 10−3
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Atomi
 Nu
leus is ColdOne-parti
le model p ∼ (~/R0)n = ~n/aN1/3, nF ∼ N1/3(∼ 5− 6)

ε ∼ ~2n2/MR2
0, εF ∼ 15MeV , δε ∼ 2− 3MeV ∼ εFNo statisti
al equilibrium; large spatial degenera
ySimilar for any other mean-�eld one-parti
le model (7 nu
lear shells)The nu
leus is too small to sustain thermal ex
itations from its one-parti
le ground state; a purely quantal ensemble 4
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One-parti
le ground-state is however goodNu
lear Shells, magi
 numbers, et
 (even gentle ex
itations like ra-diative 
apture of neutrons)Mass formula, et
Higher ex
itations (threshold ε ∼ 8MeV !) would vaporize the quantalnu
leus
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The nu
leus still sustains high ex
itations, with a high density ofstatesHow?Under ex
itations the mean �eld is 
ompletely spoiled outLo
al nu
leoni
 vibrations, Nu
lear Liquid?Too little, the natural threshold ε ∼ 8MeV would vaporize the nu
leusChange the ground-state to a NUCLEAR SOLID!Rigid, �nite size, amorphous, with a lot of global energy levelsStable, equilibrium attainable, dense states, et
 7
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Statisti
al and Thermal Equilibrium

εeq > T > δεf > δεex≫ δεq > δεobs

δεf ∼ T(∂ε/∂T)1/2, �u
tuations
δεex (their lifetime, ~/δεex)
δεq- spa
ing between the quantal levels
δεobs- un
ertainty in measuring the energy

τeq < τth < τf < τex≪ τq < τobs 9



Quark-Gluon Plasma. Ignition Threshold Energy

E > Eb, asymptoti
 freedom, release quarks (udd, udd) and gluonsRadiation and ultrarelativisti
 fermions (mu ∼ 4MeV , md ∼ 8MeV )Few nu
leons destroyed - no plasma (qui
k re
overy of the nu
leons)All nu
leons in nu
leons with equally shared energy (if possible?) -no plasma, again
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Threshold Energy - Fermi Energy

εthr ∼ ~c/a ∼ 125MeV(or 180MeV for 3 quarks per nu
leon)(∼ (3/4)εthr per nu
leon, beside, and above, Eb)Thermalization, poor: τ ∼ ~/εthr ∼ 10−23sQuantal �u
tuations: δεq ∼ ~c/R0 = ~c/aN1/3
∼ εthrHot and dense quark-gluon plasma over the entire nu
leus 11



Hot and Dense Quark-Gluon PLasma

Ep = Eq + Eg

Eg ≃ V T4/(~c)3

Eq = 3
4NqεF + 3π2

2 Nq(T2/εF ) + ...; Eq ≃ NqT ; εF ∼ ~cn
1/3
q , nq = Nq/VThe gluon energy dominates the plasma energyWhat is wrong? The �xed number of quarks (whi
h doesnt give anyri
h hadronization output!) 12



Quark-Gluon EquilibriumPair produ
tion?
µq = 0

Eq ≃ V T4/(~c)3 , Eg ≃ V T4/(~c)3 , Nq ≃ V T3/(~c)3 , Ng ≃ V T3/(~c)3Plasma energy Ep ≃ V T4/(~c)3Number of quark-gluon quanta Nq ≃ Ng ∼ V T4/(~c)3
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Quark-Gluon Plasma
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Ep ←→ 103GeV/fm3

Temperature T ∼ 1GeVNumber of quarks-gluons Nq ∼ 103N (N number of nu
leons)Quark produ
tion: T > mc2; mu ∼ 4MeV , md ∼ 8MeV , ms ∼

150MeV ; not mc ∼ 1.5GeV , mb ∼ 4.7GeV , mt ∼ 176GeVHot and Dense plasma thermalizes OK: τ ∼ ~/T ∼ 10−24s, T ∼

1GeV ≫ δεq

15



Quark-Gluon Plasma Expands and Get Cool

R = R0(1 + ct/aN1/3)Energy 
onservation:

T = T0(1 + ct/aN1/3)−3/4 , T0 = E
1/4
p (~c/R0)

3/4

Nq = Nq0(1 + ct/aN1/3)3/4 , Nq0 = (R0T0/~c)3 = N(T0a/~c)3Non-equlibrium, irreversible, pro
ess; entropy S ∼ Nq in
reases(rate of quark-gluon equilibrium slows down) 16



Hadronization. Classi
al Statisti
s"Surfa
e" quarks N ′q = Nq(∆R/R) = Nq(∆R0/R0) = Nq/N
1/3
q0 = fNq

f = 1/N
1/3
q0 = 1/10N1/3

≪ 1, for 103GeV/fm3

Their Fermi energy Tq = ε′F = ~cN
′1/3
q /V 1/3 = f1/3~cN

1/3
q /V 1/3 =

f1/3(~3c3Nq/V )1/3 = f1/3T

T/ε′F = 1/f1/3
≫ 1Classi
al statisti
sHadrons: √

m2c4 + (~c/r)2 −mc2 ≪ ~c/r = ε′F ≪ T , better! 17



Note

E′q = 3N ′qT = 3fNqT = 3fV T4/(~c)3Conservation of energy V T4/(~c)3 (gluons− quarks) + E′q = EpSame time-dependen
e of temperature and number of quarks-gluons
18



Quark-Gluon Plasma with Grains of Pop
orn
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Classi
al Gas of Ultrarelativisti
 Quarks

dN = [gV/(2π~)3]eµ/T e−ε/Tdp

ε =
√

m2c4 + c2p2 , in general; εq = cpChemi
al potential µq ≃ −3T ln(T/Tq), Tq = f1/3T , f ≪ 1Energy Eq ≃ 3NqT , pressure Ωq = −pqVq = −NqT (partial presure)
20



Hadroni
 Condensation

Nq =
∑

njpJ , Eh =
∑

εjpj , Nh =
∑

pj , εj =
√

m2
j c4 + c2p2

j

S = −
∑

pj ln(pj/e)
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Hadroni
 Output

dNj =
gjVh

(2π~)3m0
eµhnj/T e−εj/Tdnjdmjdpj

j = 1,2,3, ... spe
ies; quark 
onstituen
y nj = 2,3, ...; mass mj; energy

εj =
√

m2
j c4 + c2p2

j ; momentum pj

mj and nj related? Resonan
esContinuous mass spe
trum, minimal mass 
uto� m0Empiri
al distributions, dis
rete mass, sparse nj, et
 22



Hadroni
 Gas

dNj =
∫

dm · dp =
gjVh

(2π~)3m0
·
6π(π−1)

c5
T4eµhnj/Tdnj

Nh =
∑

j=s Nj ≃
ghVh

(2π~)3m0
·
6π(π−1)

c5
T4
· eµhs/T

Nq =
∑

j=s njNj ≃
sghVh

(2π~)3m0
·
6π(π−1)

c5
T4
· eµhs/T

Dominated by the smallest hadrons s = 2 (heavier spe
ies, exponen-tial)Energy Eh = 4NhT , pressure Ωh = −phVh = −NhT 23



Quark-Gluon TransitionEquilibrium pq = ph, same 
on
entration nq = nh

Nh = Nq/s; therefore Vh = Vq/sCondensation - First-order Phase Transition

µh ≃ −(1/s)T ln[3gh(π − 1)T4/4π2~3c5m0nh]

µh ≃ −(1/s)T ln(T4/T3
q Tm), Tm = m0c2; µq ≃ −3T ln(T/Tq)Transition µq = µh, Tc = Tq(Tq/Tm)1/(3s−4) = Tm/fs−1

≫ Tm (Tq =

f1/3Tc)Latent heat Wh(Tc)−Wq(Tc) = (5/s− 4)Eq/3 < 0 (W = E + pV )24



Quark-Gluon Plasma eaten up by Dragons
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Feel the Figures

N ∼ 50; f = 1/10N1/3
∼ 0.03 (for 103GeV/fm3)

Tc ∼ 30Tm for s = 2 (Tc ≫ Tm)
Tm ∼ 4MeV (the lightest quark)?
Tc ∼ 120MeV = T0(= 1GeV )(1 + ct/aN1/3)−3/4

t ∼ 10−22s (ct/aN1/3
∼ 1/20)Plasma Expansion R0 −→ R ∼ 20R0 26



Hadronized energy at this stage E′q = 3N ′qTc ∼ 3fEp ∼ 10% Ep(e�
ien
y quotient !)Latent heat (5/s−4)E′q/3 ∼ −50%E′q; great remanent entropy, disor-der; weak yield of more massive hadrons in ea
h spe
ies!How many quarks hadronize? At �rst stage
N ′q = fNq = fNq0(1+ct/aN1/3)3/4 = f ·103N ·10 ∼ 300N ∼ sNh ∼ 2Nh
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Whats next?The �rst stage, N ′q

N ′q leave as hadrons
Nq, R diminish, slightly in
rease of temperature (latent heat!)Qui
k re
overy of 
riti
al temperature, the pro
ess's going on!Su

essively, sli
e by sli
e, like onion shells!Rare�ed plasma, quark-gluon "de
oupling", more massive hadrons...28



And The End!Look for hadrons distributions, dis
rete mass spe
trum, sparse quark
onstituen
y (nj!), �t them with 
lassi
al (or quantal) statisti
s, T(a
tually Tc!) and µ parameters, 
ompute the number of quarks Nq,
he
k the 
onservation of the numbers Nq =
∑

njNj, 
he
k energy
onservation, et
, et
 Prove the 
ondensation!(Note: no restri
tion to 
lassi
al statisti
s!)
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And What?Nothing!If everything goes all right, we learn nothing!If something goes wrong, we have something more to thinkabout!
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