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Phases of QCD at finite temperature and density

• what we know and what we don’t know
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order of phase transition? chiral and deconfinement? critical point(s)?



• strong interaction: spontaneous χSB and color confinement

– 2 order parameters: chiral condensate 〈q̄q〉︸ ︷︷ ︸
quark dynamics

& Polyakov loop 〈Φ〉︸ ︷︷ ︸
gluon dynamics

∗ left-right mixing: 〈q̄q〉 = 〈q̄LqR + q̄RqL〉
∗ free energy of a static quark: 〈Φ〉 = e−Fq/T

– NJL model with Polyakov loops (PNJL model) [Fukushima (03), Ratti et al. (05)]

∗ quark (NJL) and gluon (potential U(Φ)) minimally coupled via co-
variant derivative: L = LNJL(ψ, Φ[A0]) + U(Φ)

Lkin = ψ̄i /Dψ , Dµ = ∂µ − iAµ , Aµ = δµ0A
0

∗ model mimics confinement at low temperature 〈Φ〉 ∼ 0

Ω ∼ 〈Φ〉 · [1-quark states + 2-quark states] + 3-quark

⇒ 1- and 2-quark states are thermodynamically irrelevant.



• chiral & deconf. trs for Nc = 3 & ∞ from a PNJL

[McLerran-Redlich-CS (08)]
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• “transition” from hadronic to quarkyonic phase for Nc = 3 ?

quarkyonic phase
???∼ chirally restored & confined phase

– large Nc limit: clear distinction of 2 different confined-phases
baryon number density 〈NB〉 = 0 (mesonic) and 6= 0 (quarkyonic)

– finite Nc: no clear definition
but it may separate meson dominant from baryon dominant region
⇒ quarkyonic “transition” as meson-baryon “transition”

[A. Andronic et al. (09)]

– enhancement of baryon number susceptibility in chiral models

baryons near chiral symmetry restoration?

– standard LSM (naive): DχSB generates masses mN
σ→0→ 0

– parity doublet model (mirror): DχSB generates mass difference

mN+

σ→0→ mN− = m0 6= 0 [Detar-Kunihiro (89)]

anomaly matching? w/o Lorentz invariance

– no WZW term, massless excitations...



Dense baryonic matter in chiral models

• nuclear matter: known properties

– binding energy: E/A(ρ0)−mN = −16 MeV

– saturation density: ρ0 = 0.16 fm−3

– incompressibility: K = 9ρ2
0∂

2(E/A)/∂ρ2|ρ=ρ0 = 200-400 MeV

• standard LSM vs. parity doublet model

– LSM: no stable ground state corr. to nuclear matter saturation

[Kerman-Miller (74)]

no direct interaction among N+-N−-π at tree
cf. vacuum decay width Γ(N−(1535) → N+π)(exp) = 70 MeV

– PDM: possible to describe saturation [Zschiesche-Tolos-Schaffner-Bielich-Pisarski (07)]



• cold nuclear matter in SU(2) parity model [Zschiesche et al. (07)]

– 2 nucleon fields

ψ1L : (1/2, 0) ψ1R : (0, 1/2)

ψ2L : (0, 1/2) ψ2R : (1/2, 0)

– Lagrangian

L = ψ̄1i/∂ψ1 + ψ̄2i/∂ψ2 + m0
(
ψ̄2γ5ψ1 − ψ̄1γ5ψ2

)

+ aψ̄1(σ + iγ5~τ · ~π)ψ1 + bψ̄2(σ − iγ5~τ · ~π)ψ2

− gωψ̄1/ωψ1 − gωψ̄2/ωψ2 + LM ,

LM =
1

2
∂µσ∂µσ +

1

2
∂µπ∂µπ

− 1

4
FµνF

µν +
1

2
m2

ωωµωµ + (g4)
4(ωµωµ)2

+
1

2
µ̄2(σ2 + ~π2)− λ

4
(σ2 + ~π2)2 + εσ

– masses: m± = 1
2

[√
(a + b)2σ2 + 4m2

0 ∓ (a− b)σ

]

– parameters (g4 = 0): m0 = 790 MeV , mσ = 371 MeV , gω = 6.79



• thermodynamics of SU(2) parity model [CS (2010)]

– mean-field approx.: 〈σ〉 and 〈ω〉 from ∂Ω
∂σ = ∂Ω

∂ω = 0

– baryon and meson number densities:

ρB(T, µB) =
∑

i=±
di

∫
d3p

(2π)3
f (T, µ; mi) ,

ρB̄(T, µB) =
∑

i=±
di

∫
d3p

(2π)3
f̄ (T, µ; mi) ,

ρM (T ) =
∑

i=σ,π,ω

di

∫
d3p

(2π)3
b(T ; mi)

– in-medium meson masses

m2
σ =

∂2Ω

∂σ2
, m2

π =
∂2Ω

∂π2



– EoS at finite temperature (T = 100 MeV)
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• 2 phases with broken symmetry: distinguished by nB
[Harada-CS-Takemoto (09)]
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– symmetry breaking: SU(Nf)L × SU(Nf)R → SU(Nf)V × ZNf
→ SU(Nf)V

– order parameters: 2-quark state σ ∼ q̄q and 4-quark state χ ∼ (q̄q)2+q̄q̄-qq

– 3 phases from a Ginzburg-Landau potential (V = Aσ2 + Bχ2 + · · · )



• 2 phases with broken symmetry: distinguished by nB
[Harada-CS-Takemoto (09)]
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– symmetry breaking: SU(Nf)L × SU(Nf)R → SU(Nf)V × ZNf
→ SU(Nf)V

– order parameters: 2-quark state σ ∼ q̄q and 4-quark state χ ∼ (q̄q)2+q̄q̄-qq

– 3 phases from a Ginzburg-Landau potential
I-II: χB max. (σ → 0)
II-III: χB no much change (no Yukawa term N̄Nχ in phase II)

– χB max. along Z2 restoration line
can be interpreted as “quarkyonic transition”: baryons more activated



• hypothetical phase diagram in T -µ plane (w/ explicit breaking)
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– 2 order parameters: σ (2-quark) and χ (4-quark)
⇒ 2 phase transitions: restoration of Z2 center and chiral symmetries

– multiple critical points:
CP1 and CP2 belong to the same universality class
⇔ different universality from anomaly induced CP [Hatsuda et al. (06-07)]

∵ U(1)B is broken in CFL phase.



• hadron mass spectra

phase I: σ0 6= 0 , χ0 6= 0 phase II: σ0 = 0 , χ0 6= 0

SU(2)V SU(2)V × (Z2)A
mS 6= 0 ,mP = 0 mS 6= mP 6= 0
mV 6= mA mV 6= mA

mN+ 6= 0 (i) naive:





mN+ = 0 (ground state)
mN ′+ = mN ′− 6= 0

(excited states)

(ii) mirror:

{
mN+ = mN− 6= 0

(all states)

phase I: σ0 6= 0 , χ0 6= 0 phase II: σ0 = 0 , χ0 6= 0

SU(3)V SU(3)V × (Z3)A
mS 6= 0 ,mP = 0 mS = mP 6= 0
mV 6= mA mV 6= mA
mN+ 6= 0 (i) naive: mN+ 6= 0

(ii) mirror: mN+ = mN− 6= 0

Nf = 2 + 1: (u,d sector) mS 6= mP (s sector) mS ' mP



Summary and prospects

• dense nuclear matter and its modeling

– saturation properties ⇒ parity doublet model

– meson-baryon “transition”

– SU(Nf )L × SU(Nf )R × ZNf
in dense matter

⇒ a model for 2- and 4-quark states

– enhancement of χB associated with ZNf
symmetry restoration

“quarkyonic transition”: baryons are more activated

– 2 domains in χ-broken phase?

• origin of hadron masses?

– trace anomaly and hadron mass generation?
cf. 〈GµνG

µν〉Tχ
6= 0

– naive vs. mirror? sign of axial-couplings


