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Quark Gluon

massless, spin 1small mass, spin 1/2
color charge: 3 (R,G,B) 8
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Asymptotic freedom
D. Gross, H. Politzer, F. Wilczek

threshold matching at the heavy quark pole masses Mc = 1.5 GeV and Mb = 4.7 GeV. Results from
data in ranges of energies are only given for Q = MZ0 . Where available, the table also contains the
contributions of experimental and theoretical uncertainties to the total errors in αs(MZ0).

Finally, in the last two columns of table 1, the underlying theoretical calculation for each mea-
surement and a reference to this result are given, where NLO stands for next-to-leading order, NNLO
for next-next-to-leading-order of perturbation theory, “resum” stands for resummend NLO calculations
which include NLO plus resummation of all leading und next-to-leading logarithms to all orders (see
[39] and [32]), and “LGT” indicates lattice gauge theory.

Figure 17: . Summary of measurements of αs(Q) as a function of the respective energy scale Q, from
table 1. Open symbols indicate (resummed) NLO, and filled symbols NNLO QCD calculations used in
the respective analysis. The curves are the QCD predictions for the combined world average value of
αs(MZ0), in 4-loop approximation and using 3-loop threshold matching at the heavy quark pole masses
Mc = 1.5 GeV and Mb = 4.7 GeV.

In figure 17, all results of αs(Q) given in table 1 are graphically displayed, as a function of the
energy scale Q. Those results obtained in ranges of Q and given, in table 1, as αs(MZ0) only, are not
included in this figure - with one exception: the results from jet production in deep inelastic scattering
are represented in table 1 by one line, averaging over a range in Q from 6 to 100 GeV, while in figure 17
combined results for fixed values of Q as presented in [67] are displayed.
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Bethke, Prog. Part. Nucl .Phys. 58:35(2007)

At high energy scale, 
interaction becomes weaker
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Quantum ChromoDynamics

Confinement

No free quarks
and gluons

Baryons (proton, neutron, ...
 and mesons (pion, Kaon,...)



Chiral symmetry
= a symmetry of massless quarks
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Chiral symmetry

Nucleon ～ 940MeV
Quarks ～1-7MeV

Y. Nambu, spontaneous symmetry breaking2008

Light pion as Nambu-Goldstone boson

breaking
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From dilute to dense

Gas of nucleons.



Nuclear matter

Fermi liquid of nucleons.
Pion condensation, .....



More dense..

Nucleons start overlapping.



Boundary of nucleon vanishes,
and quark Fermi-sea is formed.

Quarks highly degenerate.
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Deconfined quarks, 
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color super conductivities,...
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New scenario: No!
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This is true at least, in large-Nc.

There is a window of confined matter 
with quark Fermi-sea.

Quarkyonic matter

Is this matter deconfined?

New scenario: No!
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Quarkyonic matter
R ∼ 1/ΛQCD :Scale of QCD

mD :Scale of Screening
µ :Scale of density

R

µ� ΛQCDDense:

Confined: ΛQCD � mD

Quarkyonic limit



Quarkyonic matter
Larry McLerran and Robert Pisarski (2007)
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Quarkyonic matter
Larry McLerran and Robert Pisarski (2007)

pz

pT = px, py

Quark Fermi sea

Quark + Baryonic = Quarkyonic

Excitation is 
Baryonic or 

mesonic
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Chiral symmetry

Order parameter�ψ̄ψ�

In vacuum, quark anti-quark pairing.
In medium, quark anti-quark pairing

or quark hole pairing.
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Chiral symmetry?
Consider quarkyonic limit, 

Fermi sea

μ≠0

E

Dirac sea

pz

μ=0

µ� ΛQCD
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Possible pairing patterns
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Particle-antiparticle

Dirac Type
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homogeneous

E

p

Particle-hole

Density Wave Type

Ptot = 2µ
inhomogeneous

Perturbative
Deryagin, Grigoriev, & Rubakov (’92), 
 Shuster & Son (’99), 
Rapp, Shuryak, and Zahed (’00).
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Quarkyonic chiral spirals
Nonuniform condensation realizes.
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← �ψψ� →

  ↑
�ψγ5ψ�

         

Solution to dense QCD in 1+1 dimensions
Bringoltz, 0901.4035:  ‘t Hooft model, with massive quarks.

Works in Coulomb gauge, in canonical ensemble: fixed baryon number.

Solves numerically equations of motion under constaint of nonzero baryon #

Finds chiral density wave.

N.B.: for massive quarks, should have massless excitations, but with energy

~1/Nc.

24

z

�ψψ�

�ψγ 0
γ 3

ψ�

Quarkyonic Chiral Spirals

�ψψ� = C cos(2µz) �ψγ0γ3ψ� = C sin(2µz)

T. Kojo, Y.H., L. McLerran, and R. Pisarski

C=const

locally broken,

Chiral symmetry:

globally restored.

Baryon number is spatially 
const.
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