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極限状態でのQCD
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Quantum ChromoDynamics

クォーク グルーオン

質量ゼロ, スピン 1小さい質量, スピン 1/2
表現: 3 (R,G,B) 8

SU(3) ゲージ理論



閉じ込め
カイラル対称性の自発的破れ

漸近的自由性

Quantum ChromoDynamics



漸近的自由性
D. Gross, H. Politzer, F. Wilczek (1973)

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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高エネルギースケールで
結合定数が弱くなる．

強い

弱い

2004

http://prl.aps.org/abstract/PRL/v30/i26/p1343_1
http://prl.aps.org/abstract/PRL/v30/i26/p1343_1
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http://prl.aps.org/abstract/PRL/v30/i26/p1343_1
http://prl.aps.org/abstract/PRL/v30/i26/p1343_1
http://www.nobelprize.org/nobel_prizes/physics/laureates/2004/
http://www.nobelprize.org/nobel_prizes/physics/laureates/2004/


Quantum ChromoDynamics

閉じ込め
クォーク，グルーオンは

低エネルギーでの自由度ではない

バリオン (陽子, 中性子, ...)
 メソン (パイオン,...)



カイラル対称性
= 質量ゼロのDirac粒子の持つ対称性



カイラル対称性

核子 ～ 940MeV
クォーク～1-7MeV

Y. Nambu, spontaneous symmetry breaking2008

パイオン: Nambu-Goldstoneボソン～140 MeV

の自発的破れ

http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/
http://www.nobelprize.org/nobel_prizes/physics/laureates/2008/
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Quarkyonicって何？



McLerran and Pisarski (2007)

Quark + Baryonic

Quarkyonic

http://www.sciencedirect.com/science/article/pii/S0375947407006823
http://www.sciencedirect.com/science/article/pii/S0375947407006823


高密度QCDのスケール

R � 1/�QCD :QCDの持つスケール

mD :クォークによる遮蔽スケール
µ :化学ポテンシャル

R

Quarkyonic 極限
高密度: �QCD/µ� 0

閉じ込め: mD/�QCD � 0



Quarkyonic 極限
高密度: �QCD/µ� 0

閉じ込め: mD/�QCD � 0

Quarkyonic 物質
= 高密度閉じ込め物質

原子核物質
= 低密度閉じ込め物質

クォーク物質
= 高密度非閉じ込め物質



この極限は可能か？
Yes, if Nc→∞

mD � �QCD � µ

Quarkyonic物質

Quarkyonic 極限
高密度: �QCD/µ� 0

閉じ込め: mD/�QCD � 0



Outline
•導入

•簡単なレビュー: large-Nc QCD

•QCD 相図 at large-Nc

•Quarkyonic相

•カイラル対称性について

•まとめ



Large-Nc QCD
’t Hooft (1974)

http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1016/0550-3213(74)90154-0


N2
c

Large-Nc QCD

グルーオンクォーク

カラー

場

基本表現 随伴表現

QCD
SU(3)ゲージ理論，結合定数:

3 8

g

N2
c � 1Nc

拡張: SU(3) → SU(Nc)

g�
Nc

’t Hooft (1974)

http://dx.doi.org/10.1016/0550-3213(74)90154-0
http://dx.doi.org/10.1016/0550-3213(74)90154-0


�

グルーオンクォーク

· · ·

� Nc � N2
c

Large-Nc QCD
Nc � Nf

· · ·



クォークループ

内線のクォークは高次の寄与．

�
�

1⇥
Nc
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� N�1
c

Large-Nc QCD



クォーク-反クォークペア

相互作用:弱い � 1
Nc

状態の数=無限大

メソン

Large-Nc QCD



クォークは平均場中を運動

� 1/�QCD � 1/�QCD

Large-Nc

MN � Nc�QCD

バリオン
Large-Nc QCD

Witten(1979)

http://dx.doi.org/10.1016/0550-3213(79)90232-3
http://dx.doi.org/10.1016/0550-3213(79)90232-3
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Large-Nc QCD

Dichotomous Nucleon?
 diquarks + an isolate quark

相互作用が強すぎ?
長距離

NN相互作用
� 1

NcYH, Kojo, McLerran and Pisarski (2010)

http://www.sciencedirect.com/science/article/pii/S0375947411000194
http://www.sciencedirect.com/science/article/pii/S0375947411000194


質量 � Nc
� N0

c

相互作用

� N0
c� Nc

� 1
Nc

まとめ: Large-Nc



Okubo-Zweig-Iizuka rule
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Large-Nc は良い近似か？

エキゾチックハドロンがほとんどない

例えば，



Bringoltz and Teper: PLB628,113(2005), PRD73,014517(2006)

Lattice QCD
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FIG. 1: The pressure, normalized to the lattice Stephan-Boltzmann pressure, including the full
discretization errors. The symbol’s vertical sizes are representing the largest error bars (which are
received for the highest temperature). The solid line is for SU(3) and Lt = 6 from [2].

and this enables a fair comparison with the SU(3) data of [2]. Comparing the results for
different N we see that, just as for the pressure, the results for all these gauge theories are
very similar.

To see what is the behaviour of ∆/T 4 at even higher temperatures, we use the plaquette
averages on lattices with Lt = 2, 3, 4, 5, that have been calculated at fixed couplings which
correspond to T ! Tc for Lt = 5 [20]. We present the results in Table IX. For the evaluation
of ∆ one needs d log a/dβ which we present in the table as well.

TABLE IX: Plaquette average in the deconfined phase for lattice with fixed coupling, at different
values of Lt, and with β that corresponds to roughly the deconfining temperature at Lt = 5:

β = 5.800, 10.635, 44.00 for N = 3, 4, 8. The data for Lt = 5 are obtained for L = 64, 32, 10 for
N = 3, 4, 8 (for N = 3, δ〈up〉 is the difference between the plaquette as calculated within separate
confined and deconfined sequences of field configurations).

N L3 × 5 83 × 4 83 × 3 83 × 2 104 −d log a/dβ

3 δ〈up〉 = 0.00080(5) 0.570987(37) 0.573311(34) 0.578121(27) 0.567642(29) 2.075(17)

4 0.549563(33) 0.551604(33) 0.554047(27) 0.559163(24) 0.547640(27) 1.440(23)

8 0.531202(92) 0.533066(25) 0.535991(24) 0.541518(17) 0.528788(18) 0.384(20)

In such calculations where one varies T by varying Lt, the lattice spacing varies as a =
1/Lt ×1/T when expressed in units of the relevant temperature scale, and so lattice spacing
corrections will vary with T .

The resulting values of ∆ in the case of SU(3) are plotted in Fig. 3 where they are
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Pure Yang-Mills Nc = 3, 4, 8

http://dx.doi.org/10.1016/j.physletb.2005.08.127
http://dx.doi.org/10.1016/j.physletb.2005.08.127
http://dx.doi.org/10.1103/PhysRevD.73.014517
http://dx.doi.org/10.1103/PhysRevD.73.014517


Large-Ncの相図
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Quarkyonic領域



自由度

バリオン

メソン

クォーク

グルーオン

� N2
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� N0
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� N0
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Nc � Nf

グルーボール
� N0

c



Quarkyonic相
ハドロン相

QGP相

Quarkyonic 相



µB

� N2
c

� N0
c

MB

e(µB�MB)/T = 0 µB < MBif

�NB⇥ = 0 ⇥NB⇤ �= 0

⇥NB⇤ �= 0

Large-Nc での相図
T

� Nc

３重点
Andronic, Blaschke, 
Braun-Munzinger, 
Cleymans, Fukushima, 
McLerran, Oeschler,  
Pisarski,  Redlich, Sasaki, 
Satz and Stachel (’09)

McLerran and Pisarski (2007)

http://www.sciencedirect.com/science/article/pii/S0375947407006823
http://www.sciencedirect.com/science/article/pii/S0375947407006823
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Large-Nc での相図
McLerran and Pisarski (2007)

http://www.sciencedirect.com/science/article/pii/S0375947407006823
http://www.sciencedirect.com/science/article/pii/S0375947407006823
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Large-Nc での相図
McLerran and Pisarski (2007)
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T

µB

� N2
c

� N0
c � Nc

MB

Quarkyonic

Deconfined

Confined

希薄な原子核物質の領域は狭い

� N3/2
c �QCD

�NB⇥ = 0 ⇥NB⇤ �= 0

⇥NB⇤ �= 0

Large-Nc での相図
McLerran and Pisarski (2007)

http://www.sciencedirect.com/science/article/pii/S0375947407006823
http://www.sciencedirect.com/science/article/pii/S0375947407006823


Quarkyonic物質
pz

pT = px, py

クォークのフェルミ海

Quark + Baryonic = Quarkyonic

励起はメソン的,
バリオン的

McLerran and Pisarski (2007)

http://www.sciencedirect.com/science/article/pii/S0375947407006823
http://www.sciencedirect.com/science/article/pii/S0375947407006823


カイラル対称性は？



模型による解析
PNJL模型

NJL 模型 + Polyakovループポテンシャル
カイラル対称性 “閉じ込め”

実践:1次相転移
点線:クロスオーバー
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Fig. 8. The phase diagram of our model for Nc = 3 and for Nc → ∞. The horizontal
and vertical solid lines indicate the deconfinement and chiral phase boundaries in
Nc → ∞. The vertical broken line indicates the second order quarkyonic phase
transition in Nc → ∞.

µ. This behavior is indicated in Fig. 7. This CEP appears as a result of quark
interactions which makes the transition weaken. Thus the CEP disappears
again in the large Nc limit since quarks do not affect deconfinement.

Fig. 8 shows the phase diagram for Nc = 3 and for Nc = ∞. The model
describes three distinct phases in the large Nc limit which agrees with the
argument made in [23]. (There may or may not be a fourth phase in a narrow
range of chemical potential where there is baryon number but chiral symmetry
is not restored. However, such a phase might also be an artifact of the model
used in our calculation.) For realistic Nc = 3 the order of phase transitions is
changed due to the quark-gluon interference. Nevertheless, one sees a remnant
of the phase structure in large Nc along with a deformation of the boundaries
including finite Nc effects.

6 Summary and Conclusions

In this paper, we have shown, that the first order phase transition and asso-
ciated critical end point are driven by the chiral rather then deconfinement
transition. The lines of both these transitions sit nearly atop the cross over
associated with the remnants of the first order quarkyonic phase transitions
of the large Nc limit. The critical end point itself may appear where the cross
over from the quarkyonic and the deconfinement phase transitions intersect.

It is interesting that within this theory, chiral symmetry breaking may occur at

15

Nc = 3

Nc =� カイラル相転移

quarkyonic相転移

非閉じ込め相転移
McLerran, Redlich and Sasaki Nucl. Phys. A824 86 (2009)

http://www.sciencedirect.com/science/article/pii/S0375947409002036
http://www.sciencedirect.com/science/article/pii/S0375947409002036


Chiral symmetry restoration
Above the critical Fermi momentum, Pf > P cr

f , there is no nontrivial solution of the
gap equation. Chiral symmetry gets restored:

ϕp = 0; M(p) = 0; < q̄q >= 0

0 0.05 0.1 0.15 0.2
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0.005
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L.Ya.Glozman

Glozman and Wagenbrunn(’08), Glozman(’09)

Glozman and Wagenbrunn, Phys. Rev. D77 054027 (2008)

一般化された ’t Hooft模型

V (p) =
8��

(p2 + µ2
IR)2

閉じ込めポテンシャル

模型による解析

http://prd.aps.org/abstract/PRD/v77/i5/e054027
http://prd.aps.org/abstract/PRD/v77/i5/e054027


非等方的な凝縮の可能性は？

模型による解析は
カイラル対称性の回復を示唆



カイラル対称性?
quarkyonic極限を考える 

Fermi sea

μ≠0

E

Dirac sea

pz

μ=0

µ� �QCD



可能なペアリングパターン

E

p

E

p

粒子ホール

Exciton Type

Ptot = 0
均一

粒子反粒子

Dirac Type

Ptot = 0
均一

E

p

粒子ホール

Density Wave Type

Ptot = 2µ
非均一

摂動論
Deryagin, Grigoriev, and Rubakov (’92), 
 Shuster and  Son (’99), 
Rapp, Shuryak, and Zahed (’00).

http://www.worldscinet.com/ijmpa/07/0704/S0217751X92000302.html
http://www.worldscinet.com/ijmpa/07/0704/S0217751X92000302.html
http://www.sciencedirect.com/science/article/pii/S055032139900615X
http://www.sciencedirect.com/science/article/pii/S055032139900615X
http://prd.aps.org/abstract/PRD/v63/i3/e034008
http://prd.aps.org/abstract/PRD/v63/i3/e034008


フェルミ面近傍を考える
PT

Pz
� �QCD

µ
� 1

横成分は無視できる

pz

pT = px, py

µクォーク: effectively 1+1D
グルーオン: 3+1D
グルーオンの横成分を積分すると，

1+1D次元の有効模型に．
Density Wave Type Exciton Type



Quarkyonic chiral spirals
非均一凝縮が実現
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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.
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Quarkyonic Chiral Spirals

���� = C cos(2µz) ���0�3�� = C sin(2µz)

T. Kojo, Y.H., L. McLerran, and R. Pisarski (2009)

C=const

局所的な破れ
カイラル対称性：

大域的に回復

バリオン数は空間的に均一

cf. Quarkyonic matter in 1+1D, T. Kojo, 1106.2187 [hep-ph]

http://arxiv.org/abs/1106.2187
http://arxiv.org/abs/1106.2187


Density wave type
全運動量

相対運動量
p1 + p2 � 2µ

p1 � p2 � 0
非摂動的

強い相関

Exciton type
全運動量

相対運動量
p1 + p2 � 0

p1 � p2 � 2µ

摂動的 

particle

hole



Quark Gluon Plasma

Hadronic Phase

0

Tc

T

µ
Color Super Conductivity

カイラル対称性を元にした相図 閉じ込めを元にした相図

カイラル v.s. 閉じ込め

cf. NcとNfが両方大きい時の相図 YH, R. Pisarski, and L McLerran (2008)

http://dx.doi.org/10.1016/j.nuclphysa.2008.05.009
http://dx.doi.org/10.1016/j.nuclphysa.2008.05.009
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カイラル対称性
Quarkyonic chiral spirals

mD � �QCD � µ

Quarkyonic領域
高密度，閉じ込め

バルク:P � Ncµ
4 クォーク物質的

励起:メソン的，バリオン的

局所的に対称性が破れて，大局的に回復
マルチパッチの構成問題 
 ⇒ Kojo, Pisarski and Tsvelik Phys.Rev. D82 (2010) 074015,
     Kojo, YH, Fukushima, McLerran and Pisarski, 1107.2124

まとめ

http://arxiv.org/abs/arXiv:1007.0248
http://arxiv.org/abs/arXiv:1007.0248
http://arxiv.org/abs/arXiv:1107.2124
http://arxiv.org/abs/arXiv:1107.2124

