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Extreme QCD — Faces

biragis, S R, ST R R R

Color Superconductivity, Quark-Gluon Plasma, Color Glass Condensate
(Combined with Other Extremes) Strong Magnetic Field, Large N., Strong Coupling, etc
(With Various Methods) Lattice Simulation, Effective Model (PNJL Model), Gravity Dual

etc, etc, etc, eftc, ...
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Two "Simplest"s

g, Rt SRR, G Rt RN SR, i SRR i i

E Simplest Questions
0 What happens at extreme high-density?

0 What happens at extreme high-temperature?

0 What happens at extreme high-energy?

B Simplest Answers
1 Color Superconductivity (CSC)
0 Quark-Gluon Plasma (QGP) > Extreme QCD !
0 Color Glass Condensate (CGC)
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(QCD Paradigms
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Dense Quark Matter

oo O SR ST, AR, R BB, R

Color Superconductivity
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Key Issues

R WD R GO R R G, R G R SNSRI, S
E Color-Flavor Locked (CFL) Phase
0 Ground state of three-flavor symmetric matter

I Electric and Color Neutrality Conditions

0 s breaks neutrality = Fermi surface mismatch

B Gapless State €-> Unstable

F Quest for the true ground state...???
0 Crystalline CSC, LOFF, meson supercurrent CSC

0 Gluonic Phase
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Superconductivity

W, e, G G RGP R Bt DR et SOt Ry NPy R

Bailin-Love (’84)

Fermi surface H, ~500MeV < p~10p,

Attractive interaction @ 3+3—>3
N\ | Forming a pair Color superconductivity is inevitable.
Many possible pairing patterns
ark .
s hole AN oA Spin Color Flavor
—. >
Fermi I
momentum

: Strange quark mass ~ 100 ~ 200MeV

P A =~ p— 2™ +... Characteristic scale ~ my/p; (~50MeV)
Hq

Breaking a pair
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Color-Flavor Locked Phase

W, e, G G RGP R Bt DR et SOt Ry NPy R

Alford-Rajagopal-Wilczek (°99)
Order parameter Schafer-Wilczek (°99)

K.F. (04)

2<gy‘kgaﬂyqj,87/5ql§7/> = <¢Lia > — <¢Ria > Yamamoto et al. ('06)

(Bo)  [SU3IxSUL3)x U (1) —[SUc.1 (3)] X Z1(2)

(fria)  [SUC3)] X SUR(3) X Ug(1) — [SUc,(3)] X Zg(2)

[SU(3)] x SU(3) X SUp(3) X Uy(1) x Up(1) — SUc 1 r(3) X Z(2) X Zp(2)

Gauge-invariant order parameter ;< 4, ¢ ¢
o~ <$L¢R> H ~ gz‘jkgaﬂy<¢Lia¢Ljﬁ¢ka> Hadron <> Quark (CFL)
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Four-Fermi (NJL) Model

W, e, G G RGP R Bt DR et SOt Ry NPy R

E NOT useful to estimate the pairing gap 1itself.

¢ Gluon part of interaction is in A(g) Pisarski-Rischke ('00)

A(g)=2-256z"-(1/g°) u, e "% (2SC;A ~0.1y, for g*/ 4z ~1)

E Useful to examine the property of dense quark matter
with the pairing gap A given.
¢ Mean-field quark propagator = QCD in the mean-field approx.

¢ Only relevant interaction near the Fermi surface

Assumptions:

Quasi-particle picture = Non-interacting quarks with A
A(2SC) ~50MeV around g, ~500MeV (c.f. m>?/u, ~ 50MeV)
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u-d-s

"Understood"

CFL

450

470

From K.F. (’05)

Condensed Matter Physics
of QCD is established.
Analogy to He

e.g.)

Zero Sound, Phonon, etc
Hands et al. (04)
Fukushima-lIida (’05)



Toward the True Ground State

R WD R GO R R G, R G R SNSRI, S

B (Chromomagnetic) Instability SN
#m2/u, > A > Unstable w.r.t. A(g), A, n(q) Fukushima (05)

Pressure to tear the Cooper pair apart Iida-Fukushima (°06)
Energy gain by condensation

B Crystalline Color Superconductivity (LOFF)

w Larkin-Ovchinnikov ('65)
(0—igd)A =0 (A e ® x) Giannakis-Ren ('04) Fulde-Ferrell ('64)

One component gluon condensation == Plane-wave LOFF

j Multiple-wave = Crystalline Phase

. _ . Alford-Bowers-Rajagopal ('01)
Multi component = Gluonic Phase Rajagopal-Sharma ('06)

Gorbar-Hashimoto-Miransky ('06) December 2008 at Kyusyu Alford et al. RMP80:1455 (2008)



Hot Quark (and Gluon) Matter

R WD R GO R R G, R G R SNSRI, S

Effective Model Approach
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History of the Phase Diagram

R WD R GO R R G, R G R SNSRI, S

pB"‘ The very first "QCD" phase diagram
taken from Cabibbo-Parisi (1975).

They say "Quarks are confined in phase |
and unconfined in phase II".

Interpretation of the exponentially increasing
spectrum by Hagedorn.

Deconfinement Transition

T
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Bzelefeld Proceedmgs n 1982

4 Taken from Baym (1982)

Teh  [CHIRAL RESTORATION

MHWMMPECOﬂfIHEd

mass less quarks,
gluons

~

T DECONF INEMENT
dec |

J

g 2§§§?jg“gﬁafkb‘ Can we exclude

2 Conf ined S vl berls this possibility ???
a hadrons

z

Lee-Wick abnormal matter
| i

Pion
condensattonl

o dec ch

BARYON DENSITY, n_
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Lattice QCD
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a)

: TNW'P)D "
_ | 116
i H los
' ﬁ% 0.4

48 50 52 54
B=642

Taken from
Kogut, Stone, Wyld, Gibbs,
Shigemitsu, Shenker, Sinclair (1983)

<17 1//> Chiral Condensate
W~ exp[— f /T ] Polyakov Loop

Chiral Restoration
occurs simultaneously
with Deconfinement !
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Long Range Plan in 1983

AP n SO O D OO O TR, B IR RPN SN WP
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TEMPERATURE

By Baym (1983)

DECONFINGED QUARWS
An® GLVONS

Wwe HAaDAowS

¥ HADRoWS,

TMASSLEST T PIoRS Muclear

Frdgnuhﬂt*mu

I
| Qlatnﬂﬁ
| Plaed
\Q-GAY .
l T n Deconfinement and

% \\\\\

Chiral Transitions

?hlﬂlfigun ‘Effl,.-f

LA

0 fnm 3’2‘:’“\ HS-IG.PHH

BARNYON DENS(TY



Discontinuous Leap?

i»@

Baryon Density Baryon Density

Baryon Density  supported by the PNJL model

Temperature
Temperature

Temperature
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PNJL Model

W, e, G G RGP R Bt DR et SOt Ry NPy R

<trL> ~ eXp[— f /T ] ~ (0 1n the confinement phase

L .

quark excitation

7 ~ H (1 + e EmIT )(1 + e_(g“‘)/T)

— H det(l +Le e )(1 + Lre T )

Only L-I' and L-L-L nonvanishing
meson-like baryon-like
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Chiral Condensate

Chiral Condensate
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Polyakov Loop
<trL> ~ exp[— /. /T]

Polyakov Loop
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PNJL Phase Diagram
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Deconfinement Crossover -
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ool Endopo: Quarkyonic Matter?
Critical End—Point or CSC
McLerran-Pisarski ('07)
Miura-Ohnishi ('08)
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Chiral Susceptibility

Chiral Suscept.
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2 [ Quark Num. Suscept.

Quark Number Susceptibility
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Temperature [MeV |

Adiabatic (Isentropic) Path

L R R T T S I P R S

200 T T T 450 b p .[] - .
2 - - e/ T=0.
SJ’IF?B:-'J-O 400 llﬂ B
T[MeV]
4 L | E up/M=2.13
250 350 B

300
S/Ng=300 —m—

250 45 —e—

.
m
170 F il
200 i iig*
130 F 1150 myie e
RHIC SM
100 o, Ags®™. | uglMeV]

90 7 0 100 200 300 400 500 600 700 800 900 1000

30 —a—

50 + s Schmidt ('08)

0 100 200 300 400 500

Quark Chemical Potential [MeV] d (S / n B ) / d T — O
in PNJL

Consistent with the lattice results so far.
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As a "Toy" Model

R WD R GO R R G, R G R SNSRI, S

Sign Problem
InZ~In] ] det(l +Le ¥ )(1 + Lre et )
- I(tl'L e_(g_'“)/T T trL+e—(5+,U)/T ) Fukushima-Hidaka ('05)

~

Complex for general L !
Imaginary Chemical Potential

trLe T L tr e ‘(‘9“‘)”

—&/T iu/T + —iul/T
— .[ @ +trL>> Real number !

Sakai-Kashiwa-Kouno-Yahiro ('08)
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PNJL to CSC ?

B it St SRSt SN RS NN i BOeinyg . RGNt e e e

B There are already some applications of the
PNJL model to Color Superconductivity.

Roessner-Ratti-Weise ('06)
Blaschke ('08)
Abuki et al ('08)

B There are some technical difficulties left
unsolved, however.

0 How to compute the "color density"?

0 2-flavor CSC incompatible with diagonal L .
Abuki-Fukushima ('09) under completion
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Dense Gluon Matter

B it St SRSt SN RS NN i BOeinyg . RGNt e e e

Color Glass Condensate

December 2008 at Kyusyu



How 1is dense color possible?

W, e, G G RGP R Bt DR et SOt Ry NPy R

B Large quark density = CSC Dense when s> Ay
0 Quark or baryon # has a conserved U(1) charge.

B Chromo (Gluo)dynamics
0 Gauge charge 1s SU(3) without conservation.

1 Color 1s confined.

F Large gluon density = Color Glass Condensate

If seen with a probe at 1/Q >> 1/Q,

Parton overlapping -~ Dense!
} resolution ~ 1/Q, If seen with a probe at 1/0 <<1/0,

02~ A13 > Dilute!

nucleus ~4 December 2008 at Kyusyu



More Gluons from Quantum Radiation

B B ey Rt IR g R Y S B0 g N B e Ry R

B Gluon increases as going to higher energy

p'l'
p+
Pl
k" <<p*
.I:\'.+

B Parton picture in the infinite momentum frame

% &

High Energy - Dense Gluon Matter
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HERA (ep collider)

RS SO SR, SR, R, SR, RO,

Quantum Evolution of PDFs

>
Zuwl == mPDF2000 As x goes smaller
= Q=10 GeV* h 10-2
s [\ E=== ZEUS-SPDF than ~
. gluon 1s dominant.
x 20! |
small-x = high energy
0§ —° - xg(0.05)
04 -
: Only one energy scale
03 H
02 | Qs
0.1 f
0 -+ - -3 I -1 -1 .
1a 1a 1@ 1
X
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Initial Condition for HIC

L R R T T S I P R S

Characterized by T

1=t t T=t
Perfect Fluid
Quark Gluon Plasma — Hadronization
T~1-10 fm/c

Topological Excitations
Glasma — Density Fluctuations, Thermalization
T—-0.1-1fm/c

Event Horizon
___—— Initial Singularity — Quantum Fluctuations
vl T~ 0-0.1 fm/c

Ap

—=*

Initial Nuclei as CGC — Coherent, High-density Gluons

C haraCterlzed by Qs c.f. Very similar in the dual

Initial condition for HIC can be given! gravity description.
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Summary
W, e, G G RGP R Bt DR et SOt Ry NPy R
E Dense Quark Matter

0 Color Superconductivity Various faces of ...

0 What 1s the true ground state? 1 (A~ 79~

E Hot Quark (and Gluon) Matter
0 Quark-Gluon Plasma

o PNJL model 1s successtul! (TV7T)

E Dense (and Hot) Gluon Matter

0 Color Glass Condensate Y

0 Initial condition for the heavy-ion collisions.
December 2008 at Kyusyu
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