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I. Introduction into color superconductivity

— General properties of dense matter
— Cooper instability and the ground state
— Ny = 2 color superconductivity

— Color-flavor locked phase (Ny = 3)
— Spin-1 color superconductivity (Ny = 1)

II. Color superconductivity in neutral matter

— Neutrality vs. color superconductivity
— Gapless phases of color superconductivity

— Current status

— Qutlook
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[QCD at large baryon density}

One would like to know the fundamental properties of QCD at

pz Aogepz T

e So far, there are no reliable

lattice results at u=, Agcp

e Kffective models have a

limitted predictive power

@ Effects of charge neutrality
and [ equilibrium are not

under control

¢ Difficulties in determining
stable ground states
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Dense baryonic matter exists in the Universe

[Dense baryonic matter in NatureJ

Compact (neutron) stars

Radius:
R~ 10 km

Mass:
1.26Mo< M< 2Mg
Core temperature:

10 keVS TS 10 MeV

Surface magnetic field:
102 G B 1014 G

=\

N\
SN\

What is the state of matter at the highest stellar densities, p.2, 5007
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[Phases of matter inside compact stars}

quark-hybrid traditional neutron star
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[figure from F. Weber, astro-ph/0407155 (modified)]
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[Very dense baryonic matter}

e “Squeezing” baryonic matter hard  °5f

Theory | ©
Data =

should produce quark matter: 2{Q) ‘\‘ - LDeeplnelasticScattering

Lattice
)

e » |NNLO

ete Annihilation o

\
0.4\ \ Hadron Collisions o 7
W\ Heavy Quarkonia =
Wy <
W Qs asM))
\
\ 245 MeV ---- 0.1210
@ —> 031 I[\\ QD { 211 Mev — 0.1183 1
\ O(G 5)
A 181 MeV — — 0.1156
. S
\

e Asymptotic freedom: as(u) < 1

1> Agcp [Gross&Wilczek; Politzer,’73] .
01} 7|
e Very dense quark matter is weakly

: : 10 100
interacting [Collins&Perry,’75] Q [GeV]

@ | Note: | realistic densities in stars are not sufficiently large:
p< 10pg, where pg ~ 0.15 fm™ = < 500 MeV
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[Ground state of dense quark matterJ

Noninteracting quarks:

(i) Deconfined quarks (> Agep)

(ii) Pauli principle (s = 3)

}:,

Interacting quarks:

(i) Effective models (u2 Agcp)

(ii) One-gluon exchange (> Agcep)

X Repulsive)
N =
1‘13” °s
-p -k Attractive
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[Models}

Densities of interest: 5005 P 10p¢

(i) QCD (from first principles):

1

Laco = U (i7" 0+ s + T8 AS = mg) 0 — F P

— results are reliable only when | 4 > Agcp

(ii) Phenomenological (e.g., NJL-type) models fitted to reproduce
basic properties of vacuum QCD and/or nuclear matter, e.g.,

_ 2 — —
Lraw = 9 (i7" 9 + 2 = mp) 0F + T (" T9) ($7,T°0)

— may work only when | p< pg

Y
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[N f = 2 color superconductivity}

Simplest case, | 2SC phase | [Barrois,’78; Bailin&Love,’84]

e Assumption: py ~ pioVn ~ o

o N, =3: “red”, “green” and “blue” <Up d—p> == <Uq d_q>?—'0

e Quark-quark interaction in QCD:
P

Repulsive
=3 +6/

o

-p -k Attractive

Cooper instability — color superconductivity

(lee) —*@))s @ (1)) = 1)) @ (lu,d) = |d;u)) (<= Pauli principle)
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[QCD: screening of one-gluon interaction}

Hard-dense-loop approximation:

B K K
D;j(k):DO,iy(k)—Huy(k), e, YN = o + m@mv

p—k

Electrical Debye screening and magnetic dynamical screening
[Son,hep-ph/9812287]:

el " ma
oW [|Klou®
k2 4+ k|2 4+ 2M2  |k|]3 4+ n M2 |ky|/2

iDpu/(k47 ‘ED ==

where M3 = asNyu/m is the Debye mass

Region of dominant interaction: A < k4< |lg| <L W

Note: | QCD analysis is reliable when A > Agep
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[Some details of the analysis}
Nambu-Gorkov quark field:

1 Y
V2 \ cgT

U = where C = iy%?

A

P + 170 A

Quark propagator: G =i
with Af‘f = e3¢5 A

YAy | PPy, — o

Quark-gluon vertex:

. T 0
L=
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[Schwinger-Dyson (gap) equation}

[hep-ph/9906478;hep-ph/9906512;nucl-th/9907041;hep-ph/9909574;hep-ph /9910225]

ThlS reduces to
g qa (Q4) 1

A(py) ~
e 1872 ] /a3 + A2 |qa — P4l
where
2
A = 2(47r)4ug—5 exp (_4—|—87r > o A,,\IV\EV Sounl i na comst ant
ol £ N 9=9 (k)
Solution for the gap: 60 '.' \%=1
0! \
Z#1 S
3ﬂ.2 20 e eV
A(0) = Aexp (‘—) e
\/§g 0.42 0.44 0.46 O.
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[Instanton induced interaction}

Local interaction [Alford et al., ’98; Rapp et al., '98]

G

(eff) o
£ 8N2(N. — 1)

int -

[(%DTC’D)&%%D) (&TzAiVssC@T) + .. }

where 79 and A9 are antisymmetric Pauli and Gell-Mann matrices

Diquark condensate:

A3 ~ 53a5<¢30(72)iﬂ5¢é>

Choice of parameters:

e.g., m{PM™ = 400 MeV G ~ 490 GeV~2
(or Ninet/V =~ 1.44 fm~%)  ~  Cut-off: A< 1 GeV

Result for the gap:| A ~ 100 MeV
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[Symmetries of 2SC ground state}

e Diquark condensate:
<(\ch)? ’}/5\If§-3> ~ €3a56ijA
When A # 0,
— chiral SU(2); x SU(2)g — intact

— baryon number U(1)p — U(1)p with B=B — %Tg

— gauge symmetry U(Dem — U(1)em with Q = Q — \%Tg

— approximate axial U(1), is broken — 1 pseudo-NG boson
— color gauge symmetry SU(3). — SU(2). by Anderson-Higgs

mechanism — 5 massive gluons
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[N ¢ =3 color superconductivity}

o Cooper pair: ([ee) —|00)): ® (1)) — 1)), ;_o ® (lu,d) — |d,u));3

e Diquark condensate:
(T9); (Tr)5) = ((BF)] (R))) = ey
I

o SU3)rLxSU(3)rxSU(3), = SU(3)r+Rr1c | via “color-flavor

locking”, without (Grqr) condensates! [Alford et al. hep-ph/9804403]

s \H:U(lf G=U(D) <UD | - rzDZDZ!
v W |a—_— r> < ': A=
: o \‘g < \ ( >1>Z>Z><
AN wd A
N \/4 H=U(1 \/ ; ) H=U(1

V\? w U() <—?J U( )IockL<n—P7<’fA<)j:J
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[Symmetries of CFL ground state}

e chiral SU(3)x SU(3)g is broken down to SU(3) L4+ Rric

— 8 (pseudo-)NG bosons, i.e., 0 ot K+, K9 K°, n
(like in vacuum QCD)

e baryon number U(1)p is broken — 1 NG boson (¢)
(quark matter is superfluid)

e approximate axial U(1)_4 is broken — 1 pseudo-NG boson (')

e color gauge symmetry SU(3). is broken by Anderson-Higgs
mechanism — 8 massive gluons

o gauge symmetry U(1)em — fj(l)em with Q = Q + %Tg
(there is no Meissner effect)
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(N =1 color superconductivity}

o Cooper pair:  (|ee) — |00))s ® [11) =1

e Diquark condensate:
((T) T 75 0P) ~ ePeA s (R‘S sin 6 + ~3 (k) cos 9)
e Many possibilities, e.g., see [A.Schmitt, nucl-th/0412033]:
— Color-spin-locked phase: A.s = d.s — largest pressure (7)
— Planar phase: A.s = 0.5 — 003053
— Polar phase: A.s = 0.3053

— A-phase: Acs = 6e3 (051 + 1052)
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{Color superconductivity in neutral matter}

Matter in the bulk of a star is

(i) B-equilibrated: pqg = fhy + e

(ii) electrically and color neutral:

color — 0

1 _
na—(), ng

If ng # 0, the Coulomb energy is

2 n 5
E sulomb ~ 2 R5 ~ M 2 nQ v
Coulomb ™~ Mg o€ <1015€/fm3 1k

e.g.,if 1072 no<s 10_16/fm3 = E%SC > Mg c?

oulomb
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[Unconventional Cooper pairing, Ny = QJ

e The “best” 2SC phase appears when | ng ~ n,

e Neutral matter appears when | ng = 2n,,

e Electrons, required by [ equilibrium, cannot help:

“mismatch” parameter:

down

u
Pr —Pp _

Op =
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{Gapless 2S5C phase}

Competition: (SILL VS. AO (where Ag is the gap at du = 0)

The “winner” is determined by the diquark coupling strength
[Shovkovy&Huang, hep-ph/0302142]

1.| 0u=> Ay — the mismatch does not allow Cooper pairing:

normal phase is the ground state

< %Ao — coupling is strong enough to win over the

mismatch: 2SC is the ground state

%Aog ou< Ag — regime of intermediate coupling strength:

the ground state is the gapless 2SC phase
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[Quasiparticle spectrum in g2SC phase}

“Intermediate” coupling

AE a- () AE 2+ (D)
/ u-. s/

The energy gaps in the quasiparticle spectra are
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[Chromomagnetic instability}

Recent results for gluon screening masses
[Huang & Shovkovy, hep-ph/0407049]:

— red solid line
— green long-dash line

—  blue short-dash line
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[N f = 2+ 1 color superconductivity, 0 < m, < ooJ

Fermi momentum of strange quarks is lowered:

2
s m
e n= g,

The ground state of strange quark

matter may have:

e only spin-1 condensates of same flavor
e only superconductivity of up and down quarks (2SC or g2SC)
e crystaline pairing (nonzero momentum pairing, LOFF)
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[LOFF phase}

Crystalline color superconductivity
[Alford, Bowers & Rajagopal, hep-ph/0008208]

Cooper pairs with nonzero momenta:

o
24 Ip- ol = g

[Bowers, hep-ph/0305301]
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{Gapless CFL phase}

[Alford, Kouvaris & Rajagopal, hep-ph/0311286]
e Distorted color-flavor pairing;:

A%B ~ A 61135 _l_ A 62135 ‘|— As €3ZJ€3045 + .

e Control (mismatch) parameter:

2
mg

24

where ugfsf ™ flgs — 2—8 and g ~ — (blue color is special)

e At T'= 0, the gapless CFL phase occurs when
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{Gap parameters}

100 200 300
ng/u [MeV]

NJL model [nucl-th/0411040]
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[Chromomagnetic instability in gCFL phase]

Recent results for Meissner screening masses
[Casalbuoni, Gatto, Mannarelli, Nardulli, Ruggieri, hep-ph/0410401]:

m2(M,)
m2(0)
4]

2
(M) 1.25¢
mz(©) 17|
0.75+
0.5
0.25+

0
-0.25 ¢

m
20 40 60 B8O 100 120 Fo 0 20 40 60 80 100 120 Hp

—  solid line
dashed line

—  short-dashed line
solid line

— long-dashed line
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[State of the art}

At least one thing is clear,

e Sometimes,

Igor Shovkovy

ground state

of neutral dense quark matter is
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[State of the art}

At least one thing is clear,

e Sometimes, | ground state | of neutral dense quark matter is

something like this
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[Phase diagrams of neutral dense QCD}

[Riister, Werth, Buballa, Shovkovy & Rischke, hep-ph/0503184]

80

CFL

\ NQ +gCFL

340 360 380 400 420 440 460 480 500 340 360 380 400 420 440 460 480 500
i [MeV] H [MeV]

Gp = 2G5 (intermediate coupling) Gp = Gg (strong coupling)

Note: | Gapless phases play little role at strong coupling, Gp = Gg

See also [Blaschke, Fredriksson, Grigorian, Sandin & Oztas, hep-ph/0503194]
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[Current status}

At 1> Apep, QCD dynamics is weakly coupled, but non-
M Q
perturbative

In this limit, QCD can be studied from first principles
Some features of T' — p phase diagram start to develop
In particular, sufficiently dense matter is a color superconductor

Neutrality and (-equilibrium strongly affect the properties of
CSC matter

There can exist many different phases (e.g., 1SC, 2SC, g2SC,
CFL, gCFL, mCFL, uSC, dSC, LOFF, CFL+K°, CFL+n)

Current problems: (i) instabilities of gapless phases, (ii)
inhomogeneous ground states, (iii) search for observables, etc.
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(Outlook]

Systematic studies of different phases in models of dense QCD

Detailed physical properties (transport properties, in particular)

of various quark phases

Phases with unconventional Cooper pairing and their role in

different branches of physics

The search for promising observable(s), (dis-)proving the

presence of quark matter inside stars

Developing rigorous approaches to treat QCD at nonzero

densities
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[Some reviews on color superconductivity}

» K. Rajagopal and F. Wilczek, “The condensed matter physics of
QCD” hep-ph/0011333

» M. Alford, “Color superconducting quark matter”
Ann. Rev. Nucl. Part. Sci. 51, 131 (2001) hep-ph/0102047

» T. Schifer, “Quark matter” hep-ph/0304281

» D. H. Rischke, “The quark-gluon plasma in equilibrium”
Prog. Part. Nucl. Phys. 52, 197 (2004) nucl-th/0305030

» M. Buballa, “NJL model analysis of quark matter at large density”
Phys. Rept. 407, 205 (2005) hep-ph/0402234

» [. A. Shovkovy, “Two lectures on color superconductivity”
nucl-th/0410091
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